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Highlights
 A novel submerged vacuum membrane distillation module that utilizes solar energy is 

developed.
 Solar evacuated tube collectors are used as the feed container.
 The system achieved a stable water production under different scenarios (weather profiles).
 Feed agitation enhanced the water production rate by 22%.



2

Graphical Abstract

Abstract

Submerged membrane distillation (S-MD) has been proposed as an alternative to conventional 
cross-flow MD systems to desalinate hypersaline water. In conventional S-MD systems, the 
hydrophobic membrane is submerged in the feed water tank that is directly heated by an electric 
heating element, eliminating the need for feed pumping. In this study, a solar-heated submerged 
vacuum membrane distillation (S-VMD) system that uses an evacuated tube collector as the feed 
container is proposed. Indoor tests under steady-state operating conditions and daily outdoor tests 
under ambient weather conditions were conducted to investigate the system’s functionality. The 
effect of two agitation techniques (aeration and internal circulation) to reduce temperature and 
concentration polarizations were studied. The daily performance tests revealed that the solar-
heated S-VMD system can achieve a permeate flux of 5.9 to 11.1 kg·m-2·h-1 depending on solar 
intensity. The permeate flux was enhanced by 9% under aeration and by 22% under circulation in 
the outdoor tests. The water production per solar absorbing area can be as high as 0.96 kg·m-2·h-

1. The system maintained a stable permeate flux and excellent water quality over a long-term 
operation. The small-scale system can provide fresh water in remote areas with limited natural 
resources.

Keywords: Submerged membrane distillation, solar powered membrane distillation, vacuum 
membrane distillation, solar desalination, evacuated tube.
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Nomenclature

Aa Projected absorbing area of a solar collector 
(m2)

Am Membrane effective surface area (m2)
GOR Gain output ratio
hfg Latent heat of water (J/kg)
I Solar intensity (W/m2)
J Permeate flux (kg·m-2·h-1)
K Mass transfer coefficient (kg·Pa-1m-2·h-1)
m Mass (kg)
P Pressure (Pa)
Q̇ Heat rate (W)
SEEC Specific electric energy consumption (kWh/kg)
T Temperature (oC)
Greek letters
Φ Permeate flux enhancement ratio
Subscripts
b At bulk phase
d Distillate water
f Feed water
in Input
m At membrane surface 
v Vacuum side
Abbreviations
AGMD Air gap membrane distillation 
DCMD Direct contact membrane distillation
ETC Evacuated tube collector
MBR Membrane bioreactor
MD Membrane distillation
RO Reverse osmosis 
SGMD Sweeping gas membrane distillation
S-MD Submerged membrane distillation
SGSP Salinity-gradient solar pond
S-VMD Submerged vacuum membrane distillation
TDS Total dissolved solids
VMD Vacuum membrane distillation



4

1. Introduction

Membrane distillation (MD) has received considerable attention in the last two decades as a 

promising desalination technology to provide high-quality water [1,2]. MD uses a microporous 

hydrophobic membrane to separate between two sides, a hot feed side (e.g. seawater or brackish 

water) and a cold permeate side. Due to the partial pressure difference across the membrane wall, 

vapor is created at the surface of the membrane on the hot feed side and transferred to the cold 

permeate side leaving behind non-volatile components in the feed water [3].

While water production in MD is relatively lower than that from reverse osmosis (RO), MD 

has less fouling issues and doesn’t require intensive pre-treatment, and it can tolerate high 

concentration feed water [1,4]. Additionally, MD can use low-grade energy sources such as solar 

energy and geothermal energy [5]. Among the four major MD configurations—direct contact MD 

(DCMD), vacuum MD (VMD), sweeping gas MD (SGMD), and air gap MD (AGMD)—VMD 

was found to yield the highest permeate flux and lowest energy loss [6,7] and has the potential to 

be further improved through other novel configurations [8]. In VMD, a vacuum is created on the 

permeate side where vapor is collected and condensed outside the MD module.

Recent studies have proposed submerged membrane distillation (S-MD) systems as a more 

energy-efficient alternative to conventional cross-flow MD modules [9,10]. In the MD literature, 

a cross-flow configuration refers to those modules with a feed inlet and outlet, where the hot feed 

stream is pumped through the system and travels tangentially across the membrane’s surface. In 

conventional S-MD systems, however, the membranes are directly placed in a tank filled with feed 

water which is heated by an electric heating element. This configuration eliminates the need for 

feed pumping and reduces heat loss due to recirculation and reheating [10].
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Much of the work related to S-MD has mainly focused on treating high concentration feed 

water with a large suspended solid content, such as inland brine [11,12], seawater RO brine [13], 

and coal-seam-gas-produced water [14]. Some researchers suggested using S-MD with membrane 

bioreactor (MBR) systems [15–17], and others combined it with a crystallization process to 

achieve zero liquid discharge [18–20], among numerous other applications using hybrid systems 

[21].

