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A B S T R A C T   

Membrane distillation (MD) is a membrane-based thermal desalination process capable of treating hypersaline 
brines. Standard MD systems rely on preheating the feed to drive the desalination process. However, relying on 
the feed to carry thermal energy is limited by a decline of the thermal driving force as the water moves across the 
membrane, and temperature polarization. In contrast, supplying heat directly into the feed channel, either 
through the membrane or other channel surfaces, has the potential of minimizing temperature polarization, 
increasing single-pass water recoveries, and decreasing the number of heat exchangers in the system. When solar 
thermal energy can be utilized, particularly if the solar heat is optimally delivered to enhance water evaporation 
and process performance, MD processes can potentially be improved in terms of energy efficiency, environmental 
sustainability, or operating costs. Here we describe an MD process using layered composite membranes that 
include a high-thermal-conductivity layer for supplying heat directly to the membrane-water interface and the 
flow channel. The MD system showed stable performance with water flux up to 9 L/m2/hr, and salt rejection 
>99.9% over hours of desalinating hypersaline feed (100 g/L NaCl). In addition to bench-scale system, we 
developed a computational fluid dynamics model that successfully described the transport phenomena in the 
system.   

1. Introduction 

Membrane distillation (MD) is a membrane-based thermal desali
nation process that involves the evaporation of water through a micro
porous, hydrophobic membrane. Common MD membrane materials 
include polyvinylidene fluoride (PVDF), polytetrafluoroethylene 
(PTFE), and polypropylene (PP) [1]. In comparison to other membrane 
and thermal desalination processes, MD has several advantages when 
treating high salinity waters, including lower operating temperature and 
thermal energy demand than some conventional thermal distillation 

processes, lower operating pressure and electrical energy demand than 
conventional reverse osmosis processes, and the capability to treat water 
of nearly any salinity up to saturation [1–4]. Though pressure-driven 
desalination processes such as RO are less energy intensive than MD, 
they are limited to salinity below 70 g/L [5]. In contrast, the perfor
mance of MD is comparably less sensitive to feedwater salinity, making 
it attractive for desalinating high-salinity waste streams [3,6,7]. 

In a standard MD system, saline feed water is heated before con
tacting the membrane that separates the hot feed from the distillate. As 
warm feed flows over the membrane, water evaporates at the water/ 
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membrane interface, diffuses through the membrane pores, and con
denses in the colder distillate side [8,9]. In this design, the hot feed 
stream serves as the thermal energy carrier to drive the desalination 
process; however, the reliance on the feed to carry thermal energy has 
limitations, including temperature polarization and overall feed stream 
temperature drop, which cause the driving force for evaporation to 
rapidly decline along the membrane (Fig. 1). Temperature polarization 
is caused by heat loss through the membrane, which occurs due to heat 
advection by the vapor and heat conduction through the vapor-filled 
pores and solid polymer phase of the membrane. Temperature polari
zation limits the thermal efficiency of MD and connects it to feed side 
hydrodynamics [4]. Due to temperature polarization, the temperature at 
the membrane surface on the feed side (Tm,f ) may be substantially lower 
than the bulk feed temperature (Tb, f ) [4,7,10–15]. 

Integrating renewable energy as the heat source is important for MD 
to become more practical and economically viable [16–19]. Several 
studies have successfully operated conventional MD systems by pre
heating the feed using solar energy. However, this approach still suffers 
from temperature polarization and feed temperature drop within the MD 
system [20–26]. In contrast, providing thermal energy directly to the 
membrane-water interface (where evaporation occurs) and/or through 
another surface in the feed channel has the potential of minimizing 
temperature polarization (Fig. 1), increasing single-pass water recovery, 
and decreasing the number of heat exchangers in the system, thus 
improving the energy efficiency of the lab-scale thermal process [27, 
28]. Several studies [4,29–36] have demonstrated the feasibility and 
effectiveness of direct heating, either by solar-driven photothermal 
membranes [4,29–34] or resistively-heated membranes [35,36]. How
ever, studies implementing photothermal membranes report low water 
fluxes (below 2 L/m2/hr (LMH)) under standard or even concentrated 
solar illumination [4,29–34]. Therefore, producing reasonable desali
nation rates requires very large membrane surface areas to be exposed to 
sunlight, complicating system design and increasing capital costs. 

In this study, we report on an MD process in which the full length of 
the feed channel is actively heated by supplying heat to thermally 
conducting layers that were incorporated into the system (Fig. 2). We 
test the performance of our novel approach by treating hypersaline feeds 
with a bench-scale vacuum membrane distillation (VMD) system. VMD 
was chosen for its minimal conductive heat losses, due to the low 
thermal conductivity of vacuum on the distillate side [37]. The system 

showed stable performance with water flux up to 9 LMH, and salt 
rejection >99.9% over hours of operation, with heat only provided 
through the thermally conducting layers. Optimum system configura
tion, operating conditions, and specific energy consumptions are dis
cussed. To complement the experimental studies, a computational fluid 
dynamics model was developed to describe the transport phenomena 
and explain how operating conditions impact vapor production and 
temperature polarization. This VMD process can potentially provide a 
solution to desalinating highly concentrated brines at a lower cost. 

2. Materials and methods 

2.1. Materials 

The polymeric membrane materials used in this study are hydro
phobic PP membranes (3 M, Charlotte, NC) with a 100 μm thickness, 0.2 
μm pore size, and 70% porosity. The thermally conducting layers were 
aluminum shims (flat aluminum sheets placed in the feed channel, not in 
direct contact with membrane) with a thickness of 250 μm (McMaster- 
Carr, Los Angeles, CA), and aluminum meshes (mesh size 120 × 120) 
with a thickness of 203 μm, an opening size of 109 μm, and an open area 
of 27%, that were in direct contact with the membrane either in the 
distillate channel or in the feed channel (Fig. 2). The membrane coupon, 
aluminum shim piece, and aluminum mesh piece were cut from flat 
sheets provided by the manufacturers and used directly without further 
modification. The synthetic hypersaline feed contained 100 g/L NaCl 
(~3 times seawater salinity) at room temperature. The sodium chloride 
was ACS grade with 99% or greater purity (Fisher Scientific, Pittsburgh, 
PA) and was used as received. 

