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Abstract: A comprehensive study was conducted to elucidate the effect of operating conditions on
the performance of a multi-effect vacuum membrane distillation pilot plant. A theoretical assessment
of the energy and exergy efficiency of the process was achieved using a mathematical model based on
heat and mass transfer, which was calibrated using experimental data obtained from the pilot plant.
The pilot plant was a solar vacuum multi-effect membrane distillation (V-MEMD) module comprising
five stages. It was found that a maximal permeate mass flux of 17.2 kg/m?h, a recovery ratio of
47.6%, and a performance ratio of 5.38% may be achieved. The resulting gain output ratio (GOR)
under these conditions was 5.05, which is comparable to previously reported values. Furthermore,
the present work systematically evaluated not only the specific thermal energy consumption (STEC),
but also the specific electrical energy consumption (SEEC), which has been generally neglected
in previous studies. We show that STEC and SEEC may reach 166 kWh/m3 and 4.5 kWh/m?,
respectively. We also observed that increasing the feed flow rate has a positive impact on the process
performance, particularly when the feed temperature is higher than 65 °C. Under ideal operational
conditions, the exergetic efficiency reached 21.1%, and the maximum fraction of exergy destruction
was localized in the condenser compartment. Variation of the inlet hot and cold temperatures at a
constant differential showed an interesting and variable impact on the performance indicators of the
V-MEMD unit. The difference with the lowest inlet temperatures exhibited the most negative impact
on the system performance.

Keywords: multi-effect membrane distillation; performance indicators; specific electrical energy
consumption; specific thermal energy consumption; exergetic efficiency; exergy destruction

1. Introduction

The demand for freshwater is becoming a central issue for several countries world-
wide. Desalination represents a viable solution to provide potable water from a variety
of available sources; however, the use of conventional desalination technologies powered
by fossil fuels results in high energy consumption and negative environmental impacts.
Therefore, there is a high degree of interest in the development of efficient water purifica-
tion systems with low energy requirements and reduced environmental impacts. Attempts
to couple sustainable energy sources (i.e., solar energy, geothermal energy, and waste
energy) to desalination systems are increasing. Solar desalination has been identified as an
attractive example of renewable energy integrated to drive desalination processes. Toward
this goal, several experimental and theoretical studies have been conducted on various
aspects of solar desalination [1].

Membrane distillation (MD), a trans-membrane evaporation process used to purify
water, is a hybrid of thermally-driven desalination processes and membrane separation
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processes [2]. The driving force for the MD separation process is the vapor pressure
gradient across the membrane, as opposed to the total pressure, as is the case for reverse
osmosis processes [3,4]. In the last few decades, MD has gained growing attention, as
indicated by numerous theoretical, experimental, and field studies showing, for example,
its potential to purify concentrated brines at a low energy cost [4]. However, the process
still has major limitations impeding its development and industrial progress [3,5]. Current
limitations are generally related to the high specific energy consumption, low recovery
ratio, and low production rate for single-stage structures [3,4]. To address such issues,
several attempts have been recently made to incorporate energy recovery devices, employ
novel membranes and configurations/geometries, control membrane wetting and fouling,
and utilize renewable energy and waste heat sources [3,4].

Several pilot systems have been designed and constructed for membrane distillation
powered by solar energy. Data and results reflecting the performance of MD systems
in terms of production recovery ratio and energy efficiency under various operating
conditions have been analyzed [5-8]. Bouguecha et al. [5] investigated the performance
and the thermal energy efficiency of a direct contact membrane distillation system (DCMD)
integrated with solar collectors. The DCMD plant includes four units: solar collectors with
a total area of 20 m?, PV panels with a peak output of 1.48 KWpeak, three DCMD modules
with a total area of 3.39 m?, and a thermal sink with a cooling water capacity of 103 L/h.
The impact of adding a heat recovery device (HRD) on the solar desalination performance
was investigated. When the HRD was used, the distillate flow rate per module increased
from 3.31 L/h to 4.59 L/h while the minimum specific thermal energy consumption
(STEC) decreased from 2342 kW/m? to 1609 kW /m?3. Lee et al. [6] simulated the monthly
average daily and hourly performances of a solar multi-stage direct contact membrane
distillation (SM-DCMD) system under the weather conditions of Busan, South Korea. The
simulations were conducted with energy recovery, and under steady-state and dynamic
regimes. The results highlight the benefit of implementing a dynamic operation procedure
for the unit. For instance, the monthly average daily water production for December
increases from 0.37 to 0.40 m3/day and the thermal efficiency from 31% to 45% when
the dynamic operation mode is used compared to the steady-state mode. Najib et al. [7]
conducted a detailed experimental investigation on a direct contact membrane distillation
(DCMD) unit with/without heat recovery (HR). In this study, they evaluated the specific
energy consumption (SEC) and the specific exergy consumption (SXC) for the evaporator
and the condenser under various experimental conditions to demonstrate the benefits of
heat recovery. Importantly, it was found that the specific energy consumption and the
specific exergy consumption do not exceed 300 kWh/m3 and 12 kWh/m?, respectively,
when the hot feed temperature is 80 °C, the feed flow rate is 300 L/h, and the heat
recovery is active. Ong et al. [8] conducted an experimental and theoretical study on the
performance of a multi-effect vacuum membrane distillation system (V-MEMD) driven
by waste heat recycled from a concentrated photovoltaic system. The electric power and
water cogeneration system was found to convert 85% of the solar irradiation into useful
energy. A solar-driven multi-effect V-MD called Memsys was proposed and experimentally
evaluated by Zhao et al. [9]. The results showed the temporal variation of temperature,
pressure, and distillate rate within the module as well as its energy efficiency under various
hot, cold, and feed conditions.

The high level of energy consumption inherent to MD systems represents significant
weaknesses for these separation technologies. Zaragoza et al. [10] evaluated a series of
prototypes of different MD systems such as air gap MD, permeate gap MD, and multi-effect
V-MD technologies with flat plate and spiral wound membranes. Systematic experiments
have been conducted to evaluate and compare the distillate production and thermal energy
efficiency of the majority of systems powered by solar thermal energy. Despite the fact that
the specific thermal energy consumption (STEC) of the V-MEMD and Permeate Gap MD
(PGMD) modules reach relatively low values of 200 kWh/m?3, additional efforts toward
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optimal energy management and utilization within the modules are necessary to make
these systems competitive.

The V-MEMD process has received increased attention from several research teams,
and experimental studies have been recently conducted under indoor and outdoor con-
ditions [11,12]. Mohamed et al. [13] investigated the performance of a V-MEMD system
based on outdoor conditions of Athens. The evaluation of the main performance indicators
shows that the system performance ratio ranges between 0.4 and 0.9 kg/M]J, the specific
thermal energy consumption varies between 300 and 700 kWh/m3, and the gain output
ratio recorded ranges between 1 to 2.2. A detailed theoretical study based on a rigorous
mathematical model for heat and mass transfer in various parts of the V-MEMD unit has
been proposed by Boutikos et al. [14]. The results show the effect of design parameters,
membrane properties, and operating conditions on relevant performance indicators. No-
tably, the comparison between the predicted values from [15] and the experimental data
obtained in [12] for distillate flux show minor deviations for tap water as the feed solution,
but higher deviations (22%) for seawater.

