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a b s t r a c t

Water and energy scarcity in dry and remote areas is a well understood issue and becoming even 
more pronounced in the future due to the impact of climate change. Research on solar powered 
desalination techniques in these places is growing worldwide to produce fresh water using renew-
able sources of energy. Membrane distillation processes are technically simple and capable of pro-
ducing high-quality potable water over a long period with minimal maintenance. With regard to the 
attractive advantages of the vacuum membrane distillation (VMD) process, it is a promising technol-
ogy that can be implemented by the use of solar energy. The aim of this paper is not only to develop 
a mathematical model describing heat and mass transfer processes across a VMD process using ther-
mal renewable energy, but also to implement innovative design to improve the overall performance 
of a solar powered vacuum membrane distillation (SVMD) system. In the present work, a small 
pilot-scale SVMD unit was designed, assembled and tested. The dependency of the predictive model 
to natural climatic conditions is assessed and validated against experimental data. Theoretical flux 
data of the proposed SVMD pilot plant is then graphed via a numerical solution in order to compare 
with experimental results. The influence of salinity concentration on the permeate flux is explained. 
Finally, sensitivity analysis of the simulated model showed that the permeate flux is highly sensitive 
to pressure, solar irradiance and flow rate values.

Keywords:  Dynamic model; Heat and mass transfer; Pilot scale; Solar thermal energy; Vacuum 
membrane distillation

1. Introduction and literature review

Potable water and conventional energy are scarce
sources in many places especially in arid and remote areas. 
Insufficient natural sources in remote rural areas along 
with low infrastructure are problems which will be aggra-
vated dramatically in the future. Methods of removing salt 
from the sea and brackish waters have been studied, and 
industrial scale desalination plants have been developed 
for big cities to become more efficient. The reason is that 
the desalination techniques are high energy consuming 
and recommended to be supplied by renewable sources 
of energy [1]. Stand-alone desalination systems coupled 

with solar energy are a possible solution for remote and 
isolated communities.

In total, there are 26 possible combinations of desalina-
tion techniques by various renewable energy technologies 
[2]. Stand-alone solar still is a common thermally driven 
desalination process for its simple set-up. However, its ther-
mal efficiency is very low due to its large specific collector 
area [3]. Desalination techniques are classified into thermal, 
membrane and hybrid processes [4]. Physical liquid-gas 
phase transformation is the feature of the thermal processes 
such as multi-effect distillation (MED) and multi-stage flash 
(MSF). Separation technology is involved in the membrane 
process such as reverse osmosis (RO) and electro dialysis. 
The hybrid process involves both membrane and thermal 
technologies such as membrane distillation (MD). MSF 
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and RO are the advanced processes commercially avail-
able. However, those processes are faced with drawbacks 
such as intensive heat or high pressure demand, pollutants 
and undesired emissions generation, scaling and fouling 
problems, membrane cost and its durability [4]. A suitable 
desalination technology must respond to health risks, terri-
torial and environmental implications despite the economic 
efficiency term.

MD yields highly purified permeate water through a 
hybrid membrane-evaporative process, and reduce the 
investment and maintenance costs [3,5]. The pressure dif-
ference across the membrane is the driving force in MD. 
Various MD configurations such as direct contact mem-
brane distillation (DCMD), air gap membrane distillation 
(AGMD), sweeping gas membrane distillation (SGMD) 
and vacuum membrane distillation (VMD) perform this 
stream in different methods [6]. The suitable processes for 
desalination purpose are DCMD, AGMD and VMD [7,8]. 
The efficiency of DCMD, SGMD and VMD were com-
pared, using a PVDF hollow fiber membrane for desali-
nation of salt solution [9]. The highest flux was achieved 
by the VMD process. Despite attractive features of VMD, 
especially coupling to low-grade sources of energy, the 
commercialization requires research on new membrane 
development to overcome the low permeate flux and wet-
ting problems [4].

In VMD, a hot feed solution is passed over a micro-po-
rous hydrophobic membrane, and low pressure is applied on 
the permeate side. Water evaporates and passes through the 
pores via vapor pressure difference across the membrane. 
The steam is condensed on the permeate side between the 
membrane module and a vacuum pump. The benefits of the 
VMD compared with other common separation processes 
are as follows: complete rejection of ions, macromolecules, 
colloids, cells and other non-volatiles; lower operating 
temperatures than conventional distillation and other MD 
methods; lower operating pressures than pressure-driven 
membrane separation processes; reduced level of fouling 
and chemical interaction between membrane and solution; 
reduced installation area compared with conventional dis-
tillation processes. In this way, recent reviews state that the 
VMD process can successfully be carried out using alter-
native energy sources such as freely available solar energy 
[10–15]. The energy source can be harvested with a solar 
collector and/or photovoltaic (PV) panel or a photovoltaic 
thermal (PVT) panel to provide both electrical and thermal 
energy for a VMD system. 

Low operational and maintenance costs are the bene-
fits of solar desalination systems, but their major drawback 
is their low thermal efficiencies [16]. More improvements 
through the performance were taken into consideration 
in recent advances for developing a very efficient energy 
recovery system. It was shown that the specific energy of 
a desalination unit with RO has been reduced to a value 
near 1.8 kWh m–3 [17]. This system utilized high-permeabil-
ity SWRO membrane elements on a controlled pilot-scale 
system with 50% recovery. Although for thermal desali-
nation systems the energy consumption varies widely, 
the variation of the energy consumption of the tested MD 
methods is between 68.8 and 499.1 kWhm–3 [18]. An appro-
priate method of analysis is required to compare the per-
formances. The efficiency of the system in terms of solar 

energy incident, thermal energy consumption and the per-
meate water production has to be evaluated. Gained output 
ratio (GOR) and thermal recovery ratio (TRR) are signifi-
cant performance parameters for the assessment of ther-
mal desalination processes [4]. The ratio of the latent heat 
of evaporation and the input energy to the system defines 
GOR as follows:

GOR =
H JA

m C T T
lv m

s p m m ( )1 2−
 (1)

where Hlv (Jkg–1) is specific enthalpy of vaporization, J 
(kgm–2h–1) is the permeate flux, Am (m2) is the membrane 
area, ṁs (kgh–1) is the solar collector mass flow-rate, Cp 
(Jkg–1K–1) is the feed specific heat and Tm1 and Tm2 (K) are the 
feed temperatures at the membrane inlet and outlet. Over-
all, efficiency of a solar based desalination system is deter-
mined by the thermal energy required for distillation to the 
total thermal energy input:

TRR
H JA
G A
lv m

t s

=  (2)

where Gt (Wm–2) is the global solar irradiance and As (m
2) is 

the solar collector area.
Integrated desalination systems, solar powered pro-

cesses, new membrane technologies and different meth-
ods of feed water circulation have been incorporated 
in energy recovery studies for desalination purposes 
[3,19–23]. Coupling solar energy with MD was the inter-
est of researchers to simultaneously solve the problems of 
energy and water resources. A solar-powered AGMD unit 
has been constructed and tested using a spiral-wound 
membrane module [24]. A large reduction in the perme-
ate flux has been reported due to the additional mass 
transfer resistance created by the air gap. The feasibility 
and the features of a solar powered AGMD over other 
desalination processes have been studied [19]. The PV 
and thermally driven small-scale, stand-alone AGMD 
experiments carried out with promising results using a 
spiral-wound module with an effective membrane area of 
10 m². The maximum production rate of the unit reached 
120 Ld–1 with a permeate electrical conductivity of less 
than 5 μScm–1. The earliest simulation results on a solar 
driven AGMD with a thermal collector area less than 6 m2 
and without heat storage showed that between 120 and 
160 L–1 of water distills during a day in the summer [3]. A 
larger system consisted of two loops has been employed 
for desalination of the Red Sea water using a titanium cor-
rosion resistant heat exchanger [20]. Parallel configuration 
has been performed with four spiral wound membrane 
modules. Production rate of water and energy require-
ments ranged between 600–800 Ld–1 and 200–250 kWhm–3, 
respectively. The system was benefited by 72 m2 thermal 
collector area and 40 m2 total membrane area. The cal-
culated GOR and energy consumption were 5.5 and 117 
kWhm–3, respectively, for a volume flow of 350 Lh–1 at an 
evaporator inlet temperature of 75°C. In addition, sim-
ulations have predicted thermal and electrical energy 
consumption fluctuated from 5 to 12 kWhm–3 and 0.6 to 
1.5 kWhm–3, respectively, for a system without energy 
recovery [25]. Two different configurations of membrane 
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modules have been evaluated using the combination of 
AGMD and solar collector [1]. Performance of the multi-
stage formation was proven to be better than the strategy 
of one compact module with greater area. In this AGMD 
system, the parametric study results show that higher 
feed temperature and effective membrane length had a 
significant effect in lowering the cost while higher feed 
flow rate, higher air gap width and feed channel depths 
resulted in increased water production cost [26].

There are two different configurations for DCMD pow-
ered by solar energy: Feed water can be heated directly 
inside collectors or by means of an intermediate heat 
exchanger [27]. One of the earliest solar-powered DCMD 
systems distilled 17 Ld–1 per square meter of collector area 
resulting in specific energy consumption of 55.6 kWhm–3 
[28]. A flat plate module and a 12 m2 field of vacuum tube 
thermal collectors were used in this plant. A combined sys-
tem studied by Suárez et al. (2010) showed that, permeate 
water distils 1.6 Ld–1 with membrane areas ranging from 
10 to 13 cm2 per square meter of salt gradient solar ponds 
(SGSP). This study was benefitted by the coupled DCMD 
with SGSP [29]. A novel energy recovery unit has been sim-
ulated in a solar-assisted DCMD system for production of 
fresh water from seawater [5]. This concept reduces tem-
perature fluctuations of the feed water by storing the col-
lected energy during solar-peak hours and employing heat 
from the permeate and brine streams to the feed seawater. 
The maximum permeate flux of 51.1 kgm–2h–1 was calculated 
at 0.2 m length of the module with the hot and cold stream 
temperatures of 80°C and 30°C and flow rates of 6 Lmin–1. 
For production capacity of 31 m3d–1, about 160 m3 seawater 
storage tanks, 3,360 m2 of evacuated-tube collectors and 50 
membrane modules were incorporated. The modules con-
sist of a porous hydrophobic membrane assembled together 
in a shell-and-tube module. Evaporation from solar ponds 
and variation of the temperature along the entire membrane 
is drawback of this system. It has been shown that DCMD is 
an effective process compared with AGMD and VMD con-
sidering heat recovery despite the conductive heat losses 
from the feed to the permeate side [30].

The performance of a solar-heated hollow fiber VMD 
system for potable water production from underground 
water has been described [15]. This system contains four 
major components: a solar energy collector; a hollow fiber 
membrane module; a condenser; and centrifugal vacuum 
pumps. The experimental results reported the largest per-
meate flux of 32.2 kgm–2h–1 in 16th October at 1:00 pm via 
500 hollow fiber membrane modules with 0.1 μm pore size 
and 0.09 m2 area per module. The area of the solar collector 
is 8 m2. The electro conductivity was reduced from more 
than 230 mScm–1 to less than 4 μScm–1. There are no cal-
culations reported for the GOR and TRR, and the energy 
required for passing cool water through the condenser is 
not described. The combination of VMD with solar collec-
tor or SGSP was undertaken for the simulation study [8]. 
The results showed that the combined VMD-SGSP system 
will increase concentration and temperature polarization 
phenomena at the membrane feed solution interface and 
will result in flux reduction. However, it was concluded 
that the VMD coupled with a solar collector is more practi-
cal due to the ability of increasing the feed water tempera-
ture with thermal energy. The highest flux of 140 Lm–2h–1 

could be obtained through a vacuum pressure of 0.5 kPa. 
The energy recovery was not studied in this work. The opti-
mal operating conditions for an energetic performance of 
the pilot plant solar powered VMD was investigated [31]. 
The designed installation is based on the application of only 
solar power as an energy source to produce about 210 kg of 
water per day. Flat plate collectors were selected due to a 
technical-economic study of different types of solar collec-
tors. The simulation study concluded that the total collector 
area of 70 m2, 16 PV panels, 8 batteries and 806 hollow fiber 
module with 4 m² area per module are required to produce 
from 8.75 to 17.5 Lm–²h–1 of permeate water. The experi-
mental study of this plant is still in progress. A comprehen-
sive review and assessment of established solar-powered 
membrane distillation (SP-MD) systems reported that only 
one solar powered VMD, and two solar powered DCMD 
systems have been evaluated till 2012 while the other stud-
ies have been focused on the AGMD type [32]. Low GOR 
values ranging from 0.3 to 6.0 were reported for the 16 
studied experimental works. The calculated GOR for solar 
powered VMD was 0.85 with thermal energy consumption 
of 7,850 kWhm–3. The high value of energy consumption is 
due to the use of 0.09 m2 membrane area.