2.2. Direct heating VMD experiments 

The experiments were performed using a fully instrumented and 
automated laboratory-scale cross-flow VMD system with an acetal 
membrane flow cell (Fig. 2a). The membrane cell housed a flat sheet 
membrane with an effective area of 40 cm2 (4 cm × 10 cm). The height 
of the feed and distillate flow channels were 4 mm. No spacers were used 
in the feed channel. A piece of aluminum (Al) mesh and/or a piece of Al 
shim were used as the thermal conducting layer, both with a size of 15 
cm × 12 cm, with the shim placed in the feed channel (not in contact 
with the membrane) and the mesh placed in contact with the membrane 
either in the feed channel or in the distillate channel (Fig. 2). These Al 
thermal conductors were connected to a heat source and used to deliver 
heat into the flow channel (more on this below). A peristaltic pump 
(Cole Parmer, Pump Drive Model 7553–70, Pump Head Model 
77200–50, Vernon Hills, IL) with temperature resistant tubing circu
lated the feed solution, with the flow rates (0.4–1.6 L/min) controlled by 
the pump controller. A vacuum pump (JB Industries, Model Number DV- 
85 N, Aurora, IL) generated a vacuum in the range of 0.90–0.99 bar 
(vacuum gauge reading) on the distillate side of the membrane. The 
absolute pressure on the distillate side was determined by subtracting 
the pressure from the vacuum pump gauge from the atmospheric pres
sure (for example, 0.99 bar vacuum pump gauge reading corresponds to 
an absolute pressure of 1–0.99 = 0.01 bar). 

The acetal membrane flow cell houses a flat sheet membrane, and 
thermal conducting layers that are coupled with thermal power. 

Temperature sensors (Vktech, Model Number DS18b20, Shenzhen, 
China) monitored the feed temperature at the feed channel entrance and 
outlet. Salt concentrations in the distillate (Cp, M) and feed (CF, M) were 
measured using a conductivity meter (Thermo Fisher Scientific, Orion 
Star A322, Waltham, MA), and used to calculate observed salt rejection, 
R, using Eq. (2): 

R= 1 −
Cp

CF
(2) 

The distillate flux was determined by measuring the mass change of 
Fig. 1. Temperature profile of a standard MD and a direct heating MD system 
with localized heating at the feed/membrane interface. 
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the feed tank in real time using a scale (Ohaus, Model Number PX2202, 
Parsippany, NJ) set to automatically log mass data every 5 s. The feed 
tank was insulated with foam to minimize heat losses. 

Heat was delivered to the membrane/water interface and/or the flow 
channel by heat conduction through the metallic thermal carriers (Al 
shim and mesh). Al shim and mesh were chosen to serve as the thermal 
conducting layer because of their good thermal conductivity, excellent 
mechanical strength, and low cost. When the aluminum mesh was 
installed in the system, the mesh was always placed in close contact with 
the membrane (either in the feed or the distillate) to provide surface 
heating. When placing the mesh on the distillate side, the mesh can be 
kept corrosion free and the heat is not anticipated to be lost to the 
environment because of the low thermal conductivity of a vacuum. 
Instead, the heat is expected to conduct across the membrane to the 
membrane/water interface. The shim was placed close to, but not in 
direct contact with, the membrane (it was placed on the feed wall 
opposite the membrane – the stiffness of the shim allowed it to keep its 
position away from the membrane surface without the need for a 
spacer). Several configurations with different thermal conducting layers 
were tested (Fig. 2c-f). Simulated concentrated solar heat was provided 
by a cartridge heater with an internal temperature sensor (McMaster- 
Carr, Los Angeles, CA); heat output from the heater was controlled by a 
thermal stat (Inkbird, Shenzhen, China). To couple the heater to the 

thermal carriers (mesh and shim), the thermal carriers were wrapped 
around the heater, with fiberglass insulation packaged around the entire 
assembly to minimize heat losses (Fig. 2b). 

Experiments were performed to evaluate the variation of system 
behavior when treating high salinity feed (100 g/L NaCl) within the 
following range of operating conditions:  

- System configuration (mesh only on the feed side, shim only on the 
feed side, mesh only on the distillate side, shim on the feed side and 
mesh on the distillate side)  

- Heat source temperature (20 ◦C, 140 ◦C, 240 ◦C, 350 ◦C, 420 ◦C)  
- Distillate absolute pressure (0.01 bar, 0.04 bar, 0.1 bar)  
- Feed crossflow velocity (4 cm/s, 10 cm/s, 16 cm/s) 

For each set of experiments, the distillate flux was calculated using 
the slope of the linear regression of the feed mass change over time, 
divided by the effective membrane area. Under each set of conditions, 
flux data were collected for at least 2 h after the system stabilized. 

2.3. Characterization of Al shim and mesh 

The thermally conducting metallic layers were characterized to 
evaluate potential corrosion after long-term use in high salinity 

Fig. 2. (a) Schematic of a fully instrumented and automated laboratory-scale direct heating MD system operating in vacuum-assisted mode. The acetal membrane 
flow cell houses a flat sheet membrane, and thermal conducting layers that are coupled with thermal power. (b) Schematic of direct heating MD cell and heat source 
coupling system. Thermal carrier(s) were wrapped around a cartridge heater to mimic the coupling with solar power. The thermostat was used to control heat input 
to the system. (c) – (f) demonstrate the schematic of the direct heating MD cell configurations: (c) mesh is placed in the feed stream as the only thermal carrier, (d) 
shim is placed in the feed stream as the only thermal carrier, (e) mesh is on top of membrane in the distillate stream as the only thermal carrier, and (f) both shim and 
mesh are used as thermal carriers with shim being placed in the feed stream and mesh being placed in distillate stream. Water vapor forms at the water/membrane 
interface. The heat flow and feed flow directions are perpendicular. 
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solutions at elevated temperature. Their surface morphologies were 
analyzed using scanning electron microscopy (SEM) (Zeiss Supra 40 VP, 
Carl Zeiss Microscopy LLC, NY). For that purpose, samples were secured 
on SEM stubs using double-sided carbon tape before imaging. Quanti
tative analysis and surface elemental mapping were also carried out 
using energy-dispersive X-ray spectroscopy (EDAX), which is a module 
included with the Zeiss Supra SEM. 

