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A B S T R A C T

This study focused on finding the maximum productivity by optimizing vertical multi-effect diffusion solar
distiller (VMED) and lowering the water cost of that. The numerical model of the VMED was experimentally
validated, and then used to find the optimal conditions for the essential variables. The VMED consists of a glass
cover, plates, wicks, and a seawater feeding unit. Each effect has a cotton-cloth wick attached to one side of the
plate. This VMED repeatedly using condensation latent heat can get more production than that of conventional
solar still. The numerical result showed that the optimum values of the gap distance of double glass cover and the
number of effects were 25–30 mm and 10–15, and the feed flow rates of spring, summer, fall, and winter were
optimal in 9, 16, 10, and 3 g/min, respectively in supplying same flow rate into all the effects. The maximum
productions for all seasons (spring, summer, fall, and winter) were 16.6, 36.0, 19.0, 2.5 kg/(m2·d), respectively
in South Korea. Economic analysis showed that the potential water price of the VMED was 6.1 $/m3, which was
more competitive in the market than other solar desalination systems with a small capacity of< 100 m3/d.

1. Introduction

The world population has encountered a scarcity of fresh water due
to a global imbalance between supply and demand for fresh water for a
long time. And the population increase, industrialization, civilization,
and global warming have aggravated the global water problem. It is
assumed that> 70% of the world population will encounter a water
shortage problem by 2025 [1–3]. To overcome the problem, desalina-
tion technology might have been more relatively economical and reli-
able than traditional water supply methods, and the utilization con-
tinued to increase [4]. Notably, solar desalination can be an eco-
friendly and cost-effective technique to get fresh water as purifying
saline water.

The solar still is a well-known type of solar desalination system due
to simplicity in construction and operation, and low production cost
[5,6]. However, the daily production of conventional solar stills (CSS)
as a representative model of solar stills is small as< 5 kg/(m2·d) [7].
Many researchers have studied various advanced solar stills to enhance
their productions. Of those advanced solar stills, a multi-effect dis-
tillation has attracted attention due to repeatedly using condensation

latent heat and hence the dramatic increase in the water production
[8].

Many studies have been conducted on a vertical multi-effect diffu-
sion solar distiller (VMED) which consists of multiple plates vertically
arranged at a narrow interval for repeatedly using incident solar energy
and latent heat. In 1964, Kudret Selçuk [9] developed a 2-effect VMED
with double cover glass and evaporation-condensation plates. This
VMED had many troughs which were installed on one side of the plate
and used as the evaporation surface. When the seawater was supplied to
the troughs, the water level gradually rose and was no longer increased
by the tube installed in the trough, and the seawater flowed along the
tube down and was supplied to the trough below. Since the troughs
were installed continuously in a vertical direction on the plate, the
seawater supplied from the top of a plate filled all the troughs. Solar
energy penetrated the glass cover of this VMED and was absorbed by
the black plate to heat the seawater supplied to the rear side. The he-
ated seawater was diffused after evaporation and condensed on the
plates of the next effect, where the latent heat of condensation was
transferred to the plates. After all, the production efficiency of the
VMED increased due to this twice repeated evaporation-condensation
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process. Cooper and Appleyard [10] developed a 3-effect VMED. They
used a cloth wick instead of troughs to increase the evaporation area of
the seawater on the plate. The experimental results showed that the
VMED productivity increased over that of CSS. Elsayed et al. [11] found
that freshwater production increased as a decrease of seawater feed rate
through an experimental study on 3-effect VMED. Ouahes et al. [12]
obtained 15 kg/(m2·d) of fresh water through the experiment of 3-effect
VMED, and the production of CSS was 2.5–3 kg/(m2·d) under the same
conditions. Ohshiro et al. [13] and Tanaka et al. [14] found that the
VMED increased water production as the diffusion interval of the effects
decreased. Nosoko et al. [15] conducted a theoretical study on the
performance characteristics of 10-effect VMED. This VMED was oper-
ated by the thermal energy of steam, and was intended to increase ef-
ficiency by recovering thermal energy of concentrated seawater dis-
charged from the effects. They numerically obtained a vertical
distribution of temperature and concentration of seawater in the wick.
Besides, they found that the concentration of the seawater flowing
down along the wick gradually increased due to evaporation and the
boiling point of the seawater rose, and then production decreased.
Tanaka [16] developed the VMED using the thermal energy of biomass
burned in a stove. The experimental results showed that the water
production of the still was about 0.75 and 1.35 kg during the first 2 h of
burning from a single-effect and 4-effects VMEDs, respectively. Park
et al. [17–19] developed a single-effect VMED that reused the exhaust

gas thermal energy of an electric generator which mainly used in is-
lands and remote areas. Moreover, the experimental results showed that
the VEMD obtained 6.7 kg of fresh water at 0.83 kW of thermal energy
for 3 h. They assumed that the production could increase by at least
19.4 kg/d for ten-effect VMED. Xie et al. [20] developed the VMED with
vertical ripple surface and solar collector. They pointed out the problem
of wick's peeling-off from the plate on long-term usage and replaced the
wick into troughs for better reliability and a more compact structure.
Developed 3-effect VMED produced fresh water of 10.3 kg/(m2·d) at
26.1 MJ/(m2·d) numerically and 5.74 kg/(m2·d) at 22.77 MJ/(m2·d)
experimentally. Reddy and Sharon [21] numerically studied on active
VMED with a vacuum pump. The analysis results showed that the 3-
effect VMED produced the maximum annual average distillate of
21.29 kg/(m2·d) under the low pressure operation of 0.25 bar and the
water cost of the VMED was about 0.019 $/kg.

