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 1 

Abstract 2 

Solar-powered membrane distillation (SP-MD) is examined as a promising renewable solution in the desalination 3 

and water treatment industry. In this study, an innovative direct contact membrane distillation (DCMD) module to 4 

directly utilize solar thermal energy is proposed. While previous studies focused more on utilizing solar energy 5 

indirectly (i.e. to heat the feed water outside the MD module), the proposed system integrates hollow fiber membranes 6 

inside evacuated tube solar collectors in order to achieve a more compact system. The performance of the direct SP-7 

MD module is measured first indoors in a bench-scale experiment, and then tested outdoors under sunlight. Results 8 

show that applying radiation directly can enhance the efficiency and permeate flux up to 17% compared to the same 9 

process when radiation is not applied under the same operating conditions. The daily operation of a stand-alone, 10 

directly heated SP-MD unit equipped with 0.035 m2 membrane area achieved a permeate flux of 2.2 to 6.5 kg·m-2·h-1 11 

depending on solar intensity. 12 

Keywords: Direct contact membrane distillation, solar-powered membrane distillation, solar desalination. 13 

Nomenclature 14 

 15 

A Area (m2) 

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) 

�̇�𝑓 Flow rate (kg/s) 

P Partial pressure of water vapor (Pa) 

Qin Heat input (W) 

T Temperature (oC) 

u Expanded uncertainty 



Greek letters  

ΔT Temperature difference (oC) 

Subscripts  

a Absorbing area 

b At bulk phase 

d Distillate water 

f Feed water 

i Inlet 

m Membrane surface  

o Outlet 

p Permeate water 

Abbreviations  

AGMD Air gap membrane distillation  

DCMD Direct contact membrane distillation 

GOR Gained output ratio 

LCOW Levelized Cost of Water 

MD Membrane distillation 

RO Reserve osmosis  

SP-MD Solar-powered membrane distillation 

VMD Vacuum membrane distillation 

1. Introduction 16 

Water desalination is a key solution to provide potable water to meet the needs of the growing world population. 17 

[1,2]. Membrane distillation (MD) is a thermally-driven membrane-based desalination technology that has attracted 18 

increasing interest recently [3]. In MD, a microporous hydrophobic membrane is used to separate the hot feed (saline) 19 

water and the cold permeate side. Due to the temperature gradient across the membrane wall, a vapor partial pressure 20 

difference is created which drives water vapor to transfer from the hot side to the cold permeate side. Direct contact 21 

membrane distillation (DCMD) and vacuum membrane distillation (VMD) are the most studied MD configurations 22 

due to their simplicity and applicability [4]. In VMD, vacuum is created on the permeate side of the MD module where 23 

vapor is taken to an external condenser. In DCMD, cold water flows on the permeate side where water vapor condenses 24 

inside the module.  25 

Unlike other conventional membrane-based desalination methods such as reserve osmosis (RO), MD can operate 26 

with high concentration feed water (more than 25%) and doesn’t need intensive pre-treatment. Therefore, MD systems 27 

can be integrated with conventional or other emerging desalination systems to desalinate the outlet brine, which helps 28 

in enhancing the overall water production and the specific energy [5,6]. In addition, since MD operates at low feed 29 



temperatures, it can utilize low-grade heat sources such as solar energy, geothermal energy or waste heat for its 30 

operation [7].  31 

1.1. Mass and heat transfer mechanisms and performance parameter 32 

The mass and heat transfer mechanisms in MD have been widely described in the literature [8,9]. The permeate 33 

flux of vapor is linearly dependent on the vapor partial pressure difference across the membrane [9,10]: 34 

𝐽 = 𝐾(𝑃𝑓,𝑚 − 𝑃𝑝,𝑚)    (1) 35 

where J is the permeate flux of the system (kg·m-2·h-1), Pf,m and Pp,m the partial vapor pressure (Pa) at the membrane 36 

surface of the feed and permeate sides, respectively, and K the mass transfer coefficient (kg/Pa.m2·h). Note that Pmf 37 

and Pmp are functions of temperature, and K is a function of both the membrane characteristics and operation 38 

conditions. 39 

The Temperature Polarization Coefficient TPC is defined as the ratio of the temperature difference between the 40 

feed and permeate water at the membrane wall surface (Tf,m - Tp,m) to that at the bulk phases (Tf,b - Tp,b). In DCMD, for 41 

example, TPC is defined as [10,11]  42 

𝑇𝑃𝐶 =
(𝑇𝑓,𝑚 − 𝑇𝑝,𝑚)

(𝑇𝑓,𝑏 − 𝑇𝑝,𝑏)
  (2) 43 

Since the flux is linearly associated with the water partial pressure on both sides of the membrane (which is a 44 

function of the temperature at the surface of the membrane wall, not at the bulk phases), it is more desirable  to have 45 

a TPC close to unity (i.e. the temperature at the membrane surface is very close to that at the bulk phase). 46 

One parameter that usually used to evaluate the performance of MD processes including solar powered MD (SP-47 

MD) systems is the gained output ratio (GOR) [12,13]. The GOR measures how well the input energy is utilized for 48 

the water production. It is defined as the ratio of the heat required to evaporate the distillate water to the total heat 49 

input by solar radiation or any other external heater, and can be expressed mathematically as: 50 

𝐺𝑂𝑅 =
�̇�𝑑ℎ𝑓𝑔

𝐼𝐴𝑎 + 𝑄𝑖𝑛
  (3) 51 

where �̇�𝑑 is the water production rate (kg/s), hfg the latent heat of water (J/kg),  I is the measured solar intensity 52 

(W/m2), Aa the solar projected area (m2), and Qin the heat input from other sources (W). 53 

1.2. Solar-powered membrane distillation (SP-MD) systems 54 

Since the operating temperature of MD systems is well below the boiling point and MD can desalinate water over 55 

a wide range of feed temperatures, solar energy can be utilized to assist in the MD process. The performance of solar-56 

powered MD (SP-MD) desalination systems has been investigated by bench scale and pilot-scale experiments and by 57 

theoretical models [3,13–16].  58 

As shown in Fig. 1, SP-MD systems can be classified into two main categories: indirect and direct. In indirect 59 

systems, the feed water is heated outside the MD module using a solar collector. In direct systems, the membrane is 60 

integrated within a solar collector and the feed water is heated inside the MD module. 61 