Despite many benefits of a VMD system, very few 
experimental systems have been developed and compared 
with solar RO and solar desalination, and such systems 
have not been commercialized. Furthermore, modeling 
and optimization of solar powered MD systems are less 
explored. Despite most of the previous studies associated 
with technical and economic feasibility assessment and/or 
prediction performance derived from a steady-state condi-
tion of solar powered MD, the objectives of this study are to 
design an efficient solar powered vacuum membrane distil-
lation (SVMD) system with heat recovery, and to develop a 
dynamic mathematical model based on an unsteady-state 
process for the prediction of system performance. There-
fore, this research provides:

•	 The design and construction of a solar powered (using 
sun tracker for both PV panel and solar collector) cou-
pled with VMD (containing two loops to extract heat 
from condensation unit).

•	 Mathematical modeling of a heat and/or mass transfer 
process through the solar collector, membrane module 
and condensation unit.

•	 Numeric solution of the model using a simulation com-
puter program.

•	 Implementation and validation of the model by com-
parison with experimental data as well as its sensitivity 
analysis.

2. Solar membrane distillation process

A modified VMD process coupled with solar energy 
was used for the purpose of this work. A schematic dia-
gram of the solar based VMD system (SVMD) is shown in 
Fig. 1. The system comprises of two PV panels, a thermal 
collector, a condenser unit and a hollow fiber membrane 
module. The PV panels provide electrical energy for the 
pumps. The thermal collector supplies the hot feed water 
for the membrane module. SVMD consists of two separate 
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loops and a distillate channel. The feed solution is passed 
through the first loop from the condenser inlet to a storage 
container which is designed to increase the temperature for 
energy savings. The feed water is then heated in the second 
loop via the solar collector and directed along to the mem-
brane module. The VMD water circuit is made of thermally 
insulated tubes. Permeate water is gained in the distillate 
channel while vapor is extracted by the means of pressure 
difference. For that reason, a hydrophobic membrane is 
used to create an interface between the hot feed solution 
and the vapor on the permeate side. A variety of transduc-
ers and sensors were embedded to monitor the weather 
conditions, system performance and water quality. 

2.1. VMD configuration

The SVMD system has two major loops as shown in 
Fig. 1. A digitally controlled Masterflex peristaltic pump 
circulates feed solution from the water tank. Feed water is 
heated up when passed via the condenser. Feed water then 
fills the container until the level of water rises to the pre-set 
height. A floating valve shifts the stream of the feed water 
from the container to the feed tank. Another peristaltic 
pump in the second loop adjusts the flow rate of feed water 
through the solar collector followed by the membrane. Tem-
perature of the feed water reaches the ultimate level at the 
outlet of the solar collector in the second loop. A three-way 
thermostatic valve bypasses the solar collector when feed 
water reaches the ultimate temperature (65°C). The valve 
sensor reads the temperature of the container and leads 
water directly to the membrane if necessary. It is important 
to ensure that the recirculation hose at the membrane outlet 

remains above the membrane level so that the membrane 
module remains full at all times. The evaporation process 
takes place in a hollow fiber membrane, and the residue 
of hot feed water is directed afterwards into the container. 
An incorporated ball valve onto the N820-KNF laboratory 
vacuum pump (Javac) is used to apply and release vacuum 
pressure. The vacuum pump withdraws vapor into the con-
denser on the permeate side of the membrane by means 
of applying pressure lower than the saturation pressure of 
vaporization. A glassware condensation column containing 
three cavities of spiral tube, cold water cylinder and con-
densed vapor tunnel is employed in order to increase the 
efficiency of such a system compared with the one with 
external condenser working with cold water source.

2.2. Membrane module

So far, commercially available hydrophobic membranes 
such as polypropylene (PP) polytetrafluoroethylene (PTFE) 
or polyvinylidene fluoride (PVDF) were studied for MD. 
The hydrophobic nature depends on pore size, membrane 
materials and liquid characteristics. It is possible for water to 
intrude into the pores as a result of applying higher pressure 
difference than the liquid entry pressure (LEP). Higher LEP is 
achieved with higher hydrophobicity and smaller pore size; 
however, in turn the permeability of the membrane will be 
reduced considering no change in the porosity, thickness and 
pore tortuosity. Hydrophobic PTFE membranes enjoy high 
LEP followed by PVDF and PP membranes. Hence, a com-
mercially available micro-porous membrane made of PP in 
capillary form which is hydrophobic was selected due to the 
rate of flux and used in the VMD experiments. The hollow 

Fig. 1. Solar powered vacuum membrane distillation system.
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fiber MD020CP2N (MICRODYN) module with 40 capillar-
ies has the surface area and pore diameter of 0.1 m2 and 0.2 
μm, respectively. The benefit of hollow fiber membrane to 
flat type is the higher ratio of the membrane surface area to 
module volume. The LEP of the employed membrane is 140 
kPa as suggested by the manufacturer. The PP module is 65 
mm in thickness and 0.47 m in length.

2.3. Solar photovoltaic and collector technologies

The VMD process couples solar collectors and PV pan-
els to provide thermal and electrical energy. The PV cells 
convert solar irradiance into an electric current. Crystalline 
silicon type of PV is a dominant technology with the conver-
sion efficiency of about 16% [33]. Two SPR-210-SunPower 
panels designed for use in on-grid residential and commer-
cial systems were embedded in this study. The panels offer-
ing a total area of 2.48 m² support ultimate 420 W power at 
48 VDC into the solar regulator to load the requirements of 
the batteries. The system includes two deep cycle batteries 
(60AH 12V AGM, Aussie Batteries and Solar) to store and 
produce energy for the pumps. In order to increase the effi-
ciency of such system, a Lorentz ETRACK controller tracks 
the sun along with the PV panels mounted on this tracker 
system. In regard to the local meteorological conditions, a 
sun-tracking unit was adjusted for the east-west track. The 
best orientation for the altitude angle to the north or south 
is the latitude of the location. 

Absorb and transfer solar irradiance into thermal energy 
is achieved in solar stills, collectors, or solar ponds. Solar col-
lectors are different in glazing type, selectivity and absorber 
material. The efficiency of a collector is influenced by incli-
nation and orientation. Three configurations of collectors 
are developed such as the parabolic-trough, compound par-
abolic and the flat plate collector. Although, the first one is 
known as a tracking collector, in this research, a plate collector 
is attached to the solar panel to be benefitted by the tracking 
advantage. The solar collector adopted in this study consists 
of an area of 1.5 m2. Insulation has been used for the entrance 
and exit hoses. Moreover, a local meteorological station was 
mounted in a trailer in order to monitor and  investigate the 

influence of parameters such as solar  irradiance, ambient 
temperature, humidity and wind speed.