Because the feed water is not flowing along the membrane surface in S-MD systems, the 

temperature and concentration polarizations are expected to be higher, which has a negative impact 

on the permeate flux and can cause severe fouling [11,22]. Therefore, researchers have proposed 

several agitation techniques to mitigate this problem in S-MD systems, including transverse 

vibration [11,12,20], stirring [9,13,20], and aeration [11,12]. These techniques were found to be 

helpful in reducing fouling, improving permeate flux, and producing higher quality water for a 

longer period of time. For instance, Meng et al. found that, in a submerged VMD system, applying 

transverse vibration can improve the permeate flux by 21% compared to the case without agitation 

[11]. Zou et al. suggested that stirring and aeration can significantly reduce the effect of 

temperature polarization, improve the permeate flux, and delay membrane fouling [20]. More 

recently, researchers found that stirring also improves the energy efficiency of submerged DCMD 

(S-DCMD) [10] and submerged VMD (S-VMD) [23] systems mainly because of a reduction in 

the temperature polarization effect.

The idea of utilizing solar energy with S-MD was suggested by Mericq et al. [24]. The authors 

theoretically compared a membrane module submerged in a salinity-gradient solar pond (SGSP) 

with three different solar-powered VMD configurations. It was found that the S-MD suffers 

significantly from temperature and concentration polarizations. The system was found to be 
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difficult to implement and produced a very low permeate flux (~95% lower) when compared to an 

external module fed by water from the SGSP in a cross-flow operation mode. However, the authors 

claimed that agitation techniques (such as circulation or bubbling) can improve the S-MD 

performance even though these techniques may affect the stability of the SGSP and require 

intensive maintenance and energy.

The aim of this study is to experimentally investigate the feasibility of a submerged vacuum 

membrane distillation (S-VMD) system that uses solar energy as the sole heating source. This 

study utilizes an evacuated tube solar collector (ETC) as the feed container. The hollow fiber 

membranes are submerged in the middle of the ETC. Two agitation techniques (aeration and 

internal circulation) are applied to examine their effects on the feed temperature and the permeate 

flux. It is expected that the turbulence effect resulting from these techniques will reduce the effect 

of temperature and concentration polarizations, thus achieving better permeate flux.

To the best of our knowledge, this is the first attempt to design and test a solar-powered S-MD 

system. Therefore, the main focus of this paper is to demonstrate the functionality of the system 

by measuring its daily performance and understand the effects of different agitation strategies on 

the permeate flux and efficiency. The paper also provides a preliminary understanding of how 

relatively long operation hours impact the permeate flux and its quality. In future work, long-term 

operation tests using a high concentration feed water (e.g. real inland brine) will be conducted to 

study the resulting fouling and scaling in the membrane based on different modes of feed agitation.

It is worth noting that the use of ETC has been studied with cross-flow MD process under the 

VMD [25] and DCMD [26] configurations. In these studies, the feed water is pumped to the bottom 

of the ETC by an external pump and then moves in a cross-flow parallel to the hollow fiber 

membranes which are placed at the top of the ETC, mimicking the design of conventional shell-
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and-tube MD modules. On the contrary, the proposed solar-heated S-VMD system in this paper 

will work as a closed MD system in which the feed water does not leave the module. This will 

minimize the heat loss due to recirculation, eliminate the need of circulation pumps (i.e. less 

electric energy), and also reduce the complexity of the system. 

The proposed S-VMD system can utilize solar and electric energy in a more efficient way, 

which in turn can drive down the capital and operating costs. The small-scale system can provide 

high-quality potable water in areas with limited natural resources.

2. Materials and methodology

2.1. The design of the S-MD module

 

Fig. 1. A schematic diagram (top) and a photograph (bottom) of the S-MD modules.
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A schematic and a photograph of the solar-heated S-VMD module are shown in Fig. 1. Four 

commercially available hydrophobic capillary membranes with effective length of 40.5 cm were 

used in the module. The membranes were potted using epoxy resin in plastic caps. The bottom cap 

represents the “dead-end” side and the top cap is connected to the vacuum line. Due to the manual 

potting procedure, the exact surface area of the membrane can be estimated with some certainty as 

0.0092 ± 0.0001 m2. The membrane area was determined so that the heat loss Q̇loss due to the 

distillation process can be compensated by the heat input Qi̇n from solar radiation to achieve a 

thermally stable operation. The ratio of the membrane area to solar absorbing area (Am/Aa) was 

1/10 to 1/9 [25,26].

Unlike previous studies that placed the submerged membranes in an electrically heated feed 

tank, the proposed solar-heated S-VMD module is placed within an evacuated-tube collector 

(ETC). ETCs are made of double-wall low emissivity borosilicate glass, where the outer wall is 

highly transmissive, and the inner wall is coated with a black layer to increase absorption across 

the entire solar spectrum. A vacuum between the two walls minimizes the heat loss to the 

surroundings. Table 1 summarizes the physical characteristics of the S-VMD system.

