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 12 

Abstract 13 

This work aims to design a small-scale desalination unit for producing drinking water in remote 14 

places (~ 2L/person). It considers an equipment where vacuum membrane distillation (VMD) and 15 

direct solar heating through solar flat-plate collector (FPC) are coupled within the same 16 

intensified module, with photovoltaic (PV) panels providing electricity. An adapted heat pumping 17 

strategy is conceived to bridge between the heat-demanding feed recirculation and the heat-18 

releasing vapor condensation, aiming both to recover latent heat of evaporation and to condensate 19 

without using an additional intensive cooling system. Sensitivity analyses and multi-objective 20 

optimizations are provided, based on water production and electric consumption of both pumping 21 

and cooling, to orientate the design and to discuss the key issues for an optimal operation. Results 22 

reveal that for a tiny module (0.18 m2), a daily freshwater production of 3.7 L can be obtained 23 

with an average electric consumption of 17 W (~ 0.13 m2 PV). At a relatively bigger scale (3 m2), 24 

96 L of freshwater is attained at a consumption of 449 W (~ 3.26 m2 PV). The need for PV power 25 

capacity per unit water production is almost constant, ranging in 4.2 - 5 W L-1. 26 

  27 
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algorithm with memory-based adaptive partitioning of search space; CP, circulation pump; CPC, Compound 
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 30 

Notations 31 

� Surface area, m2 32 

� Salt concentration, g L-1 33 

��  Heat capacity of seawater, J kg-1 °C-1 34 

�  Distillate production, L 35 

���� Diffusion coefficient of the salt in the seawater, m2 s-1 36 

	  Electricity consumption, kWh 37 


� Volumetric flow rate, m3 s-1  38 

ℎ Enthalpy, J kg-1 39 

∆� Latent heat, J kg-1 40 

� Permeate flux, kg m-2 s-1 41 

� Extinction coefficient, m-1 42 

�� Knudsen permeability of the membrane, s mol1/2 m-1 kg-1/2 43 

� Length of the module, m 44 

M Molar mass, kg mol-1 45 

� Total mass of the feed, kg 46 

��  Mass flow rate, kg s-1 47 

� Refractive index 48 

� Pressure, Pa 49 

��  Power, W 50 

��  Heat flow rate, W 51 

R Ideal gas constant, J mol-1 K-1 52 

� Temperature, °C 53 

� Heat loss coefficient, W m-2 °C-1 54 

� Total volume of the feed, m3 55 

� Velocity, m s-1 56 

� Width of the module, m 57 

��  Work rate, W 58 
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� Molar fraction 59 

 60 

Greek letters 61 

� Absorptance 62 

  Slope, ° 63 

! Azimuth angle, ° 64 

" Thickness, mm 65 

# Emittance 66 

$ Efficiency 67 

% Thermal conductivity, W m-1 °C-1 68 

& Dynamic viscosity, Pa s 69 

' Density, kg m-3 70 

( Latitude, ° 71 

 72 

Subscripts 73 

a evaporator side of heat pump 74 

amax ambient maximum 75 

amin ambient minimum 76 

ap absorber-plate 77 

atm atmosphere 78 

b condenser side of heat pump 79 

bo bottom 80 

c cover 81 

comp compressor 82 

cp circulation pump 83 

f feed bulk 84 

in inlet 85 

is isentropic 86 

l liquid phase 87 

m membrane surface 88 

n  normal direction 89 
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out outlet 90 

p permeate side 91 

r refrigerant 92 

ref reference 93 

s seawater supply 94 

sat saturated 95 

v vapor 96 

vp vacuum pump 97 

w pure water 98 

 99 

1 Introduction 100 

1.1 Membrane distillation 101 

Membrane distillation (MD) is an emerging technology for seawater desalination, applying a 102 

hydrophobic microporous membrane to hold saline water and other non-volatile substances on 103 

the feed side and serve as the liquid-vapor interface of water evaporation [1]. Water partial 104 

pressure difference between the two sides initiates and drives the vapor migration, which often 105 

requires a higher temperature on the feed side. When being applied to small-scale compact 106 

desalination facilities, MD prevails over commonly used thermal distillation technologies (Multi-107 

Effect Distillation, MED; Multi-Stage Flash, MSF) due to the large interfacial area of membranes 108 

[2]. Compared to reverse osmosis (RO), which is a membrane-based desalination technology that 109 

takes about 60% of global desalination capacity [3], merits of MD are also plenty. First, a 110 

theoretical 100% salt rejection is expected [4]. Furthermore, much higher water recovery rate 111 

with non-pressurized process and treatment for high-salinity water can be realized because no 112 

limitation by the osmotic pressure exists as such in RO, avoiding pressurized operations and large 113 

amounts of discharged brine [5]. 114 

 115 

Based on the configuration of the water-collecting side, or the permeate side, four different MD 116 

types have been studied the most in the literature [6], i.e. Direct Contact MD (DCMD), Air Gap 117 

MD (AGMD), Vacuum MD (VMD), and Sweeping Gas MD (SGMD). Among different types, 118 

VMD has received a lot of attention based on its negligible conductive heat loss through the 119 

membrane due to the vacuum on the permeate side [7,8], as well as a relatively higher and 120 
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controllable permeate flux [9]. Certain challenges have been deterring all kinds of MD from 121 

commercialization, including wettability of the membrane, scaling and fouling on the membrane 122 

surface and, more importantly, the enormous demand of thermal energy [10,11]. Despite this 123 

barrier, the relatively low working temperature (lower than 80 °C) [12] offers the possibility to 124 

equip MD with low-grade renewable energy resources, such as solar energy and waste heat, 125 

enhancing the overall thermal energy efficiency. In this paper, solar energy is selected as the 126 

solution to boost the competence of MD for seawater desalination in small domestic scale in 127 

remote areas, based on its availability all across the globe and its abundance especially in arid 128 

places where fresh water resource is deficient.  129 

 130 

1.2 Solar energy in small-scale membrane distillation 131 

Photovoltaic (PV) cells, as today’s main solar-electricity conversion approach, can be installed to 132 

cover the electricity demand of MD systems. The installed capacity of photovoltaic panels can be 133 

directly adjusted according to the electrical need for pumps and other facilities. Furthermore, this 134 

electric demand is usually much lower compared to the thermal demand for phase change (667 135 

kWh m-3 [11]) in MD. Therefore, most of the reported work in the literature has been focused on 136 

the efficient utilization of solar thermal energy for MD. Among all solar thermal collecting 137 

systems, Solar Collectors (SC), including Flat-Plate Collectors (FPC) and Evacuated-Tube 138 

Collectors (ETC), have been the most adopted types of solar energy collecting unit for the heat 139 

provision for MD process because of their relative high efficiency [13] and market availability.  140 

 141 

Historically, theoretical modeling and simulations of small solar-driven MD systems have been 142 

an important approach to evaluate the feasibility and possible performance. Hogan et al. were 143 

among the very first practitioners to feed MD systems with solar heated saline water [14]. In their 144 

work, a hollow fiber DCMD module was coupled to solar FPCs with heat recovery in the system 145 

loop. Similar work was also carried out for flat-sheet DCMD modules [15], pointing out the 146 

importance of heat recovery to improve productivity and thermal efficiency when the amount of 147 

thermal energy brought in by solar energy is limited by the solar collector area. More recently, a 148 

small-scale FPC-driven DCMD system [16], an AGMD module with internal heat recovery [17], 149 

and a small SGMD desalination system coupled with solar collectors and PV panels but without 150 

latent heat recovery [18] have been theoretically studied as well. Experimental efforts have been 151 
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witnessed as well. Small-scale stand-alone AGMD units driven by solar energy was designed, 152 

manufactured and tested under the project “SMADES” [19,20]. Besides, DCMD [21,22] and 153 

VMD [23,24] with different membrane arrangements (flat-sheet [24], hollow fiber [21,23] and 154 

tubular [22]) have also been experimentally investigated. The interest of heat recovery was 155 

particularly evaluated in [21], where arranging heat exchange between the permeate and the feed 156 

allowed increasing the daily average water production by 37% and decreasing the specific energy 157 

consumption (SEC) by 31%.  158 

 159 

Table 1: Data of reviewed research on small-scale solar-driven MD 160 

MD study  SC Type Latent heat 

recovery  

SC area 

(m2) 

