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a b s t r a c t

Achieving high water productivity in single-basin solar stills remains a challenge and may require effi-
cient still insulation and downscaling to ease experimentation. Here, mini-passive polystyrene (PS)-
based single-slope solar still is designed for brackish water desalination. Supervised machine learning
regressions are applied to create trained models from experimental results. The proposed method aims
to develop accurate predictive models via dimensional analysis and datasets expansion from in-between
randomization. Built models predicted the still performance (h) when replacing PS with another wall-
insulating material. We correlated the water-glass temperature (TweTg) and evaporative coefficients
(hewg) to the still outputs using the stepwise linear regression (SLR) showing minimum statistical errors
(R2z1) and RMSE<0.016. A good agreement between theoretical, numerical, and experimental results is
observed; while decreasing feed rates boosts evaporation/condensation. The still achieved a maximum
h ¼ 18.33% corresponding to F ¼ 30 mL/day, TweTg ¼ 4.6 �C, hewg ¼ 21.11 W/m2�C, and radiative water-
glass coefficient (qrwg) ¼ 0.188 W/m2 at 15:00 time. Hourly-measured still outputs fitted against NASA
insolation followed similar patterns confirming the successful operation. Polyurethane (PU) and Silica are
found to be promising wall-insulating candidates for maximizing the still output owing to their low kins.
This work paves the way towards retaining the still absorbed radiation via thin-film foil-wrapped low-
conductive insulators.

© 2020 Elsevier Ltd. All rights reserved.
1. Introduction

Excessive production of wastewater and contamination of
available freshwater sources have increasingly emerged in the last
few decades due to the increasing demand for manufacturing [1,2].
Accessible Earth’s freshwater sources are very limited and only
account for 1% (in the form of rivers, lakes, and underground res-
ervoirs) from the total 71% water-covered surfaces [3e5]. Mem-
brane desalination and/or solar still water distillation are found to
be promising routes to meet the high world’s demand for drinking
water [1,6e8]. Desalination technologies evolved based on the
ah).
ancient concept of water distillation where saline water can be
heated via thermal energy absorption, to be evaporated and then
condensed on a tilted plate producing clean water. However,
membrane distillations require high energy amounts for water
pumping and/or evaporation making these technologies expensive
for the production of freshwater [9]. In the late 19th century,
various studies [10,11] discovered the use of “solar stills” as a
promising and emerging water distillation technology. The
advantage of solar stills is that they only utilize solar radiation as
abundant, free, environmentally friendly, and easily employed
thermal energy source for seawater desalination and/or industrial
water purification applications [10,11].

The first conventional (passive) large basin-type solar still plant
was built in 1872, in Northern Chile, with a production capacity of
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approximately 23m3/daywhich remained in production for around
40 years [12]. There are two common types of solar stills: (i) passive
and (ii) active, which are classified according to the heating-up
mechanism. In passive stills, saline water is heated up directly
from absorbed solar energy by the solar basin; whereas active solar
stills involve other integrated active elements (e.g. heater or boiler)
that aid in raising the water temperature. Yet, passive stills are
preferred over active ones owing to their conventional design and
less water production costs [13]. The main components of any solar
still include: (i) a water inlet at the feed-side, (ii) a basin with an
absorber plate, (iii) a glass cover with a tilted angle, (iv) a sealed-
transparent frame of glass, plastic, or metal, (v) a feed-distillate
partition separator, and (vi) a collection outlet channel at the
distillate-side [14e16].

Solar stills are typically evaluated from the maximum achiev-
able freshwater productivity. However, the performance and pro-
ductivity of a solar still depend on various critical factors including
solar intensity, wind velocity, the surrounding temperature, water-
glass temperatures, shallow water surface area, basin pad or
absorber area, feed temperature, glass cover angle and trans-
parency, and water level in the tank corresponding to feed flowrate
in mL/day [14]. A very common problem in solar stills is that
absorbed thermal energy gets lost to the surroundings from
improper insulation yielding in poor still performance [17]. Earlier
studies discussed in Table 1 show the ability to improve solar ab-
sorption and increase the daily distillate production of solar stills
through design modification [18], insulation [19], phase change
materials (PCM) [20], sun-tracking [21], and nanofluids [29]. For
enhanced productivity, one can manipulate the still design pa-
rameters based on the forecasted environmental conditions (e.g.
solar intensity, wind speed, weather temperature, humidity, etc.).
Pillai et al. [15] discussed the differences in water productivity
between sealed and unsealed systems. It was suspected that in-
ternal high pressure in sealed systemsmight suppress water phase-
change and lower evaporation leading to lower productivity.
Moreover, the surrounding’s humidity impacts productivity in
which dry air is preferred for developing evaporation rates. High
ambient temperature increases productivity in unsealed systems
and marginally decreases productivity in sealed systems [22,23].

The authors suggest that the use of passive solar still technology
for household/personal needs is quite possible and can be
commercialized for mini-applications. There is a great potential
towards utilizing those mini-stills to efficiently produce freshwater
in deserted areas [27]. A conducted study in Colombia revealed that
it is possible to use solar stills for seawater desalination as a sus-
tainable way to produce freshwater in arid environments [17].
Thus, households in deserted waterside areas in such countries like
Table 1
Recent studies conducted in conventional single-basin, double-basin, double-slope, and

Study
Year

Still Output (mL/
day$m2)a

Remarks

2019 1506 Tubular solar collector hybrid-assisted solar still consisti
tubular solar heater (blackened coil tube).

2018 3735 Solar still with an external solar collector and a phase c
2017 4000 Double-slope solar still with a solar-heating system (col
2013 Single-basin: 2545

Double-basin: 4908
Single-basin and double-basin solar stills fabricated wit
0.9 m � 0.7 m � 0.008 m (volume z 5040 cm3).

2010 Passive: N/A, h ¼
22.7%
Active: N/A, h ¼
38.55%

PV sun-tracking system for use as a solar collector for si

2004 Single-basin: 2844
Double-basin: 3911

Single-basin and double-basin solar stills (with an inner

1994 1109 Conventional single-slope solar still.

a Averaged reported productivities per unit surface area of the still basin.
Saudi Arabia, Egypt, and Middle East territories, which are exposed
to high solar radiation for most of the year, can build their own
mini-passive solar stills for seawater desalination [28]. Market
analysts have shown that there is a promising potential for small-
scale solar systems in remote urban and agricultural areas. Intro-
ducing an efficient mini-passive household solar still system
powered by renewable solar energy is critically important for
householdmembers living inwater-scarce areas [27]. Nevertheless,
technical and economic assessments must be conducted to check
commercial feasibility of mini solar stills.