Table 1 characteristics of the solar-heated S-VMD module

Membrane manufacturer Microdyn-Nadir
Membrane material Polypropylene
Pore size (µm) 0.2
Porosity 0.7
Tortuosity 1.4
Fiber inner diameter (mm) 1.8
Fiber outer diameter (mm) 2.7
Fiber thickness (µm) 450
Number of fibers 4
Length of fibers (cm) 40.5
Membrane surface area Am (m2) 0.0092
Solar tube inner diameter (mm) 44
Solar tube outer diameter (mm) 58
Solar tube length (m) 1.8
Solar absorbing area Aa (m2) 0.1
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2.2. Experimental setup and procedure

2.2.1. Outdoor testing for daily operation

A schematic and a photograph of the outdoor experimental setup are shown in Fig. 2. The 

experiments were conducted during the second half of February 2020 in Tempe, Arizona, USA 

(latitude: 33.43°; longitude: -111.96° and altitude of 1132 ft above sea level). Overnight, the ETC 

is filled with NaCl saline water at concentrations of 30-35 g/L (total dissolved solids (TDS) of 

standard seawater). After sunrise, by the time the feed water temperature reaches about 70 oC, a 

vacuum pressure (-94.5 ± 1.0 kPa) is applied on the permeate side of the membranes using a 

vacuum pump. The vapor generated by the distillation process transfers outside the module and 

condenses in an external cold trap placed in an ice bath. The amount of distillate water is measured 

every hour. A portable electrical conductivity meter (HM EC-3) is used to measure the permeate 

water quality. The permeate flux J (in kg·m-2·h-1) is calculated as:

𝐽𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑 =
𝑚𝑑

𝐴𝑚∆𝑡            (1)

where md is the amount of distillate water (kg), Am the membrane area (m2), and t the sampling 

period (h). 

A thermocouple is placed in the middle of the ETC (just below the membranes) to measure the 

temperature of the feed water. A data acquisition system (National Instruments, cDAQ-9171) 

records the real-time temperatures using the LabView platform. The vacuum pressure was 

monitored using a pressure gauge in the permeate side. A pyranometer sensor at the same tilt angle 

of the ETC (~36o) records the real-time solar intensity.
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Fig. 2. (a) A schematic diagram, and (b) a photograph of the outdoor experimental setup.
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Four different scenarios were studied: (i) no agitation on a sunny day, (ii) no agitation on a 

cloudy day, (iii) application of aeration on a sunny day, and (iv) application of internal circulation 

on a sunny day. During aeration, a 3 W air pump supplies air at a rate of 2.5 L/min (using an 

adjustable flow knob) to an air stone that is placed at the bottom of the tube to generate macro-size 

bubbles as shown in Fig. 3(a). This induces a turbulence effect within the feed and generates shear 

at the membrane surface. For the case of internal circulation, a 15 W submersible pump is placed 

at the bottom of the feed water as shown in Fig. 3(b). The pump circulates feed water from the 

bottom to the upper part of the ETC at a rate of 3.5 L/min, to insure a good distribution of heat 

along the module. The flow rate is controlled by a power supply unit. Due to power restrictions, 

the pump works in a cycle (20 minutes ON - 10 minutes OFF). 

Fig. 3 Different modes of feed agitation: (a) aeration, (b) internal circulation.

At the completion of each daily experiment, the membrane was taken outside the solar tube to 

be rinsed and cleaned in order to be reused the following day. This process was found to be 
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sufficient to restore the membrane’s integrity particularly after short-term operation that used 

synthetic NaCl solution as the feed water [18,20]. 

2.2.2. Indoor testing under steady-state operating condition

A similar experimental procedure was conducted in an indoor controlled environment to 

measure the performance of the S-VMD with agitation and without agitation under steady-state 

operating conditions (i.e. at a constant feed temperature Tf,b). The energy source in the indoor tests 

is an electric immersion heating element. A transparent tube with similar dimensions as the ETCs 

was used as the feed water container in order to have a practical comparison with the outdoor 

results.

2.3. Uncertainty analysis

Measurement uncertainties were calculated to be ± 0.58 g, ± 0.6 °C, and ± 2 cm2 for water 

yield, temperature, and membrane effective surface area, respectively. The pyranometer sensor 

and the conductivity meter have a calibration accuracy of 5%. The vacuum pressure was controlled 

within ± 1.0 kPa, and the feed temperature in the indoor experiment was controlled within 2.0 °C. 

Repeated readings were obtained during the indoor experiments and showed a good reproducibility 

with a maximum uncertainty of 8.7%. Expanded uncertainty method with high level of confidence 

(~95%) was used  [27]. These values are shown as error bars in the figures below.

3. Results and discussion

3.1. Indoor experiments under steady-state conditions

In the indoor tests, the permeate flux was measured under steady-state operating conditions. 

The bulk feed temperature Tf,b inside the tube (container) was kept at 45, 55, and 65 oC. The tests 

were conducted without agitation, with aeration (at an air flow rate of 1 and 2.5 L/min), and with 
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circulation (at a flow rate of 2.0 and 3.5 L/min). Since the bubble motion inside the tube can be 

affected by the module orientation, the indoor aeration test was also studied with an inclined tube. 