In order to improve the performance of the VMED, many researches
have been conducted on modified VMED with new structures and
equipment. Some researchers [22–27] studied on a hybrid multi-effect
solar distiller (HMED) which integrated with the VMED and the CSS.
They studied to find the performance characteristics and the optimal
parameters by numerical analysis and performance test. Tanaka et al.
[22] got fresh water of 14.8–18.7 kg/(m2·d) at 20.9–22.4 MJ/(m2·d)
solar insolation to glass cover of CSS section from the 10-effect HMED.
Tanaka et al. [23] theoretically obtained that the productivity of the 13-

Nomenclature

A Area, m2

c Specific heat, J/(kg K)
D Diffusivity of vapor, m2/s
DR Decreasing rate of feed flow rate to next effect, %
d Distance or diffusion gap, m
G Solar irradiance, W/m2

ha Convective heat transfer coefficient, W/(m2 K)
k Thermal conductivity, W/(m K)
M Annual fresh water total production, kg/yr
m Mass flow rate, kg/s
me Evaporative mass flow rate, kg/s
mf Feed flow rate of seawater, g/min
mt Daily total production, kg
Nu Nusselt number
Nt Total numbers of effects
P Total pressure, Pa
p Partial pressure of saturated vapor, Pa
Q Heat flow rate, W
Ra Rayleigh number
Rv Specific gas constant of water vapor, J/(kg K)
Tm Average temperature, K
t Time, s

Subscript

atm: Ambient
c: Convection
cd: Cold part
d: Conduction
df: Diffuse radiation
dr: Direct radiation
g: Glass
gi: Inner glass
go: Outer glass
glb: Global
ht: Hot part
in: Inlet

min: Minimum
n: Horizontal surface
r: Radiation
slr: Solar energy
w: Wick
v: Vapor

Greek

α: Solar altitude angle, °
β: Tiled angle of distiller, °
θ: Solar incident angle, °
η: Absorptance
ε: Emittance
ρ: Density, kg/m3

ξ: Azimuth angle, °
τ: Transmittance

Abbreviations

ASV Annual salvage value
AC Annual cost
AMC Annual maintenance operational cost
CSS Conventional solar still
CRF Capital recovery factor
CPT Cost of distilled water per ton
FAC Fixed annual cost
HMED Hybrid multi-effect solar distiller
MD Membrane distillation
MED Multi-effect solar distiller
MSF Multi-stage flash
SFF Sinking fund factor
PC Present capital cost
PV Photovoltaic
RO Reverse osmosis
SV Salvage value
VMED Vertical multi-effect solar distiller
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effect HMED with 5 mm effect gaps was four times more than the CSS
and increasing the saline water feed rates to the wicks of VMED section
and initial saline water level of the CSS section decreased production of
the HMED. Yeo et al. [24] conducted an experimental study to in-
vestigate the performance characteristics of different heat sources such
as solar heat, electric heater, and waste heat in 10-effect HMED. Ex-
perimental results showed that fresh water was simultaneously ob-
tained from CSS and VMED section in HMED, but the fresh water
production ratio of the VMED section was up to 16 times higher. They
suggested that the optimum ratio of the feed flow rate of seawater to
evaporation rate in the MED section may be within a range of 4.6–2.8,
regardless of heat sources. Park et al. [25,26] conducted the perfor-
mance characteristics experiment using waste heat as the heat source
for the 1-effect and 10-effect HMED. Experimental results showed that
the 1-effect and 10-effect HMED produced distilled water of
17.1–19.6 kg/(m2·d) at 3000 kJ/h of heat flow rate and 18.02 kg/(m2·d)
at 22.37 MJ of total heat input, respectively. Kaushal et al. [27] de-
veloped the HMED with a floating wick on basin seawater. The test
results showed that the HMED produced the fresh water of 9.89 kg/
(m2·d) at 24.6 MJ/(m2·d) of a clear sunny day in April. They found that
productivity of the still was 21% higher than the HMED without
floating wick.

Tanaka et al. [28] studied the VMED with a reflector to increase the
solar energy absorption. They found that 1-effect VMED with reflector
produced 4.39 kg/(m2·d) at 16.8 MJ/(m2·d) and assumed that in-
creasing the effect numbers to 10 would increase the production by 5–6
times. Besides, Tanaka et al. [29,30] studied the VMED with tilted wick
still. Because the vapor evaporated from the wick of the tilted wick
section condensates at the plate of the VMED section, the VMED can
additionally get the condensation latent heat. Fresh water production of
1-effect and 9-effect VMED with tilted wick still 4.88 kg/(m2·d) in
13.6 MJ/(m2·d) [29] and 19.2 kg/(m2·d) at the spring equinox in Japan
[30], respectively. Huang et al. [31] developed the 10-effect VMED
with a spiral shape plate and a vacuum tube solar collector. They found
that this VMED produced water of 19.7 kg/(m2·d) at 800 W/m2. Chong
et al. [32] developed the 18-effect VMED with a non-metallic bended-
plate and a vacuum tube solar collector. They found that this VMED
produced 23.9 kg/(m2·d) at 22.1 MJ/(m2·d). Huang et al. [33] devel-
oped 6-effect VEMD with concentric tubular and found that the product
of that was 1.84 kg m2/h under the solar intensity of 1 kW/m2. Kat-
suhito Fukui et al. [34] theoretically studied on horizontal MED as a
maritime lifesaver. The proposed 6-effect MED was predicted to pro-
duce about 15 kg/(m2·d) on a sunny day of 22 MJ/(m2·d) solar radia-
tion.

From our previous study [35], the maximum production of the 10-
effect VMED was 16.6 kg/m2 on the summer solstice. We found the

optimal values for essential variables (feed flow rate, inclination angle,
wind speed, and the number of effects) and their performance char-
acteristics. For the operational variables of the VMED, the optimum
seawater feeding flow rate was 7.3 g/min based on a plate area of 1 m2.
For design variables, the distiller's production was independent of an
aspect ratio of the plate at a given solar insolation area. In South Korea,
an optimum inclination angle from the ground was of 40–50°. The
optimal number of effects of the VMED must be selected based on the
condition of the summer solstice; and the optimal number was 11. In-
stalling the VMED in a poorly ventilated place was recommended due to
the decrease in production with wind speed.