A major obstacle to overcome is heat loss, which can be
addressed via various designs for perfect basin sealing and insu-
lation using insulating materials on basin walls. Minimized heat
escape has been previously addressed by using multi-layer insu-
lating films [29e33] consist of wood, cotton, bubble wrap, galva-
nized glass, plastic, and/or other polymeric films with total film
thickness � 30e100 mm. Khalifa et al. found out that walls and/or
base insulation thickness have a significant impact on the pro-
ductivity of a basin type solar still. A comparison between the re-
sults of experiments conducted on simple single-slope solar stills
showed improvement in productivity (%) when using Styrofoam
sheets (density¼ 35 kg/m3, thermal conductivity ¼ 0.029W/m$�C)
with a thickness of 60 mm (80%) [29]. Various theoretical and
experimental studies found the still productivity to be enhanced
(%) using 10e50 mm of unidentified material (40e50%) [34],
10e150 mm of wood (60%) [35], 50 mm of Styrofoam (9%) [25], and
25 mm of glass wool (2.24 L/m2) [36]. As a rule, blackened interior
surfaces maximize solar absorption while insulated exterior sur-
facesminimize heat losses. The still productivity (D) was previously
correlated to the insulating material thickness (T ) via: D ¼ 1023
T 3 e 408.8 T 2 þ 45.34 T þ 1.81 [29].

In recent work, Arunkumar et al. [31] utilized carbon impreg-
nated foam as a porous absorber for thermal storage, with a bubble-
wrap of 30 mm as inexpensive insulation in single-slope solar still
(A ¼ 0.50 m2) which increased productivity by 35% (2.3 L/m2$day).
The presence of small air pockets is ideal for achieving the lowest
thermal conductivity perfect for low temperature solar thermal
applications. Uninsulated stills had ~1/3 lower evaporative coeffi-
cient inside the basin as compared to solar stills with insulation,
with maximum hewg ¼ 47.5 W/m2$K [31]. Rubber material is found
to be the best basin material to improve absorption, storage, and
evaporation effects [37]. Conventionally, awooden framewith glass
wool or sawdust insulation is used in simple solar stills, but such
systems like this would have design issues including water leakage
from the basin or distillate channel and excessive precipitation due
to poor sealing [31].

According to the authors’ knowledge, the minimum reported
tubular solar stills with their reported average still output.

Ref.

ng of a single-stage desalination system (double-slope basin) connected to a [19]

hange material (PCM). [20]
lectors); theoretical study. [24]
h a tilted glass cover at 12� and 36� , respectively, with a basin size of [18]

ngle-slope stills (for both passive and active solar stills). [21]

surface area 90 cm � 50 cm for each still). [25]

[26]
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insulation thickness is �20 mm [38]. It remains a challenge to
create thin insulating films which can efficiently retain absorbed
thermal energy. Thus, in the present work, we discuss the appli-
cation of a unique/thin polymer insulating layer; the insulating
layer placed on the inside glass walls consists of a polystyrene (PS)
sheet (thickness ¼ 3 mm) with Al-foil (thickness ¼ 0.04 mm), with
black-taped glass walls from the outside (thickness ¼ 0.2 mm),
giving a total insulating film (including the glass-walls) around
6 mm only. PS has a very low thermal conductivity (kPS z 0.033W/
m$+C) that is approaching the poor air conductivity
(kair ¼ 0.0255 W/m$+C). The 3 mm foil-wrapped PS-layer is an
interesting combination since the PS is expected to keep absorbed
thermal energy which is further promoted from light reflections
(via aluminum foil) within the black-taped basin, increasing the
water temperature rapidly. For more details regarding the still
design specifications and the used materials, please refer to our
earlier work [39,40].

In the present work, we designed and constructed a uniquely
insulated mini-passive PS-based single-slope solar still. The 6-mm
thick insulated walls consist of [black-tape, glass, PS, Al-foil] is
believed to minimize the heat loss for maximum productivity. The
solar still performance and distillate-water outputs were evaluated
at different feed flowrates using heat transfer theoretical models
and experimental results. We estimated the average water-glass
convective (hcwg), evaporative (hewg), and radiative (hrwg) heat
transfer coefficients from evaporation-condensation to be corre-
lated with the distillate outputs. Recorded daily water pro-
ductivities were studied against generated climate data (e.g.
insolation, humidity, and ambient temperatures) in the
MarcheApril period. Maximum hewg values and radiative co-
efficients (qrwg) were determined for different water amounts, then
correlated with the observed heat loss from the radiative glass-to-
air coefficient (qrga). Hourly-recorded still outputs were attributed
to hourly solar insolation to confirm the successful operation.
Moreover, machine learning (ML) tools “stepwise linear regres-
sion¼(SLR) learner” and datasets expansion from in-between
randomization were applied to create trained models from exper-
imental results (PS training datasets) and randomly generated
input datasets correlated to outputs via dimensional analysis. This
allowed us to accurately estimate water-glass temperature (TweTg),
hewg, and theoretical efficiency (or productivities) of the proposed
mini-passive single-slope solar still when using different insulating
materials. The possibility of improving the still performance by
using low thermally conductive wall-insulating materials has been
investigated using theoretical and ML models.

2. Experimental setup

A small PS-based single-slope passive solar still was initially
designed and then constructed from inexpensive available market
materials including (i) plexiglass sheets for frame building, (ii)
water-proof and silicon sealant for the water basin, (iii) construc-
tion water-proof epoxy adhesive for connecting glass sheets, (iv)
black rubber pad for thermal energy absorption, (v) aluminum foil
for light reflection, (vi) PS foam sheets for still insulation from inner
basin walls, (vii) black insulation duct tape for minimized energy
loss from the still, and (viii) a removable cover neutral putty for
keeping the cover intact. PS insulating sheets were purchased from
the Goodfellow Group Co. (USA) as “transparent PS Sheet: ST313”
with 3 mm thickness. Materials specifications of PS(ST313)
included information about water absorption over 24 h < 0.4%, low
thermal conductivity @ 23 +C of <0.1e0.13W/m$+C, upper working
temperature 50e95 +C, and thermal expansion coefficient of
30e210 � 10�6 K�1 [41]. The optimal still insulation will keep
absorbed energy remain in the still accelerating the rise in water
temperature. Keeping the captured energy within the still can be
also maximized from selecting the right tilting angle of the glass
cover. According to Raikwar [42], it is common to design passive
solar stills with a single-slope inclination of either 23� or 30�, which
is supposed to maximize the energy capture as well as the fresh-
water production rate. Kumar et al. [11] showed that the still per-
formance at a 30� inclination increased by about 1.5% as compared
to using a 23�. However, a slope angle of 20� was selected in the
design of the mini-passive solar still to check the production rates
in a lower angle case. The tilted top glass cover was designed to be a
removable cover where the purchased neutral putty can be applied
or removed for cover installation and removal, respectively. The
fabricated solar still mini-basin and frame dimensions, which are
scaled-down on purpose, are shown in Fig. 1, Fig. 2 and Table 2. The
AutoCAD isometric 3D designs with the still principal elements and
side view are illustrated in Fig. 1(a) and (b), respectively, with di-
mensions in cm.

