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Abstract. Membrane distillation (MD) has great potential for the treatment of hyper saline
waters, including liquid desiccant solutions used in air-conditioning systems. Previous
experimental investigations have demonstrated the technical feasibility of MD for regeneration
of liquid desiccant solutions. In this study, a direct contact membrane distillation (DCMD)
process of the LiCl liquid desiccant solution was simulated using MATLAB software. The
simulation was first validated with the data obtained from experimental tests. Then, it was used
to elucidate the feed and distillate temperatures, LiCl concentration, and water flux profiles
along the membrane leaf inside the DCMD membrane module. Finally, with the help of the
simulation, the effects of membrane properties and process operating conditions on the DCMD
process performance were systematically examined. The results obtained from this simulation
enrich the knowledge and hence facilitate the realization of MD for the liquid desiccant solution
regeneration application.
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1. INTRODUCTION

Membrane distillation (MD) has emerged as promising technology platform for strategic
desalination applications, including the regeneration of liquid desiccant solutions used in air-
conditioning systems [1, 2]. The MD process combines thermal distillation with membrane
separation; therefore, it has advantages of both thermal distillation and membrane processes. In
MD, a hydrophobic microporous membrane is used to separate a hot saline solution from a cold
distillate (i.e. fresh water): liquid water cannot permeate through the membrane pores, but water
vapor can, resulting in a complete rejection of non-volatile dissolved salts in the saline solution.
This means that the MD process can produce super-pure distillate from any sources of saline
waters if the membrane pores are not wet [3, 4]. The transfer of water vapor through the MD
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membrane pores is driven by a vapor pressure gradient generated by a temperature difference
between the two sides of the membrane. Thus, provided that the saline solution is heated while
the distillate is cooled, water can transfer from the saline solution to the distillate in vapor form
inside the membrane pores. The saline solution can be concentrated, and pure distillate can be
obtained at the same time. Low-grade heat sources such as waste heat from industrial processes
or solar thermal can be used to heat the saline solution in the MD process to reduce its energy
costs. As a result, a great number of solar-driven or waste heat-driven MD desalination
processes have been trialed and reported in the literature for various water treatment applications
such as seawater desalination [5 - 8], waste brine concentration [9, 10], and particularly
regeneration of liquid desiccant solutions for air-conditioning [11].

Regeneration of liquid desiccant solutions has a vital role in sustaining the efficiency of
liquid desiccant air-conditioning (LDAC) systems, and the MD process has been experimentally
demonstrated for this strategic application [12-17]. The LDAC process consists of two cycles:
air dehumidification and liquid desiccant solution regeneration [2, 18]. In the air dehumidify
cation cycle, the concentrated liquid desiccant solution absorbs moisture from the air to
dehumidify and cool the air. The moisture absorption, however, dilutes and heats up the liquid
desiccant solution, reducing its dehumidification capacity. Thus, in the regeneration cycle, the
diluted liquid desiccant solution is reconcentrated and cooled to restore its dehumidification
capacity. Liquid desiccant solutions can be regenerated using several methods, amongst which
MD has been considered the most ideal process given its compatibility with the hyper salinity of
liquid desiccant solutions [2]. Experimental investigations have proven the feasibility of MD
regeneration of liquid desiccant solutions — the MD process at the feed temperature of 65 °C
could regenerate the liquid desiccant LiCl solution up to 29 wt.% (i.e. the saturation
concentration of LiCl solution at 25 °C is about 42 wt.%) without any issues of membrane
wetting, and simultaneously obtain high quality distillate for beneficial reuse [15, 17]. It is
necessary to note that liquid desiccant LiCl solutions near saturation exhibit elevated
dehumidification capacity, but are more prone to salt crystallization that might lead to blocking
of liquid channels inside the air dehumidifier and regenerator. Various MD configurations have
been deployed in these experimental investigations, most notably including direct contact
membrane distillation (DCMD). This is because DCMD is the simplest and most widely used
configuration reported in the literature [4, 19].

Experimental studies are vital for the feasibility demonstration of the MD process for
regeneration of liquid desiccant solutions. They pave the way for further studies to facilitate the
realization of MD for this strategic application. Experimental works can be conducted to
optimize the MD process of liquid desiccant solutions; however, they require considerable costs
and time to achieve workable results. In this context, simulation using computer software can be
a feasible approach. Indeed, there have been a great number of simulation studies on the MD
process for seawater desalination as summarized in a review article [20]. It is noteworthy that
there has not been any reported work regarding the simulation and optimization of the MD
process for regeneration of liquid desiccant solutions used for air-conditioning systems.