Andrea-Manas et al. [11] examined a modified version of the V-MEMD-Memsys mod-
ule using feed seawater to cool the condenser, obtaining slightly higher performance over
earlier V-MEMD versions. Additionally, the use of a thermal storage system to minimize
disturbances related to variable solar radiation assisted in the delivery of a stable tempera-
ture profile. However, a decline in performance for the average distillate rate (4 kg/h/m?)
and STEC value (750 kWh/m?) was obtained. Najib et al. [12] experimentally investigated
the performance of the V-MEMD unit operated by solar thermal collectors and photovolt-
age panels (PV) in Riyadh. Solar thermal collectors are utilized to heat the freshwater
inside a thermal storage tank which supplies the V-MEMD unit with heat via a plate heat
exchanger. The purpose of the PV panels is to provide the V-MEMD unit electrical energy.
In the summer season, a high steam raiser temperature can be achieved, which supports
increasing the productivity of the V-MEMD unit. The optimum values of the system
performance indicators such as the productivity (V4), permeate mass flux (J), recovery ratio
(R), gain output ratio (GOR), specific thermal energy consumption (STEC), and specific
electrical energy consumption for the V-MEMD unit reached 31.8 L/h, 12.2 kg/m?h, 36.8%,
4.25,150.9 kWh/m3, and 6.3 kWh/m3, respectively. Khayet [1] presented a comprehensive
and critical review of energy consumption and water cost for solar desalination using
membrane distillation. It was reported that the energy consumption per volumetric water
production can change from 1 to about 9000 kWh/m? for several MD systems. Further-
more, Zaragoza et al. [10] suggested energy consumption and prohibitive cost were the
main barriers hindering membrane distillation from attaining a widespread commercial
breakthrough. These indications demand a serious and critical examination of the actual
energy requirement for MD-based desalination systems. Thus, it remains paramount to
conduct further studies to assess MD performance in terms of production recovery ratio
and energy efficiency.

Table 1 presents an updated summary of similar desalination units. It gathers useful
information and data on V-MEMD unit performance parameters including water pro-
duction, permeate mass flux, recovery ratio, gain output ratio, specific electrical energy
consumption, and specific thermal energy consumption.

Based on the above-reviewed studies, one can conclude the following:

1. Vacuum MD (VMD)has higher performance with respect to increased permeate mass
flux and lower thermal losses [16].

2. Aspecific V-MEMD configuration has been investigated in various outdoor conditions
in Greece [13], Spain [10,11], Singapore [16], and Germany [17]. Extending these field
studies to probe different climate conditions such as arid and hot climates is of interest.

3.  Cascaded DCMD [15,18] can improve recovery ratios, but suffers high energy require-
ments due to additional inter-stage heating requirements. Thus, the performance
of multi-effect VMD is worth of study since the inter-stage driving force is readily
maintained by drawing a vacuum.
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4. More work should be conducted to optimize the internal design of the VMD components
and the energy use/recovery inside the module under various operating conditions.

5. Significant dispersion within the specific energy consumption for desalinated water
is observed and reported in various studies [1]. Therefore, a systematic evaluation
of the energy consumption for solar VMD systems is required. Additionally, exergy
should be also investigated to provide a more application-specific measure of the
energy expended.

Table 1. Summary of results on V-MEMD units obtained from previous works [8,10,11,13,15].

Zaragoza et al. Boutikos et al. Najib et al. Andres-Manas
Reference Number Ong et al. [8] [10] [14] [12] etal. [11]
Membrane area (m?) 15.2 5.76 6.3 5.12 6.4
Saline water and Seawater and Tap water and .
Feed-water type brackish water brackish water saline water Brackish water Seawater
Hot water temperature approximately g g g
C) 75-80 85 50-90 55-75 60-80
Feed-flow rate .
(L/min) 1.9-5.6 approximately 1.17 1-1.33 1.45-2.32 1.5-3
Saline and Seawater and Tap water and .
feed-water type brackish water brackish water saline water Brackish water Seawater
Distillate conductivity 3 approximately
(uS/cm) N/A 4-6 N/A <10 335
Water output (L/h) 125 N/A 10-32 0-31.8 applrg’_‘;?ﬁtely
Permeate mass flux b . b b
(kg /m?-h) 16.4 approximately 14 3.2-10.2 0-12.24 2.4-8.5
Recovery ratio (%) app r;’;‘j;ately 58-59 12.5-40 0-36.8 8.5-40.3
GOR () app goé‘jf;‘tely N/A 2.46-2.63 0-4.25 1.7-32
Specific
electrical-energy 70.2° 18-20 N/A 6.3-47.6 5-20
consumption
(kWh/m?)
Specific
thermal-energy approximately 200-400 252-273.8 150.9-674.5 200-207.7
consumption 128.1
(KkWh/m3)

N/ A: Not available. ® Values calculated using the reported data.

The present work aims to elucidate the energy use and efficiency in a Vacuum Multi-
Effect Membrane Distillation unit. We outline a detailed theoretical analysis to characterize
the behavior of the desalination system in terms of the energy and exergy expended under
various operating conditions. The developed model, which is based on the conservation
of mass and energy as well as the second law of thermodynamics, is validated using
experimental data from a solar pilot unit located in Riyadh. The results of this study will
permit a more straightforward evaluation of the behavior of V-MEMD systems through key
indicators defined in terms of variation of the permeate mass flux, recovery ratio, gained
output ratio, performance ratio, specific thermal energy consumption, specific electrical
energy consumption, specific thermal exergy consumption, and exergetic efficiency. The
rates and locations of the major points of irreversibility within the components of the
desalination system are identified and discussed. A new parameter, the specific exergy
efficiency, is introduced and explored. Additionally, this work specifically emphasizes
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the effects of various input parameters on the performance indicators, illuminating the
favorable operation domain for the V-MEMD system.

2. Basic Principles of Multi-Effect Vacuum Membrane Distillation

Multi-effect membrane distillation combines the advantages of conventional multi-
effect distillation (MED) processes with membrane separation processes in a compact,
modular configuration under vacuum to provide potable water with minimal energy re-
quirements. Basically, MD technologies are based on a non-isothermal process in which
the driving force is the partial pressure gradient across a hydrophobic membrane. Heat is
provided to the feed solution to achieve the latent heat needed for evaporation. Therefore,
the heat and mass transfer processes are related in MD and occur in the same direction
from the hot feed side to the cold (permeate) side. MD has major advantages that include
its capability to treat highly concentrated waters, to be operated at low and moderate
temperature and pressure and to have high-quality products. MD process is implemented
under various configurations such as Direct Contact Membrane Distillation (DCMD), Air
Gap Membrane Distillation (AGMD), Vacuum Membrane Distillation (VMD), and sweep-
ing gas MD (SGMD). Other configurations recently proposed and investigated include
Permeate Gap MD (PGMD) and Material Gap MD (MGMD). For the VMD configuration, a
negative pressure (vacuum) is applied at the permeate side that is below the equilibrium
vapor pressure. This negative pressure increases the vapor pressure difference across the
membrane already present due to the temperature gradient, which results in additional
permeate mass flux.