The following experimental measurement tools were used: (i)
two digital thermometers: to record changes in the glass cover and
water temperatures in the daytime during the study period; one
thermometer was placed on the glass cover (topside) and the other
one was submerged in the feedwater; (ii) a milliliter beaker: to
measure the exact water volumes of both feed and distillate; and
(iii) a conductivity meter: to identify and check the feed and
distillate conductivities. The designed PS-insulated passive solar
still is shown in Fig. 2 for both the constructed glass passive solar
still without being insulated yet, Fig. 2(a) and (c), and after being
insulated with or without the neutral putty for cover installation,
Fig. 2(b) and (d).

After the construction phase of the solar still container and a
successful leakage test, the solar still was placed in an open area
(e.g. rooftop) in the southern region of Los Angeles, CA
(34�01013.600N, 118�17045.100W). We conducted the experiments
from March to April 2017 (from 9:00 a.m. to 6:00 p.m.) since the
sun’s radiation energy (insolation) was estimated to be close
enough to the maximum levels reported for JulyeAugust as illus-
trated in the supplementary information (Figure S1). The impact of
available solar radiation on the saline water evaporation/conden-
sation rates was analyzed with respect to measured temperatures.
The solar still was kept under insolation during MarcheApril
months to measure daily outputs. Average sun radiation of
354.67 W/m2 was estimated from average radiation data reported
by (Honsberg, 2014 [43] and NASA [44]) to relate experimental
water-glass temperatures to theoretical predictions. Highly effi-
cient solar stills are characterized by large TweTg that would
maximize the still productivity from enhanced water evaporation
and condensation rates. Brackish water samples were prepared in
our lab to resemble natural brackish water (feed) with an average
conductivity of 1075 mS/cm. Water feed volumes of 30, 60, 80, and
120 mL were chosen for the daily experiments under solar irradi-
ation. Gupta et al. [1] reported that the approximate salinity of
brackish water should be 0.05e3% based on present dissolved salts,
which is equivalent to 1000e80,000 mS/cm [1].

Water was fed into the system before the installation of the
removable glass cover. Since no feed inlet and/or tube was con-
nected to the container, the glass cover was designed to be
removable and water was fed into the feed side manually (from the
top). A removable neutral putty was applied around the glass cover
to close any gaps to maintain proper sealing and insulation that
would prevent heat escape from the still during the experiment
(radiation absorption). The water and glass temperatures were
measured every hour simultaneously over the daytime by using
two digital thermometers (thermocouples) with high accuracy of ±
0.1 +C. The greater the difference between glass and water tem-
peratures, the more heat transfer was gotten; thus, higher



Fig. 1. The designed PS-based passive solar still: (a) The AutoCAD isometric 3D shape design showing the still principal elements as the top, bottom, slope, front, back, and partition
glass slides with dimensions in cm; (b) The AutoCAD side view design with dimensions in cm.

Fig. 2. The designed PS-based passive solar still: (a) The initial construction of the glass passive solar still before being insulated; (b) The final construction of the glass passive solar
still after being insulated and tested for brackish water desalination showing water condensates under solar insolation; (c) A closer look on the bottom and side parts with the
materials utilized for keeping absorbed radiation energy to increase evaporative heat transfer coefficients; (d) The installed glass cover with neutral putty to keep absorbed energy
and build-up freshwater droplets to be collected on the distillate-side.
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evaporation and condensation rates were observed. A collection
beaker was placed on the distillate-side (drain) to collect and
measure the purified water volume in milliliters (mL); thus, it
would be possible to calculate the still performance for the
different feed samples from their corresponding flowrates.

Using a worldwide climate data generator from the NASA
database via “ArcGIS Online World Geocoding Service” [44], we
generated ambient temperature (Tair), insolation, and relative hu-
midity (RH ¼ ∅) of the surrounding, from the known coordination,
for 61 days (MarcheApril 2017), Fig. 3(a). Variations in Tair and ∅
were observed with an inverse relationship between both vari-
ables, where high insolation (3.65e8.33 kW-hr/m2) is believed to
increase temperatures and lower humidity. Four days 7, 19, 43, and
47 datasets for 30, 60, 80, and 120 mL/day samples, respectively,
(from MarcheApril) were taken for further analysis and perfor-
mance comparisons. These days are identified in the study range
area at the temperature-humidity intersections in Fig. 3(a). The
selection of the four days was made to have reliable comparisons of
the still performance when using different flowrates under the
impact of almost similar atmospheric conditions Tair ¼ 12e15 +C,
RH¼ 52e62%, and averagewind speed¼ 4.4 m/s. The effect of both
RH and Tair on water productivity can be prominent as shown in
Fig. 3(b); thus, it is inevitably important to consider days with
similar ambient conditions for understanding the impact of feed



Table 2
Assigned dimensions of the different glass parts utilized in the construction phase.

Part Location Quantity Dimensiona

Topside (cover)b 1 12.7 � 17.78 cm (500 by 700)
Bottom side 1 12.7 � 17.78 cm (500 by 700)
Slope sidesc 2 Length: 19.37 cm (7.600);

IR: 8.7 cm (3.500); AR: 2 cm (0.7800)
Frontside (low rise) 1 12.7 � 2 cm (500 by 0.7800)
Backside (high rise) 1 12.7 � 8.7 cm (500 by 3.500)
Partitions 2 12.7 � 2 cm (500 by 0.7800)
a Glass thickness of 3 mm is not considered.
b Sealant rubber is added to the glass cover to close any gaps.
c There is 1 cm bottom-distillate-side-gap filled with sealant; IR: Initial rise; AR:

Angle rise.
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flowrates on the still output.
3. Mathematical equations and methods

Basic solar sill models and heat transfer equations were previ-
ously derived from the general heat balance equation, which have
been used in our investigations to determine the required solar still
parameters, including the partial pressures of the glass (Pg) and the
water (Pw) sides from Eq. (1) and Eq. (2), respectively
[11,14,17,45e49].