Membrane 

area (m2) 

Daily 

production (L) 

SEC  

(kWh m-3) 

Year 

DCMD 

Simulation 

FPC/ETC External HE 3 1.8 50 42.7 - 556* 

(thermal) 

1991 

[14] 

AGMD 

Experiment 

FPC Internal 

condensation 

5.73 10 120 200 - 300 

(thermal) 

2007 

[19] 

AGMD 

Experiment 

FPC Internal 

condensation 

5.73 N/A 64 647* 

(thermal) 

2008 

[20] 

VMD 

Experiment 

N/A - 8 0.09 15.6* 7858*(thermal)  

+ 317*(electrical) 

2009 

[23] 

AGMD 

Experiment/

Simulation 

N/A Internal 

condensation 

0.07* 0.05 0.2 - 0.25 N/A 2012 

[17] 

VMD 

Experiment 

ETC - 2.16 0.25 3 750 (thermal) 2014 

[24] 

DCMD 

Experiment 

FPC External HE 20 3.39 No HR: 18.4* 

HR: 25.2* 

No HR: 2342 

HR: 1609 

(thermal) 

2015 

[21] 

DCMD 

Experiment 

ETC - 2.61* 1 26.76 - 33.55 N/A 2017 

[22] 

DCMD 

Simulation 

FPC - 22.6 7.2 140 N/A 2017 

[16] 

SGMD 

Simulation 

FPC - 27 +  

4 (PV) 

1.03 240 N/A 2018 

[18] 

N/A: Not available in the reference 161 

HE: Heat Exchanger; HR: Heat Recovery 162 
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*: Calculated or estimated from data and figures in the corresponding paper 163 

 164 

In order to have a panorama of the above-mentioned work, the MD study type, SC type, heat 165 

recovery approach, system scale (surface area of SC and membrane), daily production, SEC (both 166 

thermal and electrical, the latter being rarely provided), and corresponding reference are listed in 167 

Table 1. 168 

 169 

Apart from the typical SC-driven MD with separated SC and MD modules, some integrated 170 

modules combining MD and SC directly into one small equipment have been emerging since 171 

about a decade ago, aiming more intensified process, more compact system adapted to small-172 

scale distributed applications and less pressure and heat loss due to piping and heat exchanging. 173 

A hybrid solar distillatory, combining flat-sheet AGMD with a conventional basin still [25], was 174 

one of the earliest practice of this idea. Experiments and numerical simulations revealed that the 175 

daily distillate productivity was only 2.18 kg m-2 day-1, and the calculated STEC was as high as 176 

2880 kWh m-3. Started from 2010, both experimental and modeling efforts were made for DCMD 177 

[26] and for AGMD [27,28], using the space for water circulation under the absorber-plate as the 178 

MD module with feed side being heated by solar radiation. However, the modules were not 179 

considered as an independent desalination system, and the dynamic performance with varying 180 

solar condition and accumulated water production were not studied. In 2011, Mericq et al. [10] 181 

conducted a series of indicative simulations on integrated solar-VMD modules and separated 182 

VMD modules with solar collecting unit. Inspired by this preliminary results, a detailed modeling 183 

and simulation approach was developed by Ma et al. [29] with comprehensive dynamic analysis 184 

on the parameters and the overall performance, resulting in a daily production of 8 L m-2. Hollow 185 

fiber VMD modules were also studied with this integration idea by being inserted into the 186 

cylindrical absorber of CPC solar collectors [30], which offered the possibility of directly 187 

absorbing intensified solar radiation for fresh water production to overcome the sparsity of solar 188 

energy. Most recently, a delicately fabricated VMD-ETC module was studied via simulation and 189 

experiment [31]. Hollow fibers membranes of 0.2 m2 were inserted into the ETC tubes with a 190 

total solar absorbing area of 1.6 m2. 3.2 ~ 4.8 L of drinking water and a certain amount of bath 191 

water at 45°C could be produced on a daily basis, at a cost of 1 kWh electricity and 4.7 - 9.6 kWh 192 

solar exposure.  193 
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 194 

1.3 Literature gap and research objective 195 

All the daily distillate productions reviewed above hardly reached 10 L m-2 in terms of the total 196 

surface area of SC and membrane, and the value was even lower if heat recovery was excluded. 197 

This productivity was relatively low compared with the permeate flux of conventional MD 198 

systems with continuous auxiliary heating source (~ 10 L m-2 h-1), which suggests that the 199 

amount of solar energy supply is a limitation [29]. On the other hand, much higher consumption 200 

was encountered if heat recovery was not considered, on account that the demand of latent heat 201 

for water evaporation is rather important, being around 667 kWh m-3 [11]. Conclusively, an 202 

efficient latent heat recovery regime is of great interest to surmount the obstacle of the restricted 203 

solar energy supply, and to achieve significant improvement in both water productivity and 204 

energy consumption [32]. However, little work has been seen towards the latent heat recovery 205 

design in VMD research, even though VMD possesses the merits of low thermal loss and high 206 

productivity. The reason is probably due to the low condensation temperature in vacuum 207 

environment, which induces great difficulty of reusing latent heat. Another overall observation 208 

throughout the literature is, the majority was focused on the thermal energy consumption of the 209 

solar-driven MD system without specifying the electric expense. Moreover, nearly no study on 210 

energy consumption has included the discussion of extra cooling energy requirements for 211 

permeate condensation, which would be significant if the condenser is placed in the vacuum of 212 

VMD.  213 

 214 

Based on the observations above, a heat pump might fit just well for the heat recovery in VMD, 215 

transporting heat from the low-temperature permeate condensation to the high-temperature feed 216 

circulation. Furthermore, the multi-functionality of the heat pump in both permeate cooling and 217 

feed heating ensures the system performance analysis to be more comprehensive, including the 218 

consideration of cooling consumption. Following the previous work, where a directly integrated 219 

VMD-FPC module was designed and studied [29], a recirculation system is conceived and 220 

further enhanced by a practical strategy for the simultaneous heat recovery and permeate 221 

condensation via a heat pump in the present study, targeting a small and compact desalination 222 

module for remote coastal areas or isolated islands. In addition, this work provides global 223 

sensitivity analyses and fast design-oriented multi-objective optimizations, in order to orientate 224 
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the design and to globally optimize the most influential parameters among solar-heating 225 

concerned parameters, membrane permeability, operating conditions and module dimensions, as 226 

well as to discuss the key issues for an optimal functioning of the whole process. 227 

 228 

2 Process description and modeling: coupled VMD-FPC with integrated heat pump 229 

 230 

Figure 1: Flowsheet of VMD-FPC recycle system with integrated heat recovery by heat pump 231 

 232 

The flowsheet for the entire system including the VMD-FPC module, heat pump and 233 

recirculation system is illustrated in Figure 1. One important specificity of the present VMD-FPC 234 

module is that it admits the same surface for solar collector and membrane. Seawater is supplied 235 

(Stream 3) through the feed side and then recycled via the recirculation pump (Stream 1) by 236 

passing also through a heat pump (in light green block). The flow rate of the seawater supply 237 

(Stream 3) is at each time equal to the permeate flow rate (Stream 2), in order to provide a 238 

constant recirculation flow at the membrane feed side. If no wetting and no operational failure of 239 

the VMD process occurs during the operation, the salt concentration of the feed (Stream 1) keeps 240 

accumulating. When the highest tolerable concentration (a setting of 300 g L-1 was currently 241 

selected in this work [33], and it can be further determined by future experimental tests on scaling 242 
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and fouling risks) is detected by the concentration meter “c” at the outlet of the module, the 243 

whole operation stops and the system is evacuated by the discharge and then refilled through the 244 

seawater supply (Stream 3) in Figure 1. Finally, a photovoltaic (PV) system with an appropriate 245 

capacity, according to the simulation result of the electric consumption, has to be installed to 246 

provide electricity for the vacuum pump, the recirculation pump and the compressor. It normally 247 

includes a PV panel, a charge controller, a battery bank and a DC-AC inverter. 248 