It is worth to note that most of the studies on SP-MD systems have focused more on the indirect use of solar 62 

energy (i.e. by using a solar thermal collector as an alternative to an external electric heater or boiler). Different types 63 

of solar collectors were used in these studies, including flat plates [17], evacuated tubes [18–20], parabolic troughs 64 

and solar ponds  [21]. In these systems, two subsystems (an MD module and a solar thermal collector) are integrated 65 

by heat exchangers as shown in Fig. 1(a). This results in an increase in space requirements and capital cost. 66 

Thus, in order to have a more compact system, recent studies have suggested a system that integrates the 67 

membrane within a solar collector to directly utilize solar energy to heat up the feed water inside the MD module. So, 68 

instead of having two subsystems, the MD module alone will heat and desalinate the feed water at the same time. As 69 

a result, this will eliminate the need for a heat exchanger and a separate solar system, thus minimizing the capital cost 70 

of the system and reducing the heat loss. 71 

Most of the work related to direct SP-MD systems focused primarily on the use of flat-sheet membranes integrated 72 

with a flat-plate solar collector as shown in Fig. 1(b). Summers and Lienhard studied the effect of direct solar heating 73 

on a bench-scale, flat-plate, air gap MD (AGMD) system using a solar simulator [22]. They found that heating the 74 

membrane surface (which had a layer of a solar absorbing hydrophilic polymer) instead of heating the feed water (with 75 

a coated absorber plate) was better in terms of permeate flux and energy efficiency. A permeate flux of 0.1-0.3 kg·m-76 

2·h-1, and a GOR of 0.2-0.3 was achieved. 77 

A small-scale VMD system integrated within a solar flat-plate collector was investigated theoretically by Ma et 78 

al. [23]. They found that operating the system at lower feed temperature continuously is better than running it 79 

periodically at higher temperatures in terms of the daily water production and energy use. A daily water production of 80 

2.8 kg and GOR of 0.71 was predicted based on a 0.35 m2 membrane/collector area and 12 hours of operation. In a 81 

follow-up work [24], the authors integrated a heat pump to recover the latent heat of evaporation and to work as a 82 

vapor condenser. The simulation showed that the system can produce 3.7 kg of water per day using a membrane area 83 

of 0.18 m2 and a photovoltaic module of 0.13 m2. 84 

The performance of a flat-sheet DCMD system integrated in a solar flat plate collector was studied numerically 85 

and experimentally by Chen and Ho [25]. The authors found that, under similar operating conditions, the permeate 86 

flux can be enhanced by direct heating up to 16% (from 5.5 to 6.4 kg·m-2·h-1) at low �̇�𝑓 and Tf,i = 35 oC. This 87 

improvement diminishes as �̇�𝑓 and Tf,i increase or the radiation heat flux decreases, even though the absolute value 88 

of J  increases with higher Tf,i and �̇�𝑓. 89 

As shown in Fig. 1(c), tubular solar collectors such as evacuated tube collectors (ETCs) can also be used in direct 90 

SP-MD systems with tubular membranes (hollow fiber or capillary membranes). Li et al. studied a VMD system by 91 

inserting four 30-cm-long capillaries in a solar evacuated tube. Vapor passes to the inner cores of the capillaries and 92 

is transferred to condense outside the module. The system achieved J = 7.5 kg·m-2·h-1 when Tf,i > 60 oC and the vacuum 93 

pressure was ~10 kPa [26].  94 

The integration of a hollow fiber VMD system in the receiver tube of a compound parabolic concentrator (CPC) 95 

was suggested by Abdallah   et al. [27]. The system can achieve a maximum J = 6.8 kg·m-2·h-1, 30% higher when 96 

compared to a non-integrated hollow fiber VMD system (i.e. having two separate subsystems: CPC and VMD 97 

module). It is worth mentioning that a detailed heat and mass transfer analysis was not discussed, and the effect of 98 



heat loss by distillation in the integrated VMD module might not have been taken into consideration as others have 99 

noted [23]. 100 

So far, no study has investigated the technical feasibility of a direct SP-MD system that uses a tubular collector 101 

working under the DCMD configuration. In fact, DCMD may offer several advantages over VMD in this type of 102 

systems. First, DCMD requires less equipment compared to VMD which needs a vacuum pump and an external 103 

condenser, resulting in a lower initial cost for a small-scale SP-MD system. Second, DCMD consumes less electric 104 

energy, making it cheaper to operate and more attractive in off-grid areas where a solar photovoltaic (PV) small can 105 

be used to provide electricity. Third, although VMD may achieve a higher permeate flux than DCMD, it suffers from 106 

high risk of membrane’s wettability, which leads to a reduction in the quality of produced water over time. This means 107 

the membranes may need to be replaced more often than in DCMD. 108 

The main aim of this study is to design and test the functionality of an innovative SP-MD module that utilizes 109 

solar energy directly using DCMD process. The proposed design integrates hydrophobic hollow-fiber membranes into 110 

an evacuated-tube solar collector (ETC). The system can therefore operate without the need for an external heat 111 

exchanger as the heating process is taking place inside the module, and it also does not need a condenser as the vapor 112 

condenses in the permeate cold water. 113 

The outcomes of this work will provide a preliminary understanding of the effect of direct heating via solar 114 

radiation on the performance of the MD module. It is expected that, under similar operating conditions, applying direct 115 

radiation to the feed water inside the module would enhance J when compared to the case without applying radiation. 116 

This is because the feed water is being heated while it is flowing on the shell side of the module and thus the 117 

temperature drop of the feed water is reduced and the local flux along the module is increased.  118 

The small-scale system might be an effective technique to provide fresh water in off-grid or remote coastal areas. 119 

