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Abstract: Membrane distillation (MD) has been increasingly explored for treatment of various
hyper saline waters, including lithium chloride (LiCl) solutions used in liquid desiccant air-
conditioning (LDAC) systems. In this study, the regeneration of liquid desiccant LiCl solution by
a pilot direct contact membrane distillation (DCMD) process is assessed using computer
simulation. Unlike previous experimental investigations, the simulation allows to incorporate both
temperature and concentration polarisation effects in the analysis of heat and mass transfer through
the membrane, thus enabling the systematic assessment of the pilot DCMD regeneration of the
LiCl solution. The simulation results demonstrate distinctive profiles of water flux, thermal
efficiency, and LiCl concentration along the membrane under co-current and counter-current flow
modes, and the pilot DCMD process under counter-current flow is superior to that under co-current
flow regarding the process thermal efficiency and LiCl concentration enrichment. Moreover, for
the pilot DCMD regeneration of LiCl solution under the counter-current flow, the feed inlet
temperature, LiCl concentration, and especially the membrane leaf length exert profound impacts
on the process performance: the process water flux halves from 12 to 6 L/(m?-h) while thermal
efficiency decreases by 20% from 0.46 to 0.37 when the membrane leaf length increases from 0.5

to 1.5 m.

Keywords: membrane distillation (MD); direct contact membrane distillation (DCMD);
polarisation effects; heat and mass transfer, liquid desiccant air-conditioning (LDAC); liquid

desiccant regeneration.
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1. Introduction

Membrane distillation (MD), a hybrid thermal-driven separation process, has been increasingly
explored for treatment of various hyper saline waters due to its distinguishing attributes (Nguyen
et al. 2018; Abdelkader et al. 2019; Duong et al. 2019). In the MD process, a hydrophobic
microporous membrane is used to separate a saline water feed from a fresh distillate stream. Given
its hydrophobic nature, the membrane retains liquid water on the feed side, but allows the transfer
of water vapour through its pores to the other side, hence concentrating the feed water. The driving
force for the transfer of water in the MD process is not the hydraulic and/or osmotic pressure
difference but the water vapour pressure gradient induced by a temperature difference across the
membrane. As a result, unlike pressure-driven membrane processes, MD is less subject to salt
concentration of the feed water, and hence it is workable with various hyper saline waters including
concentrated brine from reverse osmosis (RO) desalination (Yan et al. 2017; Bindels et al. 2020),
diluted draw solution from forward osmosis (FO) (Nguyen et al. 2018), and liquid desiccant
solutions used in air-conditioning industry (Duong et al. 2019; Zhou et al. 2020; Liu et al. 2021).
Because only water vapour and volatile compounds are allowed to permeate through its membrane,
the MD process can achieve theoretically complete salt rejections, enabling the regeneration and/or
recovery of valuable dissolved salts in saline waters. More importantly, as a thermal-driven
separation technology, the MD process can be powered by low-grade waste heat or renewable solar
thermal energy to reduce the process energy cost. Given these notable attributes, MD has emerged
as an ideal candidate to be integrated into other process for treatment of hyper saline waters with
improved energy efficiency. One notable example can be the integration of MD into the liquid
desiccant air-conditioning (LDAC) process (Duong et al. 2017; Duong et al. 2018; Lefers et al.
2018; Zhou et al. 2020; Zhou et al. 2020).

LDAC is a potential game changer in advancing the air-conditioning industry to become
greener and more energy-efficient (Gurubalan et al. 2019; Chen et al. 2020; Salikandi et al. 2021).
Currently, most conventional air-conditioning systems are based on the vapour compression
process, whereby the air is first dehumidified by deep cooling to dew point temperature to condense
moisture and then reheated to achieve a desired temperature. The deep cooling and the subsequent
reheating of the air waste energy, rendering the conventional air-conditioning systems energy-

inefficient (Modi and Shukla 2018; Duong et al. 2019). On the other hand, LDAC systems
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dehumidify and cool the air via the direct absorption of moisture into a liquid desiccant solution
(i.e. lithium chloride (LiCl) solution). The hygroscopic nature of the liquid desiccant solution drives
the moisture removal without the need for deep cooling and reheating the air; therefore, the energy
consumption of the LDAC systems is markedly reduced compared to that of the conventional
vapour-compression based air-conditioners (Gurubalan et al. 2019; Chen et al. 2020; Salikandi et

al. 2021).