 249 

The vacuum pump is the key element to maintain the low pressure on the permeate side and to 250 

allow for a considerable permeation even at low feed temperatures. The permeate is cooled and 251 

condensed in contact with the cold source of the heat pump and then transported to be collected 252 

in the distillation tank (Stream 2). The heat pump block (in light green) in Figure 1 allows the 253 

energy transfer from the cold source (Evaporator) to the hot source (Condenser) by using an 254 

intermediate compressor. In this fashion, the latent heat of evaporation is taken from the permeate 255 

(Stream 2) at the cold source and recovered back to the hot source to heat the recirculation flow 256 

(Stream 1). Besides, compared to the placement of the vacuum pump in the previous work where 257 

all the permeate vapor was compressed by the vacuum pump and then condensed [29], here in 258 

this configuration the energy consumption is expected to be much lower due to the smaller 259 

amount of vapor to be pumped out by vacuum pump. Summarily, connecting the permeate 260 

condensation before the vacuum pump and the heating of the feed side through a heat pump is 261 

potentially of great interest in the context of VMD modules, because it allows the simultaneous 262 

achievement of the two following goals: (i) ensuring an efficient permeate condensation under 263 

vacuum pressure with no extra intensive cooling utilities and lower electricity need for the 264 

vacuum pump, (ii) ensuring a relevant degree of heat recovery from permeate condensation. 265 

 266 

Following the overall flowsheet, the VMD-FPC module and the heat pump are respectively 267 

described in Section 2.1 and 2.2, and the integrated modeling structure of the whole system with 268 

its dynamics is presented in Section 2.3. Besides, the detail on heat pump calculation is in 269 

Appendix A in the supplementary material. 270 

 271 

2.1 Coupled solar flat-plate vacuum membrane distillation collector 272 
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The configuration of the integrated VMD-FPC module [29] is shown in Figure 2, which is similar 273 

to the configuration in [26,28] for DCMD and AGMD. The present design imposes few 274 

modifications to the structure of a normal FPC and also benefits from the high absorption 275 

capacity of the absorber-plate in commercially available FPCs. The MD module is inserted into 276 

the water circulation space under the absorber-plate (Figure 2), sharing the same surface with the 277 

solar collector. The glazing glass cover allows solar radiation to penetrate, which is then absorbed 278 

by the absorber-plate and heats up the feed side. Identical to a solar collector, the entire module is 279 

enclosed by a thermal insulation material. 280 

 281 

 282 

Figure 2: Cross-sectional view of integrated FPC-VMD module 283 

 284 

Solar radiation model was mainly adapted and developed from Duffie and Beckman [34], and 285 

was explained in detail in [29]. It is location and time sensitive and cloudiness has not yet been 286 

taken into account. Isotropic diffuse model was assumed and the final absorbed solar energy was 287 

modeled from the ultimate source, the sun, to the absorber-plate step-by-step. The final utilized 288 

solar energy was obtained from the absorbed energy deducted by the thermal loss to the ambient, 289 

which is subject to the coupled VMD model. 290 

 291 

The membrane pore model had previously been developed and validated [5], with the description 292 

of the permeate flux, as well as the temperature and concentration polarization. The main 293 

assumptions taken into consideration were (i) the evaporation only occurring at the pore 294 

entrances where the liquid-vapor interface was located; (ii) the absence of wetting, fouling or 295 

crystallization throughout the process, thus no salt penetrating the membrane; (iii) Knudsen 296 

diffusion only (collisions of vapor molecules with the pore wall) [35] determining the mass 297 

transfer through the pores of the membrane; (iv) neglecting the transmembrane conductive heat 298 

loss and the boundary layer on the permeate side, due to the vacuum and the total vapor phase in 299 

the permeate compartment [33]; (v) the properties of seawater calculated from its activity 300 
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coefficient !) and its water molar fraction �� obtained using the PHREEQC software (version 301 

2.13.1, US Geological Survey) [36]. 302 

 303 

The feed bulk longitudinal model further aggregates the above models by a series of ordinary 304 

differential equations to predict the profiles of hydraulic pressure, temperature, flow velocity and 305 

salt concentration along the feed flow direction. The solar radiation calculation was coupled to it 306 

through the modeling of the utilized solar energy intensity, and the membrane pore model was 307 

coupled to it by the local permeate flux. 308 

 309 

2.2 Heat recovery from condensation by heat pump 310 

The structure of the heat pump is shown in Figure 3. This structure should be seen as an 311 

illustrating attempt for feasibility check, based on a single-stage heat pump. The refrigerant is 312 

used to condense the permeate vapor at the cold source (Heat pump evaporator in Figure 3) by 313 

absorbing the latent heat of water evaporation and to return it to the feed circulation at the hot 314 

source (Heat pump condenser in Figure 3). Therefore, the refrigerant should be capable of 315 

working between a low-temperature level (preferably below 0°C) to maximize the condensation 316 

of the permeate vapor under vacuum, and a certain temperature level to pass some heat back to 317 

the feed recirculation. The two heat exchangers (Evaporator and Condenser in Figure 3) are the 318 

only contact points between the heat pump and the MD system.  319 

 320 
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 321 

Figure 3: Configuration of interconnected heat pump and VMD system 322 

 323 

As illustrated in Figure 3, the permeate vapor is condensed in the evaporator, passing the heat of 324 

water evaporation to the low-temperature and low-pressure refrigerant which evaporates to Point 325 

1. Then the vapor is taken to relatively higher temperatures and pressures at Point 2 by a 326 

compressor and led to the condenser, where the feed saline water flows on the other side of the 327 

heat exchanger and can be heated if its temperature is below the dew point of the refrigerant. On 328 

the other hand, the refrigerant is condensed, then subcooled by the heat transfer to the feed flow 329 

(feed saline water in Figure 3). Afterward, it experiences an expansion through the expansion 330 

valve, back to Point 4. Finally, the cold refrigerant reaches the evaporator, where its low 331 

temperature ensures again the permeate condensation. 332 

 333 

Oppositely to the previous work [29], here the permeate condensation takes place mostly before 334 

the vacuum pump, via an effective heat exchange with the evaporator of the heat pump. Along 335 

with the assumption of a heat exchange efficiency $*, only a small proportion of the permeate 336 

vapor has to be pumped out by the vacuum pump, in contrast with the configuration where all the 337 

permeate vapor being pumped out by the vacuum pump. Consequently, the burden of the vacuum 338 

pump in this study is much diminished. 339 

 340 
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Broadly speaking, an effective permeate condensation under vacuum in a VMD system, such as 341 

the case in the current study, demands intensive cooling facilities. However, its integration and 342 

consumption in the system have seldom been taken into account. Instead, in the current study, the 343 

low evaporating temperature of -2°C of the refrigerant in the heat pump guarantees the effective 344 

vapor condensation, whose consumption is included in the compressor work in the heat pump. 345 

 346 

2.3 Modeling structure, recirculation and system dynamics 347 

Figure 4 provides the structure of models involved in the present work. In the center of the 348 

structure, the model for recirculation and system dynamics is placed as the global combing node. 349 

At this level and regarding the process flowsheet in Figure 1, the dynamics are included based on 350 

time-varying steady-state phases [29].  351 

 352 

 353 

Figure 4: Schematic of modeling process 354 

 355 

As given in Eq. 1, the total mass (�) is assumed to be maintained constant by a continuous 356 

compensation (�� � ) through seawater supply for water permeation (�� � + ���, , with ��  the 357 

permeate flux and �,  the total area of the module). On the other hand, the concentration 358 

accumulation rate in the VMD-FPC module can be described by the incoming rate of salt mass 359 

from water supply �� � (concentration ��, density '�), formulated in Eq. 2 with � being the total 360 

volume of the module feed side. Finally, the temperature variation on the feed side is determined 361 
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by the sum of the recovered heat from the condenser of the heat pump ��-, the utilized solar 362 

energy power ./�, and the energy carried by the incoming water supply, as well as the outgoing 363 

permeate with both sensible and latent heat, as shown in Eq. 3. Therefore, the feed temperature is 364 

determined dynamically during the operation, not fixed as an inlet operating parameter. 365 

 366 

0�
01 + �� � −�� � + 0 (1) 

0�
01 +

1
� 5

�� ���
'� 6 (2) 

07����)8
01 + ��- + ./�, +�� �ℎ� −�� �7ℎ� + ∆��,;8 (3) 

 367 

A comprehensive model for the VMD-FPC module has been built with coupled VMD model and 368 

Solar radiation model, both of which have been validated previously in [29]. As it is illustrated in 369 