2.4. Energy performance 

In a typical VMD system, the energy requirements include [26]: (i) 
the thermal energy needed to vaporize feed water; (ii) the electrical 
energy required to create vacuum; and (iii) the electrical energy needed 
to circulate the feed. In a well-insulated VMD system, thermal energy is 
the largest energy component, increasing sharply with increasing feed 
temperature [26]. The evaluation of the energy consumption of an MD 
system is based on the quantities of energy consumed and the quantity of 
treated water. We chose specific energy consumption (SEC), a 
commonly used parameter, to evaluate process performance [38]. 
Another performance indicator, gained output ratio (GOR), of this sys
tem is defined, and investigated based on the impact of operating con
ditions (see Section S4 in SI). 

To quantify the heat flux delivered to the membrane module by the 
thermal carriers, the thermal conductivity of the thermally conducting 
layer, keff (W/m⋅K), was measured (see Section S1 in SI), with Q̇heat 
estimated by 

Q̇heat = − keff A
∆T
∆x

(3)  

where A (m2) is the cross-sectional area of the thermally conducting 
layer, ∆T (K) and ∆x (m) are the temperature difference and the distance 
between two specified points on the thermally conducting layer along 
the direction of heat transfer, respectively. In this study, type K ther
mocouples (AWG 24 with Kapton insulation, Minnesota Measurement 
Instruments LLC, Minnetrista, MN) were taped to the Al shim and Al 
mesh surface to monitor temperature and obtain temperature gradient 
∆T
∆x (K/m). 

SEC (kJ/kg) is defined as the amount of total energy supplied (heat 
and electrical energy in this case) to produce a unit mass of pure water, 
which can be calculated as [39]: 

SEC=STEC + SEEC (4)  

where STEC (kJ/kg) is the specific thermal energy consumption, or the 
specific heat consumption, which can be calculated as [40], 

STEC=
Q̇heat

ṁper
(5)  

and SEEC (kJ/kg) is the specific electrical energy consumption defined 
as the amount of electrical energy consumed (Ė, kJ/s) to produce a unit 
mass of pure water [41]: 

SEEC=
Ė

ṁper
(6) 

The electrical energy consumption is composed of the energy needed 
to induce vacuum on the distillate side and to circulate the feed. Thus, 
the rate of electrical energy input Ė (kJ/s) is calculated as [42], 

Ė = Ėvac + Ėcir (7)  

Ėvac =
3.35 × 10− 3

ηvac
Tpq0ln

(
Patm

Pvac

)

(8)  

Ėcir =
V̇f ΔP

ηcir
(9)  

where, Ėcir (kJ/s) and Ėvac (kJ/s) are the rate of electrical energy con
sumption of the feed flow pump and the vacuum pump, respectively; 
ηcir ​ and ηvac are the efficiency of feed and vacuum pump, respectively; 
V̇f (m3/s) is the volumetric flow rate of the feed solution; ΔP (Pa) is the 
feed bulk pressure difference between the inlet and outlet; Tp is the 
permeate temperature (K), and q0 (L/min) is the flow rate of the gas (e. 
g., water vapor, leaking air) to be evacuated from the permeate line. Patm 
(Pa) and Pvac (Pa) are the atmospheric and vacuum pressures, respec
tively [42]. 

3. Results and discussion 

3.1. Thermal carrier and heat input 

Unlike conventional VMD processes, where the feed stream is heated 
before entering the cell, feed solution was pumped directly to our heated 
VMD system at ambient temperature. Therefore, the only thermal en
ergy input (i.e., driving force) to the system was the heat conducted by 
the thermal carriers. As the heat transfer efficiency between heat source 
and thermal conducting layer could vary depending on the form of the 
heat source and coupling techniques, both of which were beyond the 
scope of this study, we chose to calculate the heat flux that was directly 
delivered into the system (Fig. S1), which provides a more precise 
analysis of system performance given a certain heat input, regardless of 
heat source. Based on Eq. (3), a higher thermal conductivity of the 
thermal carrier, a larger cross-sectional area, or a higher temperature 
gradient would all contribute to a larger thermal energy input to the 
system, which would potentially provide a higher driving force and yield 
higher distillate flux. The two thermal carriers tested in this study were 
evaluated for their heat conducting performance. In terms of the di
mensions, both Al shim and mesh had the same width, with the Al shim 
being 51 μm thicker than the Al mesh. The thermal conductivity of the Al 
shim and Al mesh were determined to be 203.4 ± 2.2 W/m⋅K and 20.0 ±
5.0 W/m⋅K, respectively. The difference in the geometries of Al shim and 
mesh explains the difference in their thermal conductivity – as a thin and 
porous material, the effective thermal conductivity of the Al mesh is 
only a fraction of a piece of solid Al shim. The temperature gradient on 
the thermal carrier is related to both the thermal conductor and the heat 
source temperature (for details on the specific temperatures measured 
on the shim and mesh, see temperature profiles in the SI (Fig. S2)). For 
example, when the heat source temperature was set to 140 ◦C, the 
temperature gradient on the Al shim and mesh were determined to be 
25.6 ± 3.6 K/cm and 57.9 ± 13.0 K/cm, respectively. 

Although the temperature gradient on the Al mesh is twice that on 
the Al shim, the thermal conductivity of the Al mesh is only ~10% that 
of the Al shim. Therefore, the overall thermal energy delivered by the Al 
mesh is smaller than that delivered by the Al shim. In the case of a heat 
source temperature of 140 ◦C and 240 ◦C, the temperature gradient on 
the Al mesh was 57.9 ± 13.0 K/cm and 98.1 ± 22.3 K/cm, respectively. 
For the configurations including shim as the thermal carrier, 140 ◦C was 
determined to be the highest possible temperature at the heat source, as 
higher temperatures melted the acetal flow cell. However, the lower 
thermal conductivity of the mesh allowed far higher temperatures to be 
applied to it, with temperatures as high as 420 ◦C being tolerated. The 
temperature range studied here is higher than typical MD systems 
because this VMD system is intended to couple with a solar collection 
system and conduct solar thermal heat to drive the MD process. These 
temperatures are well within the temperature levels that can be ach
ieved by solar thermal collectors [43,44]. 

