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ABSTRACT

The present work proposes a new multi-stage distillation system that was designed in
UDES with the objective of increasing its productivity and improving its efficiency. The aim
was to develop a simple and economic multi-stage solar still to produce freshwater for
domestic and socioeconomic sector uses from seawater and brackish waters that are abun-
dant in many remote areas of the Algerian Sahara. We study the effect of cooling water
temperature and collected experimental data in order to optimize their influence on the
yield of the multi-stage distillation process for the first four-tray device. The preliminary
results showed a significant improvement of the overall productivity. The effect of the boiler
temperature Tb is presented for different values. Indeed, the total productivity of the still is
affected by the increase of the cooling water flow rate on top of the tray. The experimental
results show that the first tray of the system produces about 35 l of freshwater per day and
the temperature of the evaporator efficiency is fixed at 96˚C. The results that permit the
determination of the output of each tray of the still are presented in this study. The analysis
of the distilled water showed that its quality was within the international standards (World
Health Organization guidelines).
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1. Introduction

Different semi-arid and arid regions in the devel-
oping countries show a great interest to the desalina-
tion of sea and brackish water using solar distillation
process to alleviate the increasing shortage of freshwa-

ter. The development of desalination technologies
combined with the use of renewable energies is a very
attractive and promising prospect especially for the
remote regions that have greatest water shortages and
higher solar radiation availability [1–3]. Solar distilla-
tion is a simple technique, which can be easily
adapted in the semi-arid and arid areas when water
salinity does not exceed 10 g/l. This thermal process
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is an efficient solution to purify water in order to pro-
vide clean drinking water and irrigation of agricul-
tural surfaces. It has many advantages as it uses a still
of a simple design that can withstand rough condi-
tions, it requires no maintenance and low cost. In fact,
there are many types of solar stills, some of them have
been developed and commercialized [4–6]. Till now,
many experimental and theoretical studies are under-
taken in order to modify the solar still using different
configurations and improve its yield [7–9].

Multi-stage distillation is one of the important and
technically viable applications for water purification.
The machinery is reliable and robust to produce clean
water for domestic and socioeconomic uses from sea-
water and brackish waters that are abundant in many
remote areas of the world. Several experimental and
numerical investigations on multi-stage still have been
reported in the previous studies such as the work of
Malik et al. [10], Kumar et al. [11], Fernández and
Chargoy [12], and Adhikari et al. [13].

In 1995, Adhikari et al. [13] have developed a sim-
ulation model for studying the steady-state perfor-
mance of a multi-stage stacked tray solar still. It
shows great potential in terms of higher distillation
yield per unit area. The model proposed is validated
by the results of simulated experiments on a three-
stage unit having an immersion-type electric heater as
the heating source. They found that the theoretical val-
ues are in good agreement with the experimental
results. Furthermore, they have developed a techno-
economic model for a multi-tray solar still [14]. A flat-
plate solar collector is using as the heat generator. In
order to produce fresh drinking water, Khedim [15]
has made a multi-stage still with five trays connected
to a flat-plate solar collector. He could characterize
this new seawater solar desalination system operating
at an atmospheric pressure with heat recovery. It
should be noted that the method of recovery and use
of the same amount of solar energy collected several
times is intended to significantly reduce the energy
consumption so that solar energy becomes an alterna-
tive to the water desalination technique. The thermo-
dynamic characterization allowed a good performance
of the system. Therefore, the rate of distilled water
obtained is 4.0 kg/h corresponding to a daily produc-
tion of 30 kg. On the other hand, the energy consump-
tion per kg of distilled water is estimated 0.3 kWh/kg
and the cost of a kg of water is 0.03 €. Analysis of
previous works shows that mainly lumped-parameter
type models are used for the theoretical modeling of
the operation of multi-stage tray solar stills.