This study aimed to simulate the DCMD regeneration of a liquid desiccant solution used in
air-conditioners. The selected liquid desiccant solution was LiCl solution given its most popular
use for liquid desiccant air conditioners. The simulation was built using MATLAB and validated
with experimental testing. The simulation was then used to examine the effects of membrane
properties and process operating conditions on the performance of the DCMD process.
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2. THEORIES AND SIMULATION APPROACHES
2.1. Theories

During the DCMD process of the LiCl solution, water and heat are simultaneously
transferred through the membrane from the feed to the distillate. Water flux (J) through the
membrane is calculated as below [4, 21]:

3=C,(Pin—Pin) @)

where C,, is the membrane mass transfer coefficient, Ps, and Pq, are the water vapor pressure at
the feed and distillate membrane surface, respectively. C,, depends on membrane properties and
water vapor temperature inside the membrane pores as expressed below [4, 22]:
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where 7, 6, & and r are respectively the membrane pore tortuosity, membrane thickness,
membrane porosity, and pore radius; P and P, are the total pressure and the air partial pressure
inside the membrane pore; R is the gas constant; D is the water diffusion coefficient; M is the
molecular weight of water; and T is the mean water vapor temperature inside the membrane
pores. Water vapor pressure of the feed and distillate at the membrane surfaces (e.g. Ps, and
P4.m) can be calculated as [4]:
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where T;,, and Ty, are respectively the water temperature at the feed and distillate membrane
surfaces, Xuaer aNd auqer are water molar fraction and water activity of the LiCl solution. Water
molar fraction and water activity of the LiCl solution are functions of the LiCl concentration (S)
as below [23]:

18S

Xwater =1- (5)
185 + 42.4(100—S)

B =1—0.9139x1072S —3.5169x107*S? (6)

where S is in percentage (%).

During the DCMD process, heat transfer occurs in three regions: from the hot feed to the
membrane, across the membrane, and from the membrane to the cold distillate. Details about the
heat transfer mechanism and the governing equations to calculate the heat transfer in these three
regions can be found elsewhere [4, 20]. Based on the heat conservation rule, the water
temperature at the feed and distillate membrane surfaces (e.g. Try, and Tq4p,) can be calculated
using the following equations:
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where h;, hy, hy, are the heat transfer coefficient of the feed, distillate, and the membrane,
respectively; Ts, and Tq4,, are the water temperature in the bulk feed and distillate; J is the water
flux; and AH, is the latent heat of water evaporation. The heat transfer coefficients are functions
of thermodynamic properties of feed and distillate streams and the membrane properties. The
calculations the heat transfer coefficients and bulk feed and distillate temperatures (e.g. T, and
Tqp) are provided in [8].

As demonstrated in the Eq. (1), Try, and Ty, are required for the calculation of water flux
(J); however, in the Eg. (7) & (8) J is involved in the calculation of T;, and T4n. In this
situation, iteration must be deployed for the calculation of J, T¢y, and Ty . This means that Ty,
and Ty, are first assigned with the value of Ty, and T4y, respectively, for the calculation of J; and
then the calculated J is used for the calculation of new T;, and T4 The iteration is repeated
until the differences between new T;, and Ty, and those previously set values approach to zero.
Details about the iteration process can be found in the study by Duong et al. [8].

2.2. Simulation approaches
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Figure 1. Schematic diagram of the two incremental membrane elements (e.g. i and i+1) along the
membrane leaf inside the DCMD membrane module. The process is under co-current flow mode.
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The DCMD process of the LiCl solution feed is simulated using 1D model with the support
of MATLAB software. Water temperatures of the feed and distillate in the bulk and at the
membrane surfaces, LiCl solution concentration, and water flux along the membrane channel
from the inlet to the outlet can be profiled. To enable the simulation, the membrane leaf is
divided into small membrane elements, and the heat and mass transfer (e.g. dQ and dm) through
each membrane element are calculated using Eq. (1-8) (Fig. 1). The mass flow rate (m), bulk
fluid temperature (T), and bulk LiCl concentration (S) are calculated based on the mass and heat
conservation.