Based on the measured temperature profiles (Fig. S2), the thermal 
input applied in all the scenarios were calculated (Fig. 3 and Fig. S7). 
The results indicated that the Al shim, which has the higher thermal 
conductivity, delivered more heat into the system than the Al mesh, 
given the same heat source temperature. In addition, higher heat source 
temperatures helped to deliver more heat with the same thermal carrier. 
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3.2. Water flux 

The driving force for the desalination process is a partial vapor 
pressure difference across the membrane, which is affected by both heat 
and vacuum. The effect of heat and vacuum on the overall system per
formance were tested, and the results are shown in Fig. 3a. In these 
experiments, the distillate pressure was fixed at 0.01 bar and the 
crossflow velocity was kept at 4 cm/s. When heat was applied to the 
system by connecting the thermal carrier(s) to a cartridge heater oper
ating at 140 ◦C, the system showed the highest flux (5.33 ± 0.32 LMH) 
with the shim + mesh configuration, followed by the shim-only 
configuration (4.6 ± 0.94 LMH), and then mesh-only on the distillate 
stream configuration (2.6 ± 0.35 LMH). When the heater was turned off 
(represented by the 20 ◦C bars in Fig. 3a), the flux declined to approx
imately 2 LMH, regardless of the thermal carrier configuration. The 
differences in water vapor flux between the heated and non-heated sets 
indicate effective heat delivery into the system through the thermal 
carriers, under certain conditions. 

The results from the heated set suggest that higher heat input in
creases the flux, which is expected. When the heat source temperature is 
constant, the shim + mesh configuration was able to deliver the highest 
amount of heat among all the configurations (Fig. 3a), likely due to the 
extra thermal carrier compared to a single thermal carrier configuration. 
In the scenarios where only one thermal carrier was used, the shim 
delivered more heat (24.3 ± 0.8 W) than the mesh (3.7 ± 0.3 W) because 
of its higher thermal conductivity. 

To further evaluate the change of vapor flux as a function of heat 
input, additional sets of experiments were conducted for the case when 
only the mesh was used as the thermal carrier. As shown in Fig. 3b (mesh 
on the distillate side), as the heat source temperature increased from 
20 ◦C to 420 ◦C (corresponding to an increase of the heat input from 0 to 

13.9 ± 0.1 W), the distillate flux increased from 2.3 ± 0.1 LMH to 5.1 ±
0.2 LMH. Similarly, in Fig. 3c (mesh on the feed side), the distillate flux 
increased from 2.3 ± 0.4 LMH to 4.3 ± 0.1 LMH as the heat source 
temperature increased from 20 ◦C to 240 ◦C (corresponding to an in
crease of heat input from 0 to 6.0 ± 0.2 W). Between these two surface 
heating configurations where mesh was the only thermal carrier, the 
flux showed no significant difference between placing the mesh on the 
feed or distillate side (Fig. 3b and c), which indicates that surface 
heating can be achieved with mesh on the distillate as effectively as 
placing the mesh in the feed stream. The reason for this is likely that 
while the PP membrane has poor thermal conductivity (0.11–0.2 W/m 
K) [45], the membrane’s small thickness still allows ample heat to reach 
the membrane/water interface when it is applied to the mesh in the 
distillate stream. When heat is added to the mesh while it is immersed in 
the feed stream, it is also possible that the heat rapidly dissipates (i.e., it 
is carried away by the water), leading to uneven heat distribution across 
the membrane surface; this phenomenon is captured in our modeling 
effort, and described below. Considering that placing the mesh in the 
warm saline feed can lead to corrosion (see SI Section S3), the config
uration of mesh in the feed stream was not investigated further and the 
rest of the discussion will focus on the results from other configurations 
(Fig. 2d-f). 

In the series of experiments conducted to determine the impact of the 
crossflow velocity on the membrane flux, we observed that the flux in
creases as crossflow velocity increased for all system configurations 
(Fig. 3d). Some conventional MD systems showed similar behavior, and 
this phenomenon was attributed to the decrease in temperature polari
zation as crossflow velocity increases [3,7]. Our numerical analysis 
(Section 3.4) also supported that; in these tested conditions higher feed 
velocity helped to reduce the impact of temperature polarization, thus 
increasing vapor flux. This result is highly beneficial because it allows 

Fig. 3. Heat input and corresponding vapor flux and in 2 h long tests with different system configurations as indicated in the figures: only shim in the feed stream, 
only mesh in the feed stream, only mesh on the distillate side, or only shim in the feed stream and only mesh on the distillate side as the thermal carrier(s). All tests 
were performed with feed water contains 100 g/L NaCl. Measured water flux values are shown in bars (values correspond to the y-axis on the left) as a function of 
(a)–(c) temperature, (d) crossflow velocity, and (e) distillate pressure, at the conditions specified. The heat input values are shown in red dots (values correspond to 
the y-axis on the right). (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 
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the system to operate at crossflow velocities that can minimize mem
brane fouling while still taking advantage of surface and feed-stream 
heating with enhanced flux. It is likely that in a longer membrane 
module the flow velocity would further strengthen the impact on flux, as 
any heat not used for flux generation would be carried further down the 
module, increasing the bulk fluid temperature, and increasing water 
flux. Therefore, the results in Fig. 3d represent a lower bound on flux, 
with longer modules likely leading to higher fluxes, given a certain level 
of heat input (see section 3.4 for more data and discussion). 