A mathematical model has been developed by
Jubran et al. [16] to predict the productivity of a
multi-stage solar still with expansion nozzle and heat

recovery features in each stage of the system. These
new features of the still can produce up to 9 kg/m2 d
with a distillation efficiency of 87%. The cost analysis
indicates that the unit cost for distilled water for these
three-stage still is $25.6/1,000 gallons. Water desalina-
tion with heat recovery is a good solution for a better
output. Later in 2009, experimental and numerical
investigation of the concept of cylindrical multi-stage
water desalination still was presented by Ahmed et al.
[17]. The system was designed to recover latent heat
from evaporation and condensation processes in four
stages. Their preliminary experimental results showed
a very good output compared to the ordinary basin
type. Moreover, the total daily yield was found to be
about three times more than the maximum productiv-
ity of the basin-type solar still. A feasibility study
showed that the cylindrical type found to be much
better than the rectangular one in terms of safety
factor and maximum deflection. An economic cost
analysis has been performed to estimate the unit cost
of the distilled water produced by the solar still. It
was found that the unit cost for distilled water
obtained from these three stages solar desalination
system is $0.02544/gallon. It is found that the multi-
stage, stacked tray solar still produces more distillate
than that produced by the ordinary solar still [16,18].

Shatat and Mahkamov [19] performed experimen-
tal and numerical studies indicating that the freshwa-
ter production capacity of the evacuated tube solar
collector with aperture area of 1.7 m2 using four-stage
still system was found to be about 5 kg/m2/d. This
amount is higher than that of multi-stage stills cou-
pled with flat-plate collectors. The system produces
about 9 kg of freshwater per day and has a solar col-
lector efficiency of about 68%. They determined
rational design parameters of a multi-stage solar still
using transient mathematical modeling. The proposed
model suggests that for the evacuated tube solar col-
lector, the evaporation area in each stage should be
1 m2, with the total number of stages equal to 4 or 5.

It is also worthwhile pointing out that in these
studies cited above, the tray is V-shaped filled with
stagnant water to be distilled. This configuration is the
most widely used and studied. In the considered case,
the tray is a plate inclined on which a flow rate of the
cooling water moves on the top surface of the stage. It
is allowed to spread evenly to form a thin film and
flow down the tray in order to increase the condensa-
tion rate. This technique has not been studied, up to
now, to our best knowledge in multi-stage still. We
have looked at a different design and wish to generate
more interest and work in this area. Therefore, this
study is relevant to understand the temperature
parameter that is sensitive and acting directly on the

Z. Tigrine et al. / Desalination and Water Treatment 56 (2015) 2612–2617 2613



distillation process through the evaporation and con-
densation of water. The multi-stage system of labora-
tory scale is a research tool to identify the variables
and quantify their effects on productivity [20,21].

The aim of this work was to undertake thermody-
namic measurements to study and realize a seawater
multi-stage distillation system of high performance
with heat recovery. We studied the effects of water
boiler temperature and tray surface temperature on
tray yield of the realized system. Our investigation is
focused on the first and second stage to examine the
evolution of the distillation yield of the stage as func-
tion of tray surface temperature. Moreover, this sys-
tem can be connected to a solar heating system that
will allow operation of these types of devices with
clean renewable energy sources. In the future, the
multi-stage distillation can become economically a via-
ble alternative technology for many dry areas in North
Africa and other countries. The experimental results
showed a significant improvement of the system yield
due to the low cooling water temperature and we
observed that the productivity of the system increases
when the temperature of the boiler increases. Finally,
we evaluate the physical and chemical properties of
distilled water produced by multi-stage system.

2. Experimental device

The experiments were carried out through multi-
trays distillation system that was designed and real-
ized by our team in the Development Unit of Solar
Equipment UDES/Algeria. The distillation equipment
consists of two components: the distillation unit and
an external water distribution system for the boiler
and for feeding the distillation trays. Schematic dia-
gram of the distillation apparatus is shown in Fig. 1.
All outside walls of the distillation unit are made of
stainless INOX. The inside dimensions of the insulated
distillation casing are 630 mm in height, 350 mm in
width and 230 mm in depth.