Inputs to the simulation include membrane properties (e.g. membrane thickness, membrane
porosity, and membrane pore size), membrane module specifications (e.g. feed and distillate
channel length, width, and height), and process operating conditions (e.g. feed and distillate inlet
temperature, feed and distillate cross-flow velocity, and LiCl concentration). Otherwise stated,
the default values of these inputs are set for each simulation run and provided in Table 1.

Experimental DCMD tests with the 20 % LiCl solution with the operating conditions,
membrane properties, and membrane module specifications stated in Table 1 were conducted to
validate the simulation. During the tests, distillate was returned to the feed tank to maintain the
constant concentration of the LiCl solution. The feed tank was covered and sealed on the top to
prevent the moisture exchange between the LiCl solution and the surrounding environment.
Electrical conductivity of the obtained distillate was measured using a conductivity meter
(Hatch, USA) to ensure that no membrane pore wetting had occurred during the validation.
Water flux of the DCMD process for each test was measured using a plastic graduated cylinder
at stable conditions for at least 1 hour. Temperatures of the feed and distillate were regulated
using a heating element and a chiller, respectively.

Table 1. The default membrane properties, membrane module specifications, and process operating
conditions used in the simulation of the DCMD process of the LiCl solution.

Process simulation inputs Default value

Membrane properties:

Membrane thickness (um) 60
Membrane porosity (%) 80
Membrane pore diameter (um) 0.2

Membrane module specifications:

Membrane length (m) 0.14
Membrane width (m) 9.5
The channel height (m) 2x10°
Process operating conditions:

Feed inlet temperature (°C) 70
Distillate inlet temperature (°C) 20
Feed and distillate inlet cross-flow velocity (m.s™) 0.03
LiCl concentration (%) 20
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3. RESULTS AND DISCUSSIONS

3.1. Validation of the DCMD process simulation

Water flux is one the most important process performance parameters of the DCMD
process of the LiCl liquid desiccant solution; therefore, it is used as an indicator to validate the
simulation program. Even though feed and distillate outlet temperatures can also be relied on for
the simulation validation, they are excluded in this study. As shown in Fig. 2, the simulated
process water flux using the computer program well agreed with the experimentally measured
flux during the DCMD regeneration of the 20 % LiCl liquid desiccant solution. The deviations
between the simulated and the experimentally measured process water flux were less than 5 %,
indicating the high accuracy of the simulation program. Moreover, both simulation and
experimental results confirm the exponential relationship between the process water flux and the
feed operating temperature: elevating the feed inlet temperature led to an exponential increase in
the DCMD process water flux. This relationship has been well-established in the MD literature
regarding both seawater desalination and liquid desiccant solution regeneration applications [17,
24].
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Figure 2. Experimentally measured and simulated water flux of the DCMD process with the 20 % LiCl
liquid desiccant solution at various feed inlet temperature. Other operating conditions: Other operating
conditions: distillate inlet temperature Ty;, = 20 °C, feed and distillate inlet cross flow velocity
Vsin = Vg.in = 0.03 m.S-l.

3.2. Water temperature, solution concentration, and water flux profiles inside the DCMD
membrane module

In experimental studies, water flux of the DCMD process along the membrane channel
inside the membrane module cannot be depicted, otherwise the average process water flux is
obtained by measuring the weight of the distillate produced in a time interval. In this study, the
simulation program involves the heat and mass transfer through every elements of the membrane
leaf inside the membrane module; thus, it allows for the detailed description of water
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temperatures, water flux, and LiCl concentration along the membrane leaf inside the membrane
module.

Along the membrane leaf inside the membrane module, the temperature of the LiCl solution
feed gradually decreases while the distillate temperature steadily increases from the inlet to the
outlet of the DCMD membrane module (Fig. 3). This is due to the heat transfer from the feed to
the distillate along the membrane leaf. During the DCMD process, the heat is transferred across
the membrane from the hot feed to the cold distillate via conduction through the membrane
matrix and the latent heat associated with the water vapor flux. For most DCMD processes, the
heat transferred through the membrane is comparable to the sensible heat of the feed and
distillate, resulting in noticeable decline in feed solution temperature and rise in distillate
temperature.

