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Water scarcity is widely known as one of themajor current issues. As of now,many
solar distillers are using the same concept of evaporation and condensation of
saline water to produce distillates. The main problem with such solar distillers is
their low productivity, as the latent heat produced is lost to the surroundings. A
multi-stage solar distiller can solve the issue of productivity by utilizing the latent
heat released. This design consists of multiple solar distillers stacked one on top of
the another, producing distillates in each stage while having the same amount of
energy intake. Malaysia falls within the tropical belt where solar radiation appears
to be diffused, resulting in low-quality heat energy that can be absorbed. To solve
this problem, concentrated solar power (CSP) technology has been introduced.
However, CSP technology can be very expensive, thus using a Fresnel lens as a
direct refraction device will be a cheaper option. In this study, a four-stage solar
distiller system integrated with the Fresnel lens is introduced. It was found that the
productivity and efficiency of the multi-stage system were higher, with a
productivity of 0.164 g/kJ and efficiency of 39.5% when compared with the
single-stage solar distiller with a productivity of 0.104 g/kJ and an efficiency
of 23.5%.
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Highlights

• A multi-stage solar distiller has been tested in Malaysian weather.
• A Fresnel lens has been implemented into the first stage as a solar concentrator.
• Multi-stage solar distiller has a higher productivity and efficiency.
• Efficiency and yield dropped significantly from stage 3 onwards.
• Unit cost of water is lower in the multi-stage system than in the single-stage solar
distiller.
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1 Introduction

Water is one of the essential natural elements for every life form
on earth. There is approximately 71% of the earth’s stratum that is
covered by water (Amiri, 2022). Even though seas and oceans cover
up to 97.5% of global water, merely 0.5% of the water found fresh in
rivers and lakes, and as underground water, is usable (Kumar et al.,
2013). This is because most of the water obtained has some harmful
organisms present and contains a large number of salts, which make
the water unusable. Water scarcity has been widely known to be a
substantial current issue, as the demand continues to increase due to
the rapid growth in population and industry (Shah et al., 2022).
Sharshir et al. (2022) reported that approximately two-thirds of the
total population suffer from water shortage each year, with half of
this population coming from China and India. The use of global
freshwater has increased by six times over the past 100 years (Ahmed
et al., 2022). According to Shahzad et al. (2017), the global water
demand is expected to increase by 55% in 2050. This is mainly
because of a higher GDP growth rate, which increases the water
demand for manufacturing, power generation, and domestic sector
use by 400%, 140%, and 130%, respectively. Currently, there are
1.2 billion people who live in water scarcity areas, with less than
1,000 m3 of freshwater available per capita per year (Shahzad et al.,
2017).

To obtain more freshwater, saline water from the oceans can be
processed using desalination methods. According to Amiri (2022),
the main desalination technology is reverse osmosis, which accounts
for 60% of the global capacity. This is followed by multi-stage flash
(MSF) methods with 26.8% share. However, these two methods are
expensive and require a huge amount of energy (Khanmohammadi

et al., 2022). Multi-effect distillation (MED) is similar to the MSF
system, as both methods are operating with thermal energy in
multiple stages to undergo evaporation and condensation which
converts brackish water into freshwater. Even so, MED operates
with low-pressure steam, while MSF requires higher energy and
pressure steam. As for the stages of the MED system, vapors
produced are condensed in successive stages, which recover the
heat of condensation, thus improving energy utilization (Shahzad
et al., 2015). Shahzad et al. (2015) have provided an innovative
design that integrates the MED system with a heat-driven
adsorption desalination (AD) cycle. This hybrid system is also
known as MEDAD, which utilizes low-temperature energy
sources. The added AD cycle can recover additional heat from
any remaining vapor by further cooling and dehumidification with
an adsorbent material like silica and zeolite (Shahzad et al., 2019).

Due to the rise in environmental pollutions, using renewable
energies has become more vital in water desalination processes.
Another advantage of renewable energies is that it is applicable in
remote and underdeveloped regions, where there is no supply of
conventional energy (Chen, and Xie, 2022). Solar energy is the best
alternative source for heating in distillation, mainly because of its
availability and low consumption of energy resources (Hameed,
2022). It uses the principle of the hydrologic cycle, where evaporated
water rises and cools down by the wind to its dew point to produce
freshwater as rain (Lal et al., 2017). Even in the mediaeval ages,
people have been using solar distillers, and this ancient technology
has become more popular during the past 50 decades (Demeke
Agonafer, 2020). A solar distiller will consist of a basin filled with
saline/brackish water covered by an inclined glass/transparent lid
through which the solar heat enters and evaporate the contaminated
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water. The generated vapor is condensed on the inclined glass/
transparent lid’s inner side before being collected as the distillate.
Although the produced water quality is high, the process is limited to
small quantity production because of scattered solar irradiation and
the unavailability of solar heat due to intermittent cloudy weather. In
order to improve the efficiency of solar distillers, ideas surrounding
the capability of effectively capturing solar energy are considered.
Multi-staging of solar distillers is a suitable solution since it allows
multiple practical uses of the input energy.