2.4. Monitored parameters in SVMD

Operating parameters were measured for the two tem-
perature control loops. Temperature gradient across the 
condenser was monitored by two temperature sensors. 
The outlet temperature of the thermal collector and the 
temperature at the membrane inlet were also measured. A 
temperature sensor on the permeate side of the membrane 
read the vapor temperature, separately. Two flow-meters 
in each loop gauged the flow rate of cold and hot feed 
streams. As shown in Fig. 1, a pressure probe measured the 
vacuum pressure on the permeate side of the membrane. 
The cumulative weight of the permeate trap was moni-
tored by a BA4100 Sartorius balance (± 0.1 g). All dynamic 
measurements, including temperature, flow-rate, pressure 
and weight of water, were recorded using a data acquisi-
tion system. On the other hand, climate parameters such 
as temperature, humidity, solar irradiance, wind speed and 
direction were also transferred to the data logger.

The cold feed stream was circulated at 250 mL min flow 
rate for efficient condensing as well as providing higher 
temperature feed flow to the collector. The hot stream flow 
rate was adjusted manually for 500 mLmin–1. Moreover, 
experiments were carried out under high vacuum pressure 
at 6 kPa.

3. Model development

Thermodynamic analysis has been performed to inves-
tigate in detail the thermal performance of the SVMD sys-
tem. Heat transport mechanisms in SVMD mainly consist 
of the heat transported across the solar collector, heat and 
mass transported across the membrane, the heat transferred 
in the condenser, the latent heat of condensation of the pro-
duced vapor and the heat losses to the surroundings. The 
mass and energy balance is established for the system as 
shown in Fig. 2. The external heat from the solar collector, 

Fig. 2. Heat and mass transfer in the SVMD system.
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Qs, is modeled through the available data of solar irradi-
ance for specific location. Feed water is warmed up through 
the condenser where Qc, is condenser heat. The enthalpy of 
the distillate within the condenser is named Qp. Finally, Qloss 
accounts for the heat losses to the surroundings. The heat 
and mass transfer analysis of the SVMD system requires 
two assumptions: The feed water tank volume is consid-
erably great so the recirculated mass flow rate (ṁf-ṁd) has no 
effect on the temperature of the inside tank. However, the 
temperature of feed water (Tc1) depends on the ambient 
temperature (Ta). In regard to the total loss of heat consid-
ered in this system, the following temperature values are 
assumed to be equivalent: temperature at condenser outlet 
and container inlet (Tc2=Tr1); temperature at container out-
let and solar collector inlet (Tr2=Ts1); temperature at solar 
collector outlet and membrane inlet (Ts2=Tm1); temperature 
at permeate side of the membrane and condensed trap 
(Tp1 = Tp2), since it is assumed that the enthalpy of con-
densation is more considerable in comparison with the heat 
transfer by convection. Mass flow rate from the feed tank 
(ṁf) will be divided into two parts after the condenser. The 
recirculated mass flow (ṁf-ṁd) is returned to the feed tank 
and the same distillate mass flow (ṁd) will head to the con-
tainer. The floating valve used in the container accepts the 
same mass flow which is distillated and extracted on the 
permeate side of the membrane. It shows the relationship 
between mass transfers through the first and second loops. 
In addition, the mass flow through the solar collector (ṁs) 
is directed to the membrane and divided into two streams. 
The recalculated mass to the container (ṁs-ṁd) is reduced  
by the rate of permeate flux. The relevant heat and mass 
transfer equations are given in the following sections fol-
lowed by a solution method. Thermal equilibrium in the 
container via the mass flow rates at the two inlets and outlet 
is given by:

   m T m m T
Q
C

mTd r s d m
loss

p
s r1 2 2+ −( ) + =   (3)

3.1. Solar radiation and ambient temperature

A two-dimensional empirical model visualized time and 
month is developed to quantify dynamic behavior of solar 
energy. In this regard, solar irradiance data of three differ-
ent geographical locations in Australia: Sydney (33.86° S, 
151.21° E), Perth (31.95° S, 115.86° E) and Darwin (12.45° S, 
130.83° E) were obtained from Australian and New Zealand 
Solar Energy Society (ANZSES) [34]. The proposed model is 
applied to the solar irradiance data of these sites to validate 
the parameters. The exponential model similar to the ampli-
tude version of Gaussian peak function was employed for 
the hourly solar irradiance function, and the correlated 
parameters. The general form of an exponential function 
for monthly average hourly solar irradiance (Gt) for Sydney 
is given in Eq. (4):
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where t is the time and the parameters C and A are related to 
the tendency and height of the peak function,  respectively. 

These parameters have to be determined for each location, 
separately. The average of solar irradiance data observed 
for each month implies that these parameters are not con-
stant, and their variations are not linear. An amplitude ver-
sion of Gaussian peak function predicts the trend of these 
parameters for each month during the course of a year. The 
developed functions of the two parameters C and A for 
 Sydney were expressed as follows:
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The parameter m in this function is varying by month. 
Solar irradiance on the tilted surface with east-west tracking 
is graphed in Fig. 3(a) using Eq. (4). Accumulated data of 
the ambient temperature leads to determine the feed water 
tank relationship. Fig. 3(b) shows the monthly average 
hourly ambient temperature obtained from the ANZSES 

a) 

b) 

Fig. 3. (a) The monthly average hourly solar irradiance and 
(b) the monthly average hourly ambient temperature (°C) for 
 Sydney.
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data. From Fig. 3, it can be seen that the maximum monthly 
average hourly ambient temperature and the irradiance 
are approximately 28°C that occurs in January and about 
850 W m–2 in October, respectively.

3.2. Heat transfer in solar collector

Based on the monthly average hourly global irradiance 
on a tilted solar collector, the transported energy for heat-
ing purposes is calculated by means of transmissivity coef-
ficient. The energy obtained from the solar collector (Qs) is 
defined as:

Q AG K WA T
T T

s s t h s a
s s= + −

+





η
( )1 2

2  (7)

where As (m2) represents the area of the solar collector, 
η(–) is the coefficient of transmissivity, Kh (W.s m3K) is 
the coefficient of heat transfer, and W (m s) is wind speed 
at 3 m above the ground. An established meteorological 
station collects solar irradiance, ambient temperature 
and wind speed data in order to determine the accuracy 
of transferred energy by Eq. (7). The absorbent material 
plays an important role in the level of captured energy. 
The energy absorbed is not entirely transferred to the 
fluid, due to a part of dissipation as heat loss from the 
absorber. Obtained experimental values from the perfor-
mance of the SVMD system defines coefficient of trans-
missivity as the ratio of the efficient energy delivered to 
the total solar irradiance as

η =
−( ) − −

+
mC T T K WA T

T T

A G
s p s s h s a

s s

s t

2 1
1 2

2
( ( ))

  (8)

It is assumed that the flow through the solar collector 
(ṁs) reaches to the temperature which is the same as the 
inlet temperature of the membrane.