The studies on the VMEDs integrated with various equipment (CSS,
electric generator, reflector, tilted wick still, vacuum pump) or applied
with new effect shapes (bent type, spiral type) have also been per-
formed to increase production efficiency. However, the VMEDs com-
bined with the various equipment might be placed with the burden of
operation and management. Moreover, the VMEDs with new shapes
will have the inevitably same problems because they structurally re-
ceive thermal energy from an external heat source such as solar col-
lectors. As the conventional VMEDs which only were constituted with
the flat plates and wicks without other equipment have significant
advantages on low cost, structural simplicity, and operation con-
venience, the researches on efficiency increase are still needed. In
particular, for commercialization of the VMED, both high efficiency and
low water cost are very crucial, so this VMED is necessary to be opti-
mized on considering economic view. In many proceeding studies
[23,24,35], they found the optimal conditions for each performance
variable but did not present the maximum production applying syn-
thetically on all the optimum variable. In addition, the optimization
focused only on the point of view of the amount of production and did
not take economic considerations into account. In order to enter the
desalination market, it is necessary to compare the water cost with
other solar distillers and select an application target of the appropriate
production capacity.

In this study, we focused on finding the maximum productivity
considering simultaneously the optimum values of all the variables and
lowering the water cost of our VMED than other solar stills. We con-
ducted a study on VMED with double glazing glass cover that could
reduce heat loss to improve performance as pointed out in our previous
study [35]. We analyzed the performance characteristics of essential
variables such as gap distance of double glazing glass cover, the number
of effects, effect plate material, feed flow rate, decreasing ratio of the
feed flow rate, of this VMED. But uncontrollable environment variables
such as wind speed, solar radiation, environmental temperature were
not optimum variable targets of this study and the variables already
discovered (gap between effects and inclined angle on the ground) from

(a) with single glass cover (previous study) [35] (b) with double glazing glass cover (this study)

Fig. 1. Schematic diagrams of the VMED.
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previous studies were applied to this study. In addition, we analyzed
the water cost of the VMED to compare with other solar stills and
presented the optimization method to make it more competitive con-
sidering the commercialization. In order to find a suitable capacity for a
price competitiveness, we also compared and analyzed with the water
costs according to the capacity of various types of solar desalination
systems.

2. Multi-effect diffusion still with double glass cover

The schematic of the VMED in this study is shown in Fig. 1. The
VMED consists of a glass cover, some of the plates, wicks, and a sea-
water feeding unit. Each effect has a cotton-cloth wick attached to one
side of the plate, which serves to spread the seawater as it flows slowly
from the plate. In our previous study, a single glass cover was used, but
a double glazing glass cover was used to reduce heat loss by an air gap
with a relatively low conductive heat transfer coefficient as mentioned
earlier. The inner glass has attached black wick, which supplies sea-
water to evaporation surface and at the same time serves as a collector
that absorbs solar radiative energy. The solar radiation penetrates the
double glazing glass cover and is absorbed by the black wick attached
to the inner glass. The thermal energy absorbed by the black wick in-
creases the temperature of the seawater flowing through the wick, thus
the wick's seawater is evaporated. The vapor generated at this time
diffuses to the next plate 5 mm apart, which is optimum value from the
previous study [14], and then is condensed on the surface of the next
plate because of its relatively low temperature. The condensate flows
down the plate by gravity and is collected from the bottom. On the
other hand, when the vapor condenses on the plate, the condensation
latent heat is transferred to the plate, so that the temperature of the
plate increases, and this thermal energy is transferred to the wick at-
tached on the plate, and seawater in the wick evaporates. In this way,
the fresh water is obtained by repeated evaporation, diffusion, and
condensation processes from the first to the last effect. As the con-
centration of seawater flowing down along the wick gradually increases
due to evaporation, concentrated seawater is discharged at the bottom
of the wick. The last effect plate of the VMED has no wick attached and
thermal energy of the last plate is released to the atmosphere by con-
vection and radiation. The seawater supply unit is located at the upper
part of the VMED and serves to supply a specified amount of seawater
to the wick.

In summer solstice, the temperature of the black wick of the VMED
increases over 75 °C with feed water of 25 °C [30]. The temperature of
effect plates gradually decreases as going through last plate and the
temperature difference between plates is within 3 °C [35].

3. Numerical model

3.1. Heat and mass transfer model

Heat and mass transfer equations of wicks and plates from black
wick to the last plate in the still were described in our previous paper in
detail [35]. Therefore, we only presented modified or newly added
equations. Though the energy equations on plates and wicks are iden-
tical with those of the previous study, equations of the glass cover were
modified due to the usage of double glass. Fig. 2 shows the flow of
thermal energy in outer glass and inner glass. The energy equations for
those are shown in Eqs. (1)–(2).

Eq. (3) uses to calculate the total solar irradiance reaching the outer
glass of inclined VMED [36]. The solar radiant energies absorbed in the
outer glass (Qgo,slr), inner glass (Qgi,slr), and black wick (Qw,slr) are de-
rived from Eqs. (4)–(6) respectively as considering radiation transmit-
tance and absorptivity of the glass cover.

= + + + ×Q G G Acos sin cos
tan

1 cos
2in slr dr n df n g, , ,

(3)

= + + + ×Q G G Acos sin cos
tan

1 cos
2go slr dr n go df df n g g, , , ,

(4)

= + + + ×Q G G Acos sin cos
tan

1 cos
2gi slr g dr dr n gi df df n g g, , , , ,

(5)

= + + + ×Q G G A( ) cos sin cos
tan

1 cos
2w slr g dr dr n w df df n w w, , 2 , , ,

(6)

In Eq. (7), the heat transfer in the gap of glass cover was presented.
Heat transfer between the inner glass and outer glass is similar to that
between inclined parallel plates. Therefore, the Nusselt number (Nu) of
this equation was calculated from Eq. (8) developed by Hollands et al.
[37]. The [X]*means in Eq. (8)(|X| + X)/2.