Pg ¼ exp
�
25:317�5144

Tg

�
(1)

Pw ¼ exp
�
25:317�5144

Tw

�
(2)

Since water and glass temperatures are known and can be
measured during the experimental work, it is easy to proceed in our
calculations for the water-side and the glass-side partial pressures.
Therefore, we can calculate the associated heat transfer coefficients
and determine their impact on the still performance/output. The
convective (hcwg) and evaporative (hewg) heat transfer coefficients
from water-to-glass (within the still) are defined in Eq. (3) and Eq.
(5), respectively, which are calculated from experimentally recor-
ded temperatures and their corresponding partial pressures.
Moreover, the water-to-glass heat transfer rate (qewg) is explicitly
dependent on hcwg and can be determined from Eq. (4). Nonethe-
less, hewg is the most important and critical parameter when it
Fig. 3. Generated climate data and their impact on the accumulated still output: (a) Insolati
period; (b) Recorded daily water productivity of the still and their respective daily-average
comes to the still design; this is because evaporative coefficients are
attributed to water evaporation and condensation rates that should
be maintained high enough for maximum still performance and
freshwater production [11,14,17,45e49].

hcwg ¼0:884�
��
Tw � Tg

�þ
� �

Pw � Pg
�

268900� Pw

�
� Tw

� 1=3

(3)

qewg ¼16:273� 10�3 hcwg
�
Pw � Pg

�
(4)

hewg ¼
16:273� 10�3 � hcwg

�
Pw � Pg

�
Tw � Tg

(5)

Radiative heat transfer coefficient (hrwg) from water-to-glass is
calculated from Eq. (6) and effective emissivity (2eff) from Eq. (7). It
is noticed that the radiative coefficient strongly depends on both
water and glass temperatures that are affected by solar radiation.
High solar irradiation increases the difference between water and
glass temperature which yields larger hrwg. The emissivity (2) of
both water and glass also plays a key role in the calculations of hrwg
[11,14,17,45e49].

hrwg ¼ 2eff s
�
T2w þ T2g

	
� �

Tw þ Tg
�

(6)

2eff ¼
1�

1
2g

þ 1
2w

� 1
� (7)

Total heat transfer coefficient from water-to-glass (hwg) is sim-
ply the summation of the three calculated heat transfer coefficients
which are associated with convection, evaporation, and radiation
heat transfer modes as shown in Eq. (8) [11,14,17,45e49].

hwg ¼
X3
i¼1

hwg ¼ hcwg þ hewg þ hrwg (8)

The overall solar still efficiency (h) can be determined experi-
mentally and/or theoretically. Experimental and theoretical effi-
ciencies should be close enough to confirm the results of the
laboratory work, which can be calculated from Eq. (9) and Eq. (10),
respectively [11,14,17,45e49]. Glass and water emissivities as well
as the considered feed water values and average daily solar radia-
tion (I) are presented in Table 3.
on, ambient temperature (Tair), and relative humidity (RH ¼ ∅) during the experiment
d solar insolation.
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hexp ¼
D
F
� 100 (9)

hth ¼
hewg

�
Tw � Tg

�
Ir

� 100 (10)

Dunkle [46] suggested that the radiative heat transfer from
water-to-glass (qrwg) can be expressed by Eq. (11), where the heat
loss by radiation from the cover to the atmosphere (qrga) is given by
Eq. (12); knowing that Stefan-Boltzmann constant (s) is approxi-
mately 5.67 � 10�8 W/m2$K4. Sky temperature (Tsky) varies with
amounts of both water vapor (relative humidity) and dust in the
atmosphere where Tsky increases with humidity and dust because
of the enhanced air absorption for the reflected heat from the
ground. Yellot [50] and Clark and Berhal [51] proposed model, Eq.
(13), can be used to estimate Tsky from the dew point temperature
of the ambient air (tdp) given by Eq. (14) that is dependent on the
relative humidity (RH ¼ ∅) of the atmosphere. The heat loss (qloss)
from the insulation and the overall heat transfer coefficient (Uins)
from Fourier’s conduction can be calculated from Eq. (15) and Eq.
(16), respectively [52].

qrwg ¼ 0:9s
�
T4w� T4g

	
(11)

qrga ¼ 0:9s
�
T2g � T4sky

	
(12)

Tsky ¼ Tair
h
0:74þ 0:006tdp

i0:25
(13)

tdp ¼ f ð∅; TairÞ¼

�
237:3



ln∅þ 17:27Tair

Tairþ237:3

��
�
17:27� ln∅þ 17:27Tair

Tairþ237:3

� (14)

qloss ¼Uins ðTins � TairÞ (15)

Uins ¼
�
Lins
kins

þ 1
hins

��1

(16)
4. Machine learning models

According to the literature, Mashaly et al. [55] utilized an arti-
ficial neural network (ANN) approach for the prediction of passive
Table 3
Feedwater, radiation, and other solar still related parameters with their taken values
in the experimental, theoretical, and machine learning calculations.

Variable/Parameter (Symbol) Unit Value [Ref.]

Feed flowrate (F) mL/day 30, 60, 80 and 120
Average daily solar radiation (I)a kW-hr/m2 5.32 [43,44]
Radiation time (t) hr 9:00 to 18:00; or 9 h
Rate of incident solar energy (Ir)b W/m2 354.67
Water surface area (As) m2 0.01613
Stefan Boltzmann constant (s) kg s�3 K�4 5.67 � 10�8 [53]
Glass emissivity (2g) e z0.86 [48,54]
Water emissivity (2w) e z0.95 [48,54]

a The average solar radiation was determined from the average radiations of
months MarcheApril in 2017 [43,44].

b Estimated from daily radiation since the study was conducted for 9 h only
(daytime).
solar still productivity showing the possibility of constructing a
generalized model [55]. Mathioulakis et al. [56] and Voropoulos
et al. [57] further developed a simplified theoretical model capable
of predicting long-term water production. Random forest (RF) and
ANN non-linear ML techniques were previously applied to tubular
solar still [58] to accurately predict hourly production closer to true
experimental observations [58]. An earlier study utilized both
linear and Gaussian regressions to develop prediction models for
solar radiation (10-fold cross-validation) based on a one-year
meteorological data; Gaussian models were found to have the
least MSE providing a high prediction performance [59]. Altan et al.
modeled a three-axis gimbal system for unmanned aerial vehicles
to propose algorithms that can exactly track the target while
maintaining stability [60]. Moreover, RF nonlinear methods were
utilized to create a solar radiation model using five specified pa-
rameters. The high-performance recognition model identified the
most important features that would impact solar radiation through
a forward selection approach [61]. However, forecasting the po-
tential productivities of different designed solar stills using built-in
and pre-existing ML toolboxes remains a challenge due to themany
parameters that need to be considered in models training.