In order to measure the effect of different agitation techniques on the module’s performance, the 

permeate flux enhancement ratio Φ can be defined as:

𝛷 =
𝐽𝑤𝑖𝑡ℎ 𝑎𝑔𝑖𝑡𝑎𝑡𝑖𝑜𝑛

𝐽𝑛𝑜 𝑎𝑔𝑖𝑡𝑎𝑡𝑖𝑜𝑛
    (2)

where Jwith agitation and Jno agitation are the measured permeate fluxes of the S-VMD with agitation 

and without agitation, respectively.

Figure 4(a) shows the permeate flux as a function of the feed temperature (± 2 oC) under 

different agitation techniques. As expected, the permeate flux in all cases increases as the feed 

temperature increases. This is due to the fact that the permeate flux J is linearly dependent on the 

vapor partial pressure difference across the membrane [4,28]:

𝐽 = 𝐾(𝑃𝑓,𝑚 ― 𝑃𝑣)    (3)

where K is the mass transfer coefficient (kg·Pa-1·m-2·h-1), Pf,m the feed vapor pressure at the 

membrane surface (which increases exponentially with water temperature at the membrane surface 

Tf,m according to Antoine's equation), and Pv the vacuum pressure on the permeate side. 

Apparently, Fig. 4(a) indicates that a greater permeate flux was achieved with agitation 

techniques, which is in agreement with results reported in the literature  [11,20]. This can be mostly 

attributed to the reduction in temperature polarization effect due to turbulence from agitation which 

reduces the boundary layer resistance (i.e. higher heat transfer coefficient) [29]. This indicates that, 

under agitation, the difference between the feed temperature at the membrane’s surface and that at 

the bulk phase (Tf,b - Tf,m) is less when compared to the case without agitation, resulting in a greater 

partial pressure difference and therefore a higher permeate flux as illustrated in Eq. (3). 
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The permeate flux enhancement ratio Φ for different agitation experiments under different Tf,b 

is shown in Fig. 4(b). Aeration was found to be more effective than circulation, particularly when 

the feed container/tube was placed vertically. The values of Φ varied between 1.16 and 1.35 at an 

aeration rate of 1 L/min, and between 1.34 and 1.47 at an aeration rate of 2.5 L/min, as illustrated 

in Fig. 4(b). The long tube shape of the feed container played a role in magnifying the agitation 

effect under the aeration technique (See video 1 in the Supplementary Material). The bubble 

motion relative to the surrounding feed within a narrow cross-sectional area induced a relatively 

high degree of turbulence, diminishing the boundary layer resistance at the membrane surface. 

This finding agrees with Chen et al. who investigated the effect of feed aeration in a crossflow 

shell-and-tube DCMD system [30]. The authors found that permeate flux can be enhanced by 72% 

under very low feed flow rates. The enhancement ratio diminishes with increasing feed flow rate, 

as the boundary layers have already been reduced at higher flow rates. This implies that aeration 

is an excellent agitation strategy with submerged MD systems, in which the feed water flow is 

dominated by natural convection.

In order to mimic the operating condition of the outdoor test (reported next in Section 3.2), an 

indoor aeration test with an inclined tube was conducted. It can be seen that the values of Φ are 

lower (between 1.11 to 1.15) in the aeration test with an inclined tube relative to those with a 

vertical tube (Fig. 4(b)). One reason that can explain these results is that, when the tube is placed 

vertically, the air bubbles are distributed evenly, generating a large degree of turbulence. However, 

when the tube is inclined, the bubble motion is concentrated in the upper part of the tube’s inner 

wall due to gravity, by-passing the hollow fiber membranes (See video 2 in the Supplementary 

Material). This caused relatively less feed turbulence along the membranes, which may explain 

the lower values of Φ in the inclined tube.
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This observation seems to contradict the results presented in Chen et al. [30], who found that 

air bubbling in a DCMD shell-and-tube module inclined at a 45o angle can enhance the flux by 

34% compared to 28% in a vertically oriented module and 12% in a horizontal module. This 

contradictory result may be explained by the fact that the module they used is 0.34 m long, much 

shorter than the solar tube used in this study (1.8 m). Therefore, the bubble behavior in the long 

tube in the present study may tend to be similar to that in the horizontally oriented module, which 

“may experience by-passing because of gas buoyancy” as Chen et al. have noted, a similar 

observation for the inclined tube in this study.

Although feed circulation improved the permeate flux compared to the case without agitation, 

the enhancement ratio Φ was relatively lower when compared to aeration in a vertically oriented 

tube. The values of Φ were 1.09, 1.06, and 1.16 at a circulation rate of 2 L/min, and was 1.14, 

1.15, and 1.26 at a circulation rate of 3.5 L/min, at Tf,b = 45, 55, and 65 C, respectively. The 

relatively low values of Φ can be explained in part by the fact that internal circulation in submerged 

MD systems does not form a uniform hydrodynamic flow across the membrane as in the cross-

flow MD configuration. In fact, the water movement can be quite random and may be affected by 

the density variation of feed water due to non-uniform temperature distribution (because of non-

uniform heat flux) in the feed container. The turbulence effect was observed to be more effective 

in the part close to the pump outlet (just above the S-MD module), while the feed movement along 

the membranes was found to be much less turbulent (See video 3 in the Supplementary Material). 