Regeneration of liquid desiccant solution is a key step of the LDAC process (Duong et al. 2018;
Lefers et al. 2018; Zhou et al. 2020). The moisture holding capacity (i.e. hygroscopicity) of the
liquid desiccant solution depends on concentration and temperature. During the air
dehumidification of the LDAC process, moisture absorption dilutes and warms the liquid desiccant
solution, hence gradually reducing its hygroscopicity. To restore the liquid desiccant solution’s
hygroscopicity and hence the LDAC process’s air dehumidification efficiency, the diluted (i.e.
weak) liquid desiccant solution needs to be regenerated (i.e. reconcentrated and cooled) in a
regenerator. Most current LDAC systems rely on thermal evaporation for the regeneration of liquid
desiccant solutions (Cheng and Zhang 2013; Duong et al. 2019). This regeneration method involves
heating the diluted liquid desiccant solution to a high temperature prior to spraying it in counter-
current flow with a hot air stream in a packed bed media (Lowenstein 2008; Cheng and Zhang
2013; Salikandi et al. 2021). The direct contact between the hot liquid desiccant solution and the
air stream inevitably leads to the carry-over of desiccant droplets in the air stream, which is
regarded as a vexing technical issue of the thermal evaporation regeneration method (Duong et al.
2019; Gurubalan et al. 2019; Chen et al. 2020; Salikandi et al. 2021). Moreover, high-temperature
heating required for the regeneration of liquid desiccant solution in the evaporation regenerator
primarily contributes to the high energy consumption of the LDAC process. As a result, novel
regeneration methods that are resistant to desiccant carry-over and workable at mild temperature
are urgently needed for the realisation of LDAC systems. In this context, the MD process can be
tapped into given its complete salt rejection and workability with hyper saline waters at mild

temperature.

Previous experimental works have been conducted to prove the technical feasibility of MD for
the regeneration of liquid desiccant solutions used in the LDAC process (Duong et al. 2017; Duong
et al. 2018; Lefers et al. 2018; Zhou et al. 2019; Zhou et al. 2020; Zhou et al. 2020; Liu et al. 2021).

Most notably, Duong et al. (2017) experimentally investigated the direct contact membrane

5
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distillation (DCMD) regeneration of liquid desiccant LiCl solutions and proved that the DCMD
process could regenerate the liquid desiccant LiCl solution of 29% without any issue of desiccant
carry-over at the feed temperature of 65 °C. Zhou et al. (2020) systematically examined the
performance of vacuum membrane distillation (VMD) during the regeneration of LiCl solution.
Despite using short hollow fibre membranes (i.e. 0.52 m in length), the lab-scale VMD process
could increase the concentration of the LiCl 20% solution by 0.2% when operating in the single-
pass mode at the feed temperature of 65 °C (Zhou et al. 2020). Particularly, the experimental results
demonstrated the profound impacts of LiCl solution temperature and membrane length on the

regeneration performance of the VMD process.

Previous lab-scale experimental works have demonstrated the viability of MD regeneration of
liquid desiccant LiCl solutions. It is, however, necessary to underline that there have been no
experimental investigations or simulation studies on pilot or large-scale MD regeneration of liquid
desiccant solutions, despite a great number of pilot MD processes experimentally demonstrated
and simulated for seawater desalination applications (Hitsov et al. 2015; Dong et al. 2017; Duong
et al. 2017; Andrés-Maiias et al. 2018; Andrés-Maiias et al. 2020). To facilitate the realisation of
MD regeneration of liquid desiccant solutions, pilot or large-scale studies are of vital importance.
Therefore, this study aims to assess a pilot MD process for regeneration of liquid desiccant LiCl
solution with the aid of computer simulation. Unlike previous simulations of pilot seawater MD
desalination, the pilot DCMD simulation model reported in this study incorporates the influences
of the LiCl solution hyper salinity and the negative effects of polarisation phenomena, particularly
the concentration polarisation, on the process mass and heat transfer. Given its flexibility and high
accuracy, the simulation package offers useful means to elucidate the mass and heat transfer inside
the pilot DCMD membrane module, thus allowing to elaborate the impacts of process operating
conditions and membrane module specifications on the process performance during the