= =Q h T T h Nu
d

( ), k
c go, a,gi go gi go a,gi go

a
(7)

= + +

<

Nu

Ra Ra
Ra

at Ra

1 1.44 1 1708
cos

1 (sin ) 1708
cos

cos
5830

1

( 60 and 0 10 )

1.6 1/3

o 5 (8)

After evaporation of seawater in the wick, the evaporated steam was
diffused through the air gap to the next plate surface. A mass flow rate
of the steam was calculated by Stefan's law as presented in Eqs. (9)–(10)
[38]. This mass flow rate is the same as that of condensed water on next
plate. The saturated water vapor pressure in Eq. (9) uses Fernandez and
Chargoy's formula [39] of Eq. (11). Daily total production of VMED is
calculated from Eq. (12). Table 1 shows the thermal and radiation
properties used in this numerical analysis.

= ×m DP
R T d

ln
P p
P pe

v m

cd

ht

atm atm

atm (9)

= ×D T0.187 10 m
9 2.072 (10)

Fig. 2. Flow schematics of thermal energy in glass cover.
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exp 25.317 5144
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v (11)

= ×m m t( )t e (12)

3.2. Model verification

To verify the numerical model, we experimented on for ten-effect
VMED as shown in Fig. 3. The collecting area is 0.44 m2

(0.54 m× 0.82 m). The gap distance of the double glass cover is 20 mm
and those have 3 mm thickness. The first wick is colored by black.
Thicknesses of all cotton fabric wicks and STS 316 L plates are 0.1 and
0.5 mm, respectively. The gap distance between the effects is 5 mm. In
the saline water feed unit positioned on top of the VMED, the float valve
is installed to maintain constant water level. The wick submerged in the
tank sucks up the saline water by capillary force and then flows down
naturally by gravity to supply saline water to the VMED. At this time,
since the level of the water tank is constant, the feed flow rate to VMED
can be also continuous at 12 g/min as a target flow rate. The schematics
of the test equipment of the VMED is presented in Fig. 4. The pyr-
anometer, anemoscope, and anemometer were installed to measure
environmental conditions such as solar insolation, wind direction, and
wind speed. K-type thermocouples were installed to measure the tem-
peratures of wicks, plates, and ambient. Table 2 shows the list of all
measuring instruments used in this study. Measurement uncertainty of
instruments is evaluated by B-type standard uncertainty.

The performance test was conducted six times during November
6–13, 2017. The VMED test equipment was installed in South Korea
(N35.27°, E128.77°). Table 3 shows the environmental conditions in the
experiment. In addition, the productivities calculated from the nu-
merical analysis were compared. In Fig. 5, the productivities obtained
from experiments and numerical analysis were compared according to
test dates. The root mean square error (RMS error) from two result data
was found to be 0.39 kg/(m2·d). In Fig. 6, as a result of comparing the
slope of the linear fitting lines from the graph with production vs. total
solar radiation, the difference between the two slopes was only 0.5%.
Therefore, it was confirmed that the numerical results for the VMED
were in good agreement with the experimental results.

4. Results and discussion

4.1. Analysis conditions

Considering on the four seasons of South Korea, the spring equinox,
summer solstice, autumn equinox, and winter solstice representing the
environmental conditions of each season were selected as the reference
dates. Table 4 presents the environmental conditions such as seasonal
air temperature, sunrise/sunset time and global insolation. The size of
the VMED components is shown in Table 5. The effective area of the
VMED is 1 m2 based on the collecting area for solar radiation. The
thicknesses of each glass, plate and wick are 5, 0.5, and 0.1 mm, re-
spectively, and the spacing between effects is 5 mm. Table 6 presents
the variables to be considered in the numerical analysis and the range

of values of those. When analyzing the performance characteristics
according to the target variables, other variables used default values in
parentheses as presented in Table 6. The default values applied to nu-
merical analysis were indicated at the top side in the result graphs.

4.2. Gap distance of double glass cover

The heat transfer rate in the gap of the double glass is changed
according to the gap distance and the slope of the glass as presented in
the Eqs. (7) to (8). Therefore, it is necessary to optimize the gap dis-
tance of double glass cover to increase the production efficiency of the
VMED. The analysis results for deriving the optimum spacing of double
glass are shown in Fig. 7. The results showed that as the gap distance
increased from 2 to 35 mm, the production increased by 4.0, 9.0, 4.5
and 0.6 kg/(m2·d) in spring, summer, autumn and winter, respectively.
But the average output scarcely increased after the gap distance of
30 mm. If the distance between the double glass increases 25 to 30 mm,
the average production increases only by 1.6%. As the gap distance
increases, the sealing thickness of glass sides increases, so that the
shadow interference to the thermal collecting surface increases further.
It is recommended to keep it at 25–30 mm for gap distance of double
glass cover.

4.3. Number of effects

The numerical analysis results according to the number of effects
(Nt) were presented in Fig. 8. As the Nt increased, freshwater production
also increased and then appeared to be constant. The results showed
that the minimum numbers of effects for the maximum production
(Nt,min) were 20, 30, 20, and 10 in the spring, summer, autumn, and
winter, respectively. The productivity at the Nt,min increased by 2.88,
4.45, 3.23 and 1.96 times, respectively of that at Nt = 2. From this
result, it can be seen that the higher the amount of insolation is, the
higher the production increases according to Nt, and more Nt is required
to obtain the maximum production. Increasing Nt yields more output,
but increases the cost of manufacturing, maintaining, and repairing the
utility. Therefore, it is necessary to determine the optimal Nt through
economic analysis considering all these points. To determine the op-
timal Nt, the payback period and yearly net profit were analyzed.
Table 7 shows the values to calculate production cost, maintenance
cost, and yearly net profit. After all, the payback period can be derived

Table 1
Radiation properties of glass and wick in VMED.