Malaysia falls within the tropical belt, where the incoming solar
irradiation appears to be diffused due to the humid environment. It
means that even though this region receives substantial solar heat,
most of the heat obtained is not considered high-quality energy. One
way to utilize the available energy is using concentrated solar power
(CSP) technology. However, CSP technology can be quite expensive;
instead, using a Fresnel lens as a direct refraction device will be
cheaper. Besides, the Fresnel lens has a wider aperture but a shorter
focal length and can be made from acrylic material. Therefore, in
this project, a solar distiller is planned to be designed and developed
using multiple stages and is associated with a Fresnel lens. This study
aims to design and develop a multi-stage solar distiller associated
with a Fresnel lens and then evaluate the performance of such a
setup before comparing it with other existing fabricated units in
terms of economic feasibility.

Based onmany researchers like Reddy et al. (2012), Abed (2018),
and Younas et al. (2016), a similar conclusion can be obtained on the
effects of solar irradiance, number of stages, the surface area of a
solar concentrator, the distance of the gap between the stages, and
evaporation–condensation temperature difference, on the yield
produced. First, the effect of solar irradiance is not surprising
since a higher intensity can cause more heat to be absorbed into
the system, thus increasing the evaporation rate in the distiller. As
for the number of stages, most researchers have confirmed that the
optimum number of stages is four. However, the overall distillate
produced will still increase as the number of stages passes beyond
the fourth stage, just that it is not great to implement more stages
since the increase in yield after the fourth stage is too low to be
considered adequate. Next, the surface area of the thermal
concentrator plays a significant part in affecting the yield
obtained. Because a larger surface area will concentrate a higher
amount of solar irradiance, resulting in more heat that will be
absorbed by the thermal concentrator, which will further increase
the temperature of the water basin in the distiller. The distance
between each tray can affect the yield obtained as well. It is because
as the gap increases, the vapor produced will take longer to reach the
condensing plate from the next stage, thus reducing the overall
processing time of condensation. Last, the temperature difference
between the water in each tray or basin with the condensing plate
can affect the amount of distillate produced. An increase in
temperature difference, whether to provide more external heating
or cooling on the condensing plate, will increase the rate of
evaporation or condensation, producing more yield over time.

There are several different multi-stage solar distiller designs as of
now. The work presented by Ahmed et al. (2009) comprises three
cylindrical stages stacked one on top of the other and is intended to
see if there are any improvements for such a system to perform
under vacuum conditions. The maximum yield was recorded to be
14.2 kg/m2/day at a vacuum pressure of 0.5 bar, which has an

increase of 45% from the productivity of the solar distiller at
atmospheric pressure. The authors have also concluded that these
proposed three stages of solar desalination will have a unit cost of
$25.44/1,000 gallons of distilled water. The design proposed by
Abdessemed et al. (2019) is distinct, as it comes with two different
designs of the evaporation chamber in conjunction with a parabolic
trough solar collector. This is because the authors wanted to find out
whether a “V”-shaped tray produces more yield than a “ʌ”-shaped
tray and found out later on that the “V”-shaped tray was twice as
efficient when compared to the “ʌ”-shaped tray. Abed (2018) used
three focal concentric collectors that could track the Sun’s
movement to ensure that the solar radiation absorbed was always
vertical. The prototype was fabricated to have a total of three stages.
Heat absorbed by the concentric collector causes the heat transfer
fluid to gain temperature, which in turn causes an increase in
temperature for the water in the lower basin after the heat
exchange. With the obtained results, the authors mentioned that
the maximum yield obtained was 22 l/m2/day with a minimum yield
of 5 l/m2/day.