It is also suitable to be integrated with conventional small-scale water treatment units to treat the produced brine since 120 

it can work with high concentration water. The system can be integrated with a PV panel to provide the electricity 121 

required for operating the circulating pumps.  122 

2. Materials and methodology 123 

2.1. The design of the direct SP-MD module 124 

The fundamental concept of the module design is to use a solar evacuated-tube collector (ETC) as the housing for 125 

the hollow fiber MD membranes. The proposed direct SP-MD module works as a shell-and-tube heat exchanger where 126 

feed water (seawater or brackish water) flows on the shell side of the module, and the permeate water flows on the 127 

tube side. The evacuated solar tube consists of two borosilicate glass tubes, fused together under a slight vacuum to 128 

minimize overall heat loss to the environment. Moreover, the inner tube is blackened in order to increase absorption 129 

across the entire solar spectrum and to provide uniform heating of the feed water. The black coating also blocks the 130 

visible spectrum of sunlight, which prevents algae growth and associated membrane fouling potential. Two evacuated 131 

tubes with different lengths (0.5 m and 1.8 m) were used in this study. 132 



Figure 2 shows a 3D view, and a photograph of the proposed design of the direct SP-MD module. The permeate 133 

cold water enters the SP-MD module from the top cap, and then flows inside the fibers. The water is collected at the 134 

bottom cap and carried outside the module taking a U-shape path as shown in Fig. 2. On the other hand, a tube is 135 

placed in the middle of the module to carry the feed water to the bottom of the solar tube. The feed water then moves 136 

up on the shell side of the module until it reaches the top and then it flows outside the module.  137 

Placing the hollow fiber membranes inside the solar evacuated tube in a proper and efficient way was the most 138 

challenging task. The membranes were carefully placed and potted using epoxy resin in the top and bottom caps. In 139 

addition, since commercially available ETCs come with only one open end, it was challenging to design a hollow 140 

fiber module where the inlet and the outlet of the feed and permeate streams are placed in one side of the tube. This 141 

design may cause some heat loss in the feed side due to the thermal exchange between the inlet and outlet feed streams. 142 

So, fabricating a solar evacuated tube with two open ends (i.e. similar to standard shell-and tube modules) should be 143 

considered in future work to achieve a more efficient MD operation. One advantage of the present design, however, 144 

is that it is very easy to take the membrane outside the module to clean the fibers or to check for any changes in the 145 

membrane’s characteristics in case of wetting, scaling, or leakage events. 146 

Two direct SP-MD modules were manufactured using two types of commercially available polypropylene (PP) 147 

membranes. They both have a mean pore size of 0.2 µm and a porosity of 70% but have a different inner diameter and 148 

wall thickness. Table 1 summarizes the characteristics of the two modules and their corresponding hollow fiber 149 

membranes. 150 

2.2. Experimental setup and procedure 151 

2.2.1. Indoor testing under steady-state operating conditions 152 

The objective of the indoor testing is to gain a fundamental idea of the performance of the proposed direct SP-153 

MD module under steady-state conditions. In other words, the permeate flux of the module is obtained when the flow 154 

rates and inlet temperatures of both the feed and permeate streams are fixed at specific values for an extended period 155 

of time. The permeate flux is also measured when a constant radiation heat flux is applied on the module under the 156 

same steady-state operating conditions in order to determine any improvement in the performance after heat flux is 157 

directly applied on the MD process. 158 

A schematic representation and a photograph of the indoor experimental setup are shown in Fig. 3. The 159 

desalination experiments were carried out using aqueous sodium chloride solution (using lab grade NaCl supplied by 160 

The Science Company) at concentrations of 30-35 g/L (TDS of standard seawater) as feed water. The feed water in 161 

this experiment flows in a closed loop, meaning that the brine coming out of the module circulates back to the feed 162 

tank. 163 

The hot saline water circulates on the shell side of the module and the cold permeate water circulates on the tube 164 

side in a counterflow mode under controlled flow rates using two peristaltic pumps (Thermo Scientific FH100 165 

Peristaltic Pump). The permeate inlet temperature Tp,i was fixed at room temperature (22-24 C) using a chiller. The 166 

feed inlet temperatures Tf,i were varied (at 45, 55, and 65 C) using a circulating water bath (Thermo Haake DC10 167 

circulator with a resolution of ± 0.1 C). The temperatures of the inlet and outlet were continuously recorded using 168 



calibrated K-type thermocouples connected to a data acquisition system (National Instruments, cDAQ-9171). A 169 

laboratory scale (± 0.01 g) was used to measure the increase of the mass in the permeate container over time. The flux 170 

was obtained by measuring the change in the permeate tank’s weight every 10 minutes and dividing it by the membrane 171 

surface area as follows: 172 

𝐽𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑 =
∆𝑚𝑑

𝐴𝑚∆𝑡
            (4) 173 

where Jmeasured is the measured permeate flux (kg·m-2·h-1), ∆md the change in the permeate tank mass (kg), Am the 174 

membrane area (m2), and t the sampling period (h). 175 

The radiation heat flux was achieved by using an artificial solar simulator made of two General Electric 1000W 176 

PAR64 halogen light bulbs. The solar simulator was placed 3 m from the solar MD module, in order to provide an 177 

average of 950 W/m2 of radiation heat flux. The average radiation intensity was estimated using a pyranometer sensor 178 

from Apogee Instruments. 179 

Every experimental run lasted between 80 to 100 minutes. The solar simulator is switched on in the middle of 180 

each experimental run in order to measure the permeate flux under radiation heat flux for the same operating condition. 181 

After each run, the quality of the permeate water tank is tested using a portable electrical conductivity meter (HM EC-182 

3), to measure any changes in the water salinity due to the membrane’s wetting. 183 

 184 

2.2.2. Outdoor testing for daily operation 185 

The direct SP-MD module was also investigated under ambient sunlight to determine the daily performance of 186 

the system. In this test, the electric heater (i.e. the water bath in the indoor testing) is eliminated, and all heating energy 187 

is provided by solar energy. Moreover, instead of using a simple tank for the feed water, another ETC (not equipped 188 

with a membrane) is placed next to the direct SP-MD module to function as a feed water storage/container. This 189 

minimizes the heat loss to the surroundings, and at the same time, provides sufficient heating that can recover some 190 

of the energy loss due to the distillation effect in the direct SP-MD module. The daily performance enables a 191 

preliminary understanding of the potential long-term operation of the direct SP-MD system. Figure 4 shows a 192 

schematic illustration and a photograph of the outdoor setup. 193 

The outdoor experiments were performed during the fall of 2019 in Tempe, Arizona, USA (latitude: 33.43°; 194 

longitude: -111.96° and altitude of 1132 ft above sea level), where most of the solar energy is gained between 8:00 195 