Radiation properties

·Absorptance and emittance of glass and wick
ηw = 0.9, ηg = 0.05, εg = εw = 0.9
·Transmittance of glass
τg, dr = 0.697 cos4θ − 0.31 cos3θ − 2.096 cos2θ + 2.56 cos θ [30]
(cosθ = sin α cos β + cos α sin β cos ξ)
τgi, df = τw, df = − 3.395 × 10−5 × β2 + 3.005 × 10−3 × β + 0.3275 [11]
τgo, df = 0.5

Fig. 3. Ten-effect VMED for performance test.
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by substituting Nt, maintenance cost, yearly net profit, and annual
average output into the formula shown in Table 7. Bottled water cost is
considered 0.3–0.6 $/kg considering on various nations [40–43]. Fig. 9
shows the analysis results on the payback period and yearly net profit
which were based on the average production of four seasons with Nt as
shown in Fig. 8. Yearly net profit was calculated by subtracting pro-
duction and maintenance costs from total sales profit of water presented
in Table 7. Regardless of the water cost, the payback period is the
minimum when the Nt is 6–8, and the maximum yearly net profit is
when the Nt is 20. In Fig. 9, however, the payback period in the range of
Nt = 6–10 or yearly net profit of more than Nt = 15 is similar. From
these results, the optimal Nt of 10–15 considering both the payback
period and the yearly net profit is appropriate.

On the other hand, as shown in Fig. 9, when the water cost is 0.3
$/kg, the payback time is about 1 year in the optimal Nt. In the Middle
East, the payback time will be reduced to within 8 months because the
operating days are over 300 days/yr (1.5 times longer than in Korea)
and solar irradiance is higher than other countries.

4.4. Effect plate materials

The plate of the VMED functions as a condensation surface for
condensing the humid vapor, and also serves to transfer the latent heat
of the condensates to the wick attached to the opposite side. The
amount of condensation increases as the temperature difference in-
creases and the temperature is higher as shown in Eqs. (9)–(11).
Moreover, the higher the heat transfer rate of the plate is, the higher the
efficiency of the VMED is. Therefore, the thermal conductivity of the
plate material affects the performance of the VMED. In this study, the
basic material of the plate was considered as STS 316 L, but various
metal and non-metallic materials such as Aluminum, Nickel, Carbon
steel, thermally conductive plastic and PET (Poly-Ethylene Ter-
ephthalate) can also be applied to the plate of the VMED. Fig. 10 shows
the numerical results of production for various materials of the plate. In
this analysis, the all the plates kept the same thicknesses at 0.5 mm.

Fig. 4. Schematics of performance test equipment.

Table 2
Specifications of measuring instruments for performance test.

Instrument Measuring range Accuracy Standard uncertainty

Pyranometer 0–2800 W/m2 1 W/m2 0.58 W/m2

Anemoscope 0–50 m/s 0.1 m/s 0.06 m/s
Anemometer 0–360° 2° 0.2°
T-type Thermocouple −270–370 °C 0.1 °C 0.06 °C
Scale 0–3.0 kg 0.1 g 0.06 g

Table 3
Climate conditions in performance test.

Date for experiments (dd-mm-yy) Qglb, MJ/m2 Tamb, °C Wind speed, m/s

06-11-17 12.53 13.1 1.0
07-11-17 8.53 13.1 0.8
08-11-17 11.6 20.6 1.7
09-11-17 11.59 16.0 0.98
10-11-17 9.79 18.0 1.75
13-11-17 10.22 12.64 1.23

Fig. 5. Comparison with experimental and numerical results (production vs.
date for experiments).
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Among the plate materials, the highest production was obtained at the
aluminum plate in which the thermal conductivity is 16.9 times than
STS 316L, but the difference in the production compared to when using
STS 316L was as small as 0.05%. The production decreased by up to
4.8% and 7.7%, respectively, when using thermally conductive plastic
and PET, which have much lower thermal conductivity than STS 316L.
If changing the thickness of the plate, it is necessary to analyze from
viewpoint of the conductive thermal resistance. Conductive thermal
resistance of materials is proportional to thickness and inversely

proportional to thermal conductivity and area. The conductive thermal
resistance of STS 316L plate with a thickness of the 0.5 mm is
3.57 × 10−5 K/W as presented in Eq. (13) [38].

=
×

=
×

= ×R d
k A

0.0005 m
14 W/(m K) 1m

3.57 10 K/W2
5

(13)

In the same way, the thermal resistances of a thermally conductive
plastic and PET are 0.0001 and 0.005 K/W, respectively, which is about
28–140 times higher than that of STS 316L. As shown in the previous
results, this material reduces production by 4.8–7.7% compared to STS
316L. Therefore, to achieve the same output, it should be designed to be
lower than 3.57 × 10−5 K/W, the thermal resistance of STS 316L. If the
thickness of the thermally conductive plastic is reduced to 0.1 mm, the
conductive thermal resistance is 2.0 × 10−5 K/W, which is lower than
the value of STS 316L, so that a similar product can be obtained like as
STS 316L. Since PET has a thermal conductivity of 0.1 W/(m·K), a PET
film of 3.57 × 10−3 mm should be used to achieve the same thermal
resistance as STS 316 L with 0.5 mm thickness.

In order to analyze the reason why the change in production was

8 9 10 11 12 13
0

1

2

3

4

5

6

7

8

m/gk(
noitcudorP

2  d
)

Global solar radiaton (MJ/m2 d)

 Experimental results (A)
Numerical results (B)

 Linear fit of (A) (slope: 0.592)
 Linear fit of (B) (slope: 0.595)

Fig. 6. Comparison with linear fitting slopes of experimental and numerical
results (production vs. global solar radiation).

Table 4
Numerical conditions for four seasons.