16

Fig. 4 (a) Permeate flux J and (b) the flux enhancement ratio Φ as a function of feed 
temperature with and without feed agitation, from the steady-state indoor experiments. (Pv = -

94.5 ± 1.0 kPa).
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3.2. Outdoor experiments under ambient weather conditions

3.2.1. Daily performance on sunny days

The daily performance of the S-VMD system without agitation and with agitation (aeration 

and internal circulation) was measured. Three experiments were conducted under sunny days with 

a clear sky within a one-week period, in order to ensure similar operating conditions. Figure 5 

shows the solar intensity profiles on these days.

Fig. 5 Solar intensity for different sunny outdoor experimental runs (different days).

It was found that the feed water temperature inside the ETC reaches 70 ± 2 oC at around 11:00 

AM (local time). At this time, a vacuum pressure of -94.5 ± 1.0 kPa (equivalent to the partial vapor 

pressure at 37 oC) is applied to the permeate side of the membranes.

Figure 6 shows the feed temperature profile as a function of time. The temperature fluctuation 

can be attributed to the continuous movement of water due to natural convection, bubble induction, 

and/or circulation. It can be seen that the feed temperature spikes 2-3 oC each hour as the process 

is stopped for three minutes to measure the amount and quality of the distillate water. While this 
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spike could affect the permeate flux, its influence is diminished on the comparison as it is observed 

in all cases.

Fig. 6 Variation of feed temperature for different sunny outdoor experimental runs (different days).

The hourly permeate flux in each case is shown in Fig. 7. It is evident that, in general, the 

permeate fluxes match approximately the temperature profiles in Fig. 6. The maximum hourly 

permeate flux occurred in the first hour (from 11:00 to 12:00) in all cases. The first hour also 

experienced the highest temperature drop (>11 oC), indicating that the heat input from solar 

radiation Qi̇n in the first hour was not sufficient to compensate for the heat loss due to distillation 

Q̇loss. The permeate flux in the next five hours decreased gradually and the operation was more 

thermally stable as the feed dropped 5-6 oC from 12:00 to 17:00. In the last hour, the feed 

temperature decreased rapidly due to the weaker solar intensity which resulted in a lower permeate 

flux.
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During the no-agitation operation, the permeate flux varied between 5.9 to 11.1 kg·m-2·h-1 

(with an average hourly permeate flux of 8.6 kg·m-2·h-1). This proves that the concept of a stand-

alone submerged membrane within a feed container can achieve a high production of water without 

the need of feed pumping or even agitation.

As expected, feed agitation was found to be effective in increasing the water production during 

the day. Interestingly, the results revealed that the circulation technique slightly outperformed 

aeration in the sunny outdoor test. The average hourly permeate flux was 9.4 kg·m-2·h-1 under 

aeration (10% increase relative to the no-agitation test) and was 10.5 kg·m-2·h-1 under circulation 

(22% increase). While the solar intensity was slightly higher during the circulation experiment 

(Fig. 5), the temperature profile was similar for the three sunny outdoor experimental runs (Fig. 

6). This suggests that the amount of solar radiation is not the primary reason that explains why the 

circulation technique was more effective during the outdoor experiment. In fact, the enhancement 

ratios are relatively consistent with those obtained in the indoor steady-state tests, which varied 

between 14% to 26% under circulation and between 11% to 15% under aeration with an inclined 

tube, as shown in Fig. 4(b).

As discussed earlier, aeration is an effective strategy to reduce the temperature polarization 

effect and enhance the permeate flux. However, the aeration technique in an inclined tube causes 

less feed turbulence as the bubble motion tends to concentrate in the upper part of the inner wall. 

This may also reduce contact between the feed water and the inner tube, which could have a 

negative effect on the heat transfer from the inner wall tube to the feed water. Moreover, because 

the bubbles are concentrated in a small area and due to the high length-to-diameter ratio of the 

tube, the bubbles may tend to merge as they move from the bottom to the upper part of the tube. 
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Consequently, larger bubbles are formed, and the total number of bubbles are reduced, resulting 

in less turbulence effect in the feed [30]. 

On the other hand, internal circulation was found to achieve higher permeate flux throughout 

the day as shown in Fig. 7. This can be explained in part by the reduction of the temperature 

polarization effect as discussed earlier. Another possible explanation for this result is that, during 

the no-agitation test, the area near the membranes becomes relatively cooler due to the evaporation 

effect. Since the solar tube is heated uniformly, the feed water circulates slowly inside the tube by 

natural convection. Introducing forced circulation allows the feed water to move from the hotter 

parts inside the tube to the less hot areas near the membranes, exposing the membranes to hotter 

feed water continuously, resulting in a higher permeate flux. This was clearly demonstrated in the 

temperature profile during the weaker solar intensity (from 16:30 to 18:00), where the feed 

temperature under the circulation mode is 3-4 oC higher than that under no-agitation and aeration, 

as shown in Fig. 6.