AM and 4:00 PM during the fall season. The tilt angle of the module was set at 36o. A pyranometer sensor was placed 196 

next to the direct SP-MD module at the same tilt angle to record the solar intensity. 197 

2.3. Uncertainty analysis 198 

To assure a high level of confidence (~95%), expanded uncertainties were calculated [28,29]. In this method, 199 

individual uncertainties from different sources are estimated and combined in each measurement. Table 2 shows the 200 

uncertainty analysis for different measurements. The uncertainty in the permeate flux in the indoor test is a 201 

combination of the uncertainty in the weight measurement and the standard deviation of the mean of four repeated 202 

readings (the uncertainties of membrane area and time are neglected). Moreover, the uncertainty in GOR is a 203 

combination of uncertainties from weight measurement and heat input. 204 



3. Results and discussion 205 

3.1. Indoor experiments under steady-state conditions 206 

In the indoor experiments, the two direct SP-MD modules in Table 1 were tested using a 50-cm-long ETC. The 207 

permeate flux was obtained under different steady-state operating conditions. The feed inlet temperature Tf,i was varied 208 

between 45 oC and 65 oC, while the permeate inlet temperature Tp,i was kept at 22 C. The feed flow rates �̇�𝑓 were 209 

controlled under two conditions: 480 ml/min (~0.008 kg/s with a water velocity of 0.006 m/s) and 1250 ml/min (~0.02 210 

kg/s with a water velocity of 0.013 m/s), while the permeate flow rate �̇�𝑝 was kept constant at 480 ml/min (with an 211 

equivalent water velocity of 0.11 m/s) in all cases. All experimental data were taken with and without the effect of 212 

direct radiation. 213 

 214 

3.1.1. The effect of the feed inlet temperature and flow rate 215 

Figure 5 (a-b) shows the permeate flux as a function of feed inlet temperature under different feed flow rates, for 216 

Module#1 and Module#2, respectively. As expected, higher feed inlet temperatures lead to higher permeate flux. This 217 

is because the vapor pressure increases exponentially with temperature, which in turn increases the flux driving force 218 

as described in Eq. (1). For Module#1, while Jmeasured is negligible at a feed inlet temperature Tf,i of 45 C at �̇�𝑓= 0.008 219 

kg/s (about 0.7 kg·m-2·h-1), Jmeasured increased from 1.01 to 1.58 kg·m-2·h-1 when Tf,i increased from 55 to 65 C when 220 

the radiation was not applied. For Module#2, under similar operating conditions, Jmeasured was 1.97, 3.18, and 5.86 221 

kg·m-2·h-1 when Tf,i was 45, 55, and 65 C, respectively. Although both modules have similar characteristics in terms 222 

of membrane material, porosity, pore size, and effective membrane area, the membrane used in Module#2 has a thinner 223 

wall thickness, which explains the dramatic increase in flux compared to Module#1 under similar operating conditions. 224 

According to El-bourawi et al. [30], the mass transfer resistance is reduced with thinner membrane thickness, which 225 

leads to higher permeate flux. 226 

Moreover, it is clear that increasing �̇�𝑓 from 0.008 to 0.02 kg/s caused an increase in Jmeasured. This was also 227 

expected because increasing �̇�𝑓 reduces the temperature drop (i.e. lower heat loss) in the feed along the membranes 228 

(Fig. (6)) which leads a higher flux. Moreover, increasing �̇�𝑓 decreases the boundary layer resistance on the feed side, 229 

which reduces the effect of temperature polarization and leads to higher permeate flux [31]. After increasing �̇�𝑓, 230 

Jmeasured increased to 1.13, 1.67, and 2.02 kg·m-2·h-1 for Module#1, and to 2.38, 4.28, and 8.80 kg·m-2·h-1 for Module#2, 231 

for Tf,i = 45, 55, and 65 C, respectively. 232 

 233 

3.1.2. The effect of applying direct heating via a radiation simulator 234 

The permeate flux of both modules was obtained under the same steady-state operating conditions after applying 235 

direct radiation. An average radiative flux of 950 W/m2 was provided by placing the solar simulator 3 m away from 236 

the module. As shown in Fig. 5(a-b), it is clear that applying the radiation has a positive effect on Jmeasured for both 237 

modules. For Module#1, at Tf,i = 45 oC, Jmeasured increased by 17% (from 0.69 to 0.80 kg·m-2·h-1) compared to that 238 

without radiation heat flux. The improvement percentage is 18% and 16% at Tf,i = 55 oC and 65 oC, respectively as 239 



shown in Fig. 5(a). For Module#2, at  �̇�𝑓 of 0.008 kg/s, Jmeasured improved by 13%, 16%, and 9% at Tf,i = 45, 55, and 240 

65 oC, respectively, as shown in Fig. 5(b). In a previous work [32], an improvement percentage of 42% was achieved. 241 

However, the amount of radiation from the solar simulator was not measured during that experiment, but rather 242 

roughly calculated. After measuring it, the radiation was found to be over 2000 W/m2, which indicates that the 42% 243 

improvement percentage is not realistic under natural solar intensity (<1200 W/m2). 244 

At a higher �̇�𝑓 of 0.02 kg/s, Jmeasured also increased after applying direct radiation heating, but with lower 245 

percentage improvement compared to that at lower �̇�𝑓. For Module#1, the rate of improvement was 10%, 14%, and 246 

7% at Tf,i of 45, 55, and 65 oC, respectively. For Module#2, an even lower rate of improvement was observed under 247 

higher �̇�𝑓 (11%, 4%, and 3% for Tf,i of 45, 55, and 65 oC, respectively). These results are in agreement with Chen and 248 

Ho [25], who concluded that at higher �̇�𝑓, direct heating has a lower effect on Jmeasured. 249 