Figure 1 shows the major components of the vacuum multi-effect membrane distillation
(V-MEMD) pilot module. The membrane and foil frames shown in Figure 1A,B refer to
the stages of the module. Table 2 summarizes the main characteristics and specifications
of the MD unit. Importantly, this specific V-MEMD module was employed to generate the
necessary experimental data for validating the theoretical models. Figure 2 illustrates the
working principles of V-MEMD. One may notice three main parts, namely, a steam raiser
(evaporator), multiple effect stages (evaporation—condensation), and a condenser (Figure 1C).
The steam raiser, which provides the thermal energy to the VMD module, is composed of
several membrane frames and installed prior to the first stage. A plate heat exchanger is
used to transfer the heat from the thermal storage tank to the steam raiser. The hot water
in the steam raiser evaporates at low pressure (e.g., <200 mbar), and the produced steam is
transmitted to the first stage of the MD unit. The V-MEMD system used in this work is
composed of four stages (evaporation-condensation), where each stage recovers the latent
condensation heat for the evaporation process at the next stage. This process is repeated
in subsequent stages at decreasing temperatures. In a similar manner to the conventional
thermal desalination processes, the number of stages defines the thermal efficiency of the
process. The condenser, responsible for the condensation of the vapor formed in the final
stage, is made of various foil frames.

Table 2. Characteristics and specifications of the VMD unit.

Character of Layer Detail
Hydrophobic membrane Polytetrafluoroethylene (PTFE)
Foil Polypropylene (PP)
Dimension 335 mm x 475 mm
Effective area of one effect 0.64 m?
Membrane thickness 0.12-0.2 mm
Porosity 75%
Tortuosity ~1.33

Mean pore size ~0.2 um
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Figure 1. Photographs of pilot plant facilities (A) PP foil [19], (B) The hydrophobic membrane (PTFE) [19], (C) MD module,

and (D) The V-MEMD unit.
Hydrophobic
membrane
Hot water Feed water PP-foil Vapor
- /
b s P, T P2, T2 <3 P3, T3 P4, T4 P5, TS
= - p—
0| 5 - — o - — S 5
Thermal |} = E =5 L) 0
energy <3 - - = — — C g
source |—= E =] < ad -
3= < <3 <5 o
[77] G - g — - oy —p O | Coldwater
>4 < = —
| > >
Distillate for first Distillate water
effect ¥ Brine

Figure 2. Schematic diagram showing the principle of V-MEMD.

3. Mathematical Modeling

A theoretical model for the system described in Figures 1 and 2 is built using the mass,
energy, and entropy balances in each component of the V-MEMD system. Figure 3 shows a
simplified schematic diagram and control volumes of the V-MEMD process for different
streams and layers. The various streams are entering and leaving the steam raiser, the
effects, and the condenser. The subscripts h, f, d, and ¢ stand for hot water in the steam
raiser, feed water, formed vapor, and cold water in the condenser, respectively. The
following typical assumptions are made [16,20,21]:



Water 2021, 13, 1500 7 of 28

1.  Flow, heat transfer, and mass transfer are assumed to be one-dimensional and stable
throughout the V-MEMD system

2. Kinetic and potential energy contributions are neglected
3.  The membrane is assumed to be homogeneous (i.e., uniform)
4.  Thermal terminal difference (TTD) in the steam raiser is taken as zero
5. Viscous diffusion through the membrane is negligible
6. The V-MEMD system is adiabatic, rigid, and does not exhibit fluid leakage
7. All fluids properties are uniform across the effective area
8. No chemical reactions are involved
9.  Homogeneity and thermal equilibrium are assumed in both effects and channels
10.  Pressure drop of feed flow is neglected
11. Complete condensation is assumed
12.  Spacer-filled channel
Feed water

miis1, Tris, St min, Ten, Sin
m1, Tr1, Se1

Hot water * Hydrophobic I ‘

Mi,in, Thiin

—l| T_—_—_:| membrane = T_—_—_:l| I = Tf_f_f_j| Micout, Teout
T A e LT |
B 7y 2P P P T
" X £ el ei1 || e ] en1 | et
I It i C | -4|=~ | | -Jln
I | | | | |
o T Iy | T mui Iy | Tmun COId_ w_la_lt.er
ol Tea | S TR | ' Tun Meiny {ein
T e I | I e
il sl sttt ettt

mh.o: Thiout * maa Ta1 ma.i Tai i * man Tan

mr2, Tt2, 512 m.i, Tei, St mb, Tb, So Brine

Control Volume A . — — —
Control Volume B . — — — Control VolumeE . — — — Control VolumeH . — — _
Control Volume C . — — — Control VolumeF . — — — Control Volumel . — — —

Figure 3. Simplified schematic diagram and control volumes of the V-MEMD system including the stream raiser, a typical
effect, and the condenser.

3.1. Mass, Energy, and Entropy Balances

The conservation equations and the second law of thermodynamics under the above-
mentioned assumptions have been developed using various control volumes of the V-
MEMD system as shown in Figure 3. One can observe that the control volumes A, B, and C
refer to the steam raiser, the control volumes D, E, and F to a typical effect, i, while control
volumes G, H, and I stand for the condenser. Control volume (C) refers to the hot stream
and the feed stream in the first compartment steam raiser (evaporator), as described in
Figure 3. Through this control volume, the conservation equations and the second law of
thermodynamics can be written as follows:

my i, + Mp = My + Mg+ meo D

my, iphy i + mypiher = myeuhyeu + maihyar + meoheo + e 2

ge,l

Sgenl > m + Ihh,out‘sh,out‘ + r.nd,lsf,d,l + Ihf,Zsj",Z - Ii"h,insh,in - Iilf,lsf,l 3)
oil, .
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From control volume (A), one can write:
my iy + Mp = Moy + My + My @)

my, ihy i + Mg iher = myeuhy o + Mo 1he g1 + myeohyss ®)

While from control volume (B), one obtains:

my; = my, (6)

Dep = My (hg,d,l - hf,d,l) @)

where my, ;, and my, ,,; are the inlet and the outlet hot water flow rates, respectively. m ris
the water feed rate. my is the evaporated water rate across the membrane. hy, ;, and hy, ;s
refer to the specific enthalpy of the hot water at the inlet and outlet of the steam raiser,
respectively. hy s and hg 4 refer to the saturated liquid and saturated vapor enthalpies of
distillate water, respectively. &, is the latent heat associated with the evaporated water, m,.
Sgen stands for the entropy generation, sy, ;, and sy, o, are the specific entropy of the hot
water at the inlet and outlet of the steam raiser, respectively, and s 4 is the saturated liquid
specific entropy.

It is of interest to check that when adding Equations (4) and (6), Equation (1) is
obtained and when adding Equations (5) and (7), Equation (2) is obtained.

Using control volume F (Figure 3), similar mass, energy, and entropy balance equations
for a typical effect, i, can be derived:

r'nf,l- e mf,iJrl + Ihd/i (8)
myihe;i+@ei1 = mygihgir + myiheg+ e, ©9)
Dei Dei-1

Soeri > _
B = T +273.15 Ty +273.15

+ myi118f,i41 + MySfai — mysp; (10)

where the subscript i represents the effect number and Ty, is the temperature of foil.
Thermodynamics properties were evaluated at the foil temperature and bulk salinity of the
inlet feed stream.