regeneration of liquid desiccant LiCl solution.

2. Heat and mass transfer calculations and simulation approaches

2.1. Heat and mass transfer calculations

During the DCMD regeneration of LiCl solution, the transfer of water (i.e. mass transfer) occurs

simultaneously with the heat flux through the membrane. While the mass transfer directly controls

6
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the moisture desorption and hence the regeneration of the LiCl solution, the heat flux through the
membrane is undesirable as it reduces the driving force of the regeneration process. The mass
transfer through the membrane is proportional to the water vapour pressure difference between the

two sides of the membrane, and is expressed as (Alkhudhiri et al. 2012):

-P

J=C,x(P,, ~P,,) (1)

S
where J is water flux (kg/(m?-h)); Cy, is the membrane mass transfer coefficient (kg/(m?-h-Pa)); and
Pnyand Pna are the water vapour pressures (Pa) at the feed and distillate membrane surfaces,
respectively. Cn, a function of membrane characteristics and process operating conditions, is

calculated as below (Alkhudhiri et al. 2012):

-1
c _|3(aRT\" 5 P, RT
"2 g\ 8M ¢ PDM

2

where o, & 7, and r are the membrane thickness (m), porosity (dimensionless), pore tortuosity
(dimensionless), and pore radius (m), respectively; M is the molecular weight of water (kg/mol); R
is the gas constant (i.e. 8.314 J/(mol-K)); T is the mean water vapour temperature (K) inside the
membrane pore; P and P, are the total pressure and the air partial pressure (Pa) inside the membrane
pore; and D is the water diffusion coefficient (m?/s). The distillate water vapour pressure at the

membrane surface (i.e. Pn.¢) can be calculated using the Antoine equation (Alkhudhiri et al. 2012):

3816.44
P =exp(23.1964 ——— 3

where Tn.a 1s the distillate temperature (K) at the membrane surface. On the other hand, the
calculation of water vapour pressure at the feed membrane surface (i.e. Puy) involves complex
functions of LiCl solution concentration and temperature at the feed membrane surface (e.g. S s
and T,y). More details of the water vapour pressure calculation of the LiCl solution at high

concentrations are provided elsewhere (Conde 2004; Duong et al. 2020).

During the DCMD process of the LiCl solution, in tandem with water vapour flux, heat is

transferred from the feed to the distillate via conduction through the membrane matrix and the
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latent heat associated with the transferred water vapour. The heat flux (Q) through the membrane

is described as (Alkhudhiri et al. 2012):

O=—=(T,,-T,,)+J4H,

g ) )
where Q is in kJ/(m*h); ky is the membrane thermal conductivity (W/(m-K)) and AH, is the latent
heat of evaporation of water (kJ/kg). The membrane thermal conductivity is a function of polymer

thermal conductivity (k) and gas thermal conductivity (k), expressed as (Alkhudhiri et al. 2012):

e l-¢ B
"m{?*ﬂ 2

g S

The latent heat of water evaporation (i.e. 4H,) is a function of the mean water vapour temperature
inside the membrane pore, and is calculated as (Alkhudhiri et al. 2012):

AH  =1.7535T +2024.3 6)