The increase in Jmeasured after utilizing direct heating can be mainly attributed to the reduction in the temperature 250 

drop of the feed water along the module due to the additional heat source. The differences between the outlet and inlet 251 

temperatures of the feed water (ΔTf=Tf,o-Tf,i) and that of the permeate water (ΔTp=Tp.o-Tp,i)  are shown in Fig. 6(a) for 252 

Module#1 and in Fig. 6(b) for Module#2. It can be observed that ΔTf generally increases at higher Tf,i. This can be 253 

attributed to the higher heat loss via conduction at higher Tf,i as well as to the higher Jmeasured at higher Tf,i, which 254 

creates greater cooling effect due to evaporation. Moreover, the values of ΔTf were greater in Module#2 when 255 

compared to those in Module#1 at the same Tf,i and �̇�𝑓. This is mostly because the membranes used in Module#2 have 256 

a thinner wall thickness, resulting in a greater conduction heat loss. Another reason is that Module#2 achieved higher 257 

permeate flux than Module#1 and that increases the effect of vapor vaporization in the feed side. 258 

It is apparent that ΔTf decreases after applying radiation heat flux on the direct SP-MD module for all experimental 259 

runs. For instance, for Module#1 at Tf,i = 65 oC, ΔTf is −4.9 oC without radiation and −4.0 oC with radiation at low 260 

flow rates, and is −2.3 oC without radiation and −1.5 oC with radiation at higher �̇�𝑓. This suggests that the temperature 261 

profile of the feed water along the membrane’s length is expected to be slightly higher after applying the radiation, 262 

and consequently, the local permeate flux is expected to increase along the module as a result of the direct heating. 263 

While it was reported that direct heating can minimize the temperature polarization effect in a flat-sheet DCMD 264 

system [25], it is not yet clear how direct heating can influence the temperature polarization in a tubular tube equipped 265 

with hollow fiber membranes. 266 

 267 

3.1.3. Performance analysis 268 

The GOR values of both modules under the previous steady-state operating conditions are shown in Fig. 7. It can 269 

be observed that even though Module#2 required higher energy consumption due to higher heat loss, it achieved higher 270 

values of GOR compared to Module#1. This is mostly attributed to the higher rate of produced distillate water in 271 

Module#2. 272 

It is also apparent that there is an improvement in GOR after applying the direct radiation heating. For Module#1, 273 

at �̇�𝑓= 0.02 kg/s, the GOR varied between 0.19 to 0.22 without radiation and varied between 0.23 to 0.29 with 274 

radiation. At 0.02 kg/s, the GOR of Module#2 was in the range of 0.28 to 0.46 with no radiation, and 0.34 to 0.49 with 275 



radiation. The GOR also showed an improvement for both modules at �̇�𝑓 = 0.008 kg/s as shown in Fig. 7. This implies 276 

that more distillate water can be produced per unit of energy input when solar energy is directly utilized in the process. 277 

These results suggest that the direct SP-MD module can be used in “solar-assisted MD systems”, where 278 

conventional heating sources or waste heat provides most of the heat input. Using “free energy” from the sun to assist 279 

in the MD process will lead to more efficient systems and can reduce the water cost. Moreover, the direct SP-MD 280 

design can be applied for multi-stage MD systems too. As shown in Fig. 6, the temperature drop along one module 281 

can be reduced by 0.5 to 0.9 oC when solar radiation is applied directly. For an 8-stage MD system, for instance, this 282 

could mean that the outlet temperature in the final MD stage can be more than 4 oC higher if the system consists of if 283 

direct radiation is applied in the process. Consequently, more heating can be recovered from the outlet brine in the 284 

final stage. Also, the average permeate flux will be higher in each stage because the inlet temperature in each stage is 285 

higher. 286 

 287 

3.2. Daily performance for outdoor experiments  288 

Outdoor testing of the direct SP-MD module was carried out to provide more insight into the effectiveness of this 289 

design and its applicability in real-world environments. Module#2 was used in this experiment because of its high 290 

permeate flux compared to Module#1. Longer ETCs (1.8m long) were used in the outdoor experiment in order to 291 

provide more exposure to solar radiation. 292 

In the beginning, the direct SP-MD module and the other ETC container are filled with saline water. When the 293 

temperature of the feed water reaches 70-80 oC inside the tubes, the circulating pump for the feed water is switched 294 

on. When the system reaches a stable thermal state (i.e. the inlet and outlet temperatures in the direct SP-MD module 295 

are very close), the circulating pump for the cold permeate water is switched on, and the distillation process takes 296 

place. The permeate flux is obtained at 5-minute intervals using a laboratory scale. 297 

Two scenarios were considered: (i) using two ETCs with a total absorbing area of 0.2 m2 (where one ETC is 298 

equipped with membranes and the other ETC functions as the feed container), and (ii) using three ETCs with a total 299 

absorbing area of 0.3 m2 (where one ETC is equipped with membranes and the other two ETCs work as feed 300 

containers). This will determine how much absorbing area is required in order to ensure that the input solar radiation 301 

is close to the heat loss due to the distillation process. For comparison, in their VMD experiment, Li et al. (2019) 302 

estimated that the ratio of the membrane area to absorbing area (Am/Aa) is 1/10 [26]. 303 

3.2.1. Daily testing using two ETCs 304 

The first test was performed on September 28th, 2019. One ETC was used as a container for the saline water and 305 

another ETC was equipped with the membranes as shown in Fig. 4(a). Figure 8(a) shows the solar intensity and inlet 306 

and outlet temperatures for the feed and permeate streams. Once the feed temperature inside the tube reached ~80 oC 307 

at 12:30 PM, the feed and permeate water started to circulate at a flow rate of 480 ml/min (0.008 kg/s). It can be seen 308 

that Tf,i decreased dramatically to 58 oC after just 30 minutes of running the experiment. The high heat loss was due 309 

to the high distillation the module provided during this period (~8 kg·m-2·h-1 at 12:30 and ~5 kg·m-2·h-1 at 1:00) as 310 

shown in Fig. 8(b). The heat transfer rate from solar radiation to the feed water flowing at 0.008 kg/s was not enough 311 



to compensate for the heat loss caused by distillation. As a result, the experiment was stopped for ~10 minutes to allow 312 

the feed water to recover some of the heat loss in the first 30 minutes. Moreover, the flow rates were adjusted to 220 313 

ml/min (~0.004 kg/s) in order to achieve more stable operation, and avoid a huge temperature drop in the feed side. 314 