Fig. 7 Variation of permeate flux of the S-VMD system with and without agitation, from the 
outdoor experiments on sunny days. (Pv = -94.5 ± 1.0 kPa).



21

3.2.2. Daily performance on a cloudy day

Fig. 8 Solar intensity, feed temperature, and permeate flux of the S-VMD without agitation on 
a cloudy day (Pv = -94.5 ± 1.0 kPa).

In order to investigate the functionality of the system under different weather conditions, a 

cloudy day test without agitation was conducted. Figure 8 illustrates the feed temperature, hourly 

permeate flux, and the solar intensity during this test. It is clear that the feed water on a cloudy day 

wasn’t heated as much as during sunny days due to the weaker solar intensity. In fact, the feed 

temperature reached 55 oC at 11:00 (local time), which is ~15 oC lower when compared with sunny 

days at the same time. Accordingly, the permeate flux was found to be lower throughout the day. 

The flux varied between 7.2 to 8.6 kg·m-2·h-1 during the first half of the experiment when the feed 

temperature was above 55 oC. The flux gradually decreased until it reached 3.6 kg·m-2·h-1 when 

the feed temperature was below 40 oC. Although the permeate flux is reduced relative to sunny 

days, the results indicate that the system is still able to maintain a stable water production under 

weak and highly intermittent solar energy.
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3.2.3. Technical assessment of the outdoor tests

Table 2 Comparison of solar powered MD systems using ETCs

MD 
configuratio

n

Aa 
(m2)

Am 
(m2)

Experimental 
run

Daily 
hours 

(h)

Ambien
t T (oC)

Daily 
solar 

exposur
e 

(kWh/m
2)

Total 
distillate 

water 
(g)

Average 
hourly 

permeate 
flux (3)

[kg/(m2·h
)]

Average 
hourly 
water 

productio
n per Aa 

(3) 
[kg/(m2·h

)]

GOR (3)

Sunny day 
(No Agitation) 13-25 7.92 548 8.6 0.79 0.44

Sunny day 
(Aeration) 11-23 7.88 602.5 9.4 0.86 0.48

Sunny day 
(Circulation) 9-20 8.30 671 10.4 0.96 0.51

Submerged-
VMD 

(present 
study)

0.1 0.009

Cloudy day 
(No Agitation)

7

17-24 5.09 395 6.1 0.57 0.49

Sunny day 16–19 6 300 7.8 0.54 0.31Cross-flow 
VMD  [25] 

(1)
0.1 0.007

Cloudy day
5.5

15–17 4.2 200 5.2 0.36 0.30

0.2 Sunny day 
(using 2 ETCs) 4.75 24-34 6.1 340 2.1 0.37 0.18Cross-flow 

DCMD [26] 
(2) 0.3

0.035 Sunny day 
(using 3 ETCs) 6.5 22-32 6.1 701 3.1 0.36 0.24

(1) At vacuum pressure 10kPa, feed water circulates in a closed loop that includes a water bath for the feed container.
(2) At permeate inlet temperature of 22-25 oC, a solar tube was used as a feed container.
(3) Values calculated from reported experimental data.

Table 2 summarizes the daily performance parameters of the different experiments conducted 

in this study. The amount of distillate water under no-agitation conditions was 0.55 kg on a sunny 

day and 0.40 kg on a cloudy day. Feed aeration and circulation produced 0.60 kg and 0.67 kg of 

fresh water, respectively. This indicates that the system can produce 5.5 to 6.7 kg of fresh water 

per day if 10 ETCs (with a total absorbing area of 1 m2) equipped with a total membrane area of 

0.1 m2 are used. This is enough to provide the minimum drinking water needs for two to three 

persons [31]. It is worth mentioning that these results were achieved during the winter season under 

only 7 hours of operation. It is expected that the amount of produced water would be more during 

other seasons due to greater radiation, warmer ambient weather (i.e. less heat loss to surroundings), 

and longer daytime hours. The permeate conductivity of the distillate water varied between 28 to 
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47 μS/cm, well below the acceptable conductivity of drinkable water and in-line with high water 

quality standards produced by other thermally driven processes [32]. 

Table 2 also presents results of recent studies [25,26] that integrated MD membranes within 

ETCs in a cross-flow operation mode. It can be seen that the current system with submerged 

membranes achieved higher permeate flux and higher hourly water production per solar absorbing 

area.

3.2.3.1. Thermal performance
To measure how well the input solar energy is utilized to produce water, the gain output ratio 

GOR is used. GOR is defined as the ratio of the heat required to evaporate the distillate water to 

the total input solar radiation [33,34]:

𝐺𝑂𝑅 =
𝑚𝑑ℎ𝑓𝑔

𝐼𝐴𝑎
 (4)

where md is the daily water production (kg), hfg the latent heat of water (J/kg), I the daily solar 

intensity (kWh/m2), and Aa the absorbing area of the solar collector (m2). The values of GOR were 

found to be between 0.43 (in no-agitation tests) to 0.51 (in circulation tests) as Fig. 9 shows. This 

indicates that more distillate water can be produced per unit of input energy via solar radiation, if 

an agitation technique is used in the process. In addition, as shown in Table 2, the submerged S-

VMD system achieved higher values of GOR when compared to previous cross-flow MD systems 

that integrated the membranes within ETCs without applying heat recovery schemes. This can be 

attributed in part to the lower heat losses in the submerged MD configuration.