In the set of experiments used to determine the impact of distillate 
vacuum pressure on membrane flux, the heat source temperature and 
cross-flow velocity were fixed while different vacuums were applied 
(Fig. 3e). Regardless of the configuration, lower distillate pressure (i.e., 
higher vacuum level) lead to higher flux, with the vapor flux being 
highly sensitive to vacuum pressure, and flux dropping substantially 
(from ~8 LMH to ~1 LMH) when the distillate pressure increased from 
0.01 bar to 0.10 bar. These trends can be explained by the fact that flux is 
proportional to the vapor pressure difference between feed side and 
distillate side, shown as 

J =Am
(
Pm,f − Pv

)
(10)  

where J is the distillate flux, Am is the membrane permeability, Pf ,m is 
the partial vapor pressure at feed/membrane interface, Pv is the absolute 
pressure on the distillate side. Pm,f is determined by the temperature at 
the feed/membrane interface Tm,f (K), which can be expressed in 

Antoine Equation [46], 

Pm,f =

(
1

1 + m

)

exp
(

23.1964 −
3816.44

Tm,f − 46.13

)

(11)  

where m is the molar fraction of salt at the feed/membrane interface. 
The increase of distillate pressure (Pv) directly impacts the flux. 

In all the experiments, it can be concluded that the shim + mesh 
configuration, which yields the highest flux, achieved this elevated 
performance because of the shim’s ability to deliver larger amounts of 
heat to the system. However, the heat use efficiency, i.e., the efficiency 
at which this heat is converted to vapor, was highest with the mesh-only 
configuration, which is explored further below in Section 3.3. In all 
experiments and configurations, salt rejection was higher than 99.9% 
throughout the entire experimental process. 

3.3. System energy performance 

When evaluating the system performance of an MD process, distillate 
flux is an important criterion (used to determine the needed membrane 
area, and more generally the capital costs of the system), but it is also 
critical to consider the energy needed to drive the process (typically, a 
major component of the operating expenses). The energy performance of 
the system under different operating conditions in terms of GOR and SEC 
was investigated. SEC is determined by both energy consumption and 
distillate flux. Among the three operating variables, thermal energy 

Fig. 4. SEC of 2h long vacuum membrane distillation tests with different system configurations as indicated in the figures: only shim in the feed stream, only mesh on 
the distillate side or both shim in the feed stream and mesh on the distillate side as the thermal carrier(s). All tests were performed with feed water contains 100 g/L 
NaCl. Regarding the operating conditions, unless specified as the variable, the heater temperature was set as 140 ◦C, cross-flow velocity was fixed at 16 cm/s and the 
distillate pressure was kept at 0.01 bar. The blue hatch bar represents the value of SEEC and the red solid bar represents the value of STEC. The SEC value is the sum 
of SEEC and STEC (the total bar height) as shown in the figures. 
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consumption is strongly associated with heat source temperature and is 
hardly affected by cross-flow velocity and distillate pressure. In contrast, 
the electrical energy consumption is dominated by the pumping rate (i. 
e., the cross-flow velocity) and vacuum pressure. 

The impact of the heat source temperature (i.e., thermal energy 
input) on the system’s SEC is shown in Fig. 4a and b. Specifically, in 
Fig. 4a, in the heat source temperature range of 140 ◦C–420 ◦C, which 
corresponds to a total heat input to the system of ~3.8 W–~13.9 W, the 
STEC increased from 947 to 2449 kJ/kg. The results in Fig. 3b indicate 
that vapor flux increased with increasing heat input; however, the flux 
increase rate was slower than the thermal energy input increase rate. As 
a result, the cost of the elevated vapor flux with higher thermal energy 
input is an increase in STEC. In contrast, in Fig. 4b, the flux increase rate 
was faster than the thermal energy input increase rate, which leads to a 
decrease in STEC. However, at the same operating temperature of 
140 ◦C, STEC of shim-only configuration (3755 kJ/kg) is higher than 
that of mesh-only configuration (947 kJ/kg); increasing the shim tem
perature beyond 140 ◦C was not possible due to damage to the plastic 
membrane housing. This demonstrates that based on STEC, mesh heat
ing is more efficient than shim heating; under the given operating 
conditions, lower thermal input is more favorable in terms of thermal 
energy efficiency, albeit with other costs associated with lower flux 
operation (i.e., larger membrane surface area and capital cost to treat a 
given volume of contaminated water). A decrease in SEEC was observed 
as the heat source temperature increased simply because the flux (de
nominator) increased (Fig. 4a and b). Electrical energy consumption in 
the system is associated with the electricity needed to operate the vac
uum and circulation pumps, neither of which had changed substantially 
as the heat input increased. Because STEC is approximately 3 orders of 
magnitude higher than SEEC, the net change of STEC and SEEC (i.e., the 
overall SEC) increased as heat input to the system increased. For 
example, the SEC value is approximately 2.5 times greater at 420 ◦C 
compared to 140 ◦C (heat source temperature) for the mesh-only 
configuration. 

The effect of crossflow velocity on the system energy performance in 
terms of SEC are shown in Fig. 4c-e. For all tested configurations, the 
overall SEC decreased with increasing crossflow velocity. When cross
flow velocity increases, the thermal energy input to the system is not 
affected substantially, whereas there is a slight increase in electrical 
energy consumption from the recirculation pump. However, the addi
tion of small amount of electrical energy input (due to circulating the 
feed at a higher velocity) brought much higher flux as a benefit, which is 
reflected in the SEC values. Overall, the SEC of the system was lowered 
by the increase in crossflow velocity. Specifically, when the crossflow 
velocity increased from 4 to 16 cm/s, SEC deceased by 26.5 ± 8.7%, 
20.5 ± 6.6%, 25.3 ± 14.1%, for the mesh, shim, and shim + mesh 
configurations, respectively. Among the three configurations, the mesh- 
only configuration showed the lowest SEC (947–1320 kJ/kg depending 
on the crossflow velocity, with a flux range of 2.6–3.5 LMH), followed by 
shim + mesh configuration (3136 to 4200 kJ/kg, with a flux range of 
5.3–7.6 LMH), and shim only configuration (3735 to 4692 kJ/kg, with a 
flux range of 4.6–6.0 LMH). This demonstrates the advantage of 
providing heat directly to the membrane surface in terms of minimizing 
specific energy consumption of the system, although the most energy 
efficient system tends to deliver the least water flux. 