Herein, the proposed method aims to develop an accurate pre-
dictive model based on supervised ML regression tools (MATLAB)
and datasets expansion from in-between randomization. We took
advantage of the inevitable errors in the measured and indepen-
dent input values of the studied variables from our experimental
results. Randomly generated input datasets in the approximated
boundaries are correlated to outputs via dimensional analysis and
proposed system equations. This allowed us to create trained
models that would accurately predict productivities in a single-
slope solar still. Built models were employed to marginally pre-
dict the still performancewhen replacing PS with another insulator
with high and/or low thermal conductivities. We have also corre-
lated TweTg and hewg to the still outputs when using various wall-
insulating materials in the SLR model that showed the minimum
statistical errors. The estimation of the still performance when
using different insulating materials have been studied via a su-
pervised ML analysis [62e65]. The SLR learner toolbox in MATLAB
[65] was utilized to establish the trained models from PS training
datasets (inputs/outputs obtained from experiments). Investigated
input data include (i) thermal conductivity (kins), (ii) feed flowrate
(F), (iii) water depth (Hw) in the feed-basin, (iv) water surface area
(As), and (v) daily solar radiation (I). Meanwhile, studied output
variables involved (i) water-glass temperature difference (TweTg),
(ii) evaporative heat-transfer coefficient (hewg), (iii) theoretical ef-
ficiency (hth), and (iv) distillate or distilled water (D). Polyurethane
(PU), polyester (PE), silica aerogel (Silica), wool felt (Wool), fiber-
glass (FG), and peat are the studied insulating materials chosen for
predicting the still performance when these insulators are incor-
porated instead of PS.

It is worth mentioning that we have carried out the ML analysis
using inputs for an average flowrate (F ¼ 30 ± 2 mL/day) corre-
sponding to water depth (Hw ¼ 1.8 ± 0.01 mm), water surface area
(As ¼ 0.01613 ± 0.0001 m2), and maximum daily radiation (I ¼ 5.32
� 5.34 kW-hr/m2) with the estimated minimum/maximum kins for
the selected insulators as shown in Fig. 4(a) according to the
literature [66e68]. The intended output values were taken for PS
from the experiments as [TweTg ¼ 4.58 ± 0.02 �C, maximum
hewg ¼ 12.745 ± 0.475W/m2$+C, hth ¼16.4 ± 0.52%, and D ¼ 4.93 ±
0.48 mL] in order to build the PS training datasets and ML models.

Trained models were used in predicting the still performance
when replacing PS with another insulting material in our designed
system. Once PS training models are determined, we utilized the
same SLR code to the future datasets obtained for the chosen
insulating materials. Future datasets had the same inputs as in PS



Fig. 4. Supervised machine learning (ML) data utilized in the PS training/future analysis with �30 mL/day flowrate: (a) Thermal conductivities of various studied insulating
materials; (b) Output datasets determined for PS training/future relating water-glass temperature-difference to both water evaporative coefficient and still efficiency from input
datasets; (c) Input datasets for the PS training/future model calculations; (d) Schematic showing the heat transfer mechanism and other system parameters utilized in the ML
analysis and theoretical modeling, theory and experiment results are taken as inputs for building training datasets from the PS-based solar still, the machine learning algorithm
using “stepwise linear regression¼(SLR) learner” for prediction of still performance when using different insulating materials.
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training datasets with kins as the only different variable to predict
future results (outputs). The generated datasets (training/future)
consist of five matrices of [100 � 1] for each of the 7 studied in-
sulators according to the previously selected inputs. This is also
equivalent to saying that we have generated a one [100 � 5] matrix
for each of the 7 studied insulating materials to relate kins to hewg,
TweTg, and water productivity (total of 7 matrices of [100 � 5]).
Training datasets were generated using PS-based solar still exper-
imental results and each variable (input/output) determined from
using the “Random-Between” function in EXCEL for the previously
given input ranges. In other words, only PS output was produced to
carry out the ML analysis for the other insulators and estimate their
outputs. Future datasets were randomly generated using the
approximated boundaries for the obtained intended output values.
Prediction results were obtained from four different PS-based
trained models, each for one output variable, applied to the
randomly generated input [100� 5] of the different insulating
materials. Thermal conductivity is a material property which was
utilized as a leading input parameter with different boundary limits
(max/min) based on the literature values and as illustrated in
Fig. 4(a).

Input parameters were taken independently from each other
whereas studied output parameters considered explicitly or
implicitly dependent on insulators’ thermal conductivity and other
inputs. Dimensionality analysis allowed us to estimate that ðTw �
TgÞzgHw



Ir
kins

�
�



0:75 Hm

Hw

�
�



F
As

�
, where the introduced

temperature-difference coefficient (g) found to be gz 0:06 for our
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based on the well-known Fourier-law for the

heat flux ðq¼�k½dT ⁄ dx�Þ and ðh¼ q=dTÞ [69e71]. This gives us the
estimated order-of-magnitude ðOÞh � ðOÞ½k =H� in agreement with
our proposed equations, where kair ¼ 0.0255 W/m$+C [72],
kref ¼ kPS ¼ 0.033 ± 0.002 W/m$+C, Hbulk ¼ 5 cm in bulk-air near to
the glass-cover; hth from Eq. (10); D from Eq. (9) with the
assumption hth ¼ hexp. Theoretical analysis and obtained equations
were carried out using dimensionality and from comparisons with
our experimental results. The steps used in the development of the
ML regression models are presented in the flowchart in Fig. 5;
which starts with datasets curation used in training/testing re-
gressions for estimating the passive solar still performance with
various insulating materials.

PU has the lowest thermal conductivity among the other studied
materials indicating its potential in preventing solar energy escape
from the solar still. High thermal conductivity yields in loss of
absorbed energy (heat from the sun) to the surrounding; which
would result in the poor still performance for water distillation. The
PS training/future datasets were obtained from both inputs
[Fig. 4(c)] and outputs [Fig. 4(b)] from experimental results and
dimensionally derived equations. Randomly generated PS inputs
resulted in almost similar outputs where training/future (TweTg vs.
hewg and/or h) data collapsed. Collapsible output PS-datasets con-
firms the validity of the equations in relating input parameters to
output results. The heat transfer mechanism in single-slope passive
solar still is illustrated in Fig. 4(d) with identified H, k, and T pa-
rameters and the basic equations for the derivation method of the
proposed hewg correlation from the dimensionality analysis. The



Fig. 5. Flowchart describing the steps used in the development of the supervised machine learning (ML) models: Starting from datasets curation used in training/testing regressions
for code generation, which are then utilized in estimating the still performance with various insulating materials.
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supervised ML algorithm is shown in Fig. 4(d) where training
datasets were built from the experimental results of PS-based solar
still. Built models were able to predict the still performance when
using different insulating materials for F�30 mL/day. Note that
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terms serve as correction factors in the

proposed equations since (i) TweTg decreases with higher flux rates

F
As

�
, and (ii) hewg increases with low kins, but the correction factor

terms are required for the correctness of our dimensionality
analysis.
5. Mechanism of heat transfer for water evaporation

The mechanism of heat transfer and solar radiation absorption
inside the solar still is illustrated in Fig. 4(d) and can be simplified
as the following: (i) transmitted solar radiation goes through the
glass cover and mostly gets absorbed by the blackened-bottom
surface (collector; or basin liner) in the feed basin, (ii) from the
basin liner increased temperature, saline water heats up and its
temperature will rise more than that of the still air and/or the cover
where TweTg initiates evaporation, (iii) water vapor density of
humid air increases from continuous evaporation and released
latent heat leading to condensation at the inner surface of the
cover, (iv) condensed water droplets trickle down the tilted cover,
due to gravity force, to the distillate-water side for collection via a
trough [10,73,74]. The former mechanism is valid for single-slope
passive solar still. The heat transfer mechanisms of other several
complex designs (spherical, pyramidal, double basin, and hemi-
spherical, etc.) can be found elsewhere [10,23,74,75].