It is important to note that in cross-flow VMD systems, where the feed water is pumped into 

the MD module, higher GOR values can be achieved if a heat recovery mechanism is applied (i.e. 

utilizing the vapor condensation process to preheat the inlet feed, or the use of multi-stage system 
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with internal heat recovery [35]). This mechanism is unattainable in submerged VMD systems, 

which represents a limitation of the submerged MD configuration. Nevertheless, heat can be 

recovered for other heating applications, such as residential water heating. The amount of 

recoverable heat of the current design can be estimated to be between 3.5 to 4.2 kWh per 1 m2 of 

Aa.

Moreover, considering the fact that a large amount of solar radiation goes to heating up the 

feed water from ~15 oC at 8:00 (local time) to ~70 oC at 11:00 (local time), better performance of 

the current S-VMD design can be achieved if the feed water is pre-heated as suggested by other 

authors [25]. As a result, the system can operate for longer hours, produce more water per day, and 

achieve a better thermal efficiency.

3.2.3.2. Specific electric energy consumption (SEEC)
Specific electrical energy consumption (SEEC) is a commonly used parameter to measure the 

electrical performance of MD systems. SEEC (in kWh/kg) can be defined as the amount of electric 

energy (E) required to produce a unit mass of distillate water [36]:

𝑆𝐸𝐸𝐶 =
𝐸

𝑚𝑑
 (5)

The SEEC estimation in this study considers the electric energy required to operate the vacuum 

pump, the air pump (in the aeration experiment), and/or the submersible water pump (in the 

circulation experiment). This can determine whether the added energy required by the agitation 

techniques resulted in a better energy consumption per unit mass of produced water.

Figure 9 shows the values of SEEC for each experimental run. For no-agitation tests, where 

the vacuum pump consumes all the input energy (~2.8 kWh/day), SEEC was found to be 0.51 

kWh/kg. Under aeration, SEEC was reduced to 0.48 kWh/kg. This suggests that the added energy 

required to operate the air pump was negligible (~0.11 kWh/day), yet it was efficient enough to 
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produce more distillate water. This is in agreement with a recent study that used microbubble 

aeration with a cross-flow VMD system [37].

On the other hand, SEEC was slightly higher (0.54 kWh/kg) for the circulation technique. This 

indicates that, even though the total amount of distillate water is higher under circulation, it is 

important to take into account the amount of added energy required to operate the submersible 

pumps (~0.85 kWh/day) in the S-VMD system. In the cloudy day test, SEEC was much higher 

(0.71 kWh/kg) as less water was produced due to weaker solar radiation.

It is critical to point out that the values of SEEC were estimated for a small-scale S-VMD 

system with 1 m2 of Aa (i.e. using 10 ETCs). If more ETCs are utilized, it is expected to achieve 

better values of SEEC because the energy required for the vacuum pump per unit of ETC may be 

reduced.

Fig. 9 Comparison of GOR and SEEC of the S-VMD system from different outdoor 
experimental runs (Pv = -94.5 ± 1.0 kPa), where the SEEC values are estimated for Aa = 1 m2 

(10 ETCs) based on our experimental results with 1 ETC.
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3.3. Long-term operation

Membrane scaling and pore wetting are particularly problematic for submerged–MD 

configurations. In order to demonstrate long-term operation and to investigate any changes in the 

permeate flux and its quality, the proposed S-VMD system was tested indoors using a new 

membrane for 13 consecutive days (with a total operation time of 91 hours). Two types of feeds 

were used during the experiments.  In the first six days, a synthetic NaCl solution at 30,000 ppm 

was used as the feed water. In the following seven days, a real RO retentate from the Scottsdale 

Water Campus (Scottsdale, AZ) was used. The RO retentate had a TDS of 9,600 ppm, a 

conductivity of 11.6 mS/cm, and dissolved organic carbon (DOC) of 40 mg/L. A new feed water 

was used in each daily test to mimic the system operation in a real-life scenario.

Because the main goal of this section is to investigate any changes in the permeate flux and its 

quality after extended operation hours, it is essential to maintain similar operating conditions 

throughout the experimental runs. Therefore, the 13 daily tests were conducted in a controlled 

indoor environment with temperature patterns similar to those obtained in the outdoor test (in Fig. 

6). The feed was heated using an electric immersion heating element and its temperature was varied 

continuously using a temperature controller to match the temperature pattern obtained in the 

outdoor test. This technique was adopted before in Hejazi et al. [38]. As can be seen in Fig. 10, the 

feed temperature pattern generated in the indoor environment is in good agreement with the 

outdoor temperature profile. 

In order to account for the worst-case scenario, the tests were conducted without feed agitation. 