Fig. 4f-h demonstrate the effects of the vacuum pressure on system 
SEC. For all tested configurations, SEC increased with increasing distil
late absolute pressure. While the thermal energy input to the system was 
not affected when distillate pressure increased (i.e., vacuum depth de
creases), the electrical energy required to induce vacuum should be 
lower when the vacuum pump needs to maintain a lower vacuum. While 
the energy consumption did not change much, the vapor flux decreased 
substantially when the distillate pressure was higher. Thus, both STEC 
and SEEC increased substantially as a result of increase in distillate 
absolute pressure. To achieve the lowest SEC (both STEC and SEEC) 
values and highest flux, the pressure on the distillate side should be 

maintained as low as possible. Of the three configurations tested, the 
mesh-only configuration exhibits the smallest SEC (947–2512 kJ/kg) 
with lowest flux (1.1–3.5 LMH). The shim + mesh configuration that 
generates the highest flux (0.9–7.6 LMH) was the least energy efficient 
with a high SEC range of 3136 to 199616 kJ/kg. Again, the results 
demonstrate the advantage of providing heat to the membrane surface, 
compared to heating the bulk stream in terms of energy efficiency, but 
with reduced water productivity. 

The flux and energy performance of different MD systems, including 
data from this study (blue squares, grey triangles, and yellow circles) 
and others [17,23,39,47–65] (orange diamonds) are summarized in 
Fig. 5. As shown in Fig. 5, the 48 STEC values from cited references 
fluctuate substantially over 3 orders of magnitude. The broad range of 
STEC from different systems indicates that STEC is sensitive to system 
characteristics and operating parameters, which also implies a great 
potential for STEC improvement in most MD processes. In general, 
systems that include a surface heating element demonstrated the lower 
STEC values, which shows the important role that surface heating plays 
in increasing system energy efficiency [27,28]. It further stresses the 
importance of identifying the right location for incorporating the heat 
conducting element into a VMD system. Compared to other studies, the 
STEC values from this study are on the lower side. However, this low 
STEC is achieved at the cost of low flux. Note that the lowest STEC values 
in Fig. 5 have been recorded in surface heating (mesh only configura
tion) VMD settings with the water flux performance at the lower end 
(less than 5 LMH). When heat conducted through mesh is the only means 
of heat input, the thermal energy delivered to the system is limited and 
vacuum makes an important contribution to the generated flux. In these 
scenarios, a low thermal energy input could deliver reasonable flux with 
the assistance from the vacuum (i.e., increased electrical energy con
sumption), and the STEC values appear to be lower. When membrane 
heating was combined with bulk feed heating (the shim + mesh 
configuration), the flux is higher, but the SEC of the system increased. 
Flux is related to the membrane area needed to achieve a certain water 
treatment rate. Low flux systems, by definition, require larger surface 
areas, which translates into higher capital costs. In contrast, the SEC 
(STEC as the major component) determines the operational cost of the 
system. Therefore, it is important to evaluate both flux performance and 

Fig. 5. Comparison of performance of different membrane distillation systems, 
including STEC (thermal energy performance) and flux (water productivity). 
Feed temperature data are available in Table S3 in SI. The orange diamonds 
represent the data from literature [17,23,39,47–65]. The blue squares, grey 
triangles and yellow circles represent the data from the direct heating MD ex
periments with mesh only configuration, shim only configuration, and shim +
mesh configuration from this study, respectively. Higher flux indicates better 
water production and lower STEC values indicate higher thermal energy effi
ciency. (For interpretation of the references to colour in this figure legend, the 
reader is referred to the Web version of this article.) 
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energy performance of a system and balance the tradeoff between 
membrane flux and SEC, to minimize the overall cost. 

The direct heating MD system presented here is different from con
ventional MD systems where the driving force for desalination is 
delivered through the feed stream. When heat is delivered to where it is 
needed (i.e., the membrane/water interface), it only requires a minimal 
amount of thermal energy input because the heat at the interface can be 
more effectively used for evaporation, particularly with vacuum assis
tance. However, increased efficiency comes at a cost of lower flux. 
Therefore, when considering the application of these systems, the effi
ciency of energy consumption must be balanced with increased capital 
expenses. 

3.4. Numerical analysis 

We complement our experimental measurements with a numerical 
model that simulates steady-state heat transport and vapor production 
in the VMD system sketched in Fig. 6. A feed channel of length L, height 
H, and width W is bounded by thermally insulated walls at z = ±W/2 
and y = H. The feed channel is bounded at y = 0 by a hydrophobic 
membrane of thickness δ1, overlying a metallic mesh of thickness δ2. We 
neglect concentration polarization, and assume pure water enters the 
channel at x = 0 with a uniform temperature Tin and mean velocity Uin. 
Steady heat transport in the channel is governed by the thermal energy 
equation, 

∇(uT)= αf∇
2T (12)  

where T, u = [u, v, w], and αf are the feed temperature, velocity vector, 
and thermal diffusivity, respectively. We assume incompressible feed 
flow and neglect variations of αf with temperature. We evaluate αf using 
Tin. Though ongoing work in our group includes simulation of the 
Navier-Stokes equation in the feed channel, we present here a simpler 
model that approximates the feed velocity as 

u(x, y, z)≈ ud(y, z), v(x, y, z)≈ vm(y, z), w= 0 (13)  

where the downstream velocity ud(y,z) is the analytical solution for 
fully-developed laminar duct flow [66], and vm(y,z) is the feed velocity 
normal to the membrane, evaluated at the membrane surface, y = 0. This 
approximation reduces CPU time and leverages the fact that v is typi
cally four orders-of-magnitude smaller than Uin, such that downstream 
variations of u(x,y,z) are very small. Furthermore, the 
membrane-normal velocity v primarily impacts heat transport in a 
thermal boundary-layer at the membrane surface. Satisfaction of the 
no-slip and no-penetration conditions for v on the impermeable walls is 
consequently of secondary importance. Note that our model captures 
variations of the feed temperature and vapor flux over the membrane 
surface. 

We apply the following temperature boundary conditions in the feel 
channel, 

T|x=0 =Tin,
∂T
∂z

⃒
⃒
⃒
⃒

z=±W/2
=

∂T
∂y

⃒
⃒
⃒
⃒

y=h
=

∂2T
∂x2

⃒
⃒
⃒
⃒

x=L
= 0 (14) 

We model vapor transport through the composite membrane using 
the Schofield model [67], which assumes the transmembrane mass flux j 
satisfies Eq. (10) where the vapor pressure Pm,f at the membrane feed 
surface (y = 0) is computed using Eq. (11). 