The heat transfer from the feed to the distillate also results in the formation of thermal
boundary layers adjacent to the membrane surfaces on the feed and distillate side of the
membrane. These thermal boundary layers cause the LiCl solution temperature at the membrane
surface (T¢,) lower than in the bulk feed (T¢y), while the distillate temperature at the membrane
surface (Tqm) is higher than in the bulk distillate (Tqp). This is defined as temperature
polarization in the DCMD process. Largely, temperature polarization renders the water
temperature difference between the feed and distillate membrane surfaces (4T,) smaller than
that between the bulk feed and distillate (ATy), thus negatively affecting the process water flux.
The simulation results shown in Fig. 3 reveal a considerable temperature polarization effect
during the DCMD process of the 20 % LiCl solution. When operating under feed and distillate
inlet temperature of 70 °C and 20 °C, respectively, AT, is about 10 °C lower than AT, (Fig. 3). It
is noteworthy that the temperature polarization effect is an intrinsic issue of DCMD because this
process is non-isothermal, and the heat transfer is always associated with the flux of water vapor
through the membrane.
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Figure 3. Simulated temperature profiles of the feed and distillate streams along the membrane leaf inside
the membrane module during the DCMD process of the 20 % LiCl solution. Operating conditions: feed
inlet temperature T¢;, = 70 °C, distillate inlet temperature Tq;, = 20 °C, feed and distillate inlet cross-flow

velocity Viin= Vgin=0.03 m.s™.
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Consistent with the feed and distillate temperature profiles, water flux decreases along the
membrane leaf inside the membrane module from the inlet to the outlet when the feed and
distillate flow co-currently. As demonstrated in Fig. 4, water flux declines by approximately
30 % from 16.5 L.m2.h™ at the inlet to 11.5 L.m?%h™ at the outlet of the module, whereas the
temperature difference between the LiCl feed and distillate at the membrane surface (AT,)
decreases by 21 % from 41.4 °C to 32.7 °C (Fig. 3). The non-linear declining rates between
water flux and AT, along the membrane leaf are attributed to the exponential relation between
water vapor pressure and water temperature as demonstrated in the Eq. (3 and 4). In the DCMD
process, the water vapor pressure difference between the feed and distillate membrane surfaces
is the actual driving force for the transfer of water vapor through the membrane. In the case of a
constant AT, the DCMD process operated at higher temperature achieves a higher water flux
than that operated at lower temperature.
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Figure 4. Simulated water flux (J) and LiCl concentration at the membrane surface (S,) and in the
bulk solution (S,) along the membrane leaf inside the membrane module during the DCMD process of the
20 % L.iCl solution. Operating conditions: feed inlet temperature T;;, = 70 °C, distillate inlet temperature

Tqin= 20 °C, feed and distillate inlet cross-flow velocity V¢, = Vg.in= 0.03 m.s™.

Due to the transfer of water through the membrane, the LiCl concentration in the bulk feed
(Sp) increases along the membrane length from the inlet to the outlet of the membrane module
(Fig. 4). After travelling through the feed channel of the DCMD module, the LiCl concentration
slightly increases from 20 % to 20.05 %. This slight increase in the LiCl concentration is
expected as a short membrane leaf of 0.14 m is used for this DCMD simulation. For practical
DCMD processes, the membrane leaf can be as long as 1.5 m, then the increase in the LiCl
concentration after undergoing the DCMD regeneration process can be higher.

The simulation results also reveal a discernible magnitude of concentration polarization
during the DCMD regeneration of the 20 % LiCl solution. The LiCl concentration at the feed
membrane surface (S,) is much higher than that in the bulk feed (Sp) (Fig. 4). As dissolved LiCl
salt in the feed solution reduces its water vapor pressure, the concentration polarization effect
together with temperature polarization negatively affects the water flux of the DCMD process of
the LiCl solution feed. The detailed contribution of concentration and temperature polarization
effects on the DCMD process water flux during the regeneration of the 20 % LiCl solution has
been elucidated in a recent study by Duong et al. [23].
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3.3. Effects of membrane properties and process operating conditions on water flux during
the DCMD regeneration of the LiCl solution

One notable advantage of the DCMD process simulation compared with experimental
studies is the ability to examine the effects of membrane properties and process operating
conditions on the process performance. In this section, the impacts of membrane properties and
process operating conditions on the process water flux during the DCMD regeneration of LiCl
solution will be clarified. The process water flux is the average of all local water flux calculated
along the membrane leaf inside the membrane module as reported in the section 3.2.
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Figure 5. Effects of (A) membrane pore size, (B) membrane porosity, and (C) membrane thickness on
water flux of the DCMD process with the 20 % LiCl solution feed. Operating conditions: feed inlet

temperature Ty;, = 70 °C, distillate inlet temperature Tq;,= 20 °C, feed and distillate inlet cross flow
velocity Viin= Vgin=0.03 m.s™.

