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A B S T R A C T

Membrane distillation (MD) is a promising technology due to its ability to function using low temperature
differences and low-quality heat sources, thus allowing it to operate on solar or waste heat. The flux and energy
efficiency of MD are influenced by temperature and concentration polarization, process conditions, and mem-
brane-related parameters like thickness, tortuosity, thermal conductivity, pore size, and porosity. To date, a
comprehensive review of membrane and distillation parameters on energy consumption has not yet been con-
ducted. Accordingly, this review introduces the central energy parameters for MD (e.g., energy efficiency, gained
output ratio, etc.) and discusses the reported impacts of membrane properties, mass and heat transfer, feed water
properties, and system parameters on the energy parameters. The application of solar energy to direct contact
MD (DCMD) is also discussed. A critical analysis of the energy efficiency of DCMD processes will help to establish
its strengths and limitations and provide a road map for the development of this technology for both large-scale
and portable applications.

1. Introduction

The large-scale desalination industry is currently dominated by
multi-stage flash distillation, multiple effect distillation, and reverse
osmosis (RO) techniques [1,2]. Although reverse osmosis has lower
energy requirements relative to the other leading technologies, the
method is known to be expensive for small-scale water purification
purposes. Membrane distillation (MD) is a promising technology that
operates based on the partial vapor pressure difference developed
across a membrane. This technique utilizes a porous hydrophobic filter
that is capable of preventing feed liquid entry into the pores while al-
lowing the volatile vapors to cross to the distillate side. This char-
acteristic makes MD unique among common water purification tech-
nologies as it can completely separate inorganic and non-volatile
compounds without the use of traditional distillation techniques.
However, the fabrication of a purely hydrophobic membrane that re-
sists internal wetting while maintaining high vapor throughput is a
continuing challenge.

In terms of energy efficiency, MD is an attractive technology due to
its ability to function using low temperature differences and low-quality
heat sources. Thus, it is an economically viable large-scale purification
technology because it can utilize either solar thermal energy [3], waste

heat, or natural temperature gradients. In fact, the heat requirement for
MD is so low that Baghbanzadeh et al. [4] have recently suggested the
notion of zero thermal energy input membrane distillation (ZTIMD),
where the natural temperature difference between the sea surface water
(at 30 °C) and the sea bottom water (at 10 °C) can be used as the process
driving force without the need for preheating and zero waste produc-
tion, which contrasts the seawater reverse osmosis (SWRO) process.
Further, a simulation study has suggested that the specific energy
consumption of ZTIMD would be in the range of 0.45 kW h/m3, which
is comparable to commercial SWRO processes [4].

The low energy requirement of MD techniques makes it competitive
with RO; moreover, it can also be applied to high temperature appli-
cations where RO is not suitable. In fact, direct contact MD (DCMD) is a
thermally driven process that can operate at temperature above 100 °C,
making it a more energetically efficient method for use in onsite was-
tewater desalination [5]. The US oil and gas industry generates ap-
proximately 3.3 billion m3 of wastewater annually, with salinity con-
centrations almost 7 times higher than seawater. Onsite desalination
using steam assisted gravity drainage (SAGD) systems that produce
wastewater have been proven to be more environmentally friendly and
economically viable than disposal through deep well injection tech-
nology. The energy consumption of wastewater desalination has been
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evaluated using various models to provide a baseline to develop this
technology [6]. The minimum energy required for seawater desalina-
tion with a recovery ratio of 50% is 1 kWh/m3; however, this energy
consumption rises to 9 kWh/m3 for the removal of various salt ions
from wastewater produced by SAGD. The study suggested that while
RO is still more energy efficient, multistage membrane distillation can
be utilized for better heat recovery higher recovery rate [6].

Small-scale and portable water distillation units are highly ad-
vantageous for use in remote areas and underdeveloped countries that
lack appropriate water and electrical infrastructure. Renewable energy
assisted MD strategies may serve as an alternative to replace the current
expensive water purification approaches to improve the quality of life
in such regions without increasing the demand for scarce and expensive
electricity. To this end, extensive research has been conducted to utilize
solar power in membrane distillation systems [7–16]; however, the cost
of this process remains higher than that of photovoltaic-powered RO.
Therefore, solar powered membrane distillation (SPMD) requires more
research and development to make it an economically viable option in
both industrial and small-scale applications. A detailed review on the
energy analysis, energy consumption, and water production costs from
a system engineering standpoint was conducted in 2012 and noted
significant differences in the bench scale and large scale energy con-
sumption of MD technology. Comparisons with commercial water
purification processes such as multistage flash (MSF) and RO have
concluded that MD is still in the early stages of development and re-
quires parameter standardization for accurate capital cost calculations,
particularly for large scale applications [12].

The relationships between the operating conditions such as water
recovery, feed temperature, water circulation rate, and membrane
scaling and the thermal efficiency of MD have been critically evaluated
for seawater distillation using the brine re-cycling technique [17]. De-
tailed reviews of MD technology for water desalination have evaluated
the materials, preparation techniques, and properties of various mem-
brane types and compared the four main types of MD: Air Gap MD
(AGMD), DCMD, Gas Sweeping MD (GSMD), and Vacuum MD (VMD)
[18,19]. These reviews also discussed the hybridization of MD techni-
ques with RO, forward osmosis (FO), and photocatalysis and concluded
that the higher energy consumption of MD is a major challenge that
hinders its large-scale application [18,19]. Therefore, the relationship
between energy efficiency and process parameters needs to be more
deeply explored to help guide improvements towards making MD a
more competitive technology.

Compared of other MD technologies such as, GSMD, VMD, and
AGMD, DCMD is advantageous due to design and process simplicity,
applicability to various types of feed water, and functionality at a wide
range of operating energies/temperatures relative [20]. As illustrated in
Fig. 1, GSMD, VMD, and AGMD demand extra pressure, inert gas,
pumping, and condensers for operation, which make these techniques
comparatively more challenging than DCMD [21,22]. Despite the pos-
sibilities of membrane scaling, fouling, and wetting in DCMD it has
been proposed as the most appropriate technology for wastewater
treatment in the oil and gas industry in part because of its addition to
100% salt and organic removal rate [21,23,24].

The overall efficiency of membrane desalination systems is highly
dependent on the properties of the membrane itself such as, material
selection (e.g., polypropylene (PP), polytetrafluoroethylene (PTFE), and
polyvinylidene fluoride (PVDF)) and fiber shape (i.e., flat sheet, hollow,
and fibrous). Synthesis routes also have a significant influence on the
performance of the membranes and the overall DCMD technology.
Recently, much attention has been given to membrane preparation
using electrospinning synthesis because of its versatility and simplicity,
which allows optimized membrane design through control of the fibers'
material, shape, and deposition pattern. A recent review on the appli-
cation of electrospinning technology for the fabrication of nanofibrous
membranes and their property–function relationships has been pub-
lished. The review critically and technically highlighted the advantages

and disadvantages of this technology and suggested further actions that
can develop the electrospinning technique for use in large-scale mem-
brane synthesis [19].