Water evaporation may take place at low temperatures, but the
rate of evaporation/condensation can be significantly accelerated at
higher temperatures reaching the dew point for vapor condensa-
tion (when the temperature inside the still is much higher than the
ambient temperature). Ideally, it is desired to have a very high Tw
and very low Tg to promote hewg due to high-temperature gradient,
influencing evaporation/condensation and water productivity [15].
The use of a solar-collector heat-exchanger system has been sug-
gested in earlier works to rapidly increase Tw and boost conden-
sation [76,77]. The side-walls of solar stills are often made of
insulating/impermeable materials to keep the absorbed solar ra-
diation for raising the water temperature. It remains a challenge to
create thin insulating films that can efficiently retain absorbed
thermal energy. Thus, we focused on applying a very thin PS layer
(thickness ¼ 3 mm) with aluminum foil (thickness ¼ 0.04 mm). PS
has a very low thermal conductivity (kPS ¼ 0.033 W/m$+C) that is
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approaching the poor air conductivity (kair ¼ 0.0255 W/m$+C). The
3-mm foil-wrapped PS-layer is an interesting combination since
the PS keeps absorbed thermal energy which is further promoted
by light reflections within the black-taped basin, increasing the
water temperature rapidly. The roles of the specified basin insu-
lation components in promoting the heat transfer mechanism are
(i) basin blackened rubber liner increases solar radiation absorption
to the water promoting TweTg, (ii) aluminum foil applied on the
inner surface of the side-walls (top of PS) reflects sunlight radia-
tions inside the container; hence, developing evaporation/
condensation rates from the increased Tw, (iii) inner-wall PS foam
sheets (in the inner side surfaces of the still basin) further induce
the still insulation by keeping absorbed thermal energy that is
maintained from the possible reduction in both qrga and hcwg, and
(iv) outer-wall black insulation duct tapes covering the still side-
walls minimize heat loss and radiation energy escape of the
absorbed solar energy due to the non-reflection mechanism.
6. Results and discussion

The changes in water and glass cover temperatures have been
observed over the daytime (under solar radiation) for the different
studied feed flowrates (30, 60, 80, and 120 mL/day) as shown in
Fig. 6(a)-(d), respectively. It was implied that lower feed flowrates
are preferable to promote maximum achievable temperature and
TweTg which would enhance hewg for better performance and
evaporation rate.

Similarly, decreasing water feed quantities resulted in boosting
hewg and hrwg in the solar still, as calculated for 30, 60, 80, and
120 mL/day in Fig. 7(a)-(d), respectively. The 30 mL/day feed
flowrate achieved the highest evaporation rates with a maximum
evaporative coefficient of hewg ¼ 21.11 W/m2$�C at t ¼ 15, (i.e. 3:00
p.m.). This might be achieved due to the reduced heat capacity (J/
+C) of water which is an extensive property that scales down with
low water volume.
Fig. 6. Measured solar still water and glass temperatures with the observed water-glass tem
studied feed flowrates: (a) 30 mL/day; (b) 60 mL/day; (c) 80 mL/day; (d) 120 mL/day.
The determined heat transfer coefficient average values for the
passive PS-insulated single-slope solar still are shown in Fig. 8(a),
with a comparison between different feed flowrates. When daily
feed rates decreased, hrwg coefficients had slightly increased with
prominent progression in the hewg coefficient. This can explain the
high evaporation rates observed at low flowrates. We found good
agreement between the theoretical and experimental results
illustrated in Fig. 8(b), confirming the model validity to predict the
still performance. Theoretical efficiencies should always be larger
than their corresponding experimental efficiencies (for the same
flowrate), which was as expected. However, the 30 mL/day feed
scenario showed a maximum experimental efficiency that is
slightly greater than themaximum theoretical efficiency. This could
explain the possibility of reaching the maximum theoretical limit
(ideal case) inmini-solar stills with low flowrates due to the highest
achieved hewg. The relationship between TweTg (at noon times:
t ¼ 15) and the observed performance has been plotted in Fig. 8(c)
which showed a good linear fit indicating that high-temperature
differences would boost evaporation/condensation rates and in-
crease the still productivity for freshwater. Evaporative heat
transfer coefficients have been also correlated to the still efficiency
in Fig. 8(d) showing that high hewg rates are necessary andmay only
happen when there are noticeable temperature differences. We
have related the feed water flowrates (feed quantities) to the still
productivity and the number of stages required to treat 50% of the
inlet as shown in Fig. 8(e) and (f), respectively. Both productivity
and treatment stages (required days to treat 50% of the feed) are
found to proportionally increase with feed flowrates. Maximum
water productivity of �446 mL/day$m2 was observed for 120 mL/
day flowrate (this is during day 47, where day 60 showed a pro-
ductivity of �720 mL/day$m2 in Fig. 3(b)), with nine stages
required to have >60 mL of freshwater. This shows the promise in
using mini solar stills to treat >50% of inlet saline water volume in
almost a week with fixed daily rates.

Fig. 3(b) relates solar insolation to the still productivity over the
perature difference (TweTg) driving the evaporation/condensation rates in the different



Fig. 7. Convective (hcwg), evaporative (hewg), and radiative (hrwg) heat transfer coefficients observed from water evaporative/condensation rates in the designed passive PS-based
solar still under solar radiation (�354.67 W/m2) for the different feed flowrates: (a) 30 mL/day; (b) 60 mL/day; (c) 80 mL/day; (d) 120 mL/day. Evaporative heat transfer coefficients
decreased with water volume and reported values here are at t ¼ 15 (i.e. 3:00 p.m. local time).

Fig. 8. Heat transfer coefficients and water-glass temperatures with their relationship to the feed flowrate (mL/day) and still performance or water productivity: (a) Averaged
convective, evaporative, and radiative heat transfer coefficients for the different feed flowrates; (b) Theoretical and experimental solar still efficiencies at different feed rates; (c)
Water-glass temperature difference and its relationship with the observed performance; (d) Maximum evaporative heat transfer coefficients correlated with the passive still ef-
ficiency; (e) Second-order polynomial increase in distilled water quantity with increasing water flowrates; (f) Required number of stages or days for the treatment of >50% of
different feed flowrates. Note that (c) and (d) are determined at the maximum absorption hours: t ¼ 15 (i.e. 3:00 p.m. local time).
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two-month study period for the 30 mL/day and 120 mL/day feed
rates. It was evident that productivities increase with solar radia-
tion following the same insolation pattern. Average recorded pro-
ductivities found to be �263 and �536 mL/day$m2 for the feed
rates 30 and 120 mL/day, respectively. Thus, larger water amounts
yield in higher productivity, but with lower still performance
attributed to the slight decreases in hewg.