Figure 4, the above-mentioned VMD-FPC model involved: 370 

 371 

• Membrane pore model, admitting Knudsen diffusion, temperature and concentration 372 

polarization in order to locally determine temperature and concentration as well as the 373 

permeate vapor flux at the membrane surface; 374 

 375 

• Feed bulk model, establishing longitudinal properties along the feed side of the module 376 

(this includes mass and heat balances and momentum equation); 377 

 378 

• Mass and heat transfer coefficients: the convective heat transfer coefficient for the heat 379 

transfer from feed bulk to the membrane surface from Nusselt number (Nu) correlations 380 

in the rectangular channels for laminar regime [37] and transitional or turbulent regime 381 

[38], the mass transfer coefficient for the salt diffusion from feed bulk to membrane 382 

surface from semi-empirical correlations using Sherwood number (Sh) and Schmidt 383 

number (Sc) [39]; 384 

 385 

• Seawater properties: dynamic viscosity &, density ' and thermal conductivity % from the 386 

regressions in [36], heat capacity of the seawater is taken from [40], and the diffusion 387 
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coefficient of the salt in the seawater ���� from Stokes-Einstein relation with salt being 388 

assimilated as NaCl [41]; 389 

 390 

• Solar radiation model, determining the solar energy utilized (./) involving the estimation 391 

of solar radiation on the ground based on isotropic sky model where transmission, 392 

reflection, and absorption of radiation are included and referred to as functions of 393 

incoming radiations and main properties of the solar collector [29]. 394 

 395 

Same solution procedure as the previous work was adopted [29]. First, a system of differential-396 

algebraic equations (DAEs) was resolved by the feed bulk longitudinal profile discretized along 397 

the module length and the set of algebraic equations describing the process in membrane pores. 398 

Then, Scipy ODE package with the Real-valued Variable-coefficient Ordinary Differential 399 

Equation solver (Isoda) [42] was applied to automatically process the system dynamics Eq. 1-3. It 400 

should be noted that all models in the present work were programmed in Python (version 2.7.11). 401 

 402 

3 Performance assessment and analysis 403 

3.1 Decision variables, design parameters and performance indicators 404 

Overall, 15 decision variables were involved with reasonable value ranges for each one (Table 2), 405 

including module dimensions, solar collector properties, permeability of the membrane and 406 

operating conditions. All the ranges of these variables are either limited by practical operating 407 

conditions or by realistic properties of the material. The last decision variable, the condenser 408 

efficiency in the heat pump ($-), is particularly important because it directly determines the heat 409 

recovery level when heat pump is running. $-  was limited between 0, which means no heat 410 

recovery from the condenser of heat pump to the feed, and 0.8.  411 

 412 

Table 2: Decision variables for VMD-FPC module with heat pump 413 

Variable Range Description 

�,  1.2 ~ 1.8 Refractive index of the cover 

� 4 ~ 32 Extinction coefficient of the cover, m-1 

", 2 ~ 5 Thickness of the transparent cover, mm 

#, 0.6 ~ 0.95 Emittance of the cover 

#*� 0.1 ~ 0.95 Emittance of the absorber-plate 
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�< 0.8 ~ 0.95 Absorptance in normal direction 

  0.0 ~ 70.0 Slope of the solar collector, ° 

! -40.0 ~ 40.0 Azimuth angle of the solar collector, ° 

� 0.1 ~ 1.5 Width of the collector, m 

") 0.5 ~ 30 Flow channel thickness, mm 

� 0.1 ~ 2.0 Module length, m 

��=>)  3.0×10-6 ~ 1.85×10-5 Membrane Knudsen permeability at 20°C, s mol1/2 m-1 kg-1/2 

Re 500 ~ 10000 Reynolds number at the inlet 

�� 650 ~ 20000 Vacuum pressure on the permeate side, Pa 

$-  0 ~ 0.8 Condenser efficiency in heat pump 

(When no heat recovery: $-  = 0) 

 414 

On the other hand, for the fixed parameter settings in the simulations (detailed in Table 3), the 415 

evaporator efficiency in the heat pump ($*) was assumed to be fixed at a constant high value 416 

(0.95), based on: i) the constant temperature difference between the refrigerant evaporation and 417 

the permeate vapor condensation; ii) the low evaporation temperature ensuring an effective vapor 418 

condensation to release the burden of the vacuum pump, as discussed in Section 2.2; iii) that the 419 

variation of heat recovery efficiency was already taken into consideration by the largely varying 420 

condenser efficiency. All simulations were conducted under the condition of a cloudless and 421 

sunny day from 8:00 in the morning to 20:00 in the evening (12 hours of daily operation) on 1st 422 

August at the location of Toulouse, in order to take an example of system operations and to give 423 

indications on the experimental tests here in the laboratory. Other fixed parameter settings are 424 

summarized in Table 3 as well. 425 

 426 

Table 3: Parameter settings for VMD-FPC module with heat pump 427 

Parameter Value Description 

�?@, 358.56  Longitude in degrees west, 0° ≤ L < 360° 

( 43.60 Latitude, north positive, -90° ≤ φ ≤ 90° 

�?@, 150.0 Altitude of the location, m 

ℎ�A<B  10 Heat transfer coefficient of the wind, W m-2 °C-1 

CD, CE, CF 0.97, 0.99, 1.02 Correction factors for mid-latitude summer [34] 

'G 0.2 Diffuse reflectance of the surroundings 

�*�*H  35 Highest ambient temperature, °C 
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�*�A< 20 Lowest ambient temperature, °C 

�� 35 Salt concentration of the seawater supply, g L-1 

�� 25 Temperature of the seawater supply, °C 

�?A�AI  300 The highest operating salt concentration, g L-1 

�-@ 0.9 Heat loss coefficient of the insulation, W m-2 °C-1 

$* 0.95 Evaporator efficiency in heat pump 

$A� 0.8 Isentropic efficiency of the compressor in the heat pump 

 428 

As regards the heat pump, the organic fluid Solkatherm (SES36) was selected to be the working 429 

medium as a first attempt of this work, based on the specificity of cooling and heating 430 

requirements identified and mentioned in Section 2.2. SES36 is an azeotropic mixture of 431 

Pentafluoropropane R365mfc/perfluoropolyether (65% - 35% by mass), well-known in power 432 

industry and in organic Rankine cycles. Recently, its application in case of low-temperature ORC 433 

systems for waste heat recovery application has been studied [43]. SES36 is not toxic, not 434 

flammable, no ozone depletion potential (ODP) and it is more environmentally friendly when 435 

compared with commonly used refrigerants such as R134a or R404a [44]. More importantly, the 436 

corresponding pressure difference between the condenser and evaporator of heat pump can be 437 

lowered if SES36 is applied instead of other common refrigerants, thanks to its thermodynamic 438 

properties when working between an evaporator temperature of -2°C and a certain condenser 439 

temperature. Consequently, the compressor work can be comparatively less demanding with 440 

SES36 being the working fluid, due to the lower pressure difference that needs to be created by 441 

the compressor of heat pump. The main operating conditions of the heat pump are listed in 442 

Appendix B in the supplementary material. 443 

 444 

The main performance indicators for this VMD-FPC system are the distillate production D in 445 

kilogram during the 12-h operation, and the total energy consumption E in kWh, considering the 446 

aim of efficient fresh water production in small and distributed scale for low electricity 447 

consumption E, which further requires installed PV fields if a total autonomous operation is 448 

desired, as shown in Figure 1. The calculation of E is introduced in detail in Appendix C. 449 

 450 

3.2 Sensitivity analysis via Delta Moment-Independent (DMI) indicator 451 
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The Sensitivity Analysis (SA) aims to comprehend how much the decision variables affect the 452 

problem’s objectives. Then, the indications on how to ameliorate system performance can be 453 

achieved by specifying and analyzing the most influential variables from these results. Instead of 454 

a simple one-at-a-time (OAT) analysis [29], a global SA is envisioned in the present work. Here, 455 

the Delta Moment-Independent (DMI) indicator in SALib Python library [45] was selected, i.e. 456 

an approach with a global sensitivity index δ based on given data to identify the impact of each 457 

parameter at the minimum computational cost [46,47]. It is sampling-free and able to work on an 458 

already available set of data, and therefore, compatible with simultaneous coupling with 459 

optimization studies. The index δ represents the normalized expected shift in the distribution of 460 

the output provoked by fixing a certain input variable, which ranges in [0, 1] and equals 0 when 461 

the output is totally independent of the input variable in question [46]. Besides, the DMI package 462 

in Python also features a first-order variance-based sensitivity indicator S1 for each input variable, 463 

which represents the expected percentage reduction of the output variance when the variable is 464 

fixed [48]. Consequently, S1 is scaled in [0, 1] as well. 465 

 466 

3.3 Fast multi-objective optimization on design and operating conditions 467 

A multi-objective problem describes conflicting objectives, where improving one objective 468 

results in the deterioration of another. An unconstrained problem can be mathematically stated as, 469 