The operation was resumed when Tf,i reached ~63 oC and stopped again when Tf,i dropped to 53 oC (from 1:10 to 315 

1:50 PM). During this period, Jmeasured dropped from 4.2 to 2.6 kg·m-2·h-1. The pump was switched off for ~10 minutes 316 

every hour to ensure that the feed water recovers some of the heat loss. In the next two periods (from 2:05 to 2:55, 317 

and from 3:05 to 3:55) Tf,i varied between ~60 oC to ~53 oC and Jmeasured varied between 2.3 to 1.3 kg·m-2·h-1. The final 318 

period (from 4:10 to 5:15 PM) was mostly cloudy and Tf,i dropped from ~56 oC to ~39 oC and Jmeasured varied between 319 

1.7 and 1 kg·m-2·h-1 as shown in Fig. 8(b).  320 

The cumulative water produced during the experimental run (4.75 hours) was about 340 g as shown in Fig. 8(b). 321 

The daily GOR using Eq. (3) was found to be 0.18. This value takes into account the solar energy required to heat up 322 

the saline water before running the experiment. The total solar exposure was 6.1 kWh/m2.  323 

 324 

3.2.2. Daily testing using three ETCs 325 

The second test was performed on October 1st, 2019. In this test, two ETCs were used as feed water containers 326 

instead of one ETC. In other words, the outlet feed water from the ETC-MD module goes through a two-stage heating 327 

process before entering the ETC-MD module again as shown in Fig. 4(b). This allows the feed water to recover more 328 

of the heat loss during the distillation process and should reduce the rate of temperature drop of the feed water over 329 

time. The feed flow rate was kept at 0.004 kg/s in order to achieve quasi steady-state conditions and to be comparable 330 

with the daily test with two ETCs. Figure 9(a) shows the solar intensity and inlet and outlet temperatures for the feed 331 

and permeate streams, and Fig. 9(b) shows the permeate flux and the cumulative water produced. 332 

The experiment started at 11:00 AM when the feed water reached ~85 oC. In the first hour of the experiment, a 333 

10 oC drop in Tf,i was observed, and Jmeasured in the range of 6.6 to 5.1 kg·m-2·h-1 was obtained. It can be noted that the 334 

use of two ETCs helped to reduce the rate of temperature drop and achieve a more stable flux over time. It also helped 335 

to reduce the stop time to 5 minutes each hour, which was enough to check for the water quality. 336 

From 12:00 to 1:00, Tf,i decreased from ~75 oC to ~68 oC and Jmeasured varied between 5.3 to 3.1 kg·m-2·h-1. This 337 

flux is relatively lower than that at Tf,i= 65 oC obtained in the indoor tests. To clarify, Jmeasured at Tf,i = 65 oC was found 338 

to be 5.9 to 8.8 kg·m-2·h-1 in the indoor testing for Module#2. The lower Jmeasured in the outdoor testing at higher Tf,i is 339 

a result of the lower feed flow rate, as required by the system. This increases the effect of temperature polarization 340 

and reduces the permeate flux. 341 

From 1:00 PM to 4:00 PM, Tf,i dropped from ~68 oC to ~60 oC (−8 oC in three hours), which shows the advantage 342 

of using a second ETC as a feed container. The permeate flux during this period was in the range of 3.7 to 2.5 kg·m-343 

2·h-1. A weaker solar radiation caused Tf,i to drop from ~60 oC to ~54 oC from 4:00 to 5:00. After that, the radiation 344 

effect was absent due to shading and Tf,i reduced to ~43 oC in just 30 minutes, and the experiment was stopped at 5:30 345 

PM. A permeate flux in the range of 2.4 to 1.3 kg·m-2·h-1 was obtained during this period (4:00 to 5:30 PM).  346 

As shown in Fig. 9(b), the total water produced during the experimental run (6.5 hours) was 0.7 kg. According to 347 

Eq. (3), the system’s daily GOR is 0.24 with a total solar exposure of 6.1 kWh/m2. 348 



The flux variation throughout the day shows that MD can operate with intermittent energy supply. Furthermore, 349 

it was found that this test (with a total absorbing area of 0.3 m2) was more stable than the test with 0.2 m2 absorbing 350 

area and experienced less temperature drop as shown in Fig. 8(a) and Fig. 9(a). This suggests that an acceptable ratio 351 

of membrane area to absorbing area (Am/Aa) is ~1/9, which is close to the value (~1/10) estimated by Li et al. (2019) 352 

in their VMD experiment [26]. 353 

Based on these results, a small-scale system of 6-stage SP-MD modules can produce up to 4.2 L per day. The 354 

system consists of 18 ETCs connected in series, where 6 ETCs are equipped with membranes and the other 12 ETCs 355 

are used to heat up the feed water as illustrated in Fig. 10. The feed water runs in series (i.e. the feed outlet from stage 356 

1 will be the feed inlet in stage 2) until it reaches the last tube, where it is pumped again to the first stage. On the other 357 

hand, the permeate water enters the 6 stages in parallel (i.e. at constant temperature). The outlet warm permeate water 358 

can be used for domestic water heating (to cool down) before it can circulate back to the system.  359 