Regarding the condenser compartment, there are slight differences in the balance
equations due to the cold water stream. Therefore, one can write the corresponding balance
equations as:

My N + Mgy = My + Mg N + Meout (11)
msnhe N + Do N1 = mphy + my Nhe N+ Den (12)
De,N DeN-1

S

+ mys, + Iild,NSf,N — rhf,st,N (13)

> —
8N = Troun +27315  Trpn_1 +273.15

Writing the energy conservation equation using control volume H provides the link
between the feed water of the upstream effects and the cold water stream:

DeN = My N (hg,d,N - hf,d,N) (14)
This may be expressed accordingly as:
DeN = mc,incpclin[Tc,out - Tc,in] (15)

where rhc,in is the cold water flow rate and Cp_ ;, is its specific heat. T ;, and T¢ o, are the
cold water inlet and outlet temperature, respectively.
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Since only water vapor molecules migrate through the membrane pores, the salt
remains in the feed channel. Therefore, the salt balance equation may be written as follows:

My Wi = MWt (16)
where w refers to the salinity.

3.2. Mass and Heat Transfer

The mass transport mechanism through the membrane pores is characterized by
three primary mechanisms known as Knudsen-diffusion (K), Molecular-diffusion (M), or a
combination of these two giving what is known as the “transition mechanism” [22,23]. The
Knudsen number, a key parameter in the mass transfer mechanisms within the membrane,
is defined as:

Kn = — 17
z a7
where d, is the mean pore size of the membrane and ! is the mean free path of the molecules

defined by [24]:

| — kB Ts,i

(18)
npatm(((rwater + Uair)/z)z 1 + [M%ﬁ}

where kg is the Boltzman constant (1.380622 x 1072 J/K), 0water and o;, refer to the
collision diameters for water vapor (2.641 x 10719 m) and air (3.711 x 10719 m) respec-
tively [25], Pat, is the atmospheric pressure and Myater and M,;, are the molecular weights
of water and air. At a typical membrane temperature of 60 °C, the mean free path of the
water vapor in the membrane pores is 0.11 um.

The membrane coefficients through the membrane pore can be expressed as [26]:

2ery, | 8Muyuat
CK _ 4 water 19
" 3x0 \| MRy Taverage 19)

cD — & PDap_Muater
" X0 Pam RuTavemge
11
i Ch Ch

(20)

(21)

CK, CD, and C¢, are the membrane mass flux coefficients for the Knudsen mechanism,
molecular diffusion mechanism, and Knudsen-Molecular diffusion mechanism, respec-
tively. € and x are the porosity and tortuosity of the membrane. r), stands for the mean pore
radius and Ry is the universal gas constant. The diffusivity of water vapor (A) relative to
air (B), D 4p, is expressed using the following empirical formula for the temperature range
of 273-373 K [24]:

PD4p = 1.89510 x 10°T3072, (22)

The mass transport through the porous membranes in MD is expressed by Darcy’s
law as [24]:
Ji = Cuni[P(T,i) — Po)] (23)

my; = J;A (24)

where J; is the permeate mass flux for each effect, C,;, ; is the dominant membrane coefficient
depending on the value of Ky, [10], P(T}, ;) and P, are the vapor pressures at Ty, ; and cold-
side absolute pressure, respectively. T,, ; is defined as the interfacial temperature between
the feed solution and the hydrophobic membrane, which is lower than the feed temperature.
This differential represents a temperature gradient, which results in a heat transfer process
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to the surface of the hydrophobic membrane, thus sustaining the evaporative process. The
heat transfer rate is given by:

Doi = NA [Tf,,» - Tm,i] (25)

where A; is the heat transfer coefficient. A spacer-filled channel has been used in the V-
MEMD system as shown in Figure 1B to enhance the heat transfer mechanism. To evaluate
the heat transfer coefficient, A;, for a spacer-filled channel, we employed the correlation
developed for ultrafiltration by Costa et al. [21]:

Aid s dy \ 03
Nug; = A = = 0.664K;.Re f,iO'S Pr f’i0.33<l,> 26)
f m

where dj,  is the hydraulic diameter for the spacer-filled channel, ky is the feed flow thermal
conductivity, Res and Pry are the feed flow Reynold’s and Prandtl numbers, respectively. [,
refers to the mesh size. K. is the correction factor for the spacer-filled geometry defined as:

d —0.039 0.086
Ky = 1.654 <f> £5,07 [sin (9)] 27)
Ttsy 2

where d 3 stands for the filament size, &), is the spacer thickness, and ¢sp, is the spacer void
fraction. 0 is the hydrodynamics angle. All characteristics appearing in Equations (26) and
(27) are related to the type of spacer. Phattaranawik et al. [20] reported a full study on
typical coarse and fine spacers and their specifications (Table 3).

Table 3. Characteristics of coarse and fine spacers.

hep x 10° d; x 103 Im x 103 d, x 103 o

Spacer (m) (m) (m) £sp (m) 6¢)
Coarse 2.1 1.15 4.85 0.796 1.92 80
Fine 1.15 0.55 28 0.852 1.21 90

The Reynolds number for a spacer-filled channel can be expressed as follows [16]:

dmg;

B Hy,i7dp s€ @)

Re fi
The liquid film composed of condensate water on the plastic foil layer generates
resistance to heat flow from the channel. We denote the interfacial temperature between
the film condensate and the plastic foil Ty.;. The film condensate thickness is expressed
as [16]:
3| 3uglLlgoitmaia
4| Ag0d,i-1(0di-1 — Po,i-1)

Ofilm,i = (29)

where p; and pyrefer to the dynamic viscosity and density of the condensate, respectively,
Loi stands for the plastic foil height, g is the gravitational constant, and py, is the density
of the vapor.

3.3. Performance Indicators

The performance of the V-MEMD system may be expressed as a function of key
indicators. The primary performance indicator, the recovery ratio (R), gives the ratio of the
cumulatively produced freshwater to the raw water feeding the V-MEMD system:

N ¢
%R = Zi=2 Vdi

Vi

(30)
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The gain output ratio (GOR) is a standard performance indicator to express the
maximum heat requirement for the desalination process. It is commonly defined [7]
as follows:

Zzzil %] e,i
z

GOR = (31)

The performance ratio constitutes another prominent indicator. Due to variable, and
sometimes unclear, expression of the performance ratio within the literature, it is sometimes
confused with the GOR. In this work, we define the performance ratio as the ratio of the
total production rate to the supplied heated flow rate [27]:

(32)

The specific electrical energy consumption, which reports the amount of electrical
energy required to produce one cubic meter of distillate water, is often neglected in studies

examining MD systems:

SEEC— £ (33)

AR mqy,i/Pd,i
where E represents the rate of electrical energy consumption.
Similarly, the specific thermal energy consumption (STEC) requires the evaluation of
the total thermal energy supplied to the V-MEMD system, &}, which can be calculated
using an energy balance on the steam raiser compartment [12]:

D = 1, (N in — Nout) (34)
The specific thermal energy consumption (STEC) is defined as:

Dy,

STEC = — "
Yil, mgi/04;

(35)

Regarding the second law analysis, the use of the exergy concept is important based
on its relation to the entropy generation rate. The total exergy of a system may be divided
into two components: thermo-mechanical exergy, and chemical exergy. The latter is zero
for a single component system, but must be considered for a multi-component system.

Exergy for a mixture can be expressed as [7,28]:

¢ = 1it[(hg —ho) — To(sk —8o) + ) mf (6 — 6,)] (36)

The subscripts k and o refer to the actual and dead state, respectively. ¢ is the flow
exergy of a system for an actual state. 6 and mf refer to the chemical potential and mass
fraction, respectively.