 470 

Minimize JAK�L, ∀N ∈ {2,… ,�} 
Subject to � ∈ R< 

(4) 

 471 

Where, �  is the number of objectives, �  the vector of decision variables, JAK�L  the objective 472 

functions, and R< the real space of � decision variables. The concept of domination is defined to 473 

discriminate solutions one against another. For two solutions �E and �U, the solution �E is said to 474 

dominate �U if and only if JAK�EL ≤ JAK�UL for all objective functions and JAK�EL < JAK�UL for at 475 

least one objective function. The Pareto front (PF) comprises all optimal solutions belonging to 476 

the set of non-dominated optimal solutions.  477 

 478 

According to the present study, by taking JE + K−DL and JU + E as the objective functions, a bi-479 

objective optimization problem is formed, where as a result, energy consumption (E) is 480 
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minimized while water production (D) is maximized. The set of 15 decision variables is taken 481 

into account with their respective ranges, resulting in an intermediate problem dimension. 482 

Furthermore, the better choices of some of the decision variables will be discussed based on the 483 

optimization results. 484 

 485 

For this bi-objective optimization problem, a Pareto front is expected to represent the set of 486 

alternative scenarios. However, the dynamic simulations together with interrelated modeling and 487 

resolutions, as discussed in Section 2.3, can be time-consuming. Thus, in order to reduce the 488 

computational budget as much as possible, the archive-based multi-objective evolutionary 489 

algorithm with memory-based adaptive partitioning of search space (AMOEA-MAP) was 490 

adopted as the fast optimization algorithm [49,50], which aims to provide an efficient and steady 491 

convergence over the Pareto front within a limited number of simulation runs. For the present 492 

study, the computational budget was limited to 3000, which means that overall, 3000 simulations 493 

were operated to form the optimal Pareto front. 494 

 495 

It should also be noted that the heat recovery level is clearly an essential factor for both 496 

objectives in this study, as reported also in the literature [32]. Therefore, in order to better 497 

observe its influence on the overall performance, different heat recovery levels determined by 498 

fixed $- = {0, 0.2, 0.4, 0.6, 0.8} were studied independently, yielding a 14-variable optimization 499 

for each case. Varying $- was also taken into consideration to perform an additional optimization 500 

afterwards. For the sake of simplicity, a small reformulation was applied by merging the 501 

extinction coefficient � and the thickness ", of the glazing cover into a dimensionless product 502 

�",, which keeps the number of variables at 14. These two variables are mainly involved in the 503 

calculation of the radiation absorbed by the cover, which is determined by their product.  504 

 505 

4 Results and discussions 506 

4.1 Sensitivity analyses 507 

4.1.1 Sensitivity variation due to heat recovery from permeate condensation 508 

For a better view of the global change in sensitivities while operating under different heat 509 

recovery levels, the sensitivities of all decision variables were shown at two opposing regimes: 510 

without heat recovery ($- = 0) and with maximum heat recovery from permeate condensation ($- 511 
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= 0.8). Figure 5a, 5b show the results for no heat recovery and Figure 5c, 5d for maximum heat 512 

recovery. 513 

 514 

With respect to the results provided in Figure 5, the two indicators (DMI and S1) more or less 515 

describe the same sensitivity trends. However, the S1 indicator clearly shows a larger discrepancy 516 

between more sensitive and less sensitive variables than the DMI. Besides, the distribution of all 517 

the sensitivities presents more or less the same situation in both objectives D (Figure 5a, 5c on 518 

the left) and E (Figure 5b, 5d on the right). The 3 most influential variables are always found to 519 

be the length L, the width W of the module (or the module surface area) and the vacuum pressure 520 

Pp of the permeate side, as expected for the VMD process. In the current module, the areas of 521 

both the solar absorbing surface and the flat-sheet membrane surface are quantified by W×L. As a 522 

result, both the amount of thermal energy source and the water producing area of the distillation 523 

membrane are directly determined by these dimensions, giving the relatively high sensitivities of 524 

the objectives. As expected, Pp appears to be another influential variable, based on its 525 

predominance in VMD operation [29]. 526 

 527 

(a) (b) 
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(c) (d) 

Figure 5: DMI and S1 sensitivity indicators with respect to different variables: (a) study of water 528 

production D at no heat recovery regime ($- = 0); (b) study of energy consumption E at no heat 529 

recovery regime ($- = 0); (c) study of water production D at maximum heat recovery ($- = 0.8); 530 

(d) study of energy consumption E at maximum heat recovery ($- = 0.8)  531 

 532 

Nevertheless, significant differences can be observed between the scenarios with and without 533 

condensation heat recovery. Overall, the solar energy-oriented variables, i.e. the bottom 8 534 

variables in all graphics in Figure 5, show lower sensitivities for a module operating with heat 535 

recovery (Figure 5c, 5d) when compared with a system without heat recovery (Figure 5a, 5b). 536 

Especially for the global solar energy absorptance in the normal direction (�<) and the inclination 537 

of the module ( ), less significance was observed in the case where $- = 0.8, because that the 538 

amount of solar energy available on the surface of the module was less important when the 539 

efficient heat recovery helped relieve the thermal demand. Moreover, in the case of heat recovery 540 

from condensation, the sensitivities were more distributed (taking the DMI as the sensitivity 541 

indicator, for example) and more particularly for the VMD process variables, namely the 542 

Knudsen permeability at the reference temperature (��=>)), Reynolds number of the feed flow 543 

and vacuum pressure ��, they gained in weight, compared to a VMD-FPC module without heat 544 

recovery. In other words, the variables that mainly intervenes in the mass transfer of VMD 545 

became more important when a high heat recovery level was implemented, which is also 546 

comprehensible due to the higher attainable permeate production under the less restrained 547 

thermal energy source with the recovered heat. 548 
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 549 

4.1.2 Importance of heat recovery level 550 

Performance at different levels of heat recovery is studied in this section by allowing $- to vary 551 

within [0, 0.9]. This was achieved practically by taking the condenser efficiency ($-) of the heat 552 

pump as a new variable, and merging the extinction coefficient � and the thickness ",  of the 553 

glazing cover into the dimensionless product �", to consistently keep 14 variables, as mentioned 554 

above. As a result, a new series of sensitivity analyses was performed, based on 3000 newly 555 

generated operating points. The sensitivities of D and E were evaluated with 14 decision 556 

variables, as shown in Figure 6, including $- as the new operating variable. 557 

 558 

(a) (b) 

Figure 6: DMI and S1 sensitivity indicators with respect to different variables: (a) study of water 559 

production D; (b) study of energy consumption E at varying heat recovery level 560 

 561 

As can be seen in Figure 6, DMI and S1 for all sensitivities show more or less the same shape, 562 

but the sensitivities in DMI are more evenly distributed than those in S1. Then, the sensitivities to 563 

the variables of the two different objectives (D and E) are similar to each other. These general 564 

features highly resemble the cases in Figure 5. The varying $- did not alter the 3 most important 565 

variables in Figure 5, i.e. the length L, the width W of the module and the vacuum pressure Pp, 566 

while it came as the 4th significant variable for both Figure 6a and 6b. However, if considering 567 

an existing module with certain dimensions and a certain vacuum level, the efficiency of heat 568 

recovery would be clearly of more importance than all the solar absorption-oriented variables and 569 
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VMD process variables. In other words, the factor of heat recovery would have a strong impact 570 

on the performance of a given VMD-FPC module. 571 

 572 

4.2 Global optimization of module and performance improvement using heat pump 573 

According to the problem formulation proposed in this work, significantly higher water 574 

production D and lower energy consumption E were targeted. Taking the heat recovery level as a 575 

new variable, as formulated and explained in Section 4.1.2, the whole system was optimized via 576 

the AMOEA-MAP algorithm with a budget of calculation of 3000 simulation runs. The ranges of 577 

variables have been defined in Table 2.  578 

 579 

As a result, Figure 7a shows the non-dominated Pareto front, i.e. the set of globally optimum 580 

operating points for a VMD-FPC module with integrated heat recovery by heat pump at varying 581 

efficiencies. Additionally, the trend line of the corresponding mean permeate flux Jw in kg m-2 h-1, 582 

and the daily average electric power demand, which needs to be supplied by a corresponding 583 

capacity of PV panels with packs of batteries to tolerate the fluctuation, are calculated and plotted 584 

in the Figure 7b. 585 

 586 

(a) (b) 