Trained SLR models estimated the still output (as a function of
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Tair) when using different wall-insulating materials with similar PS
thickness, Fig. 9(a) and (b). The results predicted that PU and Silica
are the optimal insulatingmaterials to maximize the still output for
the flowrates 30 mL/day and 120 mL/day, respectively. The trained
models did not show PU as the optimal expected insulator for the
high flowrates �120 mL/day since training datasets were taken
from the 30 mL/day experiments. Interestingly, low thermally
conductive insulators (e.g. Silica) did not contribute much in
accelerating the still output for the 120mL/day scenario. This might
be explained by the relatively large water volume increasing ther-
mal energy requirements. A minimum of 4-fold increase in energy
requirements show that we need much higher hewg for a maximum
efficiency �20.6% (i.e. 10% efficiency for the 120 mL/day using Silica
may be improved to 20% if Tair¼ 40+C based on the extrapolation of
the curve in Fig. 9(b)).

Water productivities from the PS-based solar still confirmed the
theoretical model reliability since results were in agreement with
Fig. 8(b) and (c) with a marginal error of �10%. Absorbed and lost
radiation energies were correlated to the radiative coefficients qrwg
and qrga, respectively, as shown in Fig. 9(c). Low water amounts
developed qrwg over the daytime with a maximum qrwg ¼ 0.188 W/
m2 at 15:00 time. The high qrwg for 30 mL/day is attributed to the
minimized loss of solar radiation from the still (low qrga, note that
qrga is in negative since thermal energy is lost). Conversely, adding
more water in the feed hinders qrwg indicating poor radiative heat
transfer, low-temperature difference, and reduced still output.
Hourly-measured still outputs for day 7 and day 47 for 30 mL/day
Fig. 9. (a) Estimated still output when using different insulators with 30 mL/day feed; (b) Es
water-to-glass coefficient (qrwg) and heat loss from radiative glass-to-air coefficient (qrga) fo
insolation for day 7 (30 mL/day) and day 47 (120 mL/day).
and 120 mL/day, respectively, were plotted and fitted (Gaussian fit
in ORIGIN) against the recorded insolation obtained from NASA
datasets, Fig. 9(d). The patterns of insolation and still outputs are
almost identical explaining the successful design and operation of
the novel mini-passive thin-film PS-insulated solar still. The accu-
mulated still outputs from Fig. 9(d) are equivalent to the daily
productivities reported in Fig. 8(e) since both are obtained from the
PS-based solar still experiments.

Trained SLR models predicted the still output and distillation
performance when replacing PS wall-insulating material with
selected insulators as shown in Fig. 10(a) and (b). The models
showed a high coefficient of determination (R2z1) and
RMSE<0.016. The high predictions accuracy was confirmed from
the estimated PS-based still performance found close enough to our
experimental results. To further assess the accuracy and perfor-
mance of the prediction models, the authors have checked for the
trained models statistical errors. It seems that we achieved the
highest R2 ¼ 1, with very low statistical errors MAE, MSE, and RMSE
as shown in Table 4 and obtained from the ML analysis figures
presented in the supplementary information (Figures S2-S11). This
is a result of the proposed in-between randomization method to
expand the training samples to 100 points before the training step.
Training and testing analysis showed the models capability of
predicting future performance and productivities based on the 50%
testing datasets from experiments. The codes of the four developed
models via the SLR learner are reported in the supplementary in-
formation (section 2) based on the five specified inputs.
timated still output when using different insulators with 120 mL/day feed; (c) Radiative
r different water amounts; (d) Hourly-recorded still outputs attributed to hourly solar



Fig. 10. Stepwise linear regression (SLR) machine learning analysis combined with the theoretical equations for studying the use of different insulating materials in the designed
mini-passive single-slope solar still: (a) Estimated max/min and averaged still productivity; (b) Predicted max/min and averaged still efficiency; (c) Water-glass temperature
difference correlated to the insulator thermal conductivity; (d) Evaporative heat transfer coefficient related to the improved still performance; Correlated feed flowrates to (e)
temperature differences; and (f) productivity carried out while hewg (W/m2$�C), inset, is held constant determined from our dimensional analysis calculations.

Table 4
Statistical errors obtained from the various applied SLR trained regression models
for the prediction of the solar still efficiency, hewg, productivity, or TweTg a

Statistical Error Efficiency (h) hewg Productivity (D) TweTg

RMSE 0.0167 0.0033 0.0070 0.0025
R2 1.00 1.00 1.00 1.00
MSE 2� 10e4 1.1� 10e5 4.9� 10e5 6.4� 10e6

MAE 0.0126 0.0025 0.0053 0.0018

a SLR¼Stepwise-Linear-Regression with Cross-Validation (CV): 5-fold; Reliable
models are considered with R2 > 0.90 that show the minimum MSE or RMSE; Ab-
breviations: the coefficient of determination (R2), the mean square error (MSE), the
root mean square error (RMSE), and the mean absolute error (MAE).
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The basin liners and the other still variables were kept the same
in the calculation steps to identify the impact of insulation on the
still productivity. PU and Silica showed the possibility of having a
very high still performance (�20e30%)withmaximum still outputs
of 434 and 409 mL/day$m2, respectively (Fig. 10(a)). This is indic-
ative that high productivities are achievable with low thermally
conductive insulators wrapped with foil papers to reflect solar light
and keep absorbed energy inside the still. Water-glass temperature
differences are found to increasewith the decrease in kins, Fig.10(c),
while the still efficiency is proportionally related to hewg resulted
from such insulation, Fig. 10(d). Correlated feed flowrates to both
TweTg and still productivity for the different insulators are shown
in Fig. 10(e) and (f), respectively. The enhanced still outputs for PU
and Silica for the 30 mL/day flowrate (620 and 366 mL/day$m2,
respectively) is feasible because the material’s poor thermal con-
ductivity accelerates evaporation/condensation rates. However, the
trained model seems to be invalid for F�5 with a good approxi-
mation for 5<F < 29 (F in mL/day) since training datasets were
gathered from experiments with F ¼ 30 mL/day.