 360 

3.3. Comparison of some direct SP-MD systems 361 

Table 3 compares some direct SP-MD desalination systems. In fact, it is challenging to provide one metric that 362 

can determine which system is superior as these studies are based on different MD configurations, different 363 

membranes and operating conditions, and different methodologies. Nevertheless, it is still useful to compare these 364 

systems in terms of flux, operating conditions and efficiency in order to identify the opportunities and challenges in 365 

this process.  366 

As shown in Table 3, the GOR values of the different direct SP-MD systems varies between 0.12 to 0.71. For 367 

indirect SP-MD systems, Gopi et al. found that the GOR varies between 0.1 to 6.6 depending on the system size and 368 

configuration [13]. A GOR of 13.5 was recently reported in an indirect SP-MD system working under vacuum-369 

enhanced AGMD configuration [33]. 370 

Another parameter that is usually used in solar-based desalination systems in general (including in RO, 371 

conventional thermal, and indirect SP-MD systems) is the rate of water produced per unit area of solar collectors. As 372 

shown in Table 3, this value varied between 0.14 to 0.6 kg·m-2·h-1 for two directly heated SP-MD systems that integrate 373 

a flat-sheet membrane in a flat-plate collector. In the present study, the average production per collector area is almost 374 

the same (~0.37 kg·m-2·h-1) when two or three ETCs were used, which is also close to the lower value obtained in Li 375 

et al. [26] in their VMD system, as shown in Table 3. 376 

For indirect SP-MD, the water produced per collector area varies greatly from one study to another. For instance, 377 

Lee et al. found that, for a large-scale, continuous 24 h/day, indirect SP-MD system with a 550 m2 collector area, the 378 

monthly average daily production was in the range of 400 L to 1200 L [20]. This implies that the average water 379 

production per collector area was 0.03 to 0.09 kg·m-2·h-1. In Duong et al. [34], the distillate water per collector area 380 

was calculated to be 0.52 kg·m-2·h-1 assuming 12 hours of operation. One of the first studies in indirect SP-MD, 381 

however, found that a 3 m2 collector can be used with a DCMD system to produce 50 kg of water per day [35]. Based 382 

on 8 hours of operation, the average water production per area of collector was 2.1 kg·m-2·h-1, which is close to that 383 

of solar-powered MSF and MED desalination systems [15]. 384 



Various limitations associated with direct SP-MD systems have been identified based on the findings of previous 385 

studies and the present study: 386 

i. Preheating requirement: It was observed that these systems generally don’t use unheated feed water (i.e. the 387 

feed water doesn’t enter the module at a low temperature of ~25 oC). Rather, it is either pre-heated using an 388 

external heater and the direct SP-MD module is used only to assist in the MD process, or the feed water flows in 389 

a closed loop so that the outlet feed from the module is stored in a container, which helps to recover some of the 390 

heat. Therefore, a real challenge in direct SP-MD systems is to use cold (unheated) feed water and run it through 391 

the module to heat it up to a degree that allows the distillation process to take place. 392 

ii. Lower flow rate requirement: It was noted that for a directly heated SP-MD system to work only on solar 393 

energy, the feed flow rate must be reduced significantly in order to absorb the radiation flux. This creates a huge 394 

boundary layer resistance which increases the effect of temperature polarization (i.e. the feed temperature at the 395 

membrane surface is much lower than that at the bulk phase). Consequently, a huge reduction in the driving force 396 

to the vapor transfer is expected in these systems. However, this also means that less power is required to run the 397 

circulating pumps, which create an opportunity to use a small-size, inexpensive PV panel to run a DC pump. 398 

iii. Scaling risk: So far, the long-term performance of a direct SP-MD system using real feed water (e.g. seawater or 399 

brackish water) has not been studied. In such cases, there is a high risk of scaling on the membrane surface if 400 

antiscalant is not used. This could affect the flux and the water quality and reduce the membranes’ lifespan. In 401 

indirect SP-MD systems, however, this problem is less significant as the scaling mostly takes place in the heat 402 

exchanger or the solar collector, which are easier to clean [36]. 403 

iv. High cost: Both direct and indirect SP-MD systems suffer from high cost of water production when compared to 404 

other mature solar-based technologies [2,12]. While a previous study estimated the levelized cost of water 405 

(LCOW) in a direct SP-MD system to be around 10 USD/m3 [26], it is still challenging to conduct an accurate 406 

economic analysis of direct SP-MD systems due to the lack of long-term tests as well as the high degree of 407 

uncertainty associated with the performance and lifetime of the membranes. The high cost of SP-MD can be 408 

justified if the system is implemented as a small-scale unit to provide water in off-grid areas with high shortages, 409 

or if it used to treat hypersaline water where other technologies can’t be used.  410 

4. Conclusion 411 

The performance of an innovative MD module that integrates hollow fiber membranes within an evacuated solar 412 

tube to desalinate aqueous NaCl solution was investigated experimentally. The small-scale, stand-alone desalination 413 

system utilizes solar energy directly and it is suitable to provide drinkable water in remote areas with limited access 414 

to fresh water and electricity.  415 

The results from the indoor tests validated the hypothesis that applying solar radiation would improve the 416 

permeate flux and efficiency when compared to that when the radiation is absent (under the same operating 417 

conditions). The improvement in permeate flux was greater at lower feed flow rates. The flux and efficiency 418 

enhancement can be mainly attributed to the reduction in the temperature drop in feed water.  419 



The outdoor tests of the module show that it can operate with intermittent energy supply. The hourly permeate 420 

flux per membrane effective area varied between ~1 to ~7 kg·m-2·h-1. The average water production per collector 421 

absorbing area was found to be 0.37 kg·m-2·h-1. The system was found to produce 0.7 kg of fresh water per day (4.2 422 

L/day for a 6-stage system). 423 

Various real-world limitations associated with direct SP-MD were identified during the experiment. First, it is 424 

still challenging to use unheated feed water in the system. The feed water must be preheated or flow in a closed loop 425 

to sustain a high feed temperature. Second, it was found that the feed flow rate must be decreased significantly for the 426 

feed to absorb solar radiation as shown in Table 3. As a result, a larger boundary layer resistance is created at the feed 427 

side and the effect of temperature polarization increases, which leads to lower flux. 428 

Several measures can be considered in future work to overcome these limitations. For example, the system can 429 

be integrated with indirect solar heating to operate at higher flow rates and achieve higher flux. Another way to achieve 430 

higher flux and longer operation hours is to implement a temperature-based control strategy so that the system only 431 

operates over a specified range of high temperatures. Moreover, the use of nanoparticles to enhance heat transfer in 432 

the feed water can potentially offset the effect of temperature polarization and improve permeate flux. 433 
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Highlights 537 