Flux and energy efficiency in DCMD are inter-related and strongly
influenced by polarization (temperature and concentration), process
conditions (such as flow velocities and salinity), and membrane-related
parameters like thickness, tortuosity, thermal conductivity, pore size,
and porosity [25,26]. A few technical reviews have extensively covered
the design and development of membranes and their impacts on the
DCMD mechanism, as well as the influence of fabrication techniques on
the performance of DMCD desalination technology [11,27–31]. Nu-
merous efforts have been made to reduce the energy consumption of
DCMD to make it more energy efficient [6,7,17,32]. As of today,
however, a comprehensive review of membranes and distillation
parameters on energy consumption has not yet been conducted.

Given all of the above, the need to accumulate and evaluate the
updated research is obvious. A critical analysis of the energy efficiency
of DCMD processes will help to establish its strengths and limitations
and provide a road map for the development of this technology for both
large-scale and portable applications. Many technical challenges must
still be addressed at the forefront of MD development, including its high
energy consumption, low thermal efficiency, membrane wetting,
membrane scaling, low water flux, and membrane structure and design
[19,25]. The objective of this review is to discuss the recent develop-
ments in direct contact membrane distillation, specifically for the im-
provement of DCMD energy consumption as a function of mechanistic
properties.

2. Energy efficiency and desirable energy requirements
(< 1 kWh/m3)

More than 11,000 desalination plants are in operation globally,
producing>26 million m3/day; approximately 63% of this capacity
originates from West Asia and the Middle East, North America accounts
for ~11%, while North Africa and Europe account for ~7% each [33].
Desalination plants in Qatar produce over 1 million m3/day of fresh
water alone and by 2030 the country is expected to be nearly 96%
urbanized, increasing the demand. Desalinating water on these scales
can be restrictively expensive due to the high energy demands of cur-
rent technologies.

Currently the top three methods of desalination are: multi-stage
flash distillation (MSF), multiple effect distillation (MED), and RO [34].
As seen in Table 1, MSF is the primary desalination method currently
being used in Qatar and throughout the region. Because it relies on
boiling water, however, MSF is one of the most energy intensive tech-
niques, requiring up to 75 kWh/m3. This energy is generated through
combustion of fossil fuels, and two-thirds of the energy is ultimately
rejected as waste heat [35]. MED is another thermal technique that uses
a sequence of vessels (or “effects”) of decreasing pressure and boiling
water. Although MED is more efficient than MSF, it still requires up to
55 kWh/m3 to produce fresh water. RO operates using high pressure
applied to a semipermeable membrane, and for this reason it uses less
energy than the MSF and MED thermal methods. However, the mem-
brane can become clogged with minerals.

Given the high-energy costs associated with existing desalination
methods, there is a great demand for technologies that can utilize low-
temperature sources such as waste heat or solar energy. DCMD is one
such technology. Energy efficiency, with respect to DCMD, is commonly
defined as “the ratio of the heat transfer due to flux QN [convection] to
the total heat transported through the membrane Qm [convec-
tion+ conduction]” and is given by Eq. (1) [26]:
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where QN is the heat transfer due to convection by the vapor flux, Qm is
the total heat transported through the membrane, and Qc is the heat
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loss due to conduction [26]. More appropriately, this efficiency may be
called the “membrane thermal efficiency (MTE)” and is a function of
the operating conditions. In general, MTE increases as the feed tem-
perature and flux increase [36,37]. For any ideal MD system, the
maximum value of this MTE (εT) is 1. Notably, DCMD possesses the
lowest efficiency when compared to AGMD), permeate gap MD
(PGMD), and conductive gap membrane distillation (CGMD) [38].

Eq. (1) only defines the relative rates of heat transfer across the
membrane. In reality, however, MD systems consume energy for three
main functions: heating hot brine, condensing the permeate stream, and
running various pumps based on the design and configuration of the
system. Much attention has been given to increasing the MTE by re-
ducing the heat loss due to conduction and convection across the
membrane [22,36,39]. In order to improve the overall performance of
MD and reduce the energy consumption to< 1 kWh/m3, the energy
usage of the entire system, including the electrical energy consumed by
pumps as well as the heat energy given to and lost by the system, must
be considered [40]. Thus, Khayet et al. described the energy efficiency
(εE) in terms of Eq. (2), which includes both the electrical and heat
energy consumed during a MD process [12] [12].
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where Jw is the permeate flux, A is the membrane area, ΔHν,w is the
enthalpy of water evaporation, Et is the thermal energy used and lost,
and Ee is the electrical energy. A study conducted to evaluate various
models and techniques to desalinate contaminated water from the gas
and oil shale industry concluded that seawater desalination requires
~1 kWh/m3 of energy using forward osmosis techniques, whereas this
energy requirement becomes 9 kWh/m3 for wastewater purification
[6]. Returning the hot brine to the feed supply was beneficial for

improving the thermal efficiency of the DCMD system, where the
thermal energy consumption was reduced to half by brine recycling
within the optimal water recovery range of 20–60% for seawater with
no membrane fouling or scaling [17]. The specific thermal energy
consumption (STEC), which is a measure of thermal energy utilized per
unit volume of the distillate and water flux, was found to reduce sig-
nificantly, whereas the gained output ratio (GOR), which is the ratio of
heat associated with the water vapor transfer and the total heat input,
was increased by recycling the brine. By introducing to the GOR the
heat recovery factor, which is the ratio of the maximum recoverable
heat to the heat transferred in the membrane module and depends upon
the configuration and number of steps of the MD system, Eq. (2) can be
re-arranged as follows [41]:

=GOR HϵE R (3)

where HR is the maximum recoverable heat, as defined in the literature
as Eq. (3a), and is a function of the temperature drop across both the
membrane and the heat exchangers [42]; [41].

=
∆

∆ + ∆
H T

T TR
axMD

MD HX (3a)

Improvements of the heat recovery have been achieved by making
MD a multistage process; however, this approach significantly reduces
the flux and increases the system's capital costs [43,44]. As detailed in
Table 2 of Ref. [12], GOR is less than unity for most single-stage and
AGMD systems, which can be increased either by increasing the number
of stages in the system and/or by enlarging the effective membrane area
up to>10m2 [20].

In 2012, Summers et al. [9] used GOR as a tool to compare the
energy consumption of DCMD with that of VMD and AGMD using
theoretical models. It was found that the GOR of VMD is less than one
and AGMD has a comparatively better value, but the air gap width has a

Fig. 1. Illustration of four types of membrane distillation techniques.

Table 1
Energy requirements of desalination methods currently used in Qatar and membrane distillation systems.

Desalination method Qatari production capacity
(m3/day)

Thermal energy required
(kWh/m3)

Electrical energy required
(kWh/m3)

Recovery rate (%) Temperature required (°C)

Multi-stage flash (MSF) 974,222 53–70 2.5–5.0 15–50 90–110
Multiple effect distillation

(MED)
28,384 40–65 2.0–2.5 15–50 65–70

Reverse osmosis (RO) 5790 0 4.0–6.0 30–50 <60
Membrane distillation (MD) n/a 100 1.5–3.65 60–80 60–90
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significant impact on the performance. In DMCD, GOR was found to be
a function of both the thickness and flux, which subsequently reduce
resistance to heat and mass transfer [9]. Integration of the DCMD unit
with three cascaded AGMD units leads to a reduction of the STEC, a two
times increase of GOR, and 4-fold increase in the permeate production
with respect to the standalone DCMD system [45].