Still productivities (normalized to the water surface area) have
been compared with literature and earlier studies on single-basin
solar stills. The still outputs were in the range 360�720 mL/
day$m2, which is approximately one-order-of-magnitude less than
the reported single-slope literature productivities (e.g. 4300 mL/
day$m2 [20], 3911 mL/day$m2 [25], and 2595 mL/day$m2 [18]). The
lower water productivity rates of the designed mini solar still were
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associated with the available still volume. Since the PS-stills were
scaled down in size by 15-fold (322.6 cm3), as compared to other
conventional still sizes with a maximum volume of 5040 cm3 [18],
the mini-basin solar still achieved decent outputs of �446 mL/
day$m2. Thus, if one is capable of scaling-up our system volume by
15-fold while keeping the same design specifications, the authors
believe that a production rate up to 5115�6690 mL/day$m2 is
achievable and is high enough to outnumber most of the current
literature results on single-basin solar stills. This could be possible
because PS insulation and blackened still walls/basin play a key role
in improving the performance by keeping the absorbed solar en-
ergy, decreasing heat loss, and improving solar absorption.

The below remarks summarize the discussed results and main
findings:

� Lower feed flowrates are preferable to promote TweTg and hewg
boosting evaporation and water productivity due to the reduced
heat capacity (J/+C) of water.

� Theoretical models show good accuracy for the prediction of the
still performance.

� High-temperature differences boost evaporation/condensation
rates and increase productivity.

� PU and Silica are predicted as the optimal wall-insulating ma-
terials to maximize the still output �446 mL/day$m2) with high
still performance (�20e30%).

� Low water amounts develop qrwg attributed to the minimized
loss of solar radiation (low qrga).

� Insolation and hourly still outputs should follow the same pat-
terns for successful design and operation.

� High productivities are achievable with low thermally conduc-
tive insulators wrapped with foil papers.

� Trained models showed high R2z1 and low RMSE<0.016,
achieving high prediction accuracy.

� High rates of evaporation occur with an enhanced evaporative
coefficient (hewg), increased water-glass radiative coefficient
(qrwg), and reduced radiation losses (qrga).

� Scaling-up the volume by 15-fold for the designed novel mini-
passive thin-film PS-insulated solar still could result in pro-
duction rates up to 5115�6690 mL/day$m2.
7. Conclusion

We demonstrated the performance evaluation of designed
mini-passive polystyrene (PS)-insulated single-slope solar still for
the treatment of brackish water. The experimental work is con-
ducted in Los Angeles (34�01013.600N, 118�17045.100W) during
MarcheApril 2017. Heat transfer coefficients are estimated from
theoretical and numerical models based on the experimental re-
sults to predict the still maximum productivity. Decreasing feed
rates is found to linearly promote evaporation/condensation rates
due to the observed increases in TweTg, where the evaporative heat
transfer coefficient (hewg) noticeably increased at 30 mL/day. Also,
low water amounts developed qrwg that reached 0.188 W/m2 at
15:00 time from the minimized loss of solar radiation. The 6-mm
thick insulated walls consist of [black-tape, glass, PS, Al-foil] are
believed to minimize the heat loss for maximum productivity. The
PS-insulated still achieved maximum h ¼ 18.33% which corre-
sponds to TweTg ¼ 4.6 �C and hewg ¼ 21.11 W/m2 �C at noon times.
Both productivity and treatment stages are found to proportionally
increase with feed flowrates. The maximum productivity of
�720 mL/day$m2 is observed with a flowrate of 120 mL/day.
Regardless of the feed flowrates, the increase in TweTg and/or hewg
is found to drastically improve the still performance. Hourly-
measured still outputs fitted against the reported NASA insolation
followed almost identical patterns explaining the successful design
and operation.

Dimensional analysis and datasets expansion via in-between
randomization from the experimental results (PS training data-
sets) allowed us to develop accurate predictive models using the
stepwise linear regression (SLR) supervised machine learners. Five
specified parameters including insulators’ thermal conductivity
(kins) are studied and correlated to TweTg, hewg, and efficiency.
Created trained models estimated the water-glass temperature,
hewg, and theoretical efficiency (or productivities) when replacing
PS with another wall-insulator. The proposed models showed a
high prediction accuracy with minimum statistical errors (R2z1)
and RMSE<0.016 for F�30mL/day. PU and Silica are found to be the
optimal insulating materials to maximize the still output and
achieve high performance (�20e30%) owing to their low kins that
develops water-glass temperatures. The use of Al-foil integrated
with suchwall-insulators for a black-taped basin can keep absorbed
solar energy within the still due to the reduced wall thermal con-
ductivity and the promoted light reflections. However, designing
efficient still insulation remains a challenge and future studies may
require the application of multiple insulating layers integrated with
light-reflecting layers and light-absorbing nanoparticles. This work
opens a newavenue towards further downscaling solar stills to ease
experimentation, considering that excess heat loss needs to be yet
investigated in futureworks via creating a unifiedmachine learning
model. Early and future experiments should be utilized to build
such models that would include the impact of design modification,
insulation, operating/weather conditions, sun-tracking, and nano-
fluids on the still performance.

CRediT authorship contribution statement

Hisham A. Maddah: Conceptualization, Data curation, Formal
analysis, Funding acquisition, Investigation, Methodology, Project
administration, Resources, Software, Supervision, Validation,
Visualization, Writing - original draft, Writing - review & editing.
M. Bassyouni: Writing - review & editing. M.H. Abdel-Aziz:
Writing - review & editing. M. Sh Zoromba: Writing - review &
editing. A.F. Al-Hossainy: Writing - review & editing.

Declaration of competing interest

The authors declare that they have no known competing
financial interests or personal relationships that could have
appeared to influence the work reported in this paper.

Acknowledgments

HAM would like to acknowledge the Saudi Arabian Cultural
Mission (SACM) and King Abdulaziz University (KAU) for their
support and funding.

Appendix A. Supplementary data

Supplementary data related to this article can be found at
https://doi.org/10.1016/j.renene.2020.08.006.

Nomenclature

h Solar still efficiency, %
D Distillate flowrate, mL/day
F Feed flowrate, mL/day
Q Daily output, L
As Area of the water surface in the solar still, m2

I Average daily solar radiation, MJ/m2
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q Radiative transfer coefficient or rate of heat/energy
transfer, W/m2

h Heat transfer coefficient, W/m2,K
T Average temperature, K
P Vapor pressure, N/m2

t Time, h
2 Emissivity, %
tdp Dew point temperature of the ambient air, K
∅ Humidity, %
U Overall heat transfer coefficient, W/m2,K
L Length, m
g Temperature-difference coefficient, %
H Height, m
k Thermal conductivity, m

Subscripts
exp Experimental
th Theoretical
w Water
m Maximum
g Glass
r Radiation
wg Water-to-glass
eff Effective
cwg Convective heat transfer from water-to-glass
ewg Evaporative heat transfer from water-to-glass
rwg Radiative heat transfer from water-to-glass
rga Radiative heat transfer from glass-to-air
sky Ambient condition far from the ground
air Ambient condition close to the ground <2 m
loss Lost radiation energy to the atmosphere
ins Insulator
ref Reference insulator (PS)
bulk Bulk region in the still near to glass cover
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