With all the different designs reviewed, the productivity of the
multi-stage solar distiller was higher than the modified single-slope
solar distiller with a corrugated tray proposed by Abdullah et al.
(2021). This is mainly due to the utilization of latent heat of
vaporization that was released from the condensing plate, which
can be used up to heat any water available in the next stage.
However, studies regarding the multi-stage solar distiller are
commonly seen nowadays, especially in the Middle Eastern
countries where the solar irradiance is enormous during the day.
On the other hand, the multi-stage solar distiller is uncommon in
Malaysia, and is even rarer in research that consists of actual outdoor
experiments. This is because most of the local researchers perform
only theoretical results, which can be too ideal for a country like
Malaysia that has inconsistent solar irradiance at different times of
the day. One local research conducted by Ahmed et al. (2009) uses a
flat plate collector for solar water heating, which will then transfer
the heat to the water in the solar distiller via a heat exchanger.
A series of photovoltaic thermal collectors were installed to
power up the solar vacuum pump, making the system very
costly. When compared to other designs proposed by researchers
from Middle Eastern countries, the design can be quite simple with
an acceptable range of productivity. A Fresnel lens can be an
excellent solution to the costly solar water-heating system. At the
moment, there are only two designs that use a Fresnel lens as the
thermal concentrator. The first design was proposed by Wu et al.
(2017), using the humidification–dehumidification technique. This
is different from any conventional solar distiller that uses the
evaporation–condensation process. Younas et al. (2016) proposed
the other designs that use a Fresnel lens. For this design, the author
used the Fresnel lens as the only thermal concentrator to raise the
temperature of the water basin in the multi-stage solar distiller.
However, this research was carried out in Abu Dhabi, where the
amount of solar irradiance is much higher than in Malaysia. Due to
this, it is unlikely that this design is feasible to be implemented in
Malaysia due to the lower amount of solar heat absorbed.
Furthermore, most of the proposed designs used a closed-loop
system, where heat is transferred to the water inside the basin via
a heat exchanger. This will increase the cost as the heat exchanger is
costly, especially those made of copper tubes. Currently, only one
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study by Reddy et al. (2012) has proposed an open-loop system that
excludes the requirement for a heat exchanger, as saline water is fed
directly to the solar distiller. However, the research was concluded
solely based on theoretical calculations, as no actual experiment has
been conducted. Therefore, the effectiveness of the open-loop
system for a solar desalination process is yet to be explored. In a
recently conducted study in Malaysia, it was found that using two
Fresnel lens instead of a single large one increased the production
per unit of solar irradiation by 39% for a single-sloped single-stage
solar distiller (Choong et al., 2020).

At the moment, there are very few research studies that have
been conducted in Malaysia. Considering the unsuitable climate in
Malaysia where solar irradiation appears to be diffused due to the
humid environment and implementing the use of the Fresnel lens in
the solar distiller to amplify solar heating is even less seen. Moreover,
the design of this multi-stage system is unlike any conventional
multi-stage solar distiller design available at the moment. The
double-slope single-stage solar distiller with a Fresnel lens
attached, was coupled directly to a three-stage solar distiller
through a solar powered pump, making it an open-loop system.
For a conventional multi-stage system, the closed-loop system is a
more common design that is used where hot water from a thermal
concentrator enters a heat exchanger in the lowest stage of a multi-
stage solar distiller. This is because the closed-loop system can
maintain the temperature for a long duration, whereas an open-loop
system only holds the desired temperature for a short period of time
(Mallouh et al., 2022). However, the main drawback of a closed-loop
system is its high cost, which is unsuitable to be implemented in
economically developing countries, let alone remote areas in such
countries.

In this study, a portable multi-stage solar distiller has been
fabricated and tested. The productivity and efficiency have been
evaluated, and it has been found that the multi-stage solar distiller
associated with the Fresnel lens can be a viable device to improve the
efficiency of solar desalination systems in the tropical weather.

2 Materials and methods

2.1 Working principle of solar distiller

The basic principle of a single-stage solar distiller is replicating
the hydrologic cycle, where evaporated water rises and cools down
by the wind to its dew point to produce freshwater as rain. Applying
the same concept to the solar distiller, when the water vapor rises
and meets with the lower temperature glass, it will condense on the
glass surface and form freshwater. The water will fall alongside the
slanted glass until it reaches the collector in order to be collected.
The water produced this way will not have any impurities, such as
salts and heavy metals, and will be considered fresh since it is no
longer saline.

The multi-stage solar distiller has a very similar concept, except
that the same process is repeated depending on the number of stages.
The water basin located at the bottom of the system will be treated as
the first stage of the system, where vapor will be produced when heat
has been supplied. An external element, such as a heater or flat plate
collector normally achieves this. Vapor is produced, then rises and
meets with the surface from the next stage, substituting a tray
containing saline water. The forming of freshwater from this
stage will also release the latent heat of vaporization, which can

FIGURE 1
Design of the proposed four-stage solar distiller system.
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heat up the water content from the tray used by the next stage. The
subsequent stage follows the same process until it reaches the last
stage, where a glass or transparent lid will be used as the cover again.