Introducing a conductive medium between the membrane and
condenser instead of the insulating material makes the gap a heat sink,
which consequently improves the thermal efficiency of conductive gap
MD (CGMD) two times higher than permeate gap MD (PGMD).
Additionally, it was also demonstrated that GOR increased significantly
by increasing the gap conductivity up to a maximum of 10W/m·K;
however, further increasing the gap conductivity was not useful to
enhance thermal efficiency [46]. A modeling study of various systems
(i.e., CGMD, PGMD, AGMD, and DCMD) has shown that GOR is a
function of membrane effectiveness (η), which is a measure of the en-
ergy transfer between the hot and cold streams scaled by the total
possible energy transfer. It has a maximum value of unity for an in-
finitely large MD area [47]. According to the modeling study, the GOR
of a DCMD system having an infinitely large area external heat ex-
changer can be evaluated by Eq. (4) and is a function of thermal effi-
ciency and MD effectiveness [47].

=
−

GOR ε x
η

η1 (4)

The investigation showed that ε and η are higher for DCMD com-
pared with CGMD under similar operating conditions due to the re-
duced overall resistance; as a result, the former has a 5–10% higher
GOR than the latter. In practice, many studies have demonstrated that
GOR increases with increasing membrane effective area, whereas STEC
is significantly reduced when a large surface area membrane was used
[45]. A simulation study has been conducted to study the effect of
various operation conditions and designs of the DCMD cross flow
module on the water flux, gain output ratio, and water production cost
[3]. The optimized permeate and feed velocities were 0.48m/s and
0.04m/s, respectively, for comparable water production and less

energy consumption. For the highest GOR, the maximum membrane
area was noted to be 4m2 with no further increments. A constant water
production cost was maintained for a temperature difference of> 6 °C
in the heat exchange of the DCMD system. Notably, given all these
optimized conditions and parameters, the water production cost of
DCMD was measured to be $1.5/m3, which is three times higher than
that of a RO desalination system (at $0.5/m3). Upon comparing the
DCMD and VMD modes under longitudinal flow with the cross flow and
transverse flow modules separately using identical experimental con-
ditions and the same type of membrane, it was observed that the cross-
flow membrane module consumes ~1.1 kW/(kg·h) while the former
consumes 3.55 kW/(kg·h) for the same flux.

The theoretical minimum energy requirement for desalinating sea-
water containing 3500 ppm salt with almost a 50% recovery rate by RO
is estimated to be 1.06 kWh/m3. Currently, however, RO plants con-
sume approximately 3–4 times more energy than the theoretical esti-
mation, in addition to 1.8 kg CO2 emission per cubic meter of clean
water [49]. The amount of energy required to produce one cubic meter
of distilled water (kWh/m3) in a distillation plant is termed the specific
energy consumption (EC) and is a fundamental parameter for desali-
nation systems. Table 1 of Ref. [12] shows details of technical studies
that evaluated various MD technologies. As seen, AGMD using waste
energy management has a specific EC of 1.25 kWh/m3, whereas VMD,
which uses both thermal and electrical energies, has an EC of> 9000
kWh/m3 [50]. The thermal efficiency of a DCMD process using a
commercial PTFE membrane increased significantly from 70% to 95%
with a feed temperature increase from 40 °C to 90 °C. Additionally, GOR
was increased with increasing feed inlet temperature up to a maximum
of 60 °C, and further increases in the feed temperature were found to
adversely affect the GOR of the system [51]. As mentioned previously, a
thermal boundary layer develops due to the temperature polarization
effect in the vicinity of the membrane, which in turn reduces the mass
transfer. This boundary layer demands more energy to stabilize the
product water flux across the membrane. To suppress the effect of the
thermal boundary layer and enhance the water flux, corrugated feed
channels of various sizes and heights have been introduced in the

Table 2
Experimental conditions and parameters of DCMD.

No. Type Feed Permeate Flux= J (L/m2 h)a Ref.

Temp. (°C) Flow Rate (L/
min)a

Conductivity (mS/
cm)a

Temp. (°C) Flow Rate (L/min)a Conductivity (mS/
cm)a

1 PP 50 1.25 25 1.25 52.5 9.5 [17]
2 PTFE 130 0.50 1% NaCl 80 0.5 195 kg/m2·h [5]
3 PTFE 72 0.14 kg/s 1.2W/m·K 45 10 kg/h [9]
4 ePVDF 52.5 0.04–0.28m/s 20 0.04–0.28m/s 5 kg/(m2·h) [26]
5 ePVDF 50 0.6 3.5 wt% NaCl 20 0.6 19 21 kg/h·m2 [64]
6 PP 59 200 L/h 14.3 200 L/h 25.4 kg/m2·h) [48]
7 PP 85–90 25 1–10% NaCl 40–60 1200–3900 cm/min 60–79 kg/(m2·h) [20]
8 PP-167 11.05–3.27 kg/m2·h [25]
9 PTFE 38 11–22 Various 20 11–22 2–5 [97]
10 M4–2 (PDMS) 70 1.0 3.5 wt% NaCl, 66.5

mS/cm
26 0.5 1.2–1.8 μS/cm. 42.52 [74]

11 Fluorographite coated
PVDF

10wt% NaCl [68]

12 PTEF 40–90 4.65 0.14, 2, 43, and
100 g/L

5–25 3.65 55–72 kg/m2·h [51]

13 PTFE 43–65 1–1.5 200 g/L NaCl 19.9–29 1–1.5 7.68× 10−7 kg/
m2 s Pa

[81]

14 PP 40–50–60 30, 50, 100 L/h 18 100 L/h 5, 15, 25 kg/m2 h [45]
15 PVDF and Halar 25–40 0.4–0.8m/s 30–60% w/w 18 1.2m/s 5 kg/m2 h [40]
16 PTFE 60 4.5 Seawater 20 4.5 28.48 to [65]
17 PP 70 15–20 0–40 g NaCl/L 20–56 15–20 [100]
18 PVDF 80 6 0.045 30 6 51.4 kg/m2·h [52]
19 PTFE 42–68 30 L/min – 180 L/

h
45 g/L NaCl 20–30 30 L/min – 120 L/h 7–11 kg/m2·h

20 Modified GF 60 0.4 1M NaCl 20 0.3 1M NaCl 20 [75]

a Unless other indicated.
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DCMD system. Studies of laboratory-scale DCMD systems revealed that
the thermal efficiency and water flux were improved by 33% and 44%,
respectively, when a PTFE membrane was coupled with corrugated feed
channels, irrespective of the operating conditions and channel heights.
The corrugated channels create turbulence in the feed flow that pre-
vents the development of a thermal boundary layer; as a result, the
thermal efficiency and flux increased across the membrane [52].