Seasons Conditions

Representative
Date [mm/dd]

Tatm,°C Sunrise Sunset Global insolation,
MJ/m2 d

Spring 3/20 15 AM 6:42 PM 18:38 16.1
Summer 6/21 30 AM 5:18 PM 19:49 25.1
Fall 9/23 22 AM 6:25 PM 18:22 15.8
Winter 12/22 10 AM 7:45 PM 17:17 6.0

Table 5
Size of the VMED components.

Component list Size

Glass and plate size 1 m(W) × 1 m(H) = 1 m2

Glass thickness 5 mm
Plate thickness 0.5 mm
Wick thickness 0.1 mm
Gap distance between effects 5 mm

Table 6
Numerical parameters and the default value of fixed variables.

Parameters Values of variable (default value)

Gap distance of double glass
cover

2–30 mm (20)

The number of effects 2–30 (10)
Materials of plate STS 316 L, Al, Carbon steel, Ni, Thermally

conductive plastic, PET (STS 316L)
Feed flow rate 6–25 g/min (25)
Decreasing rate 0%, 2%, 4% (0)
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0
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20
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u=3 m/s, 10 effects, mf=25 g/min, DR=0%, β=60o
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Average

.

recommeded

Fig. 7. Numerical results for production with gap distance of double cover
glass.
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Fig. 8. Numerical result for production with effect number of the MED.
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insignificant despite the increase in the thermal conductivity of the
plate material, temperature difference inside the plate was analyzed at
the maximum input heat flux condition. The input heat flux was the
maximum value of 375 W/m2 in summer. The temperature difference of
the 0.5 mm STS 316 L plate was 0.013 °C as shown in Eq. (14) [38].

=
×

× =
×

× = °T d
k A

Q 0.0005 m
14 W/m 1m

375 W/m 0.013 C2
2

(14)

In the same manner, the temperature differences of the plates with
aluminum, thermally conductive plastics and PET were 7.9 × 10−4 °C,
0.047 °C and 1.88 °C, respectively in summer. In the case of spring,
autumn, and winter, whose heat flux is lower than the summer, the
temperature difference of plates according to each material is further
reduced and the variation of the production by plate materials was
reduced as shown in Fig. 10. After all, considering the temperature
difference according to the heat flux supplied to the plate, even though
the thermal resistance is lower than the STS 316L, the increase in
production is insignificant.

In summary, even if the plate's thermal resistance is lower than that
of 0.5 mm thick STS 316L, that is 3.57 × 10−5 K/W, the increase in
production is negligible. If the PET flat plate is used in the VMED, the
average annual output will be reduced by 6.49% compared to the STS
316L plate, but the manufacturing cost will be reduced. Therefore,
economic analysis will be needed for the application of the plates with
nonmetallic materials in the VMED, which is described in subsequent
section.

4.5. Feed flow rate

Fig. 11 shows the numerical result for production with the feed flow
rate (m )f and decreasing rate (DR) to find optimum flow condition to
the VMED. The DR means the ratio of decrease of the feed flow rate
supplied to each effect to the next effect. At the feed flow rate of
DR = 0% (which means feeding at the same flow rate to all the effects),
the productivities were 10.7–12.7, 20.6–25.0, 11.4–14.5, and
1.6–2.3 kg/(m2·d), respectively at spring, summer, autumn, and winter.
As shown in Fig. 11, there was an optimum mf to obtain the maximum
production in each season. At DR = 0%, the optimum values were 9,
16, 10, and 3 g/min in spring, summer, autumn, and winter, respec-
tively, and increased with solar radiation. The reasons for low pro-
duction when the feed flow rate is not optimal are as follows. If the mf
exceeds over optimum value, relatively cold feed water will lower the
seawater temperature flowing the wick further, and evaporation rate
will decrease. On the contrary, if the mf is less than optimum value, the
evaporation rate from wick exceeds the feed rate of seawater, and dry-
out of the wick may occur locally. In this case, as the evaporation area
of the wick decreases, not only the productivity will decrease, but also
the salt will be precipitated at wick surface, which may cause adverse
effects such as aging, desorption, and corrosion. Considering the re-
duction slope when mf is out of optimal values, it is advantageous to
supply a little more than optimum mf for stable operation.

As the DR increased, the optimum mf increased but the maximum
production decreased except for winter. As shown in Fig. 11(b), the
optimum value was 16 g/min when DR = 0%, but increased to 18 and
21 g/min, respectively, when DR = 2% and 4%. The maximum pro-
duction decreased gradually from 25.0 to 24.5 and 23.8 kg/(m2·d) with
the increase of the DR. This result, which the VMED got the maximum
output at DR= 0%, is not match with the findings of Tanaka et al. [44].
The previous study has suggested that to increase the efficiency of the
VMED, and it is better to gradually reduce the seawater supply
(DR > 0%) from the first to the last effect. In order to elucidate the
reasons for these conflicting results, we analyzed production with DR
(0–12%) as shown in Fig. 12. The results showed that the production
profiles with the DR varied with mf . The production continued to de-
crease as DR increased at mf =16 and 18 g/min, which were close to
optimum mf (16.0 g/min). However, at mf =25 and 30 g/min above

Table 7
Production and maintenance cost for the VMED.