As detailed in Section S5 in the Supporting Information, heat trans
port in the membrane and mesh layers can be modeled using the 
volume-averaged equation, 

∂
∂y

(
Tcp,vjv

)
= ki∇

2T, ki =φikv + (1 − φi)ks,i (15)  

where cp,v is the specific heat at constant pressure of the vapor, ki is an 
effective thermal conductivity, φi is the porosity, and kv and ks,i are the 
thermal conductivities of the vapor and solid phases, respectively. The 
subscript i = 1, 2 is used to distinguish between the properties evaluated 
in the membrane layer (i = 1) or underlying mesh (i = 2). 

Conservation of energy [68] requires the following conditions at the 
feed-membrane interface, 

T|y=0+ = T|y=0− , kf
∂T
∂y

⃒
⃒
⃒
⃒

y=0+
− k1

∂T
∂y

⃒
⃒
⃒
⃒

y=0−
= jλ (16)  

where λ = − 2,438T + 250,300 is the latent heat of water vaporization, 
assuming T and λ have units ◦C and kJ/kg, respectively. This relation 
was derived using the OLI Stream Analyzer database. The superscripts +
and - denote evaluation of T at the feed and membrane side of the 
interface, respectively. Conservation of energy at the interface between 
the membrane and mesh requires, 

T|y=δ+1
=T|y=δ−1

, k1
∂T
∂y

⃒
⃒
⃒
⃒

y=δ+1

= k2
∂T
∂y

⃒
⃒
⃒
⃒

y=δ−1

(17) 

On the inlet, outlet, and lower surface of the composite membrane, 
we assume negligible conductive heat transport, 

∂T
∂x

⃒
⃒
⃒
⃒

x=0
=

∂T
∂x

⃒
⃒
⃒
⃒

x=L
=

∂T
∂y

⃒
⃒
⃒
⃒

y=− δ1 − δ2

= 0 (18) 

Note that thermal energy nevertheless exits the system through the 
membrane due to advection. On the side walls z =±W/2, we assume the 
membrane layer is thermally insulated, 

∂T
∂z

⃒
⃒
⃒
⃒

z=±W/2
= 0, − δ1 < y < 0 (19)  

while heat enters the system through the mesh, 

k2
∂T
∂z

⃒
⃒
⃒
⃒

z=±W/2
= qin, − δ1 − δ2 < y ≤ − δ1 (20) 

All equations are discretized spatially using second-order finite-vol
ume methods coded in-house with Fortran [69,70]. The code was veri
fied against analytical solutions and validated against experimental 
data, as detailed in Dudley [71] and demonstrated by Lou et al. [70]. We 
also performed mesh-independence studies to ensure a relative trunca
tion error on the order of 1%. Fig. 7 demonstrates our validation, in 
which we compare the vapor flux predictions of our model to those 
measured by our bench-scale system. For that purpose, we set the model 
dimensions (L = 10 cm, W = 4 cm, and H = 4 mm), membrane properties 
(φ1 = 0.85, δ1 = 100 μm, ks,1 = 0.11 W/m-K), and mesh properties (φ2 =

0.27, δ2 = 203.2 μm, ks,2 = 200 W/m-K) to those of the experimental 
system. Note that the thermal conductivities of the membrane and mesh 
are set to those of polypropylene and aluminum, respectively. We also 
modified the numerical model to apply heat to only side of the mem
brane, consistent with experiments. Experiments and simulations were 
then performed for the combinations of heat inputs qin, inlet Fig. 6. Illustration (not to scale) of the geometry considered by our numeri

cal analysis. 
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temperatures Tin, and flow rates Uin summarized in Table 1, for the 
constant vacuum pressure Pvac = 0.01 bar. As heat input can vary 
depending on the thermal conducting layer material and dimension, the 
heat source type and temperature, and system configuration, the heat 
input qin was chosen as a normalizing factor in the simulation studies. 
The flow was heated using only the mesh, i.e. without the heated shim. 

Fig. 7(a) compares our experimental (red asterisks) and numerical 
(blue circles) results for the average transmembrane vapor flux as a 
function of qin for the experiments labeled 1–3 in Table 1. These were 
conducted for the relatively slow feed velocity Uin = 4.06 cm/s. Note the 
reported value of Tin from Table 1 represents the average feed temper
ature throughout the entire experiment; the increase in Tin with qin is 
explained by the recycling of the concentrate in the experimental sys
tem. The only model parameter not known a-priori is the membrane 
vapor permeability Am. For that purpose, we performed a large suite of 
simulations for different values of Am, and found that Am = 7.4 × 10− 7 

kg/m s Pa provided the best fit to the experimental data in Fig. 7(a), 
producing a mean percentage error of 5.9%. This permeability is roughly 
25% lower than those reported by Vanneste et al. [72] and Lou et al. 
[70], who report Am = 10− 6 and 1.87 × 10− 6 kg/m s Pa, respectively, for 
the same membrane material in a direct contact MD system. The dif
ference likely arises because our permeability is an effective value for 
both the membrane and underlying mesh material. Having determined 
Am, we then compared experimental and numerical results for the ex
periments labeled 4–6 in Table 1, which were performed for the larger 
feed velocity Uin = 16.3 cm/s. Fig. 7(b) shows that in this case, our model 
agrees with the experiments to within 9.2% mean percentage error. An 
additional validation of our numerical model for cases with a heated 
shim are provided in Supporting Information (Section S6). With the 
successful model validation using experimental results from different 
operational conditions, parametric studies were performed to predict 
system performance in a larger-scale flow cell. These simulation results 
serve as guidance of the optimization of operational conditions in a 
scaled-up system with minimal experiments. 