• A novel direct contact membrane distillation module to directly utilize solar energy is demonstrated. 538 

• Hollow fiber membranes are integrated within a solar evacuated tube collector. 539 

• Indoor and outdoor experiments were carried out. 540 

• The permeate flux varied between 6.5 to 2.2 kg·m-2·h-1 when tested under ambient sunlight. 541 

 542 
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Figures 548 

 
 

Fig. 1. (a) Indirect solar-powered MD (SP-MD) system, (b) direct SP-MD system using a flat plate collector, and 

(c) direct SP-MD system using an evacuated tube collector (the present work) 
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Fig. 2. A 3D view (top), and a photograph (bottom) of the direct SP-MD modules. 
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Fig. 3. (a) A schematic diagram and (b) a photograph of the indoor experimental setup. 
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Fig. 4. (a) A schematic diagram and (b) a photograph of the outdoor experimental setup. 
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Fig. 5. The effect of the feed inlet temperature on the permeate flux with and without radiation 

heat flux for (a) Module#1 and (b) Module#2.  (at feed concentration: 3.5%, �̇�𝑓=0.008-0.02 kg/s, 

�̇�𝑝=0.008 kg/s, Tp,i=~22 C)  
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Fig. 6. The difference between the inlet and the outlet temperature of the feed and the 

permeate streams with the feed inlet temperature with and without radiation heat flux for (a) 

Module#1 and (b) Module#2. (at feed concentration: 3.5%, �̇�𝑓=0.008-0.02 kg/s, �̇�𝑝=0.008 

kg/s, Tp,i=~22 C) 
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Fig. 7. The thermal efficiency for Module#1 and Module#2 as a function of feed inlet temperature with and without 

the effect of radiation. (at feed concentration: 3.5%, �̇�𝑓=0.008-0.02 kg/s, �̇�𝑝=0.008 kg/s, Tp,i=~22 C) 
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Fig. 8. Outdoor test data on September 28th, 2019 for the two ETC configuration. (a) the solar radiation and the inlet/outlet 

temperature of the feed and permeate water, and (b) the hourly cumulative distillate water and permeate flux. 
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Fig. 9. Outdoor test data on October 1st, 2019 for the three ETC configuration. (a) the solar radiation and the inlet/outlet 

temperature of the feed and permeate water, and (b) the hourly cumulative distillate water and permeate flux. 
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Fig. 10. Conceptual illustration of a multi-stage direct heating SP-MD system 
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Tables 568 

 569 

 570 

Table 1 characteristics of the direct SP-MD modules 571 

 Module# 1 Module# 2 

Membrane manufacturer Microdyn-Nadir 3M 

Membrane material Polypropylene Polypropylene 

Pore size (µm) 0.2 0.2 

Porosity 0.7 0.7 

Tortuosity 1.4 1.4 

Fiber inner diameter (mm) 1.8 1.2 

Fiber outer diameter (mm) 2.7 1.8 

Fiber thickness (µm) 450 300 

Number of fibers in each module 27 36 

Packing Factor 0.10 0.06 

Length of fibers (mm) 240 255 

Total membrane surface area (m2) 0.037 0.035 

Solar tube inner diameter (mm) 44 

Solar tube outer diameter (mm) 58 

Solar tube length (mm) 500 and 1800 

 572 

  573 



 574 

Table 2 Uncertainty analysis 

Source of uncertainty 

Weight (g) (1) Flow rate (ml/min) Radiation intensity (%) Temperature (oC) 

Value 

± 
Divisor  

Standard 

uncertainty 

Value 

± 
Divisor  

Standard 

uncertainty 

Value 

± 
Divisor  

Standard 

uncertainty 

Value 

± 
Divisor  

Standard 

uncertainty 

Calibration uncertainty          5.0 2 2.5 0.2 2 0.10 

Resolution (2) 0.05 √3 0.03 5.00 √3 2.89    0.1 √3 0.06 

Effect of wind (2)(3) 0.50 √3 0.29                   

Combined standard 

uncertainty 
   0.29    2.89    5.0    0.12 

Expanded uncertainty u     0.58     5.77     5.0     0.23 

(1) In the indoor test, the standard uncertainty of the mean of four repeated readings is also considered. 

(2) Here rectangular probability distribution is assumed and the (±) half-width divided by √3 is used. 

(3) This is only applied in the outdoor test analysis. 
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Table 3 Comparison of some direct heating SP-MD desalination systems 

Study Study type 
MD 

Configuration 

Solar 

collector Membrane 

area  

(m2) 

Operating conditions 
Permeate 

flux J 

 (kg·m-2·h-1) 

Water 

produced 

per collector 

area (kg·m-

2·h-1) 

GOR 

Type 
Area 

(m2) 
Tf 

Feed flow 

rate or 

velocity 

Time 

[25] (1) 
Experiment/ 

modelling 
DCMD 

Flat-

plate 
0.061 35-55 

0.0086 

m/s 

Steady-

State 
6.4-19.7 - 

[22] (2) Experiment AGMD 
Flat-

plate 
0.044 26-30 

0.4–2.4 

g/s 

Steady-

State 
0.14-0.35 

0.12-

0.29 

[23] (3) Modelling VMD 
Flat-

plate 
0.350 ~35 Re=600 8:00- 20:00 0.60 0.71 

[26] (4) 
 

Experiment VMD ETC 0.1 0.007 
~50-

65 
2 g/s 

12:00-

17:30 
5.2-7.8 0.36-0.54 

0.36-

0.46 

Present 

study (5) 
Experiment DCMD ETC 

0.2 

0.035 
~45-

85 
4 g/s 

12:30–

17:15 
2.11 0.37 0.18 

0.3 
11:00-

17:30 
3.14 0.36 0.24 

(1) A heater was assisted with solar energy (at 1100 W/m2).  

(2) Under 750W/m2 provided by solar simulator. 

(3) At vacuum pressure 5kPa, continues operation, feed water circulates in a closed loop. 

(4) At vacuum pressure 10kPa, feed water circulates in a closed loop that includes a water bath for the feed container. 

(5) At permeate inlet temperature of 22-25oC, a solar tube was used as a feed container. 
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