It is clear that a barrier to the practical application MD is its large
thermal energy requirement relative to MSF and MED (Table 1).
However, MD can operate using low quality heat sources such as waste
heat or solar thermal energy. In addition, MD requires less electrical
energy than MSF, MED, or RO. As previously mentioned, while DCMD
has more favorable properties than other MD technologies, it has the
lowest internal thermal efficiency. By focusing on improving the in-
ternal efficiencies of DCMD, i.e. MTE, GOR, and flux increase at a given
temperature, the overall energy efficiency of the method should in-
crease. These topics will be covered in the following sections.

3. Membrane design effects on MTE

3.1. Physical properties: Size, geometry, hydrophobicity, contact angle, and
wettability

The physical properties of a membrane such as thickness, fiber
morphology, and pore size can significantly influence the permeate flux
as well as heat and mass transfer coefficients [53]. Although thinner
membranes have higher mass transfer and flux, there is a trade-off
between mass and heat transfer across the membrane. That is, heat
transfer will increase as the membrane thickness decreases, leading to
performance degradation. To address heat transfer and loss it is bene-
ficial to have thicker membranes or multi-layered structures, but this is
detrimental to mass transport [53–56]. Clearly, balancing these para-
meters is an important aspect of membrane design. Simulated and ex-
perimental studies have suggested that membranes optimized for en-
ergy efficiency should have thicknesses in the range of 20–60 μm
[26,57,58]. A detailed review of the optimized membrane parameters
for superior performance in the terms of high permeate flux suggests
that the membrane should have pore diameters of 0.3 μm to maintain
high liquid entry pressure (> 2.5 bar); thickness in the range of 10 to
700 μm, depending upon the mass transport and energy loss; porosity
larger than 75%; a tortuosity factor between 1.1 and 1.2; thermal
conductivity in the range of 0.06W/m·K; and a suitable mechanical
strength, which depends on the membrane material and thickness [59].
However, theoretical predictions and experimental investigations
showed that the MTE of PVDF and ePTFE membranes at a heat transfer
coefficient of 600W/m2 K decreases as the membrane thickness de-
creases. Fig. 2 shows the effect of PVDF and ePTFE membrane thickness
on the thermal efficiency of the DCMD system. In this case, membranes
in the range of 1500–200 μm were assumed to be the most suitable
thickness, with efficiency as high as 80% [60].

3.2. Membrane thickness

Jansen et al. defined the energy efficiency of an MD system as the
ratio of the energy transferred by the water vapor (latent heat, Q) to the
total heat (latent heat + conduction heat), which should be close to
100% for an ideal MD system [50]. To determine the effect of the
process parameters on MTE, three different pilot projects using sea-
water and brackish water were evaluated for a production capacity of
1m3/h. The MTE of two pilot projects and similar bench scale units
were varied between 50% and 75% based on the process conditions and
temperature. The MTE was increased to 90%, where the actual energy
requirement decreased from 2400MJ perm3 of water production to
520MJ perm3 in one pilot; in this case, a membrane almost 150%
thicker was used relative to the other pilot studies. Clearly, this result
demonstrates the effect of membrane thickness on the heat transfer due

to conduction [50].
Notably, Eykens et al. have argued that energy efficiency is in-

dependent of membrane thickness. For maximum flux at higher sali-
nities, Eykens et al. have instead argued that the optimal membrane
thickness is a function of the membrane module and operating condi-
tions [62]. For clean water, it was experimentally confirmed that a
thinner membrane was appropriate for higher flux, whereas for NaCl
concentrated water in the range of 0 to 24 wt%, a membrane thickness
between 2 and 739 μm was suggested to be the best option for different
flow velocities and bulk temperatures to achieve higher energy effi-
ciency [26].

Two different types of electrospun nanofibrous membranes (ENMs),
termed beaded and bead-free, have been prepared based on the PVDF
solution concentration using electrospinning synthesis routes. For each
type of membrane (i.e., beaded and bead free), it was found that in-
creasing the PVDF solution concentration reduced the inter-fiber space.
However, due to their fibrous structure, bead-free ENMs prepared with
concentrations higher than 22.5 wt% possessed high void volume
fractions and led to superior DCMD performance, including a high
permeate flux and higher salt rejection rate than the beaded ENMs [63].
In addition, the liquid entry pressure (LEP) and permeate flux were
augmented after the thickness of the electrospun PVDF nanofibrous
membrane was reduced by post synthesis heat treatment up to a max-
imum of 170 °C, while the hydrophobicity, pore size, and porosity were
reduced significantly [64].

Boukhriss et al. [25] have recently observed the effect of membrane
thickness and salt concentration on the permeate flow and thermal ef-
ficiency of different types of membranes. Due to the concentration
polarization effect, the results revealed that the thermal efficiency and
permeate flow were considerably reduced for thinner membranes and
highly concentrated solutions; this reduction was less pronounced for
thicker membranes. By comparing the performance of two commercial
PTFE membranes at various feed and permeate conditions and different
feed concentrations, Khalifa et al. showed that small thicknesses
(154 μm) and large pore sizes (379 nm) offer less resistance to mass
transfer, thereby generating a large driving force across the membrane
and resulting in a large flux [51]. By comparison, three different pore
size PTFE membranes were tested using similar feed conditions for
actual seawater distillation with solar thermal energy as the heating
source. The results indicated that LEP decreased as the pore size in-
creased and the membrane with the smallest pore size was more hy-
drophobic relative to two similar membranes composed of the same
material [65]. From the above discussion, it can be deduced that the

Fig. 2. Effect of membrane thickness on thermal efficiency.
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membrane thickness is not the only aspect to influence MD performance
in terms of energy efficiency and permeate flux; other physical para-
meters such as pore size, void volume fraction, pore size distribution,
pore wall thickness, and inter-fiber space also have a significant role in
membrane performance [64,66]. Optimization of these parameters in
conjunction with membrane thickness for energy-efficient and high-
capacity water production DCMD systems still requires further in-
vestigation for both laboratory and large-scale applications. However, it
has been demonstrated that although beaded ENMs are thinner than
bead-free ENMs, the latter membrane has a much higher DCMD
permeate flux than the former due to its higher void volume fraction
[67].

3.3. Hydrophobicity and contact angle

Super-hydrophobicity is a pre-requisite for achieving efficient
DCMD processes. Hydrophobicity depends upon pore size, pore size
distribution, membrane materials, surface geometry, and surface en-
ergy. Ideally, a super-hydrophobic membrane should have a very rough
surface with a contact angle> 150° and possess a very low surface
energy. Liquid entry pressure is another important parameter for super-
hydrophobicity, which can be defined as the minimum pressure at
which liquid enters the membrane pores to cause wetting. To avoid
membrane wetting, the applied hydrostatic pressure must be lower than
the LEP. Membranes made of materials with high hydrophobicity, low
surface energy, and small pore sizes are preferred for large LEP.
However, relatively small pore sizes are inappropriate for high flux and
may lead to fouling and scaling. In other words, high LEP requires small
pore sizes while high flux requires large pore sizes. Therefore, a com-
promise must be established between these two parameters and mem-
branes, and specific features (i.e., high flux with negligible pore wet-
ting) should ideally be fabricated directly into the membrane. Essalhi
et al. prepared nanofibrous membranes of PVDF using electrospinning
synthesis techniques. It was observed that the membrane thickness in-
creased by increasing the electrospinning time, which resulted in a high
LEP; notably, the contact angle and diameter of the electrospun fibers
were unaffected [63].