In the considered case study, four stages are
mounted on top of each other, and each stage contains
four or five small plates to create between them a suf-
ficient spacing for heat transfer. The sealing is main-
tained between the stages and cooling water to
prevent any cooling water leakage through the contact
surfaces. Insulation is also used to reduce heat losses
of the solar still to the ambient.

The first tray of the distillation apparatus is posi-
tioned at a height “h” above the water bath level and
tilted at an angle α. The length of the tray on the other
hand is determined by the tilt angle. Different trays

are made of aluminum 0.4 mm thick and their inclina-
tion was α = 14˚. To increase significantly the produc-
tion and transfer of vapor, we have designed a new
structure of the tray. Each tray is characterized by the
inclusion of gaps between three and five small plates,
which depend on the number of the stage. This sys-
tem allows water vapors to transfer through trays up
to the top stage.

In order to create a great temperature gradient,
cooling water flow on trays is applied to enhance the
evaporation–condensation processes. We have used a
mechanism for distributing cooling water evenly over
the tray and to ensure a constant and uniform temper-
ature in the tray. We indicate that the equipment oper-
ates at ambient pressure. The boiler is made of
lacquered sheet thickness 0.4 mm, which is one of the
important elements in this investigation. Its dimen-
sions are characterized by 385 mm in length height,
250 mm in width, and 130 mm in deep. The evaporator
is mounted with a tubing system that serves the dual
function of a water level indicator gauge and water
level adjustment fixture. Water vapor is produced from
an electrically heated water bath—the boiler. The heat
source is a 500 W electric heater coil, which provides
adequate heating power for this bench scale system.
Temperature control is within 1˚C of the set point and
within the range of 60–95˚C. Different thermocouples
are placed in appropriate areas in the water bath, on
the tray and other points inside and outside the
distillation chamber to monitor temperature.

Fig. 1. Schematic diagram of the distillation device: (1)
evaporator, (2) electric heater, (3) insulation, (4) tray, (5)
distilled water channel, (6) cooling water channel, (7) cool-
ing water distribution system, and (8) cooling water.
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2.1. Distillation process

In principle, the tray or multi-tray distillation pro-
cess is fairly simple and can be very efficient from an
energy requirements standpoint. For the sake of this
investigation, for example, water in the boiler is
heated to a given temperature and maintained con-
stant. Vapors—as they rise from the boiler—come into
contact with the cold bottom surface of the first tray
where they condense. As the condensed water drop-
lets grow larger in volume and thus heavier, they start
making their way downwards under the pull of grav-
ity and dripping into the collection channel at the bot-
tom edge of the tray, see Fig. 1. The latent heat
released during the condensation step is transferred to
the thin film of water trickling down on the top side
of the tray.

It is worthwhile noting at this point that, in our
design, the top side of the tray is covered with a thin,
loose fill cotton cloth to ensure a uniform wetting of
the entire top surface of the tray to maximize produc-
tivity of the equipment (Fig. 2). Some percentage
amount of the water flowing on the top of the first
tray evaporates and condenses on the bottom side of
the second tray and so on up to the third or nth tray.

3. Results and discussion

In this study, the aim was to increase distillation
yield using new type of multi-stage still, which
fabricated and tested in UDES/Algeria. The experi-
ments are focalized on different effects that affect
directly on the production of the system. We attempt
to quantify the temperature effect of the water to be
distilled in the boiler and of the cooling water on the
distilled water volumetric flow rate of the distillation
system. In our experiment, we used the Bou Ismail
well water of electrical conductivity 2,090 μS/cm and
salinity 1 g/l and pH 7.32 at T = 23.3˚C. The boiler is
filled with 18 l and its temperature was varied to
cover the range from 75 to 96˚C. Different

temperatures are measured by K-type thermocouples
connected to a data logger Fluke type for the acquisi-
tion of data, which are recorded on a memory card
for a programmed time interval of 30 min.