Figure 7: Global optimization results for VMD-FPC module with integrated heat recovery via 587 

heat pump at varying heat recovery level: (a) Pareto front of D and E; (b) the corresponding daily 588 

average permeate flux and electric power consumption 589 

 590 

Logically, a marked increase in the production of water can be achieved by heat recovery [29], at 591 

the expense of an increase in the required electricity. For instance within 12 hours of operation, 592 
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for a water production (D) of about 3.7 L, the optimal electricity consumption (E) is about 0.2 593 

kWh; while for D up to 96 L, the minimal E is about 5.4 kWh. The corresponding daily average 594 

permeate flux varied a bit and could be as high as 2.7 kg m-2 h-1 along the Pareto front, which was 595 

not in proportion to D due to the variation of module dimensions. Contrarily, E and the daily 596 

average electric power consumption are almost in linear relation with D in the optimal set shown 597 

in Figure 7a and 7b, which means the SEEC barely varied, maintained between 52 and 60 kWh 598 

m-3 regardless of the value of D, even up to nearly 100 L. Therefore, the energy consumption of 599 

system operation was effectively lowered compared to conventional MD systems, based on the 600 

fact that the thermal energy was already supplied by solar energy. Besides, a maximum module 601 

surface area (2 × 1.5m) was selected by the optimization at the maximum production of 96 L, 602 

which corresponds to a daily productivity of 32 L m-2 day-1.  603 

 604 

In the composition of E, it should be noted that the compressor work became the main part of 605 

power consumption when operating with an integrated heat pump. At the point where D is about 606 

3.7 L and E equals 0.2 kWh, the consumption by the compressor work was 78.0% of the total E, 607 

followed by the vacuum pump consumption for 21.8%, leaving an ignorable circulation pump 608 

consumption. Similarly, for the point of the maximum production of 96 L, the total compressor 609 

work was 4.22 kWh out of the total E of 5.4 kWh, and the total consumption of the vacuum and 610 

circulation pump were respectively 1.17 kWh and 0.011 kWh. Indeed, the evaporator of the heat 611 

pump condensed the permeate vapor, as described in Section 2.2, and consequently reduced 612 

largely the amount of work required by the vacuum pump. Besides, the recirculation pump 613 

remained a minor and even negligible consumption, with the exception of co-occurrence of an 614 

extreme module slope   (above 60°) and an extreme feed flow Reynolds number (above 8000), 615 

which was never the case in the optimal solutions. Therefore, this invariability of SEEC was due 616 

to: (i) the fixed heat pump parameters defined in Table 3 and Table A.1, which led to a 617 

compressor work nearly proportional to the permeate production; (ii) the vacuum pump 618 

consumption, which was incurred by the uncondensed permeate vapor (0.05 of the total 619 

permeate), was in proportion with the permeate production as well. 620 

 621 

When comparing the present system (integrated heat pump for permeate condensation and heat 622 

recovery) with a previous one [29] (without heat recovery and without heat pump integration), 623 
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the production can be substantially enhanced together with a significant improvement in the 624 

specific electricity consumption from 239 to 52 - 60 kWh m-3. The latter point can be explained 625 

by the location of the permeate condenser before the vacuum pump in the new configuration 626 

(Figure 1). Thus, the intensive consumption by the vacuum pump in the previous work (VMD-627 

FPC without heat pump integration) is almost removed and replaced by the compressor 628 

consumption in the new configuration as proposed in the present study (VMD-FPC with 629 

integrated heat pump). 630 

 631 

4.3 Benchmark optimization of VMD-FPC at fixed heat recovery levels 632 

In this section, the optimal performance of the combined system (VMD-FPC with heat pump) 633 

was studied at fixed heat recovery levels ($- = {0, 0.2, 0.4, 0.6, 0.8}) for 3000 simulation runs, 634 

respectively. As shown in Figure 8, independent optimization studies were conducted per 635 

benchmark, and examined separately. 636 

 637 

(a) (b) 

(c) (d) 
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(e) 

 

Figure 8: Pareto fronts (D against E), daily 

average permeate flux and electric power 

consumption for the 5 independent 

optimization benchmarks with fixed heat 

recovery levels: (a) $- = 0, (b) $- = 0.2, (c) $- 

= 0.4, (d) $- = 0.6, (e) $- = 0.8 

 638 

Figure 8a shows the optimization with the absence of heat recovery, where the production D is 639 

below 32 L and the total consumption E is below 2 kWh. Correspondingly, the daily average 640 

permeate flux Jw was limited to be lower than 1 kg m-2 h-1. The daily average electric power 641 

demand and the total electricity consumption E both increase almost linearly with the production 642 

D, resulting in an electric power consumption per unit water production of 4.2 - 5.0 W L-1 and an 643 

SEEC of 50 - 60 kWh m-3, which is nearly the same as the case in Section 4.2.  644 

 645 

Then, from Figure 8a to 8e, a gradual enhancement of maximum D from 32 L to 96 L 646 

accumulated during the 12-hour daily operation can be observed with the increment of $-, where 647 

maximum productions of 40 L, 53 L and 70 L were recorded for fixed $- at 0.2, 0.4 and 0.6, 648 

respectively. Similarly, the highest Jw in each benchmark went up from below 1 kg m-2 h-1 649 

without heat recovery, to 2.8 kg m-2 h-1 at $- = 0.8. At the same time, the total consumption E 650 

and the average electric power from the installed PV system both kept approximately a linear 651 

augmentation with D at a constant slope. As a result, the SEEC and the specific electric power 652 

consumption was always in the same ranges as in Figure 8a discussed above. 653 

 654 

Therefore, these observations indicate that we can adjust the production capacity of such a system 655 

in a certain range according to our demand, without increasing the specific cost if more water is 656 

needed. The adjustment can be realized by altering the heat exchanging intensity between the 657 

condenser of the heat pump and the feed recirculation: higher $- can potentially result in higher 658 

productivity, but no obvious change in the unit price of the water produced. 659 

 660 
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In order to better understand the points on the Pareto front, 3 typical points in Figure 8e are 661 

chosen to display the detailed variable choices and the performance: Point A, one of the lowest 662 

productions on the Pareto front; Point B, an intermediate production (~ 30 L) and consumption (~ 663 

130 W); Point C, the maximums in both D and E. Corresponding variables and performances are 664 

summarized in Table 4. 665 

 666 

In terms of the solar energy-oriented variables, the 3 points exhibit similar preferences in general. 667 

Moreover, these variables were not among the most influential ones, as shown in Figure 5c and 668 