One method to increase the hydrophobicity and wetting resistance
of fibrous membranes has been the addition of secondary materials to
the polymer fibers. For example, fluorographite microcrystalline
powder possesses highly hydrophobic properties. This material has
been recently deposited on the surface of a PVDF membrane using fil-
tration and dry-jet wet-spinning techniques. The results indicated that
the fluorographite-modified hollow fiber membranes can function for
up to 200 h without any reduction in performance. In addition, the
inclusion of fluorographite yielded a better LEP and improved wetting
resistance while negligibly affecting the flux [68].

3.4. Materials: material properties and synthesis

Two major issues concerning the reduction in flux of MD systems
are vapor transfer resistance and the temperature polarization effect,
which may be partially resolved by membranes with large pore size,
large porosity, and low tortuosity. Small pore size may lead to pore
wetting due to vapor condensation and membrane fouling/scaling [69].
Therefore, a highly hydrophobic membrane with suitably sized pores
and porosity is required that can very selectively allow water vapor to
pass with high flux and zero wettability [27]. To overcome the major
issue of pore wetting, highly hydrophobic polymers such as (PP, PVDF,
and PTFE have been extensively used as building block monomers to
fabricate porous membranes [70–72]. In addition to the parent mate-
rials, fabrication techniques also strongly influence the physical prop-
erties and parameters. Studies have shown that among the various
fabrication technologies (i.e., track-etching, interfacial polymerization,
and phase inversion), electrospinning is the most appropriate method to
prepare flat structure membranes with very high hydrophobicity

[18,73].
Very recently, super-hydrophobic membranes with large water

contact angles have been fabricated by electrospinning different solu-
tions and ratios of poly-dimethylsiloxane (PDMS) and poly (methyl
methacrylate) (PMMA). It has been experimentally demonstrated that
the contact angle is directly related to the polymer surface roughness,
which in turn increases as the PDMS/PMMA mass ratio increases. The
performance of the electrospun membrane was compared with a com-
mercially available PVDF membrane, and it was concluded that a
membrane fabricated with a PDMS/PMMA ratio of 1/1 had the largest
pore size (8.03 μm), possessed a permeate conductivity of 3.9 μS/cm,
and had an average permeate flux of 42.52 L/m2 h with a 99.99% salt
rejection rate [74]. Although the M4–2 membrane showed superior MD
performance among all membranes prepared under different experi-
mental conditions, a decrease in the permeate flux and salt rejection
was observed when it was continuously used for longer than 24 h due to
pore wetting and temperature polarization [74]. It is noteworthy that
fabrication of super-hydrophobic membranes requires appropriate
materials of a suitable combination and concentration to give a low
surface energy, low surface tension, low surface density, and strong
water repellent properties [75,76]. Fig. 3 shows a direct relationship
exists between the contact angle and permeate flux provided that the
other experimental conditions are similar. Specifically, the permeate
flux of the membrane increases as long as the membrane contact angle
increases parameters such as pore size, pore size distribution, mem-
brane effective area, feed and permeate flow rates, and temperatures
are unchanged. As indicated with the circle in Fig. 3, the type and
concentration of the feed solution may also affect the flux at some
contact angles. Further, the inset of Fig. 3 reveals that a small difference
in contact angle (2°) of two membranes prepared from the same ma-
terial can also significantly influence the permeate flux of the DCMD
system. A decrease in the permeate flux, which is mainly associated
with pore wetting, causes the temperature and concentration polar-
ization effects, followed by a reduction in the pressure. Super-hydro-
phobic membranes possess larger contact angles (> 150°) and therefore
have less chance of pore wetting and flux reduction [71]. Thus, as
shown in Fig. 3, higher permeate fluxes occur for larger membrane
water contact angles, irrespective of the type of membrane material.

4. Mass and teat transfer optimization

The formation of two boundary layers: 1) a concentration boundary

Fig. 3. Effect of contact angle on permeate flux.

R. Ullah et al. Desalination 433 (2018) 56–67

61



layer caused by 100% salt rejection on the feed side, and 2) a tem-
perature boundary layer caused by the temperature polarization effect,
are the two main mechanisms associated with hindering mass and heat
transfer across DCMD membranes. These key factors are strongly de-
pendent on the membrane materials and its physical parameters. Mass
transfer across a membrane is calculated through multiplication of a
vapor pressure difference (Δp) originating from the temperature dif-
ference and membrane distillation coefficient (MDC). The MDC is ob-
tained through either one of the mass transfer resistance models (i.e.,
Dusty gas model, Poiseuille flow, Knudsen diffusion, or molecular dif-
fusion) or a combination of two or more of these mass transfer me-
chanisms [39,78]. These models are very complex, depending on the
membrane characteristics such as pore size, pore diameter, and the
water vapor mean free path, and require a large number of experiments
for verification.

Gustafson et al. have conducted experimental and simulation stu-
dies to model constant membrane distillation coefficients to evaluate
mass and heat transfer in large-scale DCMD applications. They de-
monstrated that independent of the membrane materials, MDC can be
considered as a common constant value for a feed temperature differ-
ence in the range of 40 °C to 70 °C with a distillate temperature of 20 °C
[79,80]. The results show that while the model predicted was tested on
the laboratory it can be utilized on an industrial scale with a constant
MDC scale through a stepwise approach [81].

In contrast, Ding et al. showed that the membrane pore size and feed
temperature have a significant impact on MDC, which in turn influences
mass transfer across the membrane [78]. By fixing MDC as a constant
value, it was demonstrated that the maximum effect of mass transfer on
the heat transfer rates in the feed and permeate side are 7.2 and 3.2%,
respectively, and can be ignored during the calculations.

In addition, experimental results further revealed that heat transfer
due to vapor flow in the membrane is equivalent to or greater than the
heat conduction and increased with increasing feed temperature [79].
Simulations predicted that mass transfer also affects the heat transfer
(called the Dufour effect) and is approximately 2 times higher on the
feed side than the permeate side. Further study confirmed that heat
transfer inside the membrane is mostly caused by vapor flow across the
membrane, and the Dufour effect can be neglected at all times on the
permeate side and only at low feed temperature on the feed side [82].
Increased mass transport across the pores demand thinner membranes,
and reduced heat transport across the membrane requires thicker
membranes. To balance these two opposing forces certain steps can be
taken. To allow for thicker membranes while maintaining mass transfer,
vapor transport resistance across the membrane can be reduced by
deposition/coating of a hydrophilic layer on a membrane's internal fi-
bers. This has been achieved by the addition of a polydopamine/poly-
ethyleneimine coating on the internal hydrophobic polypropylene
hollow fibers membranes without any substantial increase in its
thickness. The study showed that the hydrophilic layer-coated mem-
brane has a slightly lower LEP, reduced mass transfer resistance, and
augmented water flux, which was further increased with temperature.
The contact angle of the outer surface of the modified hollow mem-
brane was found to be 105°, whereas it was just 35.5° for the inner
surface coated with a hydrophilic layer. Overall, this contact angle
modification at the two surfaces improves the permeate flux and salt
rejection of the membrane [83].