Water flux calculation using the membrane mass transfer coefficient (Cy») in Eq. (1) involves
temperature and salt concentration at the membrane surfaces (e.g. Tinf, Tma, and Sny). During the
DCMD process of LiCl solutions, polarisation effects cause the temperature and salt concentration
at the membrane surfaces different to those in the bulk feed and distillate streams (e.g. T» s, Th.a,
and Spy) (Kuang et al. 2019; Anvari et al. 2020). While the bulk temperature and salt concentration
of the feed and distillate streams can be experimentally measured, the measurements of these
parameters at the membrane surfaces require complex instruments and impractical membrane
module designs (Kuang et al. 2019; Lokare et al. 2019). In this context, several studies have utilised
the process mass transfer coefficient (i.e. K,») together with the bulk feed and distillate temperature
and salt concentration for water flux calculation. This water flux calculation is more practical when
involving the measurable thermodynamic properties of the bulk feed and distillate; however, it fails
to incorporate polarisation effects, particularly concentration polarisation, resulting in considerable
deviations between the calculated and experimentally measured water flux (Duong et al. 2017;
Duong et al. 2018). The computer model developed for the simulation of the pilot DCMD process

of seawater reported by Duong et al. (2017) includes the temperature polarisation effect in water
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flux calculation, but deliberately neglects the concentration polarisation effect given the negligible
impacts of seawater salinity on water flux. For the pilot DCMD regeneration of liquid desiccant
LiCl solutions, the hyper salinity of the feed exerts profound influences on water flux; therefore,
the concentration polarisation effect must be incorporated in water flux calculation together with

the temperature polarisation effect.

The simulation model built for this study incorporates both temperature and concentration
polarisation effects in water flux calculation and heat transfer analysis. Initially, water flux (J) is
calculated using the bulk thermodynamic properties of the feed and distillate, then the temperature
and LiCl concentration at the feed and distillate membrane surfaces (i.e. Tns, Sns, and Tn.q) are

calculated as below (Khayet et al. 2004; Hitsov et al. 2015):

h.
T, thy +hy, (Q.d +T, h:,j —JAH,

T, ,

m. f =
hf(1+h’"J+hm
ha %)
h,
Lahg +h,| T, +1,, = |+JAH,
' hy
Tm.d =
hd[1+Z’”J+hm
/ )
J
S =S .xex 9
mf = b p(pxkj )

where A, hy, and hg are respectively the heat transfer coefficient across the membrane and in the
feed and distillate thermal boundary layers; p and & are the density and the water transfer coefficient
of the LiCl solution feed. The heat transfer coefficient across the membrane (%4.,) is dependent on
the membrane thermal conductivity (k) and the membrane thickness (0), while the calculations of
the heat transfer coefficients in the feed and distillate boundary layers (/s and 44) involve Nusselt
number (Nu), Reynolds number (Re), and Prandtl number (Pr) using the fluid thermodynamic
properties (e.g. density, dynamic viscosity, specific heat capacity, and cross flow velocity) and the

hydraulic diameter of the feed and distillate channels. Empirical equations for the calculations of
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the thermodynamic properties of the LiCl solution feed and the distillate are provided in (Conde
2004). The calculated To.f, Tm.a, and Sirare then used for the calculation of J in equation (1). The
new calculated value is now assigned to J in the calculation of new Tuys, Tma, and Sus in the
equations (7-9). This calculation process is iterated until the difference between the two

consecutive values of J is negligible.

Thermal efficiency is an important aspect of the DCMD process of LiCl solutions as the
regeneration step contributes over three quarters of the energy consumption of LDAC systems, and
the energy consumption of the DCMD process is primarily attributed to thermal energy required
for heating the feed stream. The thermal efficiency (/7) of the DCMD process is evaluated using
the following equation (Alkhudhiri et al. 2012):

AH
= JAH,

JAH, +&(Tmf -T. )
o (10)

Besides thermal efficiency, the specific thermal energy consumption (i.e. STEC) of the DCMD
process of the LiCl solution is also assessed. STEC is the heating required to increase the weight

concentration of one volume unit of LiCl solution feed by 1%, and can be calculated as:

mf.in X Cp x (Tfm - 25)