5d. Then in the dimensions, the surface area (W × L) is positively related to the level of water 669 

production, while the channel thickness differs among the 3 points. Lastly, among the VMD 670 

process variables, the best membrane permeability and the lowest vacuum pressure level were 671 

chosen for all 3 points by the optimization. The former is easy to comprehend, while the latter 672 

induced lower feed circulation temperature than the cases with higher vacuum pressure under the 673 

same amount of thermal power for evaporation, because the same feed temperature level in 674 

relatively high vacuum pressure cases cannot be maintained due to the bigger driving force and 675 

bigger permeate flux created by the low vacuum pressure of 650 Pa, which demands higher 676 

thermal power provision. Thus, the heat exchanging condition in the condenser of the heat pump 677 

would be better in lower vacuum pressure condition, which is favored especially in the case with 678 

the highest condenser efficiency when heat recovery played a dominant role. On the other hand, 679 

the choice of Reynolds number displays the same trend as the width: higher Re with higher 680 

production D. 681 

 682 

Table 4: Performance analysis over the Pareto front in Figure 8e (three representative operating 683 

points: A, B and C) 684 

Variable A B C 

Solar thermal 

collector 

�,   1.44 1.44 1.44 

� (m-1) 32 26.4 26.4 

", (mm) 2 2 2 

#,  0.845 0.81 0.6 

#*�  0.695 0.525 0.78 

�<  0.89 0.89 0.89 

 °  0 0 0 
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!°  0 0 -8 

Dimensions 

� (m) 0.24 0.52 1.5 

") (mm) 21.2 21.2 12.3 

� (m) 0.735 1.81 1.91 

VMD process 

��=>)  (s mol1/2 m-1 kg-1/2) 1.85×10-5 1.85×10-5 1.85×10-5 

Re 2400 7500 10000 

�� (Pa) 650 650 650 

Performance    

Water 

Production 

Daily production D (L) 3.7 27.7 96.4 

Average permeate flux (kg m-2 h-1) 1.7 2.4 2.8 

Electrical 

Consumption 

(PV panels) 

Total electricity E (kWh) 0.21 1.55 5.38 

Circulation pump (kWh) 4.06×10-6 2.99×10-4 8.93×10-3 

Vacuum pump (kWh) 0.04 0.33 1.16 

Compressor work (kWh) 0.16 1.21 4.21 

SEEC (kWh m-3) 55.91 55.81 55.83 

Average power demand (W) 17.3 128.8 448.7 

Estimated area of PV panel (m2) 0.13 0.95 3.26 

Solar thermal energy utilized (kWh) 0.96 5.21 15.26 

 685 

Different production levels were selected for these 3 points: 3.7 L, 27.7 L, and the maximum 96.4 686 

L. Meanwhile, the total consumption E and power demand are directly in proportion to the 687 

production, which indicates that bigger installed PV capacity is required for higher demand of 688 

water productivity. The most common size of a PV panel is 1.6 m2 with a power capacity of 689 

around 220W [51], based on which the area of the PV panel can be estimated in Table 4. The 690 

composition of the E was the same as discussed in Section 4.2, and the solar thermal energy 691 

utilized was bigger with larger module surfaces. Therefore, according to our calculations of Point 692 

B in the middle, a daily amount of nearly 28 L, corresponding to the drinking water quantity 693 

required for a small community of 10-15 persons, could be autonomously produced on the sunny 694 

day of 1st August at Toulouse, assisted by a PV system with a dedicated power capacity of about 695 

130 W, corresponding to a PV panel area of 0.95 m2. The size of the integrated module at Point B 696 

was 0.94 m2, which took into account the surface area of both the solar thermal collector and the 697 

membrane. Correspondingly, the daily production capacity in terms of per unit surface area of 698 

this small membrane distillation equipment was 29.4 L m-2 at Point B. In the literature of small-699 

scale solar-driven MD reviewed in Section 1.2, this value has barely reached 10 L m-2 regardless 700 
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of the system configuration. For instance, in a recent case of a FPC-powered DCMD system with 701 

a total solar collector area of 2.61 m2 and a total membrane area of 1 m2, the maximum daily 702 

production capacity was calculated to be 9.3 L m-2 [22]. On the other hand, the STEC at Point B 703 

considering the utilized solar energy was 188 kWh m-3, which is comparable to the lowest 704 

thermal SECs in Table 1. Besides, the constant SEEC level of around 55 kWh m-3 is also lower 705 

than the reported range of 200 - 300 kWh m-3 in a few references [23,29,31], though not widely 706 

discussed in the literature. Conclusively, the equipment developed in this work can largely 707 

augment the production capacity per unit surface area of solar-powered MD system with 708 

relatively low energy consumption, which adds to its applicability to small-scale domestic 709 

desalination devices in remote areas. 710 

 711 

In addition, the dynamic accumulations of D and E during the operation of the point B are 712 

presented in Figure 9, as well as the variation of the solar radiation intensity received (GT) on the 713 

module surface and the intensity absorbed by the module (GS). Although solar condition has 714 

varied drastically during the operation, freshwater could be produced at a fairly steady pace, with 715 

total consumption increasing steadily. As a result, the integration of the heat pump has not only 716 

improved water productivity, but also buffered the fluctuation of solar radiation. 717 

 718 

 719 

Figure 9: Dynamic variations of solar radiation intensities, accumulated distillate production and 720 

accumulated electricity consumption of Point B in Figure 8e 721 

 722 
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4.4 Pareto-based study of decision variables and key indications on design  723 

Here, the globally optimal decision variables are classified into 3 groups: (i) solar energy-724 

oriented variables, (ii) VMD process variables, and (iii) module dimensions. The range of each 725 

decision variable in the optimal Pareto front, i.e. at its optimal values, is summarized, presented 726 

and discussed in this section. In addition to the optimal range of variables, the median values 727 

were also accounted, to be representative and to give a better idea of a typical value without 728 

being distorted by extremely large or small values across the Pareto set. 729 

 730 

4.4.1 Solar energy-oriented variables 731 

8 variables belong to this group, namely the slope  ° and the azimuth angle !° of VMD-FPC 732 

collector, the refractive index �,, the extinction coefficient � (m-1), the thickness ", (m) and the 733 

emittance #,  of the glazing cover, the emittance #*�  and the absorptance �<  in the normal 734 

direction of the absorber-plate. All median values and ranges of these variables are shown in 735 

Figure 10.  736 

 737 

 738 

Figure 10: Ranges and typical values of optimal solar energy-oriented variables at different $- 739 

 740 
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The slope   of the module has an impact on the received solar energy and on the energy 741 

consumption of the recirculation pump. For the former, a slightly sloped surface benefits the 742 

exposure to solar radiation. While for the latter, the inclination of the module increases the 743 

burden of the recirculation pump. The preferred value of   are typically 0 (no slope) no matter 744 

the level of heat recovery, but its varying range in the optimal set generally shows a downward 745 

trend with higher heat recovery, which implies that when the heat recovery rate is high, the direct 746 

solar radiation and absorption becomes less important and the system favors a less inclined 747 

surface to reduce the power consumption. On the other hand, the optimal values of the azimuth 748 

angle indicated that the collector preferred to be placed a bit to the east (negative value), and not 749 

directly to the south. This can be explained by the daily operating time, which was from 8 am to 8 750 

pm with daylight saving in France (1 hour in advance). Hence, the sun was still in the east at 751 

12:00 in local time, instead of at an azimuth angle of zero. Therefore, placing the collector 752 

slightly to the east can benefit the reception of solar radiation during the operating time. 753 

Normally for an all-day operation from sunrise to sunset, the collectors are placed right to the 754 

south (! + 0°) to maximize the solar absorption. 755 

 756 

Higher values of �< and lower values of #*� of the absorber-plate are more preferable to enhance 757 

the solar energy absorbed by the module, as also detected by the AMOEA-MAP for most of the 758 

five benchmarks with different condenser efficiencies. Abnormalities of a little lower �< and a 759 

higher #*� were witnessed especially at the highest heat recovery level, which was probably due 760 

to the lower dependence of the system performance on the solar energy resource when heat 761 

recovery was intensive. Besides, an intermediate value of #*� of the absorber-plate (0.4 to 0.7) 762 

was chosen to be the optimal in the low heat recovery level ($- = 0.2), allowing a higher loss 763 

coefficient from the top of the collector. This possibly indicates that the feed operating 764 

temperatures in this optimal set were not far from the ambient based on its vacuum pressure level 765 

(will be seen in Section 4.4.2), thus the top loss was already little, which might need further 766 

observations with more simulations. 767 

 768 

Generally, lower values of �,, �, and ", of the glass cover are more preferable to optimize the 769 

amount of solar energy that penetrates through the cover and gets to the absorber-plate. 770 

Nonetheless, the preferences for �, and � were less demanded when highest heat recovery came 771 
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into play, especially at $- = 0.8, as shown in Figure 10. The same interpretation might account 772 

for this change, as the amount of solar energy absorbed by the system was lower with a higher 773 

level of heat recovery. Regarding the glass emittance #, , the tendency of optimal choices 774 

decreases slightly with increasing condenser efficiency, indicating that the system preferred the 775 

glass cover to store more radiation energy in itself when the heat recovery level was lower. 776 