3.3. Heat and mass transfer across the membrane

The heat transfer mechanism across the membrane can 
be divided into two regions. Feed and membrane boundary 
layers are series of resistances in VMD. Convectional and 
conductive heat transfers are considered in this research 
across the membrane module. In regard to the analogy 
between electrical and thermal conduction process at steady 
state condition, the heat transfer trough the membrane can 
be expressed as follows:

Q Qm=  (9)

where Q and Qm are heat transfer through the feed and 
membrane boundary layers, respectively. Convection (Qconv) 
and heat transferred by mass transfer (QM) in the feed 
boundary layer are represented as follows:

Q Q Q A h T T m Hf
conv M

m f m f
m

d l
f= + = −( ) +1   (10)

Conduction (Qcond) and heat transfer by water vapor 
stream through the membrane (Qm

M) are given as follows:

Q Q Q A h T T m Hm m
cond

m
M

m m f
m

p d v
m= + = −( ) +1

  (11)

where Tf
m is temperature at membrane surface and Tm1 and 

Tp1 are the feed solution and permeate vapor temperatures. 
In the cited equations, hf and hm (Wm–2K–1) represent the cor-
responding heat transfer coefficients in feed and membrane 
boundary layer, respectively. The enthalpy of feed (Hl

f) and 
vapor (Hv

m) are determined at average temperature of fluid 
in each region. Membrane heat transfer coefficient (hm) can 
be derived from the thermal conductivity of the membrane 
(km). Thermal conductivity of a hydrophobic porous mem-
brane depends on polymer conductivity (kp), vapor conduc-
tivity (kv) and membrane thickness (δ). Membrane porosity 
(ε) determines the ratio of the solid and gas conductivities.

h
k k k

m
m v p= =

+ −

δ

ε ε

δ

( )1
 (12)

The heat transferred by mass transportation in the feed 
boundary is negligible compared with the convection trans-
fer type [35]. Therefore, the overall heat transfer coefficient 
(ho) of the membrane can be obtained by Eq. (13):

h
h

h m H
T T

o
f

m
d v

m

f
m

p

= +
+

−





















−

1 1

1

1



 (13)

Boundary layer heat transfer coefficient (hf) can be esti-
mated from empirical correlations. In the VMD process, 
dimensionless numbers with correction factors were used 
to determine heat transfer coefficients. The heat transfer 
coefficient for laminar flow in circular tubes was estimated 
[36] using Nusselt number as Eq. (14):

hd
k

Nu
G

GT

z

z

= = +
+

3 66
0 067

1 0 04
2
3

.
.

.
 (14)

where Gz is Graetz number determined as follows:

G
mc
k Lz

p

t

=


 (15)

where ṁ is mass flow rate, cp is heat capacity, L is the mem-
brane length and kt is thermal conductivity. Furthermore, 
Qtaishat et al. [35] proposed an empirical correlation for 
turbulent pipe flow as follows:

Nu c f

m

=








0 027 0 8

0 14

. .

.

Re Pr
µ

µ
 (16)

where Re is Reynolds number, Pr is Prandtl number, c is 0.4 
and 0.3 in the case of heating and cooling, respectively, and 
μf and μm are dynamic viscosities of fluid at the bulk and 
membrane surface, respectively. The dynamic viscosity of 
fluid at any temperature T (°C) can be obtained by Andrade 
correlation [37] as follows:

ln /µ( ) = +A B Τ  (17)
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where A and B are constants and can be determined exper-
imentally.

In addition, thermodynamic equilibrium is assumed for 
heat transfer along and across the membrane. This equilib-
rium explains the equivalent reduction of temperature of 
water from the inlet to the outlet of the membrane and the 
heat obtained for the vaporization through the membrane. 
Heat transfer along the membrane from the inlet to the out-
let is correspondent to the enthalpy difference between feed 
solution at temperature Tm1 and vapor at temperature of Tp1. 
Accordingly, it can be expressed by Eq. (18):

  m m C T T m H Hs d p m m d v T
m

l T
f

p m
−( ) −( ) = −( )1 2 1 1, ,  (18)

The concept of vapor flux and heat transfer through 
a hydrophobic membrane is illustrated by vaporization 
of the feed solution passed on one side of the membrane. 
Water molecules in the gaseous vapor state are trans-
ported through the micro-porous hydrophobic membrane 
by applying vacuum pressure on the permeate side of the 
membrane. Mass transfer mechanism in a VMD process 
is described by the Kinetic theory of gases. A model or a 
combination of the Knudsen flow and the viscous flow 
demonstrate mass transfer in the VMD process. The ratio 
of mean free path (λ) of the transported vapor molecules 
to the diameter of the membrane pores (d) provides Knud-
sen number (Kn = λd–1) which can be used as a guideline to 
determine the accurate mechanism of mass transfer. For a 
given membrane pore diameter, the Knudsen number is 
obtained using the estimation of mean free path by Eq. (19) 
as follows [38]:

λ
π σ

=
k T
P
B

2 2  (19)

where kB is Boltzmann constant (1.381 × 10–23 JK–1), T is the 
absolute temperature, P is the mean pressure within the 
membrane pores and σ is the collision diameter (2.641 Å 
for water vapor). Molecule-pore wall collisions are likely 
dominant for a membrane with small pores (Kn > 1). There-
fore, the Knudsen-flow regime has to be explained by the 
Knudsen diffusion model expressed in Eq. (20) for vapor 
passing through small holes in a thin wall [38,39]. The num-
ber of molecules passing through a pore is directly propor-
tional to the driving pressure of the gas and inversely to its 
 molecular weight:

N r P
R T

RT
Mw

f
m

f
m

w

=
∆ 









2
3

8
1
2ε

τ δ π  (20)

where ε is the membrane porosity (–), r is the average of the 
pores radius (m), τ is the membrane tortuosity (–), Nw is the 
molar flux (mol m–2.s–1), ΔP (Pa) is the pressure difference 
between the partial pressure of the solution and the abso-
lute vacuum pressure, R is the gas constant (8.31 Jmol–1K–1), 
δ is the membrane thickness (m) and Mw is the molecular 
weight of water (18.01528 gmol–1). Vapor temperature at the 
feed side of the membrane is determined via the vapor flow 
rate using a value for molar flux rate. The mass flow-rate, 
ṁv (kgs–1) of vapor through membrane pores is calculated 
using Eq. (21):

m N A Mv w m w=  (21)

where Am is the total membrane surface area (m2). Since, 
enthalpy of vapor is larger than water, and the heat transfer 
coefficient of fluid is dominant to the membrane, the vapor 
temperature at the feed side of the membrane can be simpli-
fied using Eqs. (10) and (11) as follows:

T T
m H
h Af

m
m

v lv

f m

= −1


 (22)

The heat transfer coefficient of feed solution is influ-
enced by the Nusselt Number (Nu) which is proportional to 
the Reynolds Number and Prandtl Number. So the effect of 
feed-water velocity is considered in the degree of heat loss 
between the feed water and the feed side of the membrane 
surface. Feed-water heat transfer coefficient is derived 
using Eq. (23):

 h
Nuk
Df

T=  (23)

where D is the diameter of fiber at membrane inlet. Pressure 
difference across the membrane is influenced by the feed 
side temperature. Antoine’s equation expressed in Eq. (24) 
relates temperature to the water vapor saturation pressure 
at the liquid-vapor interface [40].