4.1. Improving mass transfer through turbulence

Temperature and concentration polarization are two major issues
that impede the thermal efficiency and mass transfer coefficients of
DCMD technology. Techniques such as increasing the flow rate through
additional pumps, changing the flow rate from laminar to turbulent
conditions, and introducing empty and filled spacers on both sides of
the membranes have been utilized to improve the hydrodynamic con-
ditions and reduce temperature and polarization effects [84–87]. As

shown in Fig. 4, spacers are net-like feed channels (turbulence pro-
moters) in any geometrical combination, mesh size, thickness, and
voidage [1]. Theoretical and experimental studies have demonstrated
the advantages of incorporating spacers into the feed and permeate
sides of the membrane, which improve the overall performance of
DCMD systems. It has been experimentally demonstrated that spacers
(either filled or empty) reduce thermal polarization effects and enhance
the permeate flux. Notably, the orientation and design of the spacers
has a significance influence on the pressure drop and polarization ef-
fects. Specifically, they have been tested experimentally in bench-scale
systems to minimize the temperature and concentration polarization
effects and improve the water production of MD technology [88,89].

As shown in Fig. 4, the temperature difference between the bulk and
membrane surface (Tf–T1) decreases (Tf–T1s) on the feed side after the
insertion of spacer. Similarly, the temperature difference on the
permeate side (T2–Tp) also decreases to lower values of T2s–Tp because
of the spacer. Note that the membrane distillation coefficient (MDC) is a
physical property and is material dependent. Therefore, it is not mod-
ified by the application of filled- or empty-spacers. Phattaranawik et al.
observed flux increases up to a maximum at a spacer voidage of 60%
and an optimum hydrodynamic angle of 90° (Fig. 5), though any further
increase in the voidaige % was detrimental to mass flux [90]. Another
recent experimental and simulation study has shown that the effects of
the thermal boundary layer and concentration polarization can be
greatly reduced through the use of a spacer (Fig. 4), which in turn in-
creases the mass transfer rate. However, a minute pressure drop occurs
due to spacer channels in the DCMD system, which is primarily at-
tributed to the hydrodynamic angle and kinetic losses caused by the
change in flow directions [1,91,92].

Clearly, the introduction of voidage into the system either through
filled or empty spacers has a significant influence on the permeate flux.
The data of Fig. 5 has been adapted from selected articles where only
filled spacers were used to reduce the heat transfer and enhance the
mass transfer across the membranes. In many cases, the optimal voi-
dage was found to be in the range of 60%, since increasing and/or
decreasing voidage above/below this value reduces the flux of the
system. Voidage itself is dependent on the composition of the spacers,
the inlet flow rate, the spacer orientation and its thickness. Therefore,
optimal conditions are required for the installation of spacers in a
DCMD system to achieve maximal mass transfer and low heat transfer.
However, such conditions depend on the parameters of both the

Fig. 4. Filled spacers on the feed and permeate sides of the membrane reduce the tem-
perature boundary layer thickness [90].
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membrane (physical) and the entire system [1].

5. Feed water properties

Wastewater produced from steam-assisted gravity drainage systems
was used as hot brine to determine the performance of a large-scale
DMCD process using a PTFE membrane [5]. Singh et al. observed that
the water vapor flux and the trans-membrane pressure difference ex-
ponentially increased with feed water temperatures above 80 °C; how-
ever, increasing the brine flow rate from 50mL/min to 850mL/min had
no significant effect on the vapor flux. Approximately 2–5 ppm of
phenol, cresol, and naphthenic acid were detected in the distillate water
after vaporizing the brine water at 128 °C and no traces of NaCl were
found in the permeate, indicating the non-wetting performance of the
PTFE membrane at high temperature [5]. Song et al. compared the
performance of two cross-flow membrane modules as a function of the
feed brine temperature, feed salt concentration, linear velocity of the
distillate, and distillate temperature [20]. Higher flux was observed as
the distillate linear velocity increased, leading to a decline in the dis-
tillate outlet temperature. Lower distillate temperatures improved the
flux of the system by maintaining the temperature difference between
the brine and distillate (i.e., ΔT=Tbrine – Tdist). It was further revealed
that the outlet temperature of the distillate rose and almost became
equivalent to the brine temperature at lower linear distillate velocity,
thus reducing the temperature difference (i.e., ΔT), which in turn re-
duced the driving force. Alternatively, the water vapor flux ex-
ponentially increased as the feed inlet temperature and the distillate
inlet temperature at fixed velocity were increased, thereby reducing the
driving force and subsequently reduced the vapor flux. Additionally,
the feed salt concentration up to a maximum of 10% (NaCl) was found
to have a nominal effect on the module performance.

Salinity has a direct impact on the flux and energy efficiency of MD
systems. Relative to pure water, both of these aspects are significantly
reduced for high concentration saline water. Moreover, the energy ef-
ficiency of thinner membranes has been shown to decrease as the
salinity increased, whereas that of thicker membranes was less affected,
indicating a size-dependent performance of membranes for diluted and
concentrated water [26]. For thinner electrostpun-PVDF (ePVDF)
membranes (20 μm) in concentrated (20 wt%) water, as found in brine
and chemical and pharmaceutical industries [93,94], the flux was ne-
gative at low flow velocities and low temperatures; that is, water moved
from the permeate side to the feed side owing to osmotic pressure. For
thicker membranes like PP (188 μm), PE (95 μm), and PVDF (112 μm),
however, a positive flux was observed. At an optimal PP membrane

thickness (49 μm) and salt concentration (24 wt%), increasing the
temperature difference and flow velocities enhanced the flux of the
system, suggesting their direct impact on improving the driving force
[26]. The impact of other process parameters such as feed velocity and
temperature on the energy efficiency of the DCMD process has been
examined in the filtration of fruit juices using five different types of
PVDF and ethylene chlorotrifluoroethylene (Halar ECTFE) hollow fiber
membranes in the low temperature range of 25 °C to 40 °C. It was ob-
served that Halar fiber membranes (HFMs) performed better than PVDF
in terms of water removal and MTE, with 45.65% and 14.9% MTE,
respectively. It was further demonstrated that the MTE was slightly
increased as the feed velocity increased; however, this effect was re-
versed at high feed concentration, particularly for HFMs, which may be
associated with the concentration polarization effect for high flux [95].
Similarly, at high feed velocity, thinner membranes have better per-
formance, and low feed velocity was more suitable for thicker mem-
branes to achieve a high MTE DCMD process, where the optimal
membrane size was 150 μm.