Production cost (A)

Components Unit price, $ Number Cost, $

Double glass (low iron) 50 1 50
STS 316 L plate 30 Nt 30 × Nt

Fabric wick 1 Nt 1 × Nt

Hot melt adhesive film 1 Nt 1 × Nt

Seawater feed unit 30 1 30
Case 30 1 30
Leak proof silicone 1.96 Nt 1.96 × Nt

Filter system 50 1 50
Accessories 5 1 5
Production cost, $ 33.96 × Nt + 165
Maintenance cost (B) A × 0.15
Daily average production C kg/d
Operation days in year 200 days/yr
Yearly total production (D) 200 × C kg/yr
Water cost (E) 0.3, 0.45, 0.6 $/kg
Yearly sales profit of water (F) D × E $/yr
Yearly net profit F-B $/yr
Payback period A / (F − B) yr
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Fig. 9. Payback period and yearly net profit with effect numbers.
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Fig. 10. Seasonal production with materials of the MED plate.
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the optimum mf of DR = 0%, the DR for maximum output was 6% for
mf =25 g/min and 8% for mf = 30 g/min. It means that the DR to get
the maximum production may exceed 0% in overfull mf . When the mf
is 1.6 times more than the optimum feed flow rate (16.0 g/min) of
DR = 0%, it follows the trend suggested by the previous study [44], but
when the mf is close to the optimum flow rate, it is better to flow the
same feed rate to each effect, that is DR = 0%. These results are va-
luable because it ensures operational convenience and the design sim-
plicity of the seawater supply unit.

Depending on the operating conditions of the VMED, it may be
necessary to keep a constant feed flow rate regardless of the season. In
consideration of these conditions, the daily average product in a year
was analyzed according to the feed flow rate. As shown in Fig. 13, the
optimummf is 14 g/min at β= 60° and 8 g/min at β= 90°, where each
production is 12.8 and 6.7 kg/(m2·d). The decrease in production at the
mf outside the optimum value was more gentle at β = 60° than
β = 90°. It can be seen that the higher solar irradiation to the VMED is,
the less the variation of the production with mf is. Production change
for the flow rate of 11 to 17 g/min at β = 60° is within 1.8% of the
maximum production. This range includes the optimum flow rate
(mf =16 g/min) to obtain the maximum production in summer as
presented in Fig. 11. Therefore, in operating conditions that supply the
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Fig. 11. Production with a feed flow rate in each season.
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same feed flow rate throughout the year, it is preferable to provide the
value of the optimum mf at the maximum solar irradiation condition.

5. Optimum conditions and maximum production

Table 8 summarizes the optimal values of the design and operation
parameter of the VMED from previous analysis results. In the previous
study [35], the optimum inclination in the ground of the VMED was
presented as 40–50°. In this numerical analysis for the maximum pro-
duction, the applied values for gap distance of glass cover, the number
of effects, and inclination are 25 mm, 15, and 40°, respectively. Nu-
merical results with these optimum conditions show that productivities
in spring, summer, autumn, and winter are 16.6, 36.0, 19.0 and 2.5 kg/
(m2·d), respectively. The average annual production is 18.5 kg/(m2·d)
and increased 1.1–1.4 times higher than the average of seasonal max-
imum productions presented in Fig. 10. Moreover, the maximum pro-
duction is higher 2.1 times than that in our previous study [35]. The
performance ratio (PR) is a term that indicates how effectively the
supplied solar energy is used by the solar still for producing distilled
water [45]. Cooper [7] theoretically found that the maximum PR of the
CSS was below 0.6. The PR of the VMED of this study was the highest as
3.58 in summer, and was 2.03, 2.35, and 0.69 in spring, autumn, and
winter, respectively. Under optimum conditions, the recovery rate of
the VMED was 30.0–35.8%.

6. Economic analysis

Economic analysis was performed to compare the competitiveness
of this VMED with other solar stills. The water cost was necessary to
derive for the economic analysis of the solar still and was calculated
using the following Eqs. (15)–(20) [46,47].

=
+

SFF i
i[(1 ) 1]n (15)

= × +CRF SFF i(1 )n (16)

= ×FAC PC CRF( ) ( ) (17)

= × = ×ASV SFF SV SV PC( ) , 0.2 ( ) (18)

= + = ×AC FAC AMC ASV AMC FAC, 0.15 (19)

= ×CPT AC M/ 1000 (20)

where SFF is the sinking fund factor, CRF is the capital recovery factor,

FAC is fixed annual cost, PC is present capital cost, ASV is the annual
salvage value, SV is salvage value, AC is the annual cost, AMC is the
annual maintenance operational cost, and M is annual production, CPT
is the cost of distilled water per ton. The M is calculated by multiplying
the average annually production by solar irradiance 200 days in a year
considering the climate conditions of South Korea. For comparison with
other solar stills, the same values were used for interest rates i of 12%
and n of 10 years. Table 9 shows the economic analysis results of our
VMED and the other solar stills [48]. The CPT for the our optimized
VMED in Section 5 was 35.0 $/m3.

Considering that the CPT range of other solar stills was 9.9–64.6
$/m3, the CPT of our VMED was near to an average value. It was ne-
cessary to lower the manufacturing cost of $674.4 to reduce the CPT of
this VMED. This was because it was 3.1 times higher than the average
manufacturing cost of $217.5 for other solar stills. As shown in Table 7,
the most expensive part of our VMED was the plates with STS 316L.
Therefore, changing the plate material can be considered as a way to
lower manufacturing costs. In Section 4.4, we presented that the pro-
duction of VMEDs was almost similar when the conductive thermal
resistance of the VMED plates was lower than that of 0.5 mm thick STS
316L. Therefore, even though the material of the plate is replaced with
cheaper thermally conductive plastic or PET with a thickness of< 0.5
mm, the output of VMED will be almost not changed. The annual
average productivities of the VMEDs with the thermally conductive
plastic and PET plate of 0.1 mm thickness were 18.5 and 18.4 kg/
(m2·d), respectively, by resulting from the numerical analysis under
optimum conditions presented in Table 9. The unit costs for thermally
conductive plastics and PET plate with 1 m2 area and 0.1 mm thickness
are 10 $/piece and 6 $/piece, respectively, and considering these, the
production costs of the VMED are $374.4 and $314.4, respectively. The
CPT of this VMED with nonmetallic plates will be 16.4–19.4 $/m3,
saving about 53.4% from the existing CPT (35.0 $/m3).