The minimum work required to drive a desalination process may be obtained by
applying an exergy balance on a control volume of an ideal desalination unit. The work
requirement may be defined as the difference between the exergies of brine, distillate, and
feed flow (Figure 4):

N

Win = (mpep) + (Z Ihd,i@d,i) — (mgo5) (37)
i=

The conceptual exergetic efficiency of the V-MEMD system is defined as the ratio
of the minimum work input to the latent heat transfer to the first foil layer, as shown in
Figure 4, and it may be expressed as:

W .
ToNex = # (38)
211 {1 a Tfu;I,li|
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Figure 4. Conceptual scheme for the determination of the exergetic efficiency.

The exergy destruction is directly related to the entropy generation resulting from
process irreversibility in the V-MEMD system; however, it can also be appraised as a ratio
to the total exergy destruction of the V-MEMD system. Hence, the destruction exergy for
each effect and its ratio are defined as follows:

Pdes,i = TiSgeni (39)
Pdes,i
Uo@udesi = S (40)
e ZI\L1 Pdes,i

Similarly, the specific thermal exergy consumption (STXC) has become an essential
performance indicator for desalination systems. For a given V-MEMD unit, the STXC may
be defined as follows [7]:

(mh,in(Ph,in) - (mh,out(Ph,out) - (ms,l (Ps,l)

STXC = e
Yilo Myi/ 04

(41)

The exergy analysis is based on the dead state at temperature of T; = 20 °C, salinity of
w = 0 ppm, and pressure of P; = 180 mbar.

3.4. Solution Algorithm

The above presented mathematical model is solved using an iterative method as
described in the flowchart in Figure 5. The solution algorithm starts with an initial guess
for Ts 1, the average bulk temperature of the steam raiser compartment. Using the initial
guess, the algorithm calculates the evaporation energy in the steam raiser compartment
and raises the average bulk temperature of the feed flow to make Ts 1 = T¢,. At this point,
values for the variables related to temperature, salinity, and flow rate in this effect are
acquired to evaluate their resulting coefficients and parameters. Consequently, the mass,
energy, and entropy generation equations may be calculated. Finally, the temperature for
the next effect will be determined. The above procedure is repeated in each effect as well as
the condenser chamber. If the total mass and energy balances meet the predefined tolerance,
and the total entropy generation is greater than zero, the iteration stops. Otherwise, the
average bulk temperature is adjusted, and the procedure is repeated. The mass and energy
tolerances were set equal to 10~8. Once the solution converges, the system performance
indicators may be calculated.
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Figure 5. Solution algorithm.

4. Results and Discussion
4.1. Model Validation

The experimental data obtained from the V-MEME unit was used to validate the
mathematical and numerical models. The comparison encompasses a wide range of
operating conditions, all of which are summarized with their maximum uncertainties in
Table 4. The BnR PLC was used to control the V-MEME system and record all parameter
values except for inlet salinity, which was manually measured using a HANNA portable
device. Further details on BnR PIC can be found in Chafidz et al. [19]. Figure 6 shows a
comparison between the experimental measurements and numerically predicted values
of the mathematical model which was developed using MATLAB® software. Therefore,
each data point indicates a unique operating condition specified in Table 4. Moreover, the
results of the mathematical model were also compared with those of Burhan et al. [29]
and Mohamed et al. [13]. Generally, a good model-plant agreement was obtained. The
model-predicted distillate production rate over the entire operating conditions was within
a deviation band of £15% of the experimental results (Figure 6A). We observed excellent
agreement between the experimental and predicted values for high distillate rates and over
a wide range of temperatures. The deviation band is simply the standard deviation of the
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error. This means the average model-plant discrepancy does not exceed £15%, as described
in Figure 6B. The observed discrepancies shown in Figure 6 may be attributed to three
main reasons: (i) knowledge of the mass and heat transfer processes in the spacer-filled
channels, (ii) modeling assumptions, (iii) fluctuation of recording parameters.

Table 4. Range of operating conditions for the experimental trials.

60

Predicted value (L/h)
w a
o o

N
(=]

10

Input Condition Range Maximum Uncertainty (%)
Hot water flow rate, V}, (L/h) 574.8-902.4 +2.74
Hot water temperature, Tj, ;,, (°C) 54.5-75.03 +0.96
Feed water flow rate, V¢ (L/h) 59.4-154.2 +3.05
Feed water temperature, Ty, (°C) 24-59.4 +2.12
Cold water flow rate, V, (L/h) 249.6-863.4 +2.99
Cold water temperature, T, ;,, (°C) 17.7-41 +2.88
Brackish water salinity, w (ppm) 1260 +2.00
Vacuum pressure, P, (mbar) 98.2-220 +1.27
. 75 - -

A s agn 0%

Va | As% 85 1 é ,

°§ | fﬂgn;?'L L 7/}:1 5%

g P il
AL B I A
LM o
10 ‘!! M Exp. results ® Exp. results
® Burhan et al. (2019) @ Burhan et al. (2019)
Kl A Mohamedn et al. (2017)
25 35 45 55 65 75

20 30 40 50 60

o
Measured value (L/h) Measured value ("C)

Figure 6. Comparison between experiment measurements and numerical predicted values for (A) distillate water flowrates

and (B) temperatures.

4.2. Performance Evaluation
4.2.1. Energetic Analysis

A comprehensive performance study of the V-MEMD system over a wide range of op-
erating conditions was conducted using the validated model. Brackish water and seawater
with 1260 and 45,900 ppm feed salinity, respectively, were used for the simulations. Generally,
performance indicators are enhanced at elevated hot water temperatures, prompting us to
consider T, = 55 °C for the inlet feed water temperature. The other input conditions were
kept constant during our study. For example, the hot water flow of the heating loop, ©°),, was
fixed at 840 L/h, the cold water flow of the cooling loop, Y., was fixed at 405 L/h, and the
feed water flow, Vof, was set equal to 87 L/h. Figure 7 shows the variation in effect temper-
ature, feed temperature, and distillate water for different inlet cold water temperatures (e.g.,
Tein = 20, 25 and 30 °C) with a constant hot water temperature of T, ;, = 75 °C. It is apparent
that the low cold water temperature contributes to the enhancement of the vacuum level by
reducing the cold-side absolute pressure and, thus, produces an increase in the evaporation
energy associated with the feed water flow. This increase in evaporation energy is evidenced
by a significant decline in the effect and feed water temperatures, resulting in an increased
distillate water production. At T ;, = 20 °C, the distillate water production grows by 6.3%
and 18% compared to a cold water temperature of 25 °C and 30 °C, respectively. The effect of
the feed water temperature on the process performance was investigated in Figure 8. At high
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feed water temperatures, the vapor pressure of the feed water increases accordingly, which
enhances the driving force between the two sides of the membrane. Moreover, the higher
vapor pressure results in increased evaporation energy, which also promotes the production
of distillate water. Alteration of the feed water temperature by +20 °C from the nominal feed
temperature (Tf;, = 55 °C) was also studied. A high feed temperature (Tfin =75 °C) resulted
in increased productivity of 9.1% compared to the feed temperature of 55 °C. Conversely, a
low feed water temperature of 35 °C resulted in a significant reduction in the productivity of
distillate water by 10% compared to that for the feed water temperature of 55 °C (Figure 8).

80 80
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Figure 7. Numerical results of feed water temperatures, effect temperatures and distillate water throughout effects for

different cold water temperatures.
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Figure 8. Numerical results of feed water temperatures, effect temperatures and distillate water throughout effects for

different feed water temperatures (T i, =25 °C).