P T esat f
m Tf

m

( ) =
−

−















23 1964 3816 44
46 13

. .
.  (24)

The assumption here is the negligible effect of curvature 
of the liquid-vapor surface compared with the flat surface 
state. The saturation pressure requires adaptation through 
the TDS concentration in the feed solution. Partial pressure 
is expressed by Eq. (25):

P x a P Tw w w sat f
m= ( )  (25)

where xw is the water mole fraction derived from concen-
tration of salts in water and aw is the activity coefficient of 
water which is explored by Eq. (26) [38]:

a x xw NaCl NaCl= − −1 0 5 10 2.  (26)

where xNaCl is the sodium chloride (NaCl) mole fraction.
Viscous flow arises where the molecule-molecule colli-

sion is dominant for membrane with large pores (Kn < 0.01). 
In this case, Eq. (27) was developed to determine molar flux 
[12,38]:

N
r P
RT A

Pw
ave

f f
m

m

= ∆
επ

µ τδ

4

8  (27)

where Pave is average partial pressure (Pa).
Both molecule-molecule and molecule-pore wall colli-

sions occur in the transition region (0.01 < Kn < 1). In addi-
tion, surface diffusion is negligible for pore size higher than 
0.02 μm due to the fact that the pore area is significantly 
larger than the surface diffusion area. The Dusty-Gas model 
was developed in the transition region to describe the VMD 
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 performance [41]. Eq. (28) is based on the assumption of both 
molecule-pore wall and molecule-molecule interactions [6].

N P
RT

r RT
M

r P
w

f
m

f
m

w

ave

f

=
∆

+










δ τ π

ε
τ µ

2
3

8
8

1
2

2 ( )  (28)

The presented models predict flux response to changes 
in temperature, pressure, flow rate and feed solution salin-
ity for a specific membrane. In this research, the Knudsen 
number calculated from Eq. (19) for MD020CP2N mem-
brane was in the range of 0.01 to 1, so Knudsen-viscous flow 
is the dominant phenomenon for mass transfer through a 
porous media.

3.4. Heat transfer in condenser

The important concept in the study of condensation 
unit for the VMD process is to bring the vapor to a cooler 
surface. Heat transfer during this can be modeled using a 
simple mathematical equation. Water vapor will be con-
densed when subjected to a temperature below its satura-
tion temperature, Tsat, at a certain pressure, Psat. This has 
been achieved by passing the vapor into contact with a solid 
surface with a lower temperature. Although both conden-
sation and temperature variation of the permeate vapor are 
performed through specific glassware condenser as shown 
in Fig. 2, the enthalpy of condensation is considered as a 
major heat transfer term. The enthalpy of the distillate (Qp) 
is equivalent to the condenser heat transfer (Qc) as follows:

 m H m C T Td lv f p c c= −( )2 1  (29)

The mass flow of vapor through the condenser is 
determined by the membrane mass transfer equation. The 
enthalpy of condensation is derived from experimental tem-
perature of the permeate liquid in the trap at the assigned 
constant pressure.

3.5. Resolution method

There are several ways to solve simultaneous sets 
of equations and variables. In this study, the constant 
parameters were first defined, and the variables were 
introduced. The variables were then determined by the 
presented equations. The equations were divided into two 
sections: derived energy from solar (Eqs. (4)–(7)) and flux 
calculation (Eqs. (9)–(29)). Input energy was calculated 
for a specific date. Then, energy losses were determined 
using a set of experimental data. The results from energy 
calculation were incorporated with the experimental 
observation of the ambient temperature as an input for 
the solution of the permeate flux equation set. All the 
equations were developed on the MATLAB software, and 
desired graphs were plotted.

4. Results and discussion

The discussion focuses on the performance of the small 
scale SVMD system as well as the validation and verification 
of the proposed model followed by the effect of  operating 

conditions on the permeate flux rate. The  calculated range 
of GOR for the proposed system is 0.34–2.09. It has to be 
mentioned that the membrane area of 0.1 m2 has been used. 
The permeate flow rate can be increased by raising the 
membrane area and maintaining the vacuum pressure con-
stant. The GOR of this system is in the range of the studied 
paper and has this opportunity for enhancement. The pre-
dicted performance by the developed model is applied for 
a whole year with and without heat loss effect. The model 
is also compared with the experimental data. All relevant 
temperatures, flow rates, flux, pressures and meteorological 
conditions were monitored for 25 days during a 2-month 
period. The evolution of the distillate flow vs. time is 
obtained by both experimental measurements and theoret-
ical calculations. The results mainly concern the variation 
of different irradiances, and also show the effect of ambient 
temperature and wind speed over time. Furthermore, the 
sensitivity analysis of the model is carried out by variation 
of operating parameters as well as membrane characteris-
tics. Finally, the results achieved by desalination of brackish 
water are discussed.

4.1. Model verification

Five series of experiments were conducted to determine 
the coefficient of transmissivity as well as the loss of heat. 
Transmissivity coefficient derived from Eq. (8) specifies the 
net transported heat from the collector. A coefficient of 0.15 
has been calculated for the current solar system. The heat 
loss was calculated as a function of energy obtained from 
the solar collector (Qs). The heat loss equation is determined 
by a function of time multiplied by the term Qs. Simulated 
data are plotted for two cases: with and without heat loss. 
The permeate flux curve increases gradually at the begin-
ning of the day and reached a maximum depending on the 
feed-water temperature and then it decreases gradually. 
The effect of solar irradiance is significant to achieve the 
highest feed temperature in comparison with the ambient 
temperature.