As for the design used by this research, a double-slope single-
stage solar distiller with two Fresnel lenses placed on top of each
glass sheet will be the main heating source for the multi-stage

system, which is proposed to be a three-stage system. Adding
both the systems together results in achieving the total of a four-
stage solar distiller system. The single-stage solar distiller is first
allowed to be exposed to solar radiation such that the water inside
the basin reaches a higher temperature before being pumped into the
multi-stage system. This is to ensure that the rate of evaporation can

FIGURE 2
(A) Double-slope single-stage solar distiller. (B) Three stages solar distiller. (C) Combined four-stage solar distiller system.
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be higher for the multi-stage system due to the greater temperature
difference between the water temperature and condensing surface
temperature. The proposed design of the four-stage solar distiller
system is shown in Figure 1.

2.2 Material selection

The single-stage solar distiller is built from a wooden base with a
dimension of 0.6 m × 0.6 m × 0.4 m for its length, width, and height,
respectively. The support surrounding this base is made of an
aluminum bar, and each side is covered with a 3-mm-thick
plexiglass. A square stainless steel tray, painted black, is used as
the water basin. The dimensions for both the length and width are
0.5 m, and it has a total height of 0.1 m. Two sets of the glass panel
with a thickness of 3 mm are used, each with a length and width of
0.55 m and 0.25 m, respectively. The glass panel is placed onto the
support that is leaning at an angle of 30°. Each glass panel has two
sets of Fresnel lens attached above. These Fresnel lens are made of
optical PMMA plastics that have a focal length of 0.33 m and an
overall transmittance of 92%. The dimensions of each Fresnel lens
are measured to be 0.3 m on both sides, with a thickness of
2 mm each.

Each support is made from a slotted iron steel bar for the
multi-stage system. The distance between each stage is set to be
0.1 m. Three sets of non-stick rectangular baking trays are used as
the water basin for each stage. These trays have a dimension of
0.435 m × 0.295 m × 0.015 m as their length, width, and height,
respectively. Each tray is inclined at an angle of 10° with a total
collection area of 0.08 m2. The top of the multi-stage system is
covered with a 2-mm-thick polycarbonate sheet. The four outer
sides are all covered with a 3-mm-thick acrylic sheet for better
insulation of heat. As for the distillate collector, it is built from
modifying the PVC water pipes, which act as a storage to collect
freshwater, before transferring them to the measuring cylinder
through a PVC clear hose. Since the system runs continuously,
excessive water supplied to the bottommost stage in the multi-
stage system is transferred back into the first stage of the solar
distiller to prevent it from exceeding the threshold set for water in
that stage. Both systems are further sealed with silicone to
minimize heat loss and prevent leakage through the tiny holes
between the cover and supports.

To supply water from the first stage of the solar distiller to the
multi-stage system, a 5 V DC-powered submersible water pump is
used in conjunction with a 5 V, 300 mAh solar panel. Hot water
from the first stage of the solar distiller is supplied to the third and
fourth stages of the system when it has depleted significantly in these
trays. This is because hot water is always supplied to the bottommost
stage of the multi-stage system, which is the second stage in this case.
The excessive amount of water supplied to this stage will be
transferred back to the first stage of the solar distiller to be
reheated again. The single-stage solar distiller, multi-stage system,
and the overall four-stage system are shown in Figures 2A, B and
Figure 2C, respectively. Table 1 shows the materials and also the
dimensions for each system.

2.3 Experimental techniques

The experiment setup was performed to evaluate the
performance of the proposed multi-stage solar distiller system in
terms of economic feasibility and productivity. The setup of this
multi-stage system was placed on the rooftop of the KB building of
Universiti Tunku Abdul Rahman–Sungai Long Campus, Kajang,
Malaysia, with the coordinates 2.9935° N and 101.7874° E. The
experiments were carried out twice every week between June and
August 2022, with the readings being taken down at 1-h intervals
from 9:00 am to 7:00 pm. The amount of freshwater produced was
measured with a 25 ml measuring cylinder for each stage, which was
attached to a pipe connecting to the distillate collector. These
measuring cylinders were emptied when fully filled so that they
could be used for measuring again. UNI-T UT320D “K”-type
thermocouple was used to measure the temperature of the water
inside each basin and their respective condensing surface
temperature to calculate the rate of evaporation and the
productivity of their respective systems. Solar radiation was also
measured at hourly intervals using an SM206 model solar power
meter.