Figure 9 illustrates the effect of the cold water flow temperature (T ;,) at different inlet hot
water temperatures and salinities on the performance indicators. Incrementation of the inlet
cold water temperature drastically influences the performance indicators. At the maximum
inlet hot water temperature (T}, ;, = 75 °C), the permeate mass flux, J, recovery ratio, R, and
performance ratio, PR, decrease by 52%, 51.8%, and 51.7%, respectively, when the inlet cold



Water 2021, 13, 1500

16 of 28

water temperature was increased from 20 °C to 45 °C. For the gain output ratio, GOR, the percent
reduction was more apparent at low hot water temperatures (T}, ;, = 55 °C) due to the variation
of the vaporization enthalpy (hi5), resulting in a reduction of around 64% over the range of inlet
cold water temperatures. Additionally, increasing the salinity to 45,900 ppm leads to a slight
decrease in the performance indicators. The reduction in permeate mass flux, J, recovery ratio,
R, gain output ratio, GOR, and performance ratio, PR, between brackish and seawater was 4.2%,
7.4%, 3.3%, and 4.3%, respectively. These results underscore MD’s potential to treat highly saline
waters. However, it was clear that increasing the feed salinity slightly reduced the production
rate and recovery ratio. Additionally, the specific thermal and electrical energy consumptions
exhibited an exponential dependence on the cold water temperature, especially when operating
at minimum inlet hot water temperature. Therefore, from an energetic point of view, it is
preferable to operate the V-MEMD system at the maximum inlet hot water temperature and
the minimum inlet cold water temperature to permit thermal energy expansion throughout
the effects. The maximum values for the specific thermal and electrical energy consumptions
when using T}, ;, = 75 °C do not exceed 478 kWh/m? and 6.1 kWh/m3, respectively. When
the temperature of inlet hot water is less than 75 °C, the maximum specific thermal and
electrical energy consumptions are in the range of 606-2076 kWh/m? and 24.8-137.4 kWh/m?3,
respectively (Figure 9E,F). Notably, the effect of salinity on the various performance indicators
becomes larger when the MD system operates at higher temperatures. Within the range of
the operating temperatures considered in this section, the simulations show that distillate flux,
GOR, and recovery ratio values of 12 kg/m?h, 2.7, and 36% may be achieved, indicating a
higher performance compared to similar V-MEMD systems [10-14,29].

Figure 10 illustrates the influence of feed water temperatures on the performance
indicators for different inlet cold water temperatures and feed salinities. The permeate mass
flux, R, and PR showed a linear positive relationship with feed water temperature, while
the GOR, STEC, and SEEC showed a nonlinear relationship. The feed water temperature
exhibited a positive effect on the GOR and STEC, especially when T, exceeded 65 °C,
over all the operating salinities and inlet cold water temperatures (Figure 10C,E). At the
maximum feed temperature of Tf,,-n =75 °C, the enhancement in J, R, and PR, over the
entire range of cold water temperatures reached 19.6%, 22.2%, and 20.6%, respectively.
Additionally, the effects of the feed water temperature on the GOR, STEC, and SEEC were
evident at the lowest inlet hot water temperature (T}, ;, = 55 °C). This was due to the
enhanced potential of the latent heat transmitted through the effects. Changing the feed
salinity from 1260 to 45,900 ppm caused a decrease in the process performance. Accordingly,
the percentage change in mass flux, R, GOR, PR, STEC, and SEEC were 4.6-7.2%, 7.9-10.5%,
6.5-9.8%, 4.6-7.2%, 9.2-12.6%, and 8.1-12.8%, respectively.

The feed water flow rate and temperature also affect the behavior of the desalination
unit. Figure 11 highlights the significant impact of the feed properties on the performance
of the V-MEMD desalination system. Figure 11 shows that increasing the feed water flow
rate negatively impacted the V-MEMD system, especially at low feed water temperatures.
Interestingly, higher feed water rates have a positive impact at high temperatures, especially
when the feed water temperature becomes greater than 55 °C. The temperature at which these
trends converge is called the transition point. Wang et al. [30] performed a study similar to
ours, but did not observe such a phenomenon. Importantly, the V-MEMD system utilized in
this work is significantly different from the system used by Wang et al. [30]. Unlike Wang
etal. [30], the heat supplied in our study originates from the storage tank, and is used to heat the
feed to drive water vapor through the hydrophobic membrane. At low temperatures, the feed
water stream absorbs a significant portion of the heat energy from the steam raiser (evaporator),
reducing the latent heat migrating throughout the effects and, thus, decreasing the values of
the performance indicators. For example, using Ty, = 35 °C and different feed water flow
rates resulted in a decrease of 3.9-8.8%, 10.4-20.3%, 3.9-8.8%, 11-19.3%, and 4.1-10.3% for mass
flux, GOR, PR, STEC, and SEEC, respectively. Conversely, the feed water flow rate at high
temperatures enhanced the transfer of the latent heat throughout the effects and resulted in
increased values for the performance indicators. These studies showed the ], GOR, PR, STEC,
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and SEEC increased by 3.6-9.3%, 3.6-8.9%, 4.0-8.9%, 5.4-11.1%, and 4.1-6.2% respectively,
at T, =75 °C. We observed that the particular feed temperature for which the change of
behavior in the performance criteria occurs (i.e., the transition point) is about 55-65 °C, and the
corresponding J, GOR, PR, STEC, and SEEC values are 14.5 kg/ m?2-h, 3.9, 4.54%, 240 kWh/m?>
and 5.3 kWh/m3, respectively. Naturally, the feed flow has a profound impact on the recovery
ratio, as expected.
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Figure 9. Effect of cold water temperature, T, ;,, on (A) permeate mass flux, (B) recovery ratio, (C) gain output ratio,
(D) performance ratio, (E) specific thermal energy consumption, and (F) specific electrical energy consumption for different
hot water temperatures and salinities (V, =840 L/h, V. =405L/h, V F=87L /h, Tfin =25 °C, and P, ysc = 115 mbar).
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Figure 10. Effect of feed water temperature Ty ;,, on (A) permeate mass flux, (B) recovery ratio, (C) gain output ratio,
(D) performance ratio, (E) specific thermal energy consumption, and (F) specific electrical energy consumption for different

cold water temperatures and salinities (V}, =840 L/h, T}, ;, =75 °C, V. =405 L/h, 1% F= 87 L/h, and P pac = 115 mbar).
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Figure 11. Effect of feed water temperature Ty ;,, on (A) permeate mass flux, (B) recovery ratio, (C) gain output ratio,
(D) performance ratio, (E) specific thermal energy consumption, and (F) specific electrical energy consumption for different
feed water flowrates (V) =840 L/h, T}, ;,, =75 °C, V. =405 L/h, T, ;, = 20 °C, w = 1260 ppm, and P; yoc = 115 mbar).
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Based on the above parametric analysis, one can draw the following points:

The performance of the V-MEMD is sensitive to various operating conditions such
as the cold water temperature, the hot water temperature, and the feed water tempera-
ture/flow rate. Salinity has a negligible impact on low hot water temperatures. This impact
increases for higher hot water temperatures.

Cold water temperatures higher than 38 °C result in a significant deterioration in
unit performance associated with an increase in the specific thermal/electrical energy
consumption and a decrease of the GOR, PR and permeate mass flux.