To explore heat transport and vapor production in a larger VMD 
system, we perform a parametric study for a system of dimensions L = 1 
m, W = 8 cm, and h = 2 mm and a constant inlet feed temperature of Tin 
= 30 ◦C. We assume that vacuum evacuates all the vapor and maintains 
a constant driving force on the distillate side. All properties of the 
composite membrane were set to those of the experimental system, with 
the exception of the mesh thickness, which was rounded down to δ2 =

200 μm. We then varied the heat input between 0 ≤ qin ≤ 400 W, 
considering a larger system might require higher heat input compared to 
the bench-scale system. We studied the feed velocity between 1 ≤ Uin ≤

10 cm/s, which is a practical velocity range during membrane opera
tions – high enough to contribute to membrane fouling control, but not 
too high so as to substantially increase operational costs. Heat was 
applied to both lateral edges of the mesh, i.e. at z = ±W/2. 

To investigate the impact of mesh heating (qin), we begin by setting 
Uin = 10 cm/s and qin = 20 W. Fig. 8(a) shows the resulting cross- 
sectional temperature profiles on the membrane surface (y = 0) at the 
downstream locations x = L/4 (solid line), L/2 (dashed line), and L 
(dash-dotted line). The highest temperatures occur near the lateral 
walls, where the heating is applied. For this small value of qin, we see 
that the maximum temperature is always below the inlet value, Tin =

30 ◦C, and also decreases with downstream distance. This occurs 
because the low heat input does not match that lost to evaporation. 
Fig. 8(b) shows the corresponding results when the heating is increased 
to qin = 400 W. The maximum temperature is now always above the inlet 
value, reaching T = 55 ◦C at the outlet. The maximum temperature also 
increases with downstream distance. Meanwhile, the lowest membrane 
temperatures occur in the middle of the membrane, and remain near the 
inlet value Tin = 30 ◦C. We conclude that for this high heating value, qin 
exceeds the heat lost to evaporation, such that temperature polarization 
is not only removed, but actually reversed. We also observe that the 
temperature profiles suddenly flatten near the lateral walls at z =±W/2. 
This is an artifact of our discretization of the thermally insulated 
boundary conditions. 

To explore the impact of heating on local vapor production, we 
define the width-averaged flux 

jw(x)=
1
W

∫W/2

− W/2

jv(x, z) dz (22) 

Fig. 8(c) shows the downstream variation of jw(x) when Uin = 10 cm/ 
s and qin = 20 W (solid line) and qin = 400 W (dashed line). We see that 
for qin = 20 W, the vapor flux decreases with downstream distance due 
to temperature polarization. In contrast, when qin = 400 W, we see jw(x) 
increases with downstream distance. An additional series of simulations 
found that when qin = 201 W, the width-averaged flux jw (x) is constant, 
as demonstrated by the dash-dotted line in Fig. 8c. For active heating 
above this threshold value, the single-pass recovery of the heated VMD 
system can be increased by simply increasing the system length, without 
suffering from downstream heat loss due to temperature polarization. 

Fig. 8(d) shows the net vapor flux as a function of qin when Uin = 10 
cm/s (asterisks) and Uin = 1 cm/s (circles). We see that for heating 
values below around qin = 250 W, the higher feed velocity produces 
more net flux. That occurs because the heating is not sufficient to 
completely reverse the effects of temperature polarization. In that case, a 

Fig. 7. Comparison of experimental (red asterisks) and numerical (blue circles) measurements of vapor flux as a function of qin for (a) experiments labeled 1–3 in 
Table 1, (b) experiments labeled 4–6 in Table 1. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of 
this article.) 

Table 1 
Operating conditions used for experiments and simulations presented in Fig. 7.  

Exp # 1 2 3 4 5 6 

qin (W) 0 3.73 7.26 3.70 7.29 13.9 
Tin (oC) 16.8 18.4 19.5 20.2 21.0 25.7 
Uin (cm/s) 4.06 4.06 4.06 16.3 16.3 16.3  
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higher feed velocity is preferred, because it reduces the impact of tem
perature polarization, and increases the net flux. This likely explains our 
experimental observations that distillate flux increased with feed ve
locity. In contrast, for heating values above qin = 250 W, the lower feed 
velocity produces more flux. In this case, a lower feed velocity increases 
the residence time of the feed passing through the channel, and allows it 
to heat to higher values, thereby increasing flux. When treating feed 
waters for which mineral scaling is not a concern, we conclude that 
systems can benefit from operating at a high qin and a low Uin. For the 
case of high-concentration brines, one must also consider that lower feed 
velocities tend to exacerbate concentration polarization and mineral 
scaling. 

We have demonstrated experimentally and numerically that the 
direct heating approach is capable of mitigating or even reversing 
temperature polarization. It is important to note that temperature and 
concentration polarization are coupled phenomena because they both 
depend on, and influence the water vapor flux through the membrane. 
On the one hand, the elevated membrane surface temperature helps to 
maximize vapor flux by maintaining the driving force and reduce some 
scaling by increasing the solubility of alkali metal salts (e.g., NaCl). On 
the other hand, high temperatures at the membrane/water interface 
increases vapor flux, which increases concentration polarization and 
reduces the solubility of certain common mineral species (e.g., CaCO3 
and CaSO4), which increases scaling. Therefore, temperature polariza
tion needs to be optimized to an appropriate level where flux is maxi
mized while scaling is minimized (or at the very least kept at a tolerable 
level). 

4. Conclusions 

We developed a VMD process using layered composite membranes 
that include a high-thermal-conductivity layer for supplying heat 
directly to the membrane-water interface and throughout the flow 
channel. The VMD system showed stable performance over hours of 
desalinating hypersaline feed and exhibited water fluxes as high as 9 
LMH and salt rejection >99.9%. We also investigated the impact of 
operational conditions on system performance. Flux was shown to be 
affected by heat input, feed crossflow velocity, and vacuum level, while 

salt rejection remained to be higher than 99.9% under all the tested 
conditions. Our CFD simulations were in agreement with experimental 
results. The numerical models developed here were able to successfully 
describe the transport phenomena in the system and predict the ability 
to use this VMD process for larger scale systems. Compared to conven
tional VMD systems, direct heating VMD systems demonstrated higher 
energy efficiency, which stresses the importance of identifying the right 
location for incorporating the heat conducting element into a VMD 
system. This process has the potential of solving several problems 
associated with MD-based desalination and brine concentration pro
cesses, such as minimizing heat losses, increasing thermal efficiency, 
and limiting the number of heat exchangers. 
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