3 Theoretical analysis

Themathematical model can be separated between the first stage
of the solar distiller and the multi-stage system. Since the first stage

TABLE 1 Dimensions and material specifications for each system.

Single-stage solar distiller Multi-stage solar distiller

Basin materials SAE 304 Carbon steel

Basin size (mm) 5oo x 5oo x 100 435 × 295 × 15

No. of Fresnel lenses installed 4

Size of Fresnel lens (mm) 300 × 300 × 2

Focal point of Fresnel lens (mm) 330

Transparent cover material Glass Polycarbonate sheet

Dimension of transparent cover (mm) 550 × 250 × 3 460 × 310 × 2

Inclination angle (°) 30 10
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of the solar distiller has a conventional design that is commonly
used, many researchers have come up with several equations for
calculating the convective heat transfer and evaporative heat
transfer. In the literature provided by Kabeel et al. (2019) and
Abujazar et al. (2018b), both have assumed that the system is
fully sealed with no heat loss considered. The equations are given
in Equation 1 and Equation 2.

Qc,w−g � 0.884 Tw − Tg( ) Tw − Tg( ) + pw − pg

268.9 × 103 − pw
Tw[ ]

1
3

,

(1)
Qe,w−g � 16.276 × 10−3( ) pw − pg

Tw − Tg
Qc,w−g. (2)

However, the saturation pressure must be known to determine
these two variables. Water saturation pressure above the water
surface and underneath the glass lid has also been mentioned in
the literature by Alduchov and Eskridge (1996) and is given in
Equation 3 and Equation 4, respectively.

pw � 614.17e
17.625Tw
Tw+243.04, (3)

pg � 610.94e
17.625Tg
Tg+243.04. (4)

With the saturation pressure being calculated and by obtaining the
temperature of the condensing surface and water during data collection,
convective and evaporative heat transfer can be determined. The
evaporative heat transfer is used to calculate the mass of the yield
obtained. However, the latent heat of vaporization of saline water has to
be determined first. The mass of the yield can be calculated by applying
Equation 5 (Badusha and Arjunan, 2013; Abujazar et al., 2018a), while
the latent heat of vaporization of saline water is given in Equation 6 and
Equation 7(Henderson-Sellers, 1984; Sharqawy et al., 2010).

m � Qe,w−g × Aw ×Δt
hfg,sw

, (5)
hfg,w � hf,0 − 2.386T, (6)

hfg,sw � hfg,w × 1 − S

1000
( ). (7)

The value for hf,0 shown in Equation 6 is known to be a
constant, with a value of 2,500 kJ/kg. This represents the latent
heat of vaporization of water at 0°C, which is required to find the
latent heat of vaporization of water at any temperature.

Theoretical yield for both systems can be calculated and
compared with the actual yield collected when the system is
exposed to outdoor conditions. To calculate the productivity, the
total amount of energy absorbed by the first stage of the solar distiller
must be calculated, which is given in Equation 8. The productivity
and efficiency of this first stage of the solar distiller is also given in
Equations 9, 10, respectively.

E � I t( )AtotalΔT, (8)
Productivity � ∑myield∑E , (9)

Efficiency � ∑myieldhfg,sw∑E
. (10)

Equations 6–10 are applied for the multi-stage systems in order
to calculate the productivity and efficiency of the system. The heat

FIGURE 3
(A) Ambient temperature and solar irradiance throughout the
day. (B) Temperature of water from each stage’s basin throughout the
day. (C) Temperature of the condensing surface from each stage
throughout the day. (D) Cumulative yield obtained for each stage
throughout the day. (E) Efficiency and productivity of a multi-stage
system.
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input to the lowest stages of the multi-stage solar distiller is based on
the hot water output from stage 1. This can be determined by simply
applying Equation 11. The amount of water carried by the basin is
measured to be 1.5 kg. Since the temperature of water inside this
basin is measured every hour, the change in temperature is known.
Using Equation 11, the amount of heat input into the system in a day
is known.

Q � mcΔT. (11)
The variable m, which is known as the mass of water stored

inside the water basin of stage 2, is a constant and is measured to be
1.5 kg. Another constant is denoted as c, which is known as the
specific heat capacity of water and has a fixed value of 4.187 kJ/kg/K.