Moreover, after the end of each daily test, the membrane was taken outside the feed container and 
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left to dry overnight without rinsing or cleaning. This daily shutdown protocol was found to result 

in a fast decline in the permeate quality in solar-powered MD systems [25,38]. 

Fig. 10 The feed temperature profiles of a one-day test in an indoor controlled environment and 

in the outdoor test.

Figure 11 shows the hourly permeate flux, the average daily permeate flux, and the hourly 

permeate quality throughout the 13-days test. Several comments can be made based on this chart:

 In general, the performance of the system in terms of water production and quality was found 

to be stable over 91 hours of operation. The average daily permeate flux during the first 8 days 

varied between 7.8 to 8.6 kg·m-2·h-1 (with a mean value of 8.3 kg·m-2·h-1 and a standard 

deviation of ± 0.3 kg·m-2·h-1), which is in line with the results obtained from the outdoor test 

without feed agitation (i.e. 8.6 kg·m-2·h-1 , as shown in Table 2). Interestingly, the average daily 

flux relatively increased in the next five days (varied between 9.0 to 9.8 kg·m-2·h-1 with a mean 

value of 9.3 and a standard deviation of 0.3 kg·m-2·h-1). This might be attributed to a partial 

wetting which could lead to an increase in the permeate flux due to wetting of some pores [39]. 
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This can be further explained by the noticeable increase in the permeate conductivity starting 

from day 9.

 The permeate conductivity was maintained well below the minimum conductivity of drinkable 

water. These results contradict the findings by Li et al.  [25], who tested a similar membrane 

using a synthetic NaCl solution (at 35,000 ppm) as the feed. In their cross-flow VMD 

experiment, a rapid decline in the permeate quality was reported within 4 days when the 

membrane was not rinsed at the end of each daily run. 

 The use of RO retentate starting from day 7 seems to affect the permeate quality even though 

the RO retentate had a lower TDS value compared to the synthetic NaCl feed. One possible 

reason for this may be due to the presence of organic compounds in the RO retentate, which 

could decrease the surface tension of the feed, leading to a partial pore wetting [39].

 It can be noted that the permeate conductivity at the first hour of each daily test was relatively 

higher compared to the next six hours. This trend was noticeable throughout the 13 days of 

experimental runs. A similar behavior was reported before in a simulated solar-powered 

DCMD system [38]. This may be because, during the overnight natural drying process, small 

salt deposits are formed on the membrane surface and inside the partially wetted pores. During 

the first hour of the daily operation, the membrane is washed out by the permeate vapor, and 

consequently the permeate flux improved in the following hours.
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Fig. 11 The performance of the S-VMD system over 13 days (Pv = -94.5 ± 1.0 kPa).

It is important to note that the permeate flux and water quality may decline at a faster rate if 

high concentrated feed is used, considering the fact that membrane wetting is a critical challenge 

in the VMD configuration. In this context, agitation techniques can play an important role not only 

to enhance the permeate flux due to reduction of temperature polarization [12,20], but also to 

mitigate membrane scaling, delay flux decline, and produce better quality water as researchers 

have observed [12,20]. Moreover, membrane cleaning techniques such as air backwash washing 

were found to be effective to restore the membrane’s integrity in submerged MD systems [19]. 

These parameters will be deeply investigated and reported in future work.

4. Conclusions

The performance of a solar-heated submerged vacuum membrane distillation (S-VMD) system 

that uses solar evacuated tubes as the feed container was investigated experimentally. The 

functionality of the S-VMD system was demonstrated first indoors under steady-state operating 

conditions. The effects of two feed agitation strategies (aeration and internal circulation) were 

examined. Both strategies were able to minimize the effect of temperature polarization and 
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enhance the permeate flux when compared to the case without agitation. The enhancement ratio 

was greater with higher rates of aeration and circulation.

The outdoor tests of the S-VMD system revealed that it can operate under different radiation 

and weather profiles. On a sunny day without agitation, the system can achieve an average hourly 

permeate flux of 8.5 kg·m-2·h-1. Aeration and internal circulation improved the average permeate 

flux by 10% and 22%, respectively. The daily water production can reach 6.7 kg, using 1 m2 of 

solar absorbing area and a total membrane area of 0.1 m2, with a thermal efficiency of 51%. The 

system maintained a stable permeate flux and excellent water quality over long-term operation (13 

days), as demonstrated in follow-up indoor tests that mimicked the conditions experienced during 

the outdoor tests. 

One main drawback of the system is that a large amount of solar radiation goes to heating up 

the feed water before the distillation process takes place. Thus, feed preheating using conventional 

or renewable methods would allow more radiation to be used in the distillation process, producing 

more water and achieving a better efficiency. Another approach to improve the efficiency is to 

adapt heat transfer enhancement methods, such as using additives or extended surfaces, so that 

more heat is transferred from the tube inner wall to the feed water.

In future work, it will be important to study the system’s performance using high concentrated 

brine water and to investigate the long-term effects of agitation techniques on the membrane’s 

durability and the distillate water quality.
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