6. System parameter effects on MTE

At water recoveries below 70%, no scaling on the membrane surface
was observed, but the water flux was influenced by feed salinity, tem-
perature, and polarization effects [17]. As is common practice with
DCMD systems, the distillate flux of the longitudinal flow membrane
module increased as the hot feed temperature increased, while further
increases in the stream flow rate above 200 L/h was not beneficial for
mass transfer [48]. As shown in Table 2, the effects of operating con-
ditions such as feed temperature, feed flow rate, permeate temperature,
and permeate flow rate on the DCMD permeate flux have been ex-
perimentally investigated for times as long as 48 h. The results in-
dicated that increasing the feed temperature, feed flow rate, and
permeate flow rate and decreasing the permeate temperature caused a
reasonable increase in flux with 100% salt rejection [96].

6.1. Captured heat recycling

To demonstrate the possibility of using DCMD technology in prac-
tical applications for water purification, a commercial PTFE membrane
with a pore size of 5 μm and a total membrane area of 0.67m2 has been
tested through a low-grade waste heat (< 40 °C) obtained from a coal
power station to distill the station's effluent, which contains dissolved
salt, CO2, and ammonia as major contaminates. To produce a total of
8000 kL/day using waste heat from a gas power station, the results
revealed that the salt rejection of the system was ~99.9%, the total flux
was as low as 3 L/m2·h, and the energy consumption was ~1500 kWh/
m3 [97].

A modeling study has suggested that for low-grade energy con-
sumption, the feed solution must be above 50 °C with a Reynolds
number in the range of 3000–5000 (transitioning to turbulent flow) in
order to make DCMD a competitive seawater distillation process [37].

6.2. Flow rate

Very recently, Khalifa et al. have investigated both experimentally
and theoretically the effect of system parameters, such as feed and
permeate temperature, feed-to-permeate temperature difference and
ratio, feed and permeate flow rates, feed-to-permeate flow rate ratio,
and salt concentration of the feed, on the MTE and GOR of the DCMD
process [51]. As shown in Table 2, a maximum flux of 72 kg/m2·h ob-
tained at a feed temperature of 90 °C and permeate temperature of 5 °C
was mostly attributed to the high temperature difference, which sub-
sequently produced a high driving force (i.e., vapor pressure across the
membrane). However, the high temperature difference between the
feed and permeate caused a temperature polarization effect, resulting in
a reduction of the flux. Relative to the system running with the

Fig. 5. Effect of voidage on permeate flux.
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permeate temperature around room temperature, an energy penalty
was thus imposed on the system. It was also demonstrated that in-
creasing the feed flow rate improves the permeate flux at any tem-
perature, and this effect is multiplicative at high feed temperature.
Fig. 6 compares the permeate flux versus feed flow of various systems
from the literature. Most of the experimental parameters, including the
feed flow temperature, were kept constant except for the membrane
thickness. As seen, it is common for the permeate flux of each system to
increase as the feed flow rate increases. Increasing the permeate flow
rate was also beneficial for the flux, but its effect is less pronounced
than the feed flow rate. Although the feed and permeate temperatures
and flow rates improve system performance, the higher salt con-
centration in the feed causes concentration polarization across the
membrane and restricts vapor transfer due to fouling and scaling of the
membrane surface, which consequently reduces the permeate flux and
overall performance of the DCMD process [51]. To achieve the goal of
having an energy efficient process, an experimental study supported by
steady-state simulations revealed that DCMD could function efficiently
at the highest suitable feed temperature and velocity if the permeate
temperature and velocity are higher than 10 °C and 0.3 m/s, respec-
tively [40] .

A theoretical and experimental study has also been conducted to
evaluate the performance of a tubular DCMD process, and the effect of
various geometrical and operating parameters on the GOR have been
examined using a solar heating system. The results indicated that an
increase in salt concentration was unfavorable for permeate water
productivity since the viscosity of the water increases, which subse-
quently reduces the permeate flow rate and the mass transfer driving
force. However, the temperature and concentration polarizations be-
came reduced substantially due to shrinkage of the hydrodynamic
boundary layer thickness because of the feed water flow rate increase
[100]. Through a theoretical investigation, Lee et al. very recently
suggested that a high thermal efficiency and partial vapor pressure
difference can be obtained in the presence of higher temperature dif-
ferences between the feed and permeate sides [101].

7. Application of solar energy in DCMD

The possible use of a portable and small-scale MD unit for arid and
rural areas has been analyzed through conventional mass and heat
transfer theories. A combined experimental and computer simulated
study highlighted the sources of three major inefficiencies, including

the presence of air in the membrane pores, heat loss due to conduction,
and heat loss due to temperature polarization. The study further sug-
gested that a small-scale distillation plant coupled with a solar heater
would be economically superior and the most practical process for
underdeveloped areas [41].

However, many aspects of large-scale solar ponds (e.g., El Paso, USA
and Pyramid Hill Solar Pond Project’) have been examined for heat
generation, energy production, and water desalination to make use of
solar energy stored in saline water in the form of heat. Two basic
strategies have been utilized to extract heat from salinity gradient solar
ponds: an internal heat exchanger (i.e., circulation of a heat transfer
fluid in the heat exchanger through a pipe to the outside) and an ex-
ternal heat exchanger (i.e., pumping the hot brine from the top of the
Lower Convection Zone (LCZ) and returning the cold brine to the lower
part of the LCZ). Thermal efficiency of salt gradient solar ponds has
been defined as the ratio of the total heat removed from the solar pond
to the amount of solar radiation irradiated on an exposed surface of the
pond for a specific (long) time interval. In addition to the very low
thermal efficiency (i.e., up to 20%), technical issues such as the internal
instability of the gradient zones, boundary moments between the zones,
erosion caused by convection, and salt transport across the zones due to
diffusion are among the major challenges that have hindered further
development of solar pond technology [102–105].

In a recent study the salinity concentration and temperature dif-
ferences at three different layers called the upper convection zone
(UCZ), non-convection zone [106], and lower convection zone (LCZ)
with increasing salinity and temperature from the UCZ to the LCZ have
been investigated as a practical demonstration of solar ponds for pos-
sible application in DCMD technology. It was assumed that 40% of the
solar energy can be absorbed by the LCZ and its temperature can be
increased to 80 °C, which can then be utilized as a hot feed supply and
the UCZ can be used as the permeate water supply. Experimental and
theoretical studies indicated that the heat flux, heat transfer coefficient,
mass flux, and evaporation efficiency all increased, though the tem-
perature polarization coefficient decreased with increasing feed tem-
perature [107].

A DCMD system using PTFE membranes of various pore sizes and
operated by solar thermal energy showed that the permeate flux in-
creased as the permeate temperature increased, which was mainly at-
tributed to the increased vapor pressure. Conversely, the salt rejection
rate remained constant for membranes with smaller pore sizes, and it
decreased significantly for larger pore size membranes as the flow rate
of the system increased. A flux of 28.27 L/m2·hr was recorded by a
DCMD system for seawater operated on a sunny day, where the feed
temperature at the peak hours (between 11 AM and 3 PM) reached a
maximum of 61 °C [65].