The measurements recorded by each apparatus or device are
subjected to certain uncertainty. These measurements are
distributed uniformly, making it a type B uncertainty, where the
accuracy has to be divided by the square root of three. Equation 12 is
applied to calculate the uncertainty for the mass of yield, energy, and
average latent heat. Meanwhile, Equation 13 shows the generalized
equation for calculating the efficiency of both systems.

u y( ) � δy

δx1
( )

2

u2 x1( ) + δy

δx2
( )

2

u2 x2( ) + δy

δx3
( )

2

u2 x3( ) + . . .[ ]
0.5

,

(12)

δEff � δEff

δmyield
u myield( )( )

2

+ δEff

δE
u E( )( )

2

[
+ δEff

δhfg,sw,avg
u hfg,sw,avg( )( )

2

]0.5. (13)

4 Results

The optimum result was obtained on 22 August 2022. The
measurements recorded were applied on the theoretical calculations
to determine the productivity, efficiency, and cost per unit liter for
each system.

4.1 Effect of solar irradiance on temperature
for both systems

Solar irradiance and ambient temperature have been measured
every hour between 9:00 am and 7:00 pm and recorded as shown in
Figure 3A.

The optimumsolar irradiancewas seen to have occurred at 14:00 h. It
could reach as high as 952.8W/m2, which was measured using the
SM206 solar power meter. Solar irradiance did not have any significant
change between 13:00 and 15:00 when compared with that at 15:
00 onwards. This was also the period where the amount of freshwater
collected by the solar distiller was at its highest. The ambient temperature,
however, was maintained above 30°C for most of the time. The water
inside each basin was exposed to solar radiation under these conditions.

The temperature of water for each basin and their corresponding
condensing surfaces was measured and recorded as shown in Figure 3B
and Figure 3C, respectively. According to these two figures, it is clear
that the water temperature from each stage reached its peak value at the
same time, which is at 2:00 pm. The temperature of water in stage

1 reached up to 68.1°C, while the temperature of its condensing surface
had a peak value of 57.1°C. The overall trend for both graphs that
represent the temperature is also identical to the solar irradiance
pattern, where there is a significant increase in temperature during
the 12:00 h–15:00 h before it declines rapidly. The temperature of water
in the second stage is only slightly lower than that in the first stage. This
ismainly due to the fact that water from the first stage is directly fed into
the second stage with a small amount of heat loss. However, the
temperature from the third and fourth stages is significantly lower
than that from the first two stages. This is because the increase in water
temperature during these two stages is only caused by the latent heat of
vaporization released in the previous stage of the system. As for the
temperature on the condensing surface for each stage, there are signs of
fluctuations in the results. Unlike Figure 3B, which has a smooth curve
throughout the multi-stage, the overall trend for the first and fourth
stages deviates from the expected trend. This can be explained by the
additional cooling factor caused by the wind. The condensing surface of
the single-stage and multi-stage solar distiller is exposed to the wind,
which are the first and fourth stages in this case. The second and third
stages, however, are properly sealed. Therefore, the cooling factors from
the wind are only significant on the condensing surface of the first and
fourth stages. To simplify, the amount of solar irradiance greatly affects
the temperature of water in every stage, as any increase in solar
irradiance causes more heat to be absorbed by water inside the
basin. Not to mention, the improvement on the rate of evaporation
due to higher temperature differences causes an increase in the amount
of latent heat of vaporization produced inside the multi-stage system,
resulting in a higher temperature in the subsequent stage.

4.2 Overall production, productivity, and
efficiency of both systems

The total amount of freshwater collected in the first stage of the
solar distiller was 209 g. However, only 91 g of water was collected by
the multi-stage solar distiller. Using Equation 5 on both systems, the
total theoretical yield for the single-stage and multi-stage solar distillers
can be calculated as 230 g and 98 g, respectively. The percentage error
for the yield was calculated as 9.1% and 7.2% for the first-stage and
multi-stage systems, respectively.

The cumulative production of freshwater for every stage was
calculated in kg/m2/day and is shown in Figure 3D. From the very
same figure, there is a noticeable difference in the amount of freshwater
collected in the first stage when compared to the subsequent stages. The
main reason behind this is due to the larger water basin and condensing
surface area in the first stage, storing approximately six times more than
the single multi-stage tray. This causes freshwater to form on the larger
surface area of the condensing surface. Not to mention, the first stage of
the solar distiller acts as the main source of heat supplied to the multi-
stage system.Heat received by themulti-stage system is expected to be less
than the amount of solar heat absorbed by the single-stage solar distiller
alone.Despite this, the total amount of yield obtained in kg/m2/day for the
multi-stage system is still slightly higher than that of the single-stage solar
distiller at 1.1 kg/m2/day when compared to 0.8 kg/m2/day.

