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• Description of a novel solar stepped distiller with internal reflective walls and a set of borosilicate vacuum tubes.
• Global efficiency average of 71.5%.
• Fresh water production varies from 5690 cm3/m2/day on sunny days to 3648 cm3/m2/day on cloudy days.
• Water production regardless of distiller´s size and total solar energy varies slightly for different weather conditions.
• V″exp characterizes the distiller´s performance: 285.5 cm3/m2/MJ/day on sunny days and 288.8 cm3/m2/MJ/day on cloudy days.
• The use of the set of vacuum tubes in the stepped distiller enhanced its performance in 32.4%.
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The present study demonstrates that the current use of stepped solar distillers can be enhanced to increase sea-
water desalination. To this end, we designed a stepped solar still with internal reflective walls and attached a set
of borosilicate vacuum tubeswith heat pipes; these heat pipes, in turn,were attached to plates containing seawa-
ter inside the distiller. The average global efficiencywas calculated in 71.5%; the volumeof distilledwater per unit
area (designated asV′exp) and the volumeof distilledwater per unit area of distiller and per unit daily solar energy
(V″exp) were also calculated. On a sunny day, with an incident solar energy of 19.93 MJ/m2, V′i was 5690 cm3/m2

and V″expwas 285.5 cm3/m2MJ;meanwhile, on a cloudy day, with 12.63MJ/m2 of energy, V′expwas 3648 cm3/m2

and V″exp was 288.8 cm3/m2 MJ. Since V″exp varies only slightly under different weather conditions, we propose
that it should be used to compare the performance of stepped solar stills that do and do not contain vacuum
tubes. Thus, it was proved that the still containing the vacuum tubes had a global efficiency and V″exp that
were 32.4% greater than those without vacuum tubes.

© 2017 Elsevier B.V. All rights reserved.
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1. Introduction

In Peru, approximately 30% of the children living in rural areas suffer
from chronic malnutrition; this is caused not only by poor nutrition but
also by unsafe water consumption [1]. Solar desalination is a potential
solution for alleviating water scarcity in poor and rural areas close to
the coastline because it is a simple and low-cost technology that re-
quires very lowmaintenance. Although this technique goes back almost
100 years, its use has been sporadic and unsustainable. Nevertheless, re-
search is still being conducted today on the methods and materials that
allow for the efficiency and production of desalinatedwater to increase;
unfortunately, the production processes often involve considerable loss
of heat to the environment. This makes solar stills relatively inefficient
in terms of performance and results in the production of small amounts
of water (between 1 and 8 L per square meter of the covered surface of
the still). This variation is due to both the geometry of the still and the
materials used for its construction. One type of distiller that has demon-
strated a better level of performance is the stepped still [2]; however,
more productive stills have been reported to exist [3].

Moustafa et al. [4] are pioneers in calculating the efficiency of a
stepped still, and they have determined its value to be ~24%–30%.
Similarly, Muslih et al. [5] showed, under the same weather conditions,
that while a flat-plate still produces 1390 cm3/m2 of water per day, a
stepped still produces 4340 cm3/m2 of water, which is almost three
times greater.

Similarly, Abdullah [6] achieved a 30% increase when producing de-
salinated water using a cascade still as compared with a flat-plate still
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Fig. 2. Photograph of the stepped solar still comprising internal reflectivewalls and a set of
attached borosilicate vacuum tubes.
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(4350 against 3550 cm3/m2 per day). He explained that this variation
results from the cascade still having a smaller air volumewithin its inte-
rior,whichmakes the heating process faster. This causes a greater trans-
fer of heat and mass toward seawater. He reported an 85% increase in
the production when comparing a flat-plate still and a stepped still
with hot air flow onto the base of each plate (3400 against
6300 cm3/m2 per day); additionally, he claimed that a stepped still em-
bedded with cooling of the glass cover produces 65%more water than a
flat-plate still does. Finally, he describes a stepped distiller with hot air
flow and simultaneous cooling of the glass cover, which produces
112% more desalinated water than a conventional flat-plate still.