The performed simulation illustrated that by ignoring 
heat losses, a maximum 10 to 14 Lm–2h–1 flux rate is possible 
as shown in Fig. 4(a). The results are outstanding due to 
no existing limitation for maximum temperature. The flux 
rate increases in the summer time from a monthly view 
and reaches the maximum between 12 and 2 p.m. each day. 
The production rate increases from 5 to 7 L from winter to 
summer with the existing MD020CP2N membrane. The 
equation of heat loss was incorporated to the simulation to 
predict the realistic performance of this system. The results 
are shown in Fig. 4(b). The monthly maximum hourly sim-
ulated rate of flux varies between 4.7 and 6.5 Lm–2h–1 at 
12 p.m. The simulated results also show that flux increases 
starting at 8 a.m. and reaches zero again at 4 p.m. in the 
summer time. The daily clean water production using the 
MD020CP2N membrane with 0.1 m2 area varies from 2.4 to 
3.2 L from winter to summer.

The simulation was developed to predict the hourly rate 
of flux each day. Collected data from the meteorological 
station such as solar irradiance, ambient temperature and 
wind speed were imported instead of using the monthly 
average hourly data observed for a year. The time step of 
6 min was considered for the calculation of temperature at 
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the solar thermal outlet. The various graphs in Fig. 5 repre-
sent the typical daily measurements of experimental flux, 
solar irradiance, electrical conductivity of the permeate, 
ambient temperature, wind speed, relative humidity and 
simulated flux for selected dates in December 2013 and Jan-
uary 2014. The simulation study successfully predicted the 
permeate flux rate except for the points where the solar irra-
diance changes suddenly.

The gradual increase and decrease of the solar irradi-
ance is observed on the 11th and 17th December and 6th 
January results in steadily increase and decrease of the flux 
rate. Solar irradiance increases feed-water temperature 
using the thermal collector and directly influences the rate 
of flux. Wind speed is a function that plays with the value 
of the energy loss. Highest permeate flux was achieved 
at 1.20 p.m. on 10th December when the solar irradiance 
reached its maximum value. The ambient temperature was 
between 35°C and 40°C at that time along with low humid-
ity and wind speed. Accordingly, maximum distillate pro-
duction was registered at maximum irradiance and ambient 
temperature. The rate of flux decreases due to the sharp 
reduction of solar irradiance after 2 p.m. The increase of 

irradiance before 3 p.m. was also the reason of flux rate rise 
at that time. There was no significant change in temperature 
and humidity of 10th December.

It has to be noted that the system was located in a 
relatively shaded area where availability of direct solar 
input was limited. The lowest rate of flux was observed 
on 28th January about 2.1 Lm–2h–1. Solar irradiance vari-
ation followed by ambient temperature below 30°C and 
high humidity expressively explains the small rate of flux. 
The same performance has been observed on 8th January; 
however, the morning and afternoon irradiance were not 
sufficient to increase the water temperature to the required 
level. The effect of rapid changes of irradiance along with 
temperature and humidity due to the cloud cover is noticed 
on 2nd and 5th December. However, the simulated model 
has slightly different from the experimental results. On 
13th December, experimental flux showed the effect of 
radiation whereby it achieved the highest level of flux rate 
between 1.15 and 1.45 p.m. The increase for the simulated 
model was slight due to the effect of ambient temperature 
and humidity as well as wind speed. For smooth results of 
ambient temperatures and humidity as well as solar irra-
diance on 18th December afternoon, the simulated model 
predicts well the trend of the flux decline. In addition, from 
all experimental achievements, it can be concluded that 
there is a remarkable improvement in distillate production 
at high ambient temperatures where the solar irradiance is 
similarly changed. For all performed tests, electro-conduc-
tivity varied between 0.6 and 1.6 μScm–1 that shows a high 
quality of the permeate water. The variation of electro-con-
ductivity is due to the signals monitored by the data logger.

4.2. Influence of feed temperature

The series of experiments carried out by the SVMD sys-
tem also depicted that there are clear differences between the 
distribution of the permeate flux results. This is attributed 
to the variation of feed-water temperature analyzed in the 
mass and heat transfer mechanisms. Permeate flux reached 
maximum value between 12 and 2 p.m. depending on 
the local weather conditions. However, in some cases, the 
feed-water temperature was constant at its maximum value 
correspondent to the ambient temperature and insulation. 
Fig. 6 shows the variation of feed water temperatures on 
a selected day (13th December 2013) together with other 
parameters. The temperature reached its maximum value, 
about 56°C, between 1 and 2 p.m. The effect of decline of 
insolation is also noticeable on the feed-water temperature. 
The postponed influence is same as the time interval from 
the collector outlet to the membrane inlet. Therefore, it is 
illustrated that the operational conditions greatly affect the 
distribution of permeate flux in the system. Since the flow 
rate and pressure were kept constant, temperature of the 
feed solution is the main governing parameter that controls 
the distillate production. 

4.3. Sensitivity analysis of the model

The MATLAB program calculates the hourly rate of 
flux throughout a year. Sensitivity analysis has been per-
formed by varying the vacuum pressure and feed flow 
rate as operating parameters. The effect of solar irradiance 

a) 

 b) 

Fig. 4. (a) The monthly average hourly simulated rate of flux 
without heat loss and (b) with heat loss.
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Fig. 5. The simulated rate of flux (—), experimental rate of flux (), solar irradiance (−−) and electrical conductivity (∙∙∙) during a day 
together with ambient temperature (—), humidity (−−) and wind speed (∙∙∙). (Continued)
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Fig. 5. (Continued) The simulated rate of flux (—), experimental rate of flux (), solar irradiance (−−) and electrical conductivity (∙∙∙) 
during a day together with ambient temperature (—), humidity (−−) and wind speed (∙∙∙). (Continued)
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variation was also examined which is the most effective 
parameter that changes the feed-water temperature. Fur-
thermore, membrane characteristics such as pore size and 
porosity were also tested. The assigned values for each 
parameter within the change of increase are shown in 
Table 1.

The results for sensitivity analysis are shown in Fig. 7. 
As predicted, the reduction of permeate side pressure and 
second loop flow rate and increase of solar irradiance, pore 
size and porosity can increase the rate of flux. Fig. 7(a) illus-
trates the influence of pressure variation on the permeate 
flux. A decrease of pressure by about 4 kPa from 10 kPa 
was useful to achieve 8%–16% more rate of flux. The rate of 
increase for permeate flux varies due to dynamic tempera-
ture values for feed water during a day and a year. On the 
other hand, when 10 kPa pressure was applied on the per-
meate side, the rates of permeate flux reduction were from 
4% to 7%. This is also attributed to the variation of tempera-
ture during a day and a year.
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Fig. 5. (Continued) The simulated rate of flux (—), experimental rate of flux (), solar irradiance (−−) and electrical conductivity (∙∙∙) 
during a day together with ambient temperature (—), humidity (−−) and wind speed (∙∙∙).