Using Equations 9, 10, the efficiency of the first stage solar
distiller and multi-stage solar distiller is calculated to be 23.5%, with
a productivity of 0.1036 g/kJ and 39.5% with 0.1638 g/kJ,
respectively. The breakdown of the efficiency and productivity for
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the multi-stage system are 28.8% and 0.12 g/kJ for stage 2, 8.3% and
0.03 g/kJ for stage 3, and 2.4% and 0.01 g/kJ for stage 4. An
illustration of this breakdown is shown in Figure 3E. From the
very same figure, it can be seen that the efficiency and productivity
show a tremendous decrease in stage 3 and stage 4. This is mainly
because hot water is continuously fed in stage 2 only, while stages
3 and 4 have to rely on the latent heat of vaporization released from
its previous stages to heat the water up inside their respective basins.

When considering the whole system, the average efficiency and
productivity of the combined system drops to 26.8% and 0.12 g/kJ,
respectively. Stage 1 remains to be the most efficient, covering up to
69% of the heat energy used. It is then followed by stage 2 at 22%,
stage 3 at 7%, and then stage 4 at only 2% of the total energy. This is
because only stage 1 was exposed to the most solar irradiance. Not to
mention, the solar heating was amplified with the installation of the
Fresnel lens on stage 1, which resulted in a huge energy intake
difference between the single-stage and multi-stage systems, with a
total of 2,221 kJ in stage 1 and only 596 kJ in stage 2 onwards.

4.3 Uncertainty analysis

All the measured quantities were distributed uniformly, making
the uncertainty a type B in this case. The accuracy for each measuring
apparatus was divided by a square root of three. The SM206 model
solar power meter was stated to have an accuracy of ±10W/m2, while
the accuracy for the UNI-T UT320D “K”-type thermocouple was
stated to be ±0.2°C. The uncertainty for themass of freshwater collected
had an accuracy of ±1 g. All the dimensions were measured using the
same meter rule, which had an accuracy of ±1 mm.

Using the abovementioned accuracies on the different variables
mentioned previously, the uncertainty for the total energy can be
simply known by applying Equation 12, differentiating energy with
respect to solar irradiance. Since the measurements taken were from
9:00 h to 19:00 h, the uncertainty has to be calculated every hour.
The sum of the uncertainty for the total energy for the single-stage

solar distiller and multi-stage system was calculated to be ±15.1 kJ
and ±66.7 kJ, respectively.

To calculate the uncertainty for the efficiency of each system, the
uncertainty of the average latent heat of vaporization of saline water
must be first known, by differentiating Equation 7 with respect to
temperature and applying Equation 12 in order to find this
uncertainty. However, this uncertainty is only applicable for one
particular hour. Therefore, the average uncertainty for the latent
heat of vaporization of saline water has to be calculated to apply
Equation 13. This can be achieved by differentiating Equation 10
with respect to latent heat of vaporization of saline water and
applying Equation 12. The average uncertainty obtained for the
single-stage solar distiller and multi-stage solar distiller is ±0.052 kJ
and ±0.105 kJ, respectively. Applying Equation 13, the uncertainty
for the efficiency of the single-stage solar distiller and the multi-stage
system was found to be ±0.00181 and ±0.00233, respectively, which
is also equivalent to ±0.77% and ±0.59%.

5 Unit cost analysis

Unit cost can be one way of evaluating the economic feasibility of a
system. The total amount spent on fabricating each system is recorded
as the cost principle, with 10% of the total cost being considered its
salvage value. Assuming the life span of both systems to be 15 years and
neglecting the interest rate for the proposed system, the capital recovery
factor (CRF) and sink fund factor (SFF) will have a constant number of
0.117 and 0.017, respectively. The annual first cost can be calculated by
multiplying the CRF with the cost principle, while the annual salvage
value is calculated by multiplying the SFF with its salvage value. Simply
multiplying the annual first cost by 0.15 will obtain the amount of
annual maintenance cost. The annual cost can then be calculated by
adding the annual first cost and annual maintenance cost and then
subtracting with the annual salvage value. The formula for calculating
the cost per unit liter is simply by dividing the annual cost to the annual
yield obtained by the solar distiller. The unit cost of the first stage is

TABLE 2 Unit cost analysis for each system.