The simulated water flux of the DCMD process with the 20 % LiCl solution feed using the
membrane with different pore size, porosity, and thickness is demonstrated in Fig. 5. The
DCMD process using membrane with larger pores achieves higher water flux (Fig. 5A).
Similarly, the process with a more porous membrane favors the increased water flux (Fig. 5B).
This is because the membrane with larger pore size and porosity offers larger areas for water
evaporation and vapor condensation respectively at the feed and distillate membrane surfaces,
thus improving the process water flux. It is, however, noteworthy that membranes with larger
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pore sizes are more prone to membrane pore wetting than those with smaller pores, while
increased membrane porosity compromises the mechanical strength of the membrane. As a
result, most MD processes reported in the literature use membranes with pore sizes in the range
of 0.1 - 0.4 um and porosity from 60 % to 80 % [4].

Opposite to membrane pore size and porosity, increasing membrane thickness leads to a
reduction in the simulated DCMD process water flux (Fig. 5C). Thicker membrane means a
longer distance for water vapor to travel through the membrane from the LiCl feed to the
distillate. As a result, water flux of all MD processes reported in the literature is inversely
proportional to the membrane thickness. Therefore, regarding water flux, thin membranes are
desired for the MD process. Nevertheless, thin membranes are associated with more conductive
heat transfer from the feed to the distillate, resulting in reduced thermal efficiency of the DCMD
process. As a result, the optimal membrane thickness for the DCMD process has been reported
to be about 60 pum [4].
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Figure 6. Effects of (A) LiCl concentration, (B) distillate inlet temperature, and (C) feed and distillate
inlet cross-flow velocities on water flux during the DCMD process of LiCl solution feed.

Water flux of the DCMD process with the LiCl solution feed is also affected profoundly by
the process operating conditions. Amongst the three variable operating conditions (e.g. LiCl
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concentration, distillate temperature, and feed and distillate cross-flow velocity), LiCl
concentration exerts the most profound impact on the DCMD process water flux (Fig. 6A).
Elevating the LiCl concentration from 15 % to 35 % results in a marked decline in the process
water flux, dropping from 17 L.m2.h™ to 2 L.m2.h™. Increasing the distillate temperature also
leads to a reduction in the process water flux, but at a much lower extent compared with the
effect of the LiCl concentration (Fig. 6B). On the other hand, increasing feed and distillate cross-
flow velocity enhances the DCMD process water flux (Fig. 6C). This is because increasing
cross-flow velocity promotes the hydraulic turbulence adjacent to the membrane surfaces,
enhances the heat and mass transfer in the boundary layers, and mitigates the negative effects of
temperature and concentration polarization, thus elevating the DCMD process water flux [25].
Nevertheless, the effect of increasing feed and distillate cross-flow velocity on the process water
flux is not comparable to that of the temperature and concentration of the LiCl solution feed.
Also, excessively increasing feed and distillate cross-flow velocity might lead to membrane pore
wetting, which is a serious technical challenge to the DCMD regeneration of LiCl solution.
Increasing feed and distillate cross-flow velocity also entails higher electric energy consumption
of water circulating pumps [26].

4. CONCLUSIONS

In this study, the simulation of a DCMD process with the LiCl liquid desiccant solution
feed was simulated using codes built in MATLAB. The simulation exhibited high accuracy as its
simulated water flux well matched with the data obtained in the experimental tests. Given the
accuracy of the simulation, detailed water temperatures, LiCl concentration, and water flux
profiles along the membrane leaf inside the DCMD membrane module could be depicted. Along
the short membrane leaf of 0.14 m long, feed and distillate temperatures greatly varied, leading
to a significant decline in water flux by 30 %, dropping from 16.5 L.m2h™ at the inlet to 11.5
L.m2h™ at the outlet of the module. The simulation also allowed for evaluating the effects of
membrane properties and process operating conditions on the water flux of the DCMD
regeneration of the LiCl liquid desiccant solution.
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