Fig. 6. The experimental rate of flux (), feed-water temperature 
(—), solar irradiance (−−) and electrical conductivity (∙∙∙) on 13th 
of Dec 2013.

Table 1
Parameter range selected for sensitivity analysis

Parameter (Unit) Pressure (kPa) Flow rate (L min–1) Solar irradiance (W m–2) Pore size (μm) Porosity (%)

Range 2–10 0.25–0.75 – 0.1–0.2 60–70
Rate of change 4 0.25 ±200 0.05 5
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In this system, higher flow rates will decrease the contact 
time between the feed water and the solar collector. So, higher 
flow rates reduce the rate of heat absorption. Fig. 7(b) depicted 
that the lower flow rate will increase the rate of permeate flux, 
and vice versa. The permeate flux rate varies 10%–17% asso-
ciated with the flow-rate changes of ±0.25 L min–1. The model 

estimates a higher rate of flux at lower flow rates since the heat 
loss equation was not considered for the stream from the col-
lector outlet to the membrane inlet. The main heat loss was 
applied for the reservoir which is placed after the membrane. 
To determine the optimum flow rate, accurate heat loss equa-
tion has to be incorporated.

Fig. 7. The simulation model response to the variation of parameters indicated in Table 1: (a) the effect of vacuum pressure, (b) the 
effect of feed flow rate, (c) the effect of solar irradiance, (d) the effect of pore size and (e) the effect of porosity.
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The variation of solar irradiance by ±200 Wm–2 sig-
nificantly changes the feed water temperature. Fig. 7(c) 
shows that the increase of solar irradiance directly affects 
the growth rate of the permeate flux. There was no limit 
for temperature in this sensitivity analysis. The rate of the 
permeate flux varies between 29% and 100%. The highest 
rate of change is attributed to the points where the rate 
of the permeate flux is zero for the initial test. The SVMD 
system operated with the initial solar irradiance 200 Wm–2 
can obtain permeate flux earlier in the morning and end 
later in the afternoon due to the availability of enough 
solar irradiance.

Membrane pore size was also important for the achieved 
rate of the permeate flux. The permeate flux varies between 
4% and 12% with the ±0.05 μm changes of the pore size. 
Larger pore size increases the rate of the permeate flux, 
however the pressure difference has to be maintained less 
than the LEP of the membrane. Fig. 7(d) shows the variation 
of flux for three different realistic pore sizes.

Membrane porosity plays the same role as the mem-
brane pore size. Fig 7(e) illustrated the small effect of 
porosity by variation of ±5% on the changes of rate of the 
permeate flux. It has marginal influence compared with the 
pore radius which is attributed to Eq. (28). The molar flux is 
directly influenced by the porosity of the membrane, and it 
is proportional to the membrane pore size. The fluctuation 
of the permeate flux rate varies between 0.2% and 1.5%.

4.4. Influence of feed salinity

Two sets of experiments were performed for the effect 
of salinity concentration on the decline rate of the perme-
ate flux using 5 and 20 gL–1 NaCl solutions. A 3-day test 
was carried out using 5 gL–1 saline solution from 13th to 
15th January 2014. Experimental data along with the sim-
ulated model for 5 gL–1 saline solution are plotted in Fig. 8. 
The effect of feed-water salinity concentration on the flux 
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Fig. 8. The simulated rate of flux (—), experimental rate of flux (), solar irradiance (−−) and electrical conductivity (∙∙∙) during a day 
together with ambient temperature (—), humidity (−−) and wind speed (∙∙∙) for a 3-day test with 5 g L–1 saline solution.
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performance was not observed. Although, the simulated 
model has some separation from the experimental data in a 
few points, the maximum values for the experimental per-
meate flux were similar to the simulated ones. 

The SVMD system was also used for desalination of 
20 gL–1 saline solution. A 2-day test was conducted during 
16th and 17th January 2014. Fig. 9 presents the simulated 
permeate flux together with the experimental rate of flux. 
As expected, the salinity effect on the decline rate of the per-
meate flux was highlighted during the second day. Up to 
15% discrepancy was derived between the simulated and 
the experimental flux rates for the first day. This difference 
was increased to 38% during the second day. Higher salin-
ity concentration results in a remarkable decrease of the 
permeate flux rate which is correspondent to the open pore 
area reduction. Membrane cleaning procedure is required 
to take place for more than 20% reduction of permeate flux. 
Salt removal efficiency was always greater than 99.9%. Elec-
trical conductivity values of the distillate water were excel-
lent which is in the range of 0.6–1.6 μScm–1. This clearly 
shows that there is no pore wetting problem in the system.

5. Conclusion

A small scale VMD unit assisted by solar energy (SVMD) 
was designed, built and examined. The performance of the 
SVMD system utilized a number of temperature probes, 
pressure and flow sensors to evaluate the simulated model. 
The proposed model for the permeate flux was derived by 
the mathematical heat and/or mass transfer equations pre-
sented for each component used in the system. A simulated 
model of the system, has been developed, implemented in 
MATLAB and applied for the available average hourly data 
of Sydney. The model was then verified through the exper-
imental results, and provides an acceptable description of 
the permeate flux. An experimental study was  carried out 
for different feed solutions under real conditions. A meteo-
rological station monitored solar irradiance, ambient tem-
perature, humidity and wind speed each day. The SVMD 
system shows that its performance is remarkably influenced 

by the amount of energy transported to the feed water, since 
other operating parameters such as pressure and flow rate 
were kept constant. Maximum distillate flux varied from 
2.1 to 6.5 Lm–2h–1 during the two month tests. The variation 
of the permeate flux was the result of changes in feed-wa-
ter temperature which was correspondent to solar irradi-
ance, ambient temperature and wind speed. Subsequently, 
sensitivity analysis was performed for a set of significant 
parameters such as pressure, flow rate, solar irradiance, 
membrane pore size and membrane porosity. It has been 
shown that decrease of pressure and flow rate and increase 
of solar irradiance, membrane pore size and membrane 
porosity individually increases the flux rate.

Finally, the results for simulated and experimental per-
meate flux have been compared for desalination of 5 and 
20 gL–1 saline solutions. It was concluded that the low saline 
solution had an intangible effect on the rate of the permeate 
flux during a 3-day period. However, up to 38% difference 
between simulated and experimental data was observed for 
the 2-day test for 20 gL–1 feed solution. The SVMD system 
was able to remove salts from the solutions, and the electri-
cal conductivity values of the distillate water were excellent 
in all cases which were in the range of 0.6–1.6 μScm–1.
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