Velmurugan et al. [7], meanwhile, used heat-absorbing materials
such as sponges and stones on the plates of a stepped distiller, which al-
lows an increase of 98% in the production of desalinated water com-
pared with stepped stills without these materials. Similarly, Omara et
al. [8] compared the amounts of desalinated water produced by a flat-
plate still, stepped still, and stepped still with internal reflective walls.
They found that the stepped still produced 57% more desalinated
water than theflat-plate still, whereas the stepped still with the internal
reflective walls produced 75% more water than the flat-plate still.
Omara et al. [9] also reported that a stepped still with internal reflective
walls and two external reflective walls could produce 125%more water
than a flat-plate still and thereby distil 8100 cm3/m2 of water per day.

Another way to desalinate greater volumes of seawater is by
collecting heat through borosilicate vacuum tubes with or without
heat pipes; such a structure allows us to prescind solar tracking owing
to its particular geometry. Chong et al. [10] exemplified this system
using a set of borosilicate tubes to collect the necessary heat to power
a multiple-effect diffusion unit (MDU), a type of distiller. Similarly, Liu
et al. [11] evaluated the use of a vacuum tube collector attached to a
multiple-effect distiller (MED). The use of borosilicate vacuum tubes,
exclusively for solar desalination, was earlier reported by Sing et al.
[12] and Kumar et al. [13], who calculated on the basis of a hypothesis
that a flat-type still with a vacuum tube collector attached to it could
distil up to 3800 cm3/m2 of water per day.

The main objective of the present study is to improve the perfor-
mance of a stepped still and augment the volume of desalinated water
it dribbles by incorporating internal reflectivewalls into it and external-
ly attaching a set of borosilicate vacuum tubes with heat pipes. This set
of tubes affixed to the stepped still distinguishes it from the other dis-
tillers used thus far. Via experiments, we evaluate the performance of
the modified distiller and compare it with the performances of stepped
stillswithout vacuum tubes. The datawas collectedduring the summers
of 2014 and 2015 in the city of Lima, Peru.

2. Overview of the distiller

The cascade solar still with internal reflectivewalls and a set of boro-
silicate vacuum tubes was constructed in a light wooden box with an
opening on top, covered by a transparent glass of 1.25 m in length,
0.8 m in width, and 4 mm in thickness, that is to say, 1 m2. The interior
Fig. 1. Improved stepped solar still: (a) view of t
of the box was lined with Styrofoam, which acted as a heat insulator. A
bipodwas used to keep the box tilted 45° to the floor; thismade it easier
for condensed drops to diffuse through the glass, whichwould not have
happened if it would have been tilted to only 12° (Lima's latitude is 12°
south), as recommended by Singh and Tiwari [14]. The set comprised
five tubes (the tube is 1.8m long and 6 cm in diameter) running parallel
to one another and containing their respective heat pipes; these pipes,
in turn, passed through the lateral wall and still plate through an open-
ing so that each heat pipe could come into direct contact with the sea-
water. Thus, the tubes would not fill up with seawater. Fig. 1 shows
the design of the improved cascade solar still, and Fig. 2 shows a photo-
graph of the still.

Inside the still, the lateral wall of the box and the glass cover fit per-
fectly into one another. Along its perimeter, each wall had a moldable
sponge rubber profile adhered to it. This allowed the glass to lean on
the box, and the weight of the glass was able to deform the rubber pro-
files and keep the box hermetically sealed (Fig. 3), without any vapor
loss; moreover, no adhesives were required. In addition, the glass
cover comprised a slightly inclined U-shaped aluminum chute attached
to its internal inferior side; this allowed the still to collect desalinized
water from the exterior part through one of the ends of the still (Fig. 1).

Each of the five plates of the distiller was 11.5-cmwide and 116-cm
long and contained seawater 2-cm deep; by itself, it was able to hold
2668 cm3 (~2.7 L) of water, and the total volume in the still was
13,340 cm3 (~13.3 L). In addition, the vertical wall adjacent to each
plate was made of high-reflectance aluminum; it was removable and
could route solar radiation to the seawater (Fig. 4). Each plate was
made of rust-resistant galvanized brass, and its internal base was
completely covered with small, dark stones. Moreover, the plates were
placed over wooden supports; they were, therefore, removable.
he transversal section and (b) lateral view.



Fig. 3. Design of the sponge rubber profile and strip that deformed one another owing to
the weight of the glass.