Parameter Single-stage solar distiller Multi-stage solar distiller

Principle cost ($) 146.6 56.78

Salvage value ($) 14.66 56.8

Life span (years) 15 15

Interest rate

Capital recovery factor 0.117 0.117

Sink fund factor 0.017 0.017

Annual first cost ($) 17.15 6.64

Annual salvage value ($) 0.25 0.10

Annual maintenance cost ($) 2.57 1.00

Annual cost ($) 19.48 7.54

Cost per kilogram per unit area of distiller ($/kg/m2) 0.064 0.018

Cost per liter of distiller ($/L) 0.255 0.117
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calculated to be approximately $0.255/L which is also equivalent to
$0.0638/kg/m2. The multi-stage systemwill have a unit cost of $0.227/L
or $0.0182/kg/m2. The results of the unit cost are shown in Table 2.

The unit cost obtained can be compared with those from other
designs. A solar distillation design that applies a thermoelectric cooling
system on a double-glazed solar distiller was reported to have a cost per
unit liter per square meter of $0.103/kg/m2 and with modifications, the
cost could be lowered to $0.0972/kg/m2 (Khanmohammadi et al.,
2022). Themulti-stage solar distiller with an expansion nozzle designed
by Jubran et al. (2000) has the lowest unit cost of only $0.007/L.
However, the cost was adjusted in large-scale implementations, as the
collector area used in the calculation was 720 m2. This does in fact
lower the cost per unit liter since the calculation does not consider the
area of the collector but the average daily yield of a system, which skews
the unit cost to become this low. A better comparison would be using
the cost per kilogram per square meter.

6 Conclusion

A new multi-stage system that combines a single-stage solar
distiller to a three-stage distiller has been built. This new system
also integrates the technology of the Fresnel lens as a cheaper
alternative to that of the CSP technology that has been designed
and tested under the Malaysian weather. Throughout the study,
experiments were conducted, and the results were recorded
separately between the single-stage solar distiller and multi-stage
system. The study revealed that the mass of yield obtained per day
inMalaysia can be lower than that obtained per day in other countries,
especially from the Middle East. However, the efficiency of both
systems remains acceptable since the total amount of heat supplied is
also lower. When considering the cost per unit liter, the proposed
multi-stage system has a lower unit cost when compared to other
designs proposed by previous researchers. This is mainly due to the
inexpensive materials used when designing the multi-stage system. In
addition to this, the usage of the Fresnel lens as an alternative to the
expensive CSP technology greatly reduced the total cost. The findings
can be summarized as follows:

• The total amount of freshwater produced in the first stage of
the solar distiller is calculated to be 209 mL/day or 0.836 kg/m2

day, which is 9.1% lesser than the theoretical yield calculated.
• As for the multi-stage system, the distribution of yield obtained
can be seen as 56.0%, 29.7%, and 14.3% for stage 2, stage 3, and
stage 4, respectively, resulting in a total of 91 mL/day or 1.138 kg/
m2 day and is 7.2% lesser than the theoretical yield.

• The efficiency of the first-stage andmulti-stage solar distiller is
also calculated to be 23.5% with a productivity of 0.1036 g/kJ
and 39.5% with 0.164 g/kJ, respectively.

• The uncertainty for the efficiency of the single-stage distiller
and multi-stage solar distiller is calculated to be ±0.00181 and
±0.00233, respectively, which is also equivalent to ±0.77%
and ±0.59%.

• Considering the economic aspects of the combined system, the
unit costs for both systems have been calculated, which is
$0.255/L or $0.0638/kg/m2 for the first-stage and $0.227/L or
$0.0182/kg/m2 for the multi-stage system.

7 Recommendation

The following are recommendations for future work to address
the current limitation of this research.

• Considering other inclination angles, depths, stages, and
heights to find out the optimum design that is suitable for
Malaysian weather.

• Perform the testing of a prototype during months that are
hotter with ample solar irradiation.

• Usage of a phase change material can be explored especially on
the multi-stage solar distiller.
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Nomenclature

Qc,w−g Convective heat transfer from saline water to a glass lid (W/m2)

Qe,w−g Evaporative heat transfer from saline water to a glass lid (W/m2)

Tw Water temperature (˚C)

Tg Glass lid temperature (˚C)

pw Water saturation pressure above the water surface (N/m2)

pg Water saturation pressure below the glass lid (N/m2)

I(t) Solar irradiance (W/m2)

m Mass of yield (kg)

Aw Area of the water surface (m2)

Ab Area of the basin (m2)

ATotal Total area of absorption (m2)

Δt Difference in time (s)

hf g ,sw Saline water latent heat of vaporization (kJ/kg)

hf g ,w Water latent heat of vaporization (kJ/kg)

P Solar power (W)

E Energy (kJ)

S Salinity (g/kg)

Q Heat energy supplied to second stage (kJ)

c Specific heat capacity (kJ/kg/K)

u(y) Uncertainty of parameter y
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