The number of modules in solar energy operated multistage direct
contact membrane distillation (SMDCMD) can be adjusted dynamically
to increase the thermal efficiency and water production. Such a dy-
namic operating system is a procedure in multistage MD systems where
the number of modules used is adjusted based on the inlet feed tem-
perature of each successive module. This theoretical investigation
showed that both the water production and thermal efficiency in-
creased with the use of a dynamic operation system in an eight-stage
DCMD plant operated with a collector area in the range of 350–550m2

and a seawater storage tank volume of 28.8 m3. Dynamic operation
caused the water production to increase from 1.16m3/day to 1.17m3/
day and the thermal efficiency increased from 54% to 58.8% in the
month of October [101]. Considering the significant heat loss that oc-
curs in MD and that maintaining a proper temperature difference is
paramount to optimal driving force this type of system can be an in-
tegral component in when considering intermittent/low quality heat
sources for MD.

Upon comparing conventional MD technology with a system as-
sisted by solar photovoltaic cells, it was observed that DCMD operated
with solar energy has much better thermal efficiency, higher water

Fig. 6. Effect of the feed flow rate on the permeate flux at 70 °C for commercial PTEF
membranes.
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production, and lower energy consumption than that operated by
electrical energy. In addition, a DCMD system operated by conventional
energy has an 83% thermal efficiency whereas a similar system oper-
ated by solar energy (i.e., photovoltaic cells) has a thermal efficiency of
95% under similar operating conditions and membrane but a different
driving force source. The comparative increase in efficiency of the solar
energy operated system was primarily attributed to the large flux
compared with the electrical energy operated system [108].

Kim et al. explored the capability of a solar-assisted DCMD process
in a large-scale application and used 50 DCMD modules with the
parameters and operation conditions given in Tables 1 and 2. A
permeate production capacity of 31m3/day was reported for a collector
area of 3360m2, with an overall efficiency of 53%, a seawater tank
volume of 160m3, and a thermal energy consumption of 436 kWh/m3

with the heat recovery system. As a result, the experimental and si-
mulation studies suggested that solar assisted direct contact membrane
distillation is still an energy intensive technique compared with other
desalination technologies (e.g., RO) owing to heat loss caused by con-
duction and its lower mass transfer [52].

8. Conclusion

On the basis of the current literature, it can be concluded that ad-
ditional research is necessary for large-scale DCMD to make this tech-
nology an energetically efficient and economically viable option for
seawater distillation and wastewater treatment. Indeed, many chal-
lenges persist such as a relatively low output flux and high energy
consumption compared with conventional RO processes, flux decay
caused by temperature and concentration polarization effects, and
suitable membrane and module design. Among the major issues that
require focused research initiatives are the lack of standardized units,
process definitions, and identification. The non-availability of standard
units and definitions for energy efficiency, differentiations between
thermal and total energy consumption, and standard feed and output
water properties make it difficult to identify the most appropriate and
reliable design and process. Without question, it is crucial to establish
standard module designs, standard measuring units, parameters, stan-
dard feed seawater, wastewater properties, and standard product water
properties to compare membranes in meaningful way. As an example of
the unit and parameter non-uniformity, many research articles have
reported different energy efficiency definitions and notations (such as
gain output ratio, energy efficiency, and thermal energy efficiency),
which make it even more challenging to select any particular defini-
tion/units as a standard. In addition, it is exceedingly difficult at pre-
sent to identify the most energetically efficient system. Since membrane
properties such as the water contact angle, thickness, design, size,
porosity, pore diameter and size, membrane materials, synthesis routes,
membrane structure (e.g., hollow, flat, and cylindrical), and membrane
active area all have an independent and collective influence on the
product water, the standardization of all these membrane-related
properties and processes is crucial for DCMD processes to be widely
applicable for large-scale water purification.

For DCMD to be maximally energy efficient, the following measures
must be considered: i) application of solar or renewable energy, ii)
application of low-grade waste heat, iii) improvement of hydrodynamic
conditions, vi) module redesign to minimize temperature and con-
centration polarization effects, and v) incorporation of heat exchanger
for recovery. Developing these criteria is highly recommended as an
initial step because it will progress the standardization of units, defi-
nitions, processes, parameters, module size and design, feed and pro-
duct water properties, and membranes properties using state-of-the-art
research and equipment. Additionally, based on the currently estab-
lished universal units and definitions, various membrane techniques
such as AGMD, SGMD, and VMD must be technically compared with
DCMD as such comparisons will be helpful to direct the future of MD
technology for large-scale applications.

Technical challenges such as resistance to wettability, liquid entry
pressure, membrane scaling and fouling, flux reduction for long-term
application, reduction in the salt rejection rate, heat and mass transport
across the membrane, and reliable product water quality and quantity
can be resolved by selecting suitable membrane materials, membrane
synthesis routes, and membrane properties (i.e., porosity, pore size, and
thickness). To date, the optimized membrane parameters for high
permeate flux are suggested to be a pore diameter of 0.3 μm, which
could sustain a high liquid entry pressure of 2.5 bar, membrane thick-
ness in the range of 10 to 700 μm, membrane porosity larger than 75%,
tortuosity factor between 1.1 and 1.2, and thermal conductivity in the
range of 0.06W/m·K. Further improvements of these parameters can be
obtained through the use of electrospinning synthesis routes, which are
capable of fabricating optimized membranes with controllable pore
sizes, porosity, and thickness. The most challenging issue in DCMD
technology is developing the most effective and standardized mem-
brane thickness that can fulfill the requirement of large mass transport
and reduced heat transport caused by conduction via direct contact.
Although much progress has been made in DCMD technology, much
more work remains to achieve the desired minimum energy target of
1 kWh/m3 for its practical and widespread application.

Nomenclature

Voidage, ε =
−ε

v

V
tot Vsp

tot
, Vtot =Mesh area× Spacer thickness,

Vsp=Volume of spacer
PP Poly-propylene
PTFE Poly-tetrafluoroethylene
PDMS Poly-dimethylsiloxane
DCMD Direct contact membrane distillation
εE Energy efficiency
RO Reverse osmosis
Re Reynolds number
MD Membrane distillation
ZTIMD Zero thermal input membrane distillation
SWRO Seawater reverse osmosis
SAGD Steam assisted gravity drainage
GOR Gained output ratio
SPMD Solar power membrane distillation
MSF-RO Multistage flash reverse osmosis
AGMD Air gap membrane distillation
FO Forward osmosis
GSMD Gas sweeping membrane distillation
εT Thermal energy efficiency
QN Heat transfer due to convection
Qm Total heat transport
Qc Heat transport due to conduction
CGMD Conductive gap membrane distillation
VMD Vacuum gap membrane distillation
PGMD Permeate gap membrane distillation
STEC Specific thermal energy consumption
EC Energy consumption
LEP Liquid entry pressure
LCZ Lower convection zone
UCZ Upper convection zone
ENMs Electrospun nanofibrous membranes
PMMA Poly-methyl methacrylate
MDC Membrane distillation coefficient
HFMs Halar material fiber membranes
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