Fig. 4. Schematic of the trajectory of solar beams over the seawater.
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3. Experimental report

The experiments were conducted at the University of Lima
(207 m above the mean sea level, latitude 12.08° South, longitude
Fig. 5.Charts for (a) the ambient temperature, (b) temperaturewithin the still, (c) solar irradian
was obtained on February 16, 2015 at the University of Lima.
76.97° West) during the summer of 2015 (from January to March).
This paper shows the results obtained during four days in February,
which was the hottest month that year in Lima. The ambient temper-
ature was measured in the shade using a mercury thermometer
(BOECO, graduated from −20 to 250 °C), whereas the temperature
inside the still was measured using a Premium PR301 multitester
(Praesk) equipped with a thermocouple. The irradiance was always
measured perpendicularly to the floor using a TM-206 portable radi-
ometer (Tenmars), and the volume of desalinated water was mea-
sured using a vessel graduated in milliliters. The values were taken
every 30 min throughout the day; at 07:00 each day, 13.3 L of seawa-
ter were added to the plates of the still, and the still warm brine was
collected at 21:00. This procedure ensured that the abrasion caused
by the saltwater on the plates was low, which, in turn, helped in-
crease their lifetime.

February 16, 2015 was a sunny day (with very little cloudiness
and little wind) with an incidence of 19.93 MJ/m2 of solar energy
over the course of the day, during which 4040 cm3 of desalinated
water was obtained. Fig. 5 shows the obtained experimental data.

The production of desalinated water showed a local minimum at
13:00; this corresponds to the minimum solar irradiance observed at
around 12:00 (Fig. 5(c)). A more detailed analysis of the data shows
that between 11:15 and 12:40, there was moderate cloudiness, with
an instantaneous minimum irradiance of 820 W/m2. This possibly
explains the slight reduction observed in the production form the
still a few minutes later.

February 17 was a partially cloudy day in Lima until noon; the inci-
dent energy was 15.63 MJ/m2 and 3210 cm3 of desalinated water was
obtained. It should be noted that during the night (between 18:00 and
20:00), an additional 50 cm3was collected. Fig. 6 shows the experimen-
tal data obtained.

On February 20, 2015, the highest irradiation of 1115 W/m2 was
recorded at 12:30; this was despite the day being partially cloudy
during the morning, clear from noon until 14:30, and again partially
cloudy until the end. An energy of 20.07 MJ/m2 was calculated for
ce, and (d) produced volume of desalinatedwater as a function of the time of day. The data



Fig. 6. Charts of (a) the ambient temperature, (b) temperaturewithin the still, (c) solar irradiance, and (d) produced volume of desalinatedwater as a function of the time of day. The data
was obtained on February 17, 2015 at the University of Lima.
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the day, and 3920 cm3 of desalinated water was obtained along with
an additional 70 cm3 until 20:00. Fig. 7 shows the experimental
data.

February 21 was partly cloudy but with intense sunshine at around
13:00; the incident energy was 12.63 MJ/m2, and only 2590 cm3 of de-
salinated water was obtained. Fig. 8 shows the experimental data.
Fig. 7. Charts of (a) the ambient temperature, (b) temperature inside the still, (c) solar irradianc
was obtained on February 20, 2015 at the University of Lima.
4. Analysis of the results

4.1. Distilled water volume as a function of solar energy

Each day, the incident solar energy was calculated out of the area of
the chart for the irradiance as a function of time. Table 1 shows the
e, and (d) volume of desalinatedwater produced as a function of the time of day. The data



Fig. 8. Charts of (a) the ambient temperature, (b) temperature inside the still, (c) solar irradiance, and (d) volume of desalinatedwater produced as a function of the time of day. The data
was obtained on February 21, 2015 at the University of Lima.

Table 1
Daily solar energy values and volume of distilled water produced.

Date E (MJ/m2/day) Vexp (cm3/day)

02/16/15 19.93 4040
02/17/15 15.63 3210
02/20/15 20.07 3990
02/21/15 12.63 2590
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values of the daily solar energy (E) and the volume of desalinated water
produced (Vexp).

Fig. 9 shows the volume of desalinated water as a function of the
total daily solar energy; it uses the data given in Table 1.

From this graph, we can see that the amount of desalinated water
obtained increasedwith the amount of incident energy, as expected. Vi-
sually, it is an almost linear dependence, at least in the interval between
Fig. 9. Volume of desalinated water produced as a function of the total solar energy.
12 and 20 MJ/m2 per day; however, it is known that the production of
water depends on several additional factors. The linear equation that
governs the dependence between distilled water volume (in cm3) and
incident solar energy (in MJ per day) is given as

V cm3� � ¼ 191:74 E
MJ
day

� �
þ 185:24; ð1Þ

with an R2 of 0.991. Due to the unfortunate fact that complete data was
available for a limited period of four days, the results can only be prelim-
inary; it is, therefore, necessary to collect more information to corrobo-
rate them.
Table 2
Values of the total solar energy (E) and the maximum temperature reached in the still
(Timax).