Overall, the simulations indicate the optimal performance of this V-MEMD config-
uration reflected in a high GOR, high permeate mass flux, high recovery ratio, and high
performance ratio. However, the specific thermal energy consumption remains too high.

4.2.2. Exergetic Analysis

Several scenarios with various input conditions were selected for the exergy analysis
of the V-MEMD system (Table 5).

Table 5. Several scenarios of input conditions considered for the exergy analysis.

Case Vh Th,in 4 Tf/i” w Ve Tc,in Py,
(L/h) Q) (L/h) Q) (ppm) (L/h) O (mbar)
A 840 75 87 55 1260 405 20 115
B 840 55 87 55 1260 405 20 115
C 840 75 159 55 1260 405 20 115
D 840 75 87 25 1260 405 20 115
E 840 75 87 55 45,900 405 20 115

The main equations for the exergy analysis, Equations (36)—(41), are applied to the V-
MEMD system using the conditions in Table 5. The results for Case-A are shown in Table 6.
The obtained exergetic efficiency is considered extremely high compared to the results of
Miladi et al. [28], as they reported exergy efficiency values of 2.3~3.25%. Our enhanced
exergy efficiency could stem from a variety of parameters including the assumptions used
in the mathematical models, the relatively better thermal separation process in the V-
MEMD system, the fact that the dissipations of heat transfer throughout layers and effects
were not significant, and the small heat supply by the hot water stream. Additionally, the
STXC is reasonable compared to the total specific exergy consumption predicted by Najib
etal. [7].

Table 6. Case study of the exergy analysis for the V-MEMD system.

Description Equations Result Unit
i . T;
Total exergy input, @y i, 211 [1 — Tfoim] 992.6 W
Minimum work input, Wy, 37 209.7 w
Exergetic efficiency, 1, 38 21.1 %
Total destruction exergy, @ ges 39 850 w

Specific thermal exergy

3
consumption, STXC 41 33.7 kWh/m

We further analyzed the effect of the specific operating conditions on system perfor-
mance using the exergy analysis. As shown in Figure 12A, the STXC increased significantly
with increasing cold water temperature. This improvement reached nearly twice the original
value at the highest inlet hot water temperatures (i.e., 65 °C and 75 °C). Moreover, the cold
water temperature effect was more pronounced at the lowest inlet hot water temperature
(55 °C), where the STXC increased threefold at cold water temperature, T ;,, transitions
from 20 °C to 45 °C. The effect of increasing the inlet hot water temperatures from 65 °C to
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Specific thermal exergy consumption,STXC (kthm:’)

75 °C on STXC was virtually negligible, especially when the inlet cold water temperature
was less than 35 °C. Figure 12B shows the effect of raising both the feed temperature and
feed flow rate on STXC. For a fixed feed water flow rate, the STXC values drop as the feed
water temperature increases. The specific exergy consumption at a feed water temperature
of 75 °C reaches minimum values of 27.7, 26.1 and 24.8 kWh/m3 corresponding to the
three tested feed water flow rates. As the feed water flow rate increases, the effect of feed
water temperature becomes less important. Therefore, at high feed water flow rates, the
specific thermal exergy consumption becomes insensitive to the variation of the feed water
temperature. Such behavior leads to a special phenomenon characterized by the presence
of a particular point, the transition point, which is around Tf;, = 60 °C. These findings are
in agreement with the previously presented energy efficiency results (Figure 11C,EF). The
feed water temperature at the transition point was found to be slightly lower (between 55
to 65 °C).

200 60
~®-Tnin = 55°C El o~ —W-V°; = 87 Lih
—&-Thn =65 °C £ . —A-V° =123 Lh
-@-V°, =
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Figure 12. Variation of the specific thermal exergy consumption (STXC) with (A) inlet cold water temperature for different
inlet hot water temperatures, and (B) feed water temperature for different feed water flow rates (V, =840L/h, V. =405L/h,
w = 1260 ppm, and Py y5c = 115 mbar).

Figure 13 shows the exergetic efficiency of the V-MEMD unit under various operating
conditions of inlet hot and cold water temperatures for both sea water and brackish water.
The maximum values of the exergetic efficiency are expected at the highest inlet hot
water temperature and the lowest inlet cold water temperature, and approach 18.2% for
brackish water, and 15.3% for seawater. The exergy efficiency diminishes dramatically to a
minimum value for both salinities as the inlet hot water temperature decreases. Similarly,
the exergetic efficiency of the seawater desalination by VMD is very low when the inlet
cold water temperature rests at a moderate value (45 °C), even when the inlet hot water
temperature is high (75 °C). A significant difference in the exergetic efficiency between the
seawater and brackish water at the lowest inlet hot water temperature is notable. These
results indicate the important contribution of the chemical exergy associated with non-
uniformity within the flow salinity. Therefore, the chemical exergy should be considered
when evaluating the total exergy of saline waters.
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Figure 13. Variation of the exergetic efficiency for different inlet hot and cold water temperatures for brackish and sea
waters (V;, =840 L/h, Vc =405L/h, Vf =87 L/h, Tf,m =25°C, and P, ygc = 115 mbar).

The evaluation of the exergy destruction in each component of V-MEMD system for
the different cases listed in Table 5 is essential, as it indicates the location of the largest
rates of irreversibility within the desalination unit. In the following section, Case-A was
considered as the reference case. For Case-A, the highest percentage of exergy destruction
was located in the condenser, which accounted for 51% (Figure 14). This portion may
be ascribed to the absorption of the exergy through the cooling coil. In comparison, the
remaining percentage was distributed evenly by 10% for each effect, except the steam
raiser, which accounted for 19% due to the preheating step for the feed stream. In Case-B,
the high convergence temperatures between the hot and feed water streams minimized
the percentage of exergy destruction to 9% compared to the reference case (Case-A) in the
steam raiser compartment. In contrast, it was observed that the minimum percentages of
exergy destruction for each effect did not exceed 5%. This may be attributed to the minimal
separation and low-temperature differences that occur in these effects. As discussed
previously, an increase of the feed water flow at low temperature led to augmented thermal
energy absorption, contextualizing the rise in exergy destruction by 21% and 57% in the
steam raiser and condenser compartment, respectively. The maximum exergy destruction
in the effects does not exceed 8% in Case-C. In Case-D, a low-temperature feed flow was
injected into the V-MEMD system, causing the consumption of a large amount of the
heating energy in the steam raiser compartment and, consequently, reducing the transfer
of the latent heat to cascade effects. Thus, Case-D showed a lower percentage of exergy
destruction compared to the reference case (Case-A). With regards to Case-E, the increase
of the salinity in the feed flow did not result in a significant impact on the percentage of
exergy destruction for the steam raiser, third compartment, fourth compartment, and the
condenser compared to the reference case (Case-A). However, the second effect showed a
high percentage of exergy destruction (19%) to the increasing amount of evaporation.
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Figure 14. Exergy destruction for the various components of the V-MEMD system under the input conditions specified
in Table 5. (Case-A): reference case; (Case-B): T, ;, = 55°C; (Case-C): V; = 159 L/h ; (Case-D): Ty ;, = 25°C; (Case-E):

w = 45,900 ppm.