3.1. Effects of water boiler temperature on each tray yield

In the first experiment, we fixed temperature of
the water in the boiler Tb, which varies in the range
75˚C < Tb < 95˚C, then we measured the throughput of
each tray under specific conditions. Water level in the
boiler is closely monitored and kept constant by add-
ing water when appropriate. The flow rate of the cool-
ing water on the top surface of the tray is kept
constant throughout the whole experiment of this part

Trays with textile

Fig. 2. Stages covered with cotton cloth.
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Fig. 3. Evolution of the distillation yield as a function of
boiler temperature Tb.
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Fig. 4. Variation in the distillation yield as a function num-
ber of stage for different boiler temperatures values.
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or adjusted to the appropriate flow rate to maintain a
constant tray surface temperature. We notice that the
whole surface of the tray was covered with a cotton
textile in order to absorb water and to ensure the ade-
quate wetting with constant temperature. At cooling
water flow rate constant, the total output of the sys-
tem for different boiler temperature values has been
measured. Fig. 3 presents the experimental results of
the effect of boiler temperature on the total through-
put of the equipment, which mounted by four stages.
It shows that the productivity of the system increases
when the temperature of the boiler is increased. The
production rate is more important when temperature
of the boiler water is Tb = 95˚C. Noticeably, the behav-
ior of this evolution depicts an exponential law, which
is shown by a solid line. In Fig. 4, we show the
corresponding measure of yield for each tray with
specific boiler temperature, which is carried out inde-
pendently. We notice that the first tray produce more

than three others trays placed above it. The boiler tem-
perature affects considerably the throughput of the
equipment.

3.2. Effects of tray surface temperature on tray yield

In the second experiment, we explore the effect of
tray surface temperature on yield of the first and sec-
ond stage. In this case, we evaluated the performance
of each considered tray distillation unit in order to
optimize the temperature operating when the temper-
ature of the water in the boiler Tb is fixed at Tb = 95˚C.
Fig. 5 presents the throughput of the first and second
tray under the effect of the stage surface temperature.
The results of these measurements show that the
throughput of the first tray is more increasing when
the first tray surface temperature T1 varies in the
range 35–45˚C. The production rate of the stage is
higher and maximum when T1 = 45˚C. Therefore, we
indicate that the first tray surface temperature T1

should be maintained close to 45˚C to obtain the maxi-
mum flow rate of distillate. In contrast, the surface
temperature of the second tray T2 should be main-
tained close to 30˚C. Different yields of trays are pre-
sented in Fig. 6 when the first tray surface
temperature T1 is variable. The variations of these
curves indicate that as the tray surface temperature
increases, the productivity decreases significantly.

4. Conclusion

An economical multi-stage still has been developed
using inclined and flat tray with specific configuration
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Fig. 5. Evolution of the distillation yield of the stage as
function of tray surface temperature.
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to allow water vapors that transfer through trays up
to the top stage. The system being tested is a labora-
tory prototype and its distillation efficiency can be
considerably increased when design parameters are
precisely determined. These parameters need to be
optimized based on techno-economic considerations.
Experimental investigation is carried out to realize an
efficient multi-stage still using simple technical means
with a minimum of know-how in order to get supply
of drinking water. This study revealed the tempera-
ture effect of water boiler and stage surface that affect
considerably the distillation equipment performance.
The system was developed by creating a great temper-
ature gradient; cooling water that flow on trays is
used to enhance the evaporation–condensation pro-
cesses and distill all types of water in arid and remote
areas. The experimental results show that the produc-
tivity increased as the water boiler temperature
increased due to the higher evaporation rates. The
productivity differs from a tray to another, when the
stage number increases the production rate of the tray
strongly decreases. Indeed, the total yield of the
system is affected very much by the tray surface
temperature changes. The analysis of the distilled
water produced by the system shows that its quality
satisfies the requirements defined by the World Health
Organization.
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