However, it is necessary to compare CPT of the VMED with those of
other types of solar desalination systems such as RO, MD, MED, and etc.
to be competitive in the market. In particular, it is necessary to analyze
the CPT considering on the decrease in CPT with production capacity.
Fig. 14 shows the CPT with the capacity of various solar desalination
systems presented in the previous study [3]. The CPTs of solar still
presented in Table 9 were included in this graph and the capacity of
those was assumed to 0.1 m3/d. Moreover, based on the data of Fig. 14,
the average CPT within a specific capacity range was presented for a
clear comparison in Fig. 15. The Roman alphabet (I–III) in Figs. 14 and
15 represent for VMEDs considering on various conditions to lower the
CPT. The Roman alphabet ‘I’ means the VMED with STS 316L plate as a
reference model. In the previous economic analysis, we applied interest
rates of 12% and lifetimes of 10 years to compare with other solar stills,
but these might not be realistic values. In South Korea, the interesting
rate for project financing is about 6.5–10% depending on credit rating,
and the recommended lifetime of solar stills should be normally about
20 years [49]. By considering these, the CPT of the VMED is reduced to
10.0–13.3 $/m3 (II). Moreover, if the VMED is installed in the Middle
East such as Kuwait or Saudi Arabia, the solar irradiance days in a year
will increase by 330 days (from climate data of www.meteoblue.com).
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Fig. 13. Daily average production with a feed flow rate in a year.

Table 8
Optimum conditions for design and operation parameter of VMED.

Parameters Optimum conditions

Design parameters Gap distance of glass cover, mm 25–30
The number of effects, # 10–15

Operation parameters Inclination in the ground, ° 40–50 [35]
Seasonal feed flow rate, g/min In spring 9

In summer 16
In fall 10
In winter 3

Decreasing rate of feed flow rate 0%
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Then, the CPT of this VMED decreases by 6.1–8.1 $/m3 (III).
As shown in Fig. 14, the water cost of solar desalination systems

decreased as the water production capacity increased. The capacity
where the water cost of the VMED (III) intersects with the fitting line in
the graph is about 10 m3/d. Moreover, when comparing the average
water cost in Fig. 15, the VMED (III) is 48.6–52.9% cheaper than others
with 1–100 m3/d. In particular, it is 81.7% cheaper than others below 1
m3/d. This shows that our VMED is more competitive in the solar de-
salination market of the production capacity of< 100 m3/d. However,
for large capacity over 104 m3/d, solar pond-MED, solar pond-MSF, or
solar assisted hybrid desalination are more competitive.

7. Conclusions

In this study, we focused on finding the maximum productivity by
optimizing VMED and lowering the water cost of that than other solar
stills. This VMED had excellent productivity and was superior to other
solar desalination systems in price competitiveness. Economic analysis
showed that the best water price of our VMED was 6.1 $/m3 which was

more competitive in the market than other solar desalination systems
with a small capacity of< 100 m3/d. Therefore, the VMED may be
more useful in remote areas with low population density and abundant
solar energy.

We found the optimum conditions for the gap distance of double
glass cover, the number of effects, the seawater feed flow rate, and the
decrease rate of feed flow rate between effects. Moreover, these op-
timum conditions led to the maximum production of the 15-effect
VMED. The maximum production was 16.6, 36.0, 19.0, and 2.5 kg/
(m2·d) in spring, summer, autumn, and winter, respectively, and the
average annual production was 18.5 kg/(m2·d) in South Korea.

The optimum feed flow rates of the VMED with collecting area of 1
m2 are 9, 16, 10 and 3 g/min in spring, summer, autumn and winter,
respectively, but considering the stable and reliable production for long
term, it is better to supply flow rate of 1–2 g/min more. When operating
near the optimum feed flow rate, it is more advantageous to supply the
same flow rate to all effects. The optimal numbers of effects are
10–15 units considering both the yearly net profit and payback period.
For the compactness and management convenience of the VMED,

Table 9
Cost analysis of this study compared with other types of solar desalination systems [48].

Type of solar still PC, $ FAC, $ SV, $ ASV, $ AMC, $ AC, $ M, kg/yr CPT, $/m3

This study STS 316L plate 674.4 119.4 134.9 7.69 17.9 129.58 3700 35.0
Thermally conductive plastic plate 374.4 66.26 74.9 4.27 9.94 71.94 3700 19.4
PET plate 314.4 55.64 62.88 3.58 8.35 60.41 3680 16.4

VMED with collector 1077 190.6 215.4 12.3 28.6 206.9 5330 38.8
Double effect CSS 164 29.03 32.8 1.87 4.35 31.51 775 40.7
Double effect double slope CSS 160.6 28.42 32.12 1.83 4.26 30.86 1235 25.0
Double effect CSS with heat exchanger 319 56.46 63.8 3.64 8.47 16.29 1152 53.2
Double effect CSS with vacuum tubes 194.7 34.46 38.94 2.22 5.17 37.41 1056 35.4
Triple effect CSS 170 30.09 34 1.94 4.51 32.66 3285 9.9
Triple-effect tubular still 299 52.92 59.8 3.41 7.94 57.45 1592 36.1
Single effect still with wick 150 26.55 30 1.71 3.98 28.82 1058 27.2
Single effect still with fin 165 29.2 33 1.88 4.38 31.7 731 43.4
Fin-type still 160 28.32 32 1.82 4.25 30.74 720 42.7
Stepped still with collector 469 83 93.8 5.35 12.5 90.11 1394 64.6
Stepped still with internal reflector 136 24.07 27.2 1.55 3.61 26.13 1326 19.7
Still with vapor adsorption basin 223 39.47 44.6 2.54 5.92 42.85 962 44.5

Average CPT of different type of solar still 37.0
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Fig. 14. Water cost with production capacity of solar desalination systems [3,48].
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decreasing of the number of effects will be more advantageous, and 10
effects are better from a practical point of view. Optimal gap distance of
double glass cover is 25–30 mm.
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