 777 

4.4.2 VMD process variables 778 

The membrane permeability at the reference temperature of 20°C (��=>) in s mol1/2 m-1 kg-1/2), 779 

the permeate vacuum pressure (��  in Pa), and the Reynolds number are the 3 VMD process 780 

variables studied in the present work. Their optimal ranges and median values are shown in 781 

Figure 11. 782 

 783 

Figure 11: Ranges and typical values of optimal VMD process variables at different $- 784 

 785 

Membranes with better permeability were undoubtedly appreciated in all benchmarks, and the 786 

optimal value of ��=>) was further pushed to the highest (1.85 × 10-5 s mol1/2 m-1 kg-1/2) in higher 787 

heat recovery levels ($- [ 0.4) when the constraint from solar energy absorption became less 788 

significant and the mass transfer quality turned out more important. 789 

 790 

As one of the most influential variables as discussed in Section 4.1, the vacuum pressure �� 791 

varied a lot in all benchmarks. However, a gradual change of preference is observable in the 792 



34 

 

figures, from low ($- = 0 and 0.2) to high heat recovery levels ($- = 0.4, 0.6 and 0.8). In the 793 

former cases, the water productivity of the system was more limited by the absorbed solar energy, 794 

thus an extreme low vacuum pressure would not be favorable because it only added to E by 795 

higher consumption of the vacuum pump and was not capable of largely enhancing D. 796 

Consequently, intermediate values were found by the optimization to balance D and E: 14 195 Pa 797 

for no heat recovery and 5 971 Pa for $-  = 0.2, and the latter value is lower due to the less 798 

restraining thermal energy income by a little bit of heat recovery. Therefore, lower optimal 799 

vacuum pressure can be achieved when heat recovery started to be included. This became even 800 

more obvious in the cases of $- > 0.2, where the lowest vacuum pressure was often selected in 801 

the optimization. Correspondingly, higher productions with higher thermal energy demands were 802 

able to be attained with the help of relatively high condenser efficiencies in the heat pump. 803 

 804 

Higher Reynolds numbers are beneficial to the heat and mass transfer from the feed bulk to the 805 

membrane surface, reducing the thermal and concentration polarizations and strengthening the 806 

permeate flux. With regards to the first benchmark, i.e. the system without heat recovery, the 807 

optimum value of Re proved to be 1 450 (laminar regime). Here, lower Re values were preferred 808 

because of the connection between the recirculation pump consumption and the flow rate, where 809 

an optimal value has been found by balancing energy consumption and water production, which 810 

was again limited by solar energy, same as explained in the choice of vacuum pressure. Then, the 811 

optimal option of the flow regime of the feed recirculation became totally turbulent and was even 812 

pushed up to the maximum of 10 000 at $- = 0.8, in order to fully explore the maximum water 813 

production despite the elevated consumption by the circulation pump, because it became 814 

comparatively ignorable in this benchmark, as presented by the data of the Points A, B and C. 815 

 816 

4.4.3 Dimension variables 817 

In Figure 12, the optimum dimensions of the feed channel, i.e. the width � (m), the thickness ")  818 

(m) and the length � (m) are illustrated.  819 

 820 
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 821 

Figure 12: Ranges and typical values of dimension variables at different $- 822 

 823 

Among them, � and � possessed great importance to the objectives, as discussed in Section 4.1. 824 

Therefore, the collector surface Ac tended to vary between the smallest (0.1m × 0.1m) and the 825 

largest (1.5m × 2m) in all benchmarks, shaping up the Pareto fronts (Figure 7 and Figure 8) of the 826 

total production D and the total energy consumption E after the 12h operation. Despite the 827 

dispersion, a larger surface area was apparently more favored, as shown by the median values in 828 

the figure, to obtain the highest possible productivity of the module. However, in the design for 829 

applications, one may only have to simply fix an appropriate surface dimension according to the 830 

freshwater demand. The electric consumption and the PV capacity to be installed would directly 831 

depend on the level of water production based on the linear relation between D and E, as 832 

discussed in Section 4.3. 833 

 834 

At a certain Re number, the velocity of the feed flow is lower when the characteristic length of 835 

the flow channel is bigger, which results in a decrease in the quality of mass transfer due to a 836 

stronger temperature and concentration polarization. In that sense, the thickness of the flow 837 

channel (")) is a much more determining factor of the characteristic length with respect to the 838 

width �, on account that it is much smaller than the other. However, the typical value found by 839 

the optimizations was a middle value, not at the lower limit of 0.5mm with the highest feed flow 840 

velocity for a given Reynolds number. Indeed, the energy consumption of the recirculation pump 841 

increases sharply with the increment in flow velocity, it is therefore necessary to find a balance 842 
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by adjusting the thickness of the flow channel, which could also have some technical limitations. 843 

From no heat recovery to intermediate heat recovery ( $-  = 0, 0.2 and 0.4) where water 844 

production was relatively more restrained by incoming solar energy, the balances found by the 845 

optimization were closer to the upper boundary of the variable defined in Table 2 (30mm), 846 

implying that it was more important to limit the pumping consumption than to enhance the flow 847 

rate and ameliorate the mass transfer quality. While for higher heat recovery levels ($- = 0.6 and 848 

0.8) where the thermal demand for solar energy became less with the help of more efficient heat 849 

recovery, lower ")  values were selected and the balance moved a bit to the opposite direction 850 

compared to the other benchmarks. 851 

 852 

5 Conclusions and perspectives 853 

On the basis of a small-scale integrated vacuum membrane distillation - flat plate collector 854 

(VMD-FPC) module previously studied, a simultaneous strategy of heat recovery and permeate 855 

condensation by a heat pump was proposed, studied and optimized, aiming domestic applications 856 

in remote coastal areas or isolated islands. The heat pump unit proposed in this work was capable 857 

of both recovering the latent heat of evaporation and offering a practical condensation strategy 858 

before the vacuum pump, exempting the use of additional intensive cooling and the excessive 859 

burden on the vacuum pump. The VMD-FPC module with integrated heat pump allowed indeed 860 

for a substantial gain in terms of water production with relatively low solar thermal energy and 861 

PV electricity consumption. Under a rather high heat recovery regime, the optimal results for 862 

different scales of production revealed that, for a cloudless 12-hour operation on Aug 1st in 863 

Toulouse, France, the water production could largely range from 3.7 L up to 96 L with 864 

corresponding electric power consumptions equal to 17 W (~ 0.13 m2 of PV panel) and 449 W (~ 865 

3.26 m2 of PV panel), respectively. Interestingly, for all simulations, the need for PV power 866 

capacity per unit water production was reported to be almost constant ranging in 4.2 - 5.0 W L-1, 867 

which corresponds to a PV area of 0.031 - 0.036 m2 L-1.  868 

 869 

Besides, the process efficiency and the significance of design and operating variables were 870 

investigated by global sensitivity analyses (SA) and by several design-oriented multi-objective 871 

optimizations. In the SAs, the VMD process variables, such as Reynolds number and membrane 872 

permeability, gained more impact on the performance of the system when heat recovery included. 873 
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In the optimizations, a detailed study of the Pareto fronts at different heat recovery levels made it 874 

possible to provide several indications on the optimal operation of the system. Logically, the 875 

optimization of a VMD-FPC module without heat recovery leads to an improvement of the solar 876 

absorption by adjusting the solar-oriented variables. While in the case of being equipped with an 877 

intensive heat recovery system, the overall performance of the module is less sensitive to solar-878 

oriented variables. Regarding the VMD variables, high membrane permeability is always 879 

welcome, while high Reynolds number, which decides the hydrodynamic condition of the feed 880 

compartment, is only to choose for elevated water production scales, i.e. an integrated module 881 

with intensive heat recovery level. Finally, the channel thickness should be increased if the heat 882 

recovery efficiency is low, and the surface area of the module determines the scale of production, 883 

which needs to be decided according to the actual demand and the maximum installed PV 884 

capacity limited by economic criteria and other logistic constraints for a given application.  885 

 886 

Based on the promising results discussed in this work, a prototype in our laboratory is expected in 887 

the near future to confirm the technical feasibility of such a concept equipment. Further, lower 888 

consumption could also be anticipated by applying advanced heat pumps and reusing excess 889 

power. 890 
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