Date E (MJ/m2/day) Ti
max (°C)

02/16/15 19.93 78
02/17/15 15.63 76
02/20/15 20.07 76
02/21/15 12.63 74

Table 3
Values of the total incident energy, theoretical volume of desalinatedwater, and improved
still efficiency.

Date Etotal (MJ/day) Vexp (cm3/day) Vtheo (cm3/day) η (%)

02/16/15 14.15 4040 5660 71.4
02/17/15 11.10 3210 4439 72.3
02/20/15 14.25 3990 5700 70.0
02/21/15 8.97 2590 3587 72.2



Table 4
Total solar energy (Etotal), volume ofwater produced (Vexp), volume produced per unit area
(V′exp), and the volume per unit area and per unit incident solar energy (V″exp).

Date
Etotal
(MJ/day)

Vexp

(cm3/day)
V′exp
(cm3/m2/day)

V″exp
(cm3/m2/MJ/day)

02/16/15 14.15 4040 5690 285.5
02/17/15 11.10 3210 4521 289.3
02/20/15 14.25 3990 5620 280.0
02/21/15 8.97 2590 3648 288.8
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4.2. Global efficiency

The global efficiency (η) of the stepped still can be defined as the
ratio between the amount of experimentally produced water (Vexp)
Fig. 10. Graphs for (a) the ambient temperature, (b) temperature within the stills, (c) solar irr
10:30 and 14:30) on February 16, 2015 (with borosilicate tubes, left column) and February 22
and the amount of water that would theoretically be produced if the
total solar energy incident on the still was exclusively used for the evap-
oration of the seawater (Vtheo). This expression is depicted in the follow-
ing equation:

η ¼ Vexp

Vtheo
� 100% ð2Þ

The temperature of the seawater in the still is considered to vary
from the ambient temperature (as the seawater was collected a few
days prior to the experiment) to approximately 76 °C, which is the aver-
age of the maximum temperatures reached in the still during the four
days of February in which the data was collected. Table 2 shows the
daily values.
adiation, and (d) volume of desalinated water as functions of time (time of day, between
, 2014 (without borosilicate tubes, right column).



Table 6
Global efficiencies, V′exp, and V″exp calculated between 10:30 and 14:30 on two given days
for stills that did and did not comprise a set of borosilicate vacuum tubes.

Date η (%) V′exp (cm3/m2) V″exp (cm3/m2/MJ)
Cascade still with
internal reflector

02/16/2015 69.6 3971.8 278.5 With vacuum tubes
02/22/2014 52.5 3014.1 210.2 Without vacuum tubes
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The specific heat of seawater with 3.5% salinity is ~4000 J/kg °C at
30 °C and 4050 J/kg °C at 0 °C [15]. Notably, this value increases very
slightly with reduction in temperature (only 1.25% from 0 °C to 30 °C);
therefore, for simplification, we considered this value to be constant
in our calculations. The temperature of the seawater increased from
26 °C (average temperature at the beginning of the day) to 76 °C, i.e.,
ΔT = 50 °C. Thus, theoretically, the amount of sensible heat is
0.2 MJ/kg. If we consider that the latent heat of water evaporation
at 80 °C is 2308 MJ/kg [16,17], then the total amount of energy need-
ed to evaporate 1 kg of sea water (between 75 °C and 80 °C) is
~2.5 MJ/kg.

Moreover, if the effective area of the still (A) is 0.71 m2, the incident
solar energy on the still during the day can be calculated using the fol-
lowing expression:

Etotal ¼ E � A ð3Þ

Thus, the theoretical volume of distilled water (Vtheo) can be consid-
ered as the ratio between the total energy captured by the still and the
energy required to increase the temperature of the seawater by 50 °C
and thereby completely evaporate it. It is calculated as follows:

Vtheo cm3� � ¼ Etotal MJ½ �
2:5

� 103π ð4Þ

The global efficiency of the still can be obtained using Eqs. (2), (3),
and (4). Table 3 shows the results of these calculations.