Figures 13 and 14 reveal that the exergy parameters strongly depend not only on the
difference between the hot and cold water temperatures, but also on the specific values of these
temperatures. In the following section, we further clarify the impact of the inlet hot and cold
water temperatures. The differential between the inlet hot and inlet cold water temperatures
was maintained at 35 °C while the following pairs of inlet hot and cold water temperatures
were varied as follows: A1 = 75-40 °C, A, = 65-30 °C, and Az = 55-20 °C. The results on the
performance indicators of the V-MEMD unit are shown in Figure 15. The third difference (A3
= 55-20 °C) renders the least optimal results. Therefore, investing in lowering the inlet cold
water temperature to obtain expansion between the steam raiser and the condenser may prove
useless. This conclusion is supported by the fact that the productivity of A3 was less than
that of Ay and A by 50-55%, as shown in Figure 15A. Likewise, its performance indicators
(GOR and STEC) were 14-22% lower when compared to the others. Additionally, the SEEC
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was 51-55% lower than the others, as shown in Figure 15B. However, the specific thermal
exergy consumption was slightly better than the others by 2-19%. Still, the exergetic efficiency
of the V-MEMD unit under this difference condition lagged behind the others by almost
~69%, as shown in Figure 15C. Comparing the exergy parameters of the second difference
(Ap = 65-30 °C) to the first (A1 = 7540 °C), shows a slight discrepancy in terms of exergy
efficiency, not exceeding 9%, but displays a larger discrepancy in terms of STXC, which is

around 17%.

100

100

22.19% 20.59%

7.52 6.98

Permeate mass flux, J (kgimz.h)
)

75-40°C 65-30°C
Difference between hot and cold water temperatures, Th in ~Tc,in °c)

1000

[4]

10.12%
10

3.43

Recovery ratio, R (%)

55-20°C

ENGOR EESTEC EMSEEC
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Gain output ratio, GOR (-)
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Figure 15. Effect of the difference between hot and cold water temperatures on (A) permeate flux and recovery ratio, (B) gain

output ratio, specific thermal energy consumption, and specific electrical energy consumption, (C) exergetic efficiency, and specific
thermal exergy consumption (V;, =840 L/h, V., =405L/h, V f= 87 L/h, Tf,l-,, =25 °C, w = 1260 ppm, and Pj yqc = 115 mbar).
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5. Conclusions

A multi-effect vacuum membrane distillation system was described and studied
as a potential optimized desalination platform. A comprehensive study was conducted
regarding the impact of input operating conditions on the performance indicators to better
understand and operate such systems. The input parameters examined were the inlet hot
water temperature, the inlet cold water temperature, feed water temperature, feed salinity,
and feed water flow rates. The studied performance indicators were permeate mass flux,
recovery ratio, gain output ratio, performance ratio, specific thermal energy consumption
(STEC), specific electrical energy consumption (SEEC), exergetic efficiency (#.x) specific
electrical exergy consumption (STXC), and exergy destruction (@)

This study revealed that optimal performance may be achieved at the highest hot water
inlet temperature of Ty, ;,, =75 °C, the lowest inlet cold water temperature of T¢ ;, =20 °C, the
highest feed water temperature of Tf;, =75 °C, the lowest salinity 1260 ppm, and the highest
feed water flow rate of 159 L/h when other input operating conditions were kept constant.
Under these conditions, a maximum permeate mass flux of 17.2 kg/m?-h corresponding
to a recovery ratio of 28.4% may be obtained. The corresponding performance ratio can
reach 5.38% due to the thermal energy exchanged between the hot water stream and the
V-MEMD system, a process based on the large amount of hot water mass compared to
the temperature drop between the inlet and outlet hot water streams. The obtained GOR
under these conditions was 5.05, which was slightly higher than other reported values
for V-MEMD systems. The specific thermal energy consumption and specific electrical
energy consumption reach 166 kWh/m? and 4.5 kWh/m?, respectively. The highest feed
water flow rate had a positive impact on the performance, especially when the feed water
temperature was higher than 65 °C. This is attributed to the latent heat released from the
steam raiser (evaporator). The highest achievable exergetic efficiency of the V-MEMD
system was determined to be 21.1% when optimum input operating conditions were
employed. This results from the enhancement of thermal energy recycling by increasing
the number of effects. Additionally, the maximum percentage of exergy destruction (process
irreversibility) was found in the condenser compartment due to energy absorbed by the
cold stream.

Furthermore, interesting results were obtained from an evaluation of variable inlet hot
and inlet cold water temperatures while maintaining constant differential. It was found
that the lowest inlet cold water temperatures were not practical, and that STXC may be
enhanced for larger inlet temperatures at the same fixed differential.
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Nomenclature

A Total surface area, m?

Cm Membrane mass flux coefficient, kg/ m?Pah
dp Mean pore diameter, m

dp s Hydraulic diameter of spacer-filled channel, m
dg Filament size, m

EO Electric energy, W

GOR Gain output ratio

hsp Spacer thickness, m

h fq Latent heat, ] /kg

By out Specific enthalpy of outlet hot water, ] /kg

Iy in Specific enthalpy of inlet hot water, ] /kg

T Permeate mass flux, kg/ m?2h

Kn Knudsen number

kg Boltzman constant, J/K

k¢ Feed water conductivity, W/m K

K, Correction factor

1 Mean free path,

I Mesh size, m

Moupater ~ Molecular weight of water, kg/kmol

Mair Molecular weight of air, kg/kmol

m Mass flow rate, kg/s

my, ot Mass flow rate of outlet hot water, kg /s

my, i Mass flow rate of inlet hot water, kg/s

Nuy Nusselt number

P, Atmosphere pressure, mbar

Py in Pressure of inlet hot water, mbar

p Vapor pressure of feed, mbar

P, Cold-side absolute pressure, mbar

Pry Prandtl number

R Recovery ratio,%

PR Performance ratio, %

Rey Reynold’s number

Sgen Entropy generation, W/K

Sh,out Specific entropy of outlet hot water, J/kg K
Sh,in Specific entropy of inlet hot water, ] /kg K
SEEC Specific electrical energy consumption, kWh/ m>
STEC Specific thermal energy consumption, kWh/ m>
STXC Specific thermal exergy consumption, kWh/ m3
T, Atmosphere temperature, °C

T; Dead state temperature, °C

Taverage ~ Average interface temperatures, °C

T, Distillate temperature, °C

Thin Inlet hot water temperature, °C

Ty out Outlet hot water temperature, °C

Tein Inlet cold water temperature, °C

Teout Outlet cold water temperature, °C

Ts Steam temperature, °C

Ts Feed water temperature, °C

T Interface between feed and membrane temperature, °C
Ttoil Foil temperature, °C

w Feed salinity, ppm

W, Width of effect, m

W.in Minimum work, W

Vo Volume flow rate, L/h

Distillate flow rate, L/h



Water 2021, 13, 1500 27 of 28

UZ Hot water flow rate, L/h
v?( Feed water flow rate, L/h
00 Cold water flow rate, L/h
Greek
€ Porosity
X Tortuosity
o Membrane thickness, m
p Density, kg/ m3
v Viscosity, kg/m s
(%) Heat, W
Ofitm Film condensate thickness, m
n Efficiency, %
A Heat transfer coefficient, W/m? K
T Polarization concentration factor
Ouwater Collision diameter of water vapor, m
iy Collision diameter of air, m
0 Hydrodynamics angle
© Exergy flow, W
Subscript
h Hot water
c cold water
f Feed water
d Distillate water
b Brine
e effect
i ith effect
N Number of effects
ex exergy
) latent
m Membrane
s Bulk
\% Vapor water
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