It is important to note that the global efficiency of the still varied
slightly despite its operating under different climatic conditions; the av-
erage value obtainedwas71.5%. A number of authors have reported that
they increased the global efficiency of their systems by applying various
modifications aimed at increasing the temperature difference between
the evaporation and condensation surfaces [18]. For example, in one
study hot air was injected into a still whereas the glass cover was cooled
in another; this increased the global efficiency of these stills by 52% and
59%, respectively [18].

4.3. Distilled water production

Table 4 shows the amount of desalinated water produced per unit
area of the still (V′exp). Over the four days, the amount produced varied
from 3648 to 5690 cm3/m2 per day; this depended on if it had been
cloudy or sunny on a given day. Similarly, V″exp is defined as the amount
of desalinated water produced in a day per unit area and per unit
incident solar energy. As shown in Table 4, mostly consistent values
were obtained for this parameter, and the average V″exp was
285.9 cm3/m2 MJ per day. This parameter better characterizes the per-
formance of the solar still than V′exp; thus, a greater V″exp corresponds
to a still that has performed better.

From this table, we can see that while the V′exp varies by 43.7% be-
tween its maximum and minimum values, V″exp varies only by 3.1%.
This could be explained by assuming that size and solar energy are the
main factors affecting the performance of the distiller, while other
Table 5
Values for the average ambient temperatures, average temperatures inside the stills, solar
energies, and volumes of distilled water between 10:30 and 14:30 on two given days for
stills that did and did not contain vacuum tubes.

Date
Tamb

(°C)
Tint

(°C)
E
(MJ/m2/day)

Vexp

(cm3)
Stepped still with
internal reflector

02/16/2015 26.8 71 14.26 2820 With vacuum tubes
02/22/2014 28.9 70 14.34 2140 Without vacuum tubes
factors such as wind speed or ambient temperature, for example, are
not as important.

4.4. Comparison with a stepped still without borosilicate vacuum tubes

In the summer of 2014, experiments were performed at the Uni-
versity of Lima using the same type of stepped still but without boro-
silicate vacuum tubes [19]. We compared the experimental data
obtained on February 22, 2014 (for a cascade still without vacuum
tubes) and February 16, 2015 (for a stepped still with vacuum
tubes) due to weather conditions were very similar. In addition, we
chose to only compare the interval between 10:30 and 14:30 be-
cause in this period, the solar irradiance and the temperature inside
the still were very similar, too. However, as shown in Fig. 10, the Vexp

was significantly different.
The average ambient temperatures (Tamb), average temperatures in-

side the stills (Tint), and incident solar energies (E) are shown in Table 5.
Although these three variables were very similar, the Vexp was quite
different.

The results show that when the vacuum tubes were used, 31.8%
more distilled water was produced even though the ambient tempera-
ture was 2 °C lower and the solar energy was slightly lower (0.6%)
than when tubes did not were used. The global efficiency values as
well as V′exp and V″exp obtained for the two stills are shown in Table 6.

5. Conclusions

The features of solar distiller comprising internal reflective walls en-
hanced with a set of borosilicate vacuum tubes are described in this
paper. The heat collected by these tubes was transferred to seawater
through the heat pipes contained in each tube. We determined that
the average global efficiency of this distiller was 71.5%.

Experimentally, we obtained 4040 cm3 of desalinated water on a
sunny day in Lima (19.9 MJ/m2 per day) and 2590 cm3 on a cloudy
day (12.6 MJ/m2 per day). This result corresponds to a V′exp of 5690
and 3648 cm3/m2 per day for a sunny and cloudy day, respectively.
However, V″exp values were 285.5 and 288.8 cm3/m2 MJ per day for a
sunny and a cloudy day, respectively. This parameter did not vary signif-
icantly under different weather conditions.

Finally, we experimentally verified that the production of desalinat-
ed water increases by 31.8% when a set of borosilicate vacuum tubes
with heat pipes is attached to stepped solar distiller comprising internal
reflectors. Moreover, the global efficiency and V″exp of such a distiller are
32.5% greater than those for the same distiller without a set of vacuum
tubes (η = 69.2% against 52.5%, and V″exp = 278.5 against
210.2 cm3/m2MJ per day). This last parameter is good to usewhen eval-
uating the performance of a distiller because itminimizes the effect that
variations in weather conditions may have.
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