3.6x10° x AS x ijn

STEC =

(11

where STEC is in kWh/(%-m?); myn is the feed inlet mass flow rate (kg/h); C, is the specific heat
capacity of the LiCl solution feed (kJ/(kg-°C)); Ty is the feed inlet temperature of the DCMD
process; AS is the LiCl concentration enrichment (i.e. the difference between the LiCl concentration
at the outlet and the inlet of the feed channel) (%); and ¥}, is the feed inlet volume flow rate (m>/h).
It is necessary to note that while STEC offers a practical indicator for the DCMD process energy
efficiency, /7 demonstrates the proportion of the useful heat (i.e. that is associated with the transfer
of water) to the total heat transfer from the feed to the distillate along the membrane leaf inside the
DCMD membrane module. Moreover, the calculation of STEC for the DCMD process in this study
differs from that normally reported for seawater MD desalination applications because the main
product of the DCMD process in this study is the concentrated LiCl solution but not fresh water as

for seawater desalination.

10
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2.2. Simulation approach

The simulation package used in this study is developed based on the descriptive mass and heat
transfer (DHMF) model that has been validated and reported in a previous study by Duong et al.
(2020). One notable feature of this simulation package is the inclusion of both temperature and
concentration polarisation effects in the mass and heat transfer analyses, and it allows for the
simulation of the DCMD process of the LiCl solution under two flow modes: co-current and
counter-current flow (Fig. 1). Details about the DHMF model and the calculation of heat and mass
flux through each membrane area under the two flow modes can be found in the previous study by

Duong et al. (2020).
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Fig. 1. Schematic diagram of two incremental membrane areas along the DCMD module under

the (A) co-current and (B) counter-current flow mode.

The calculation algorithms of the DCMD process with the LiCl solution feed are illustrated in
Fig. 2 and Fig. 3 for co-current and counter-current flow mode, respectively. The inputs of the
calculation algorithms are the temperature, concentration, and mass flow rate of the LiCl solution
feed and distillate respectively at the feed and distillate inlets (e.g. Trin, Srin, Mfin, Tain, and main).
The calculation starts from the feed inlet end (i.e. xo = 0) and finishes at the feed outlet end (i.e. x,

= L) of the DCMD module. For co-current flow, the initial parameters of the feed and distillate

11



271  streams are readily available. On the other hand, for counter-current flow, initial guesses of the

272 mass flow and temperature of the distillate at the outlet (i.e. m4.0us and Tyuou:) are required (Fig. 3).
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The specifications of the membrane leaf and feed and distillate channels of the pilot DCMD
membrane module provided by AquaStill (Sittard, The Netherlands) (Hitsov et al. 2017) were used
for the simulation in this study. These specifications include membrane pore radius, membrane
porosity, membrane thickness, feed and distillate channel width and depth, and the membrane leaf
length. Unless otherwise stated, their default values are provided in Table 1. The pilot DCMD
membrane module used in (Hitsov et al. 2017) had six feed and six distillate channels, but they
were parallel. Thus, for simplicity the pilot DCMD membrane module simulated in this study is

composed of one feed and one distillate chanells with the same specifications.

Table 1. Specifications of the membrane leaf and flow channels of the pilot DCMD membrane
module

Membrane specifications

Pore radius (um) 0.15
Membrane porosity (—) 0.76
Membrane thickness (um) 92
Feed and distillate channels

Channel width (m) 0.4
Channel depth (m) 0.002
Channel length (m) 1.5

3. Results and discussions
3.1. Mass and heat transfer through the membrane inside the module

In the pilot DCMD regeneration of liquid desiccant LiCl solution, the flow mode exerts decisive
influence on the heat and mass transfer through the membrane. As demonstrated in Fig. 4, co-
current and counter-current modes result in two different feed and distillate temperatures and water
flux profiles inside the membrane module. Under the co-current flow mode, from the inlet to the
outlet of the membrane module the membrane surface feed temperature (7.s) declines while the
membrane surface distillate temperature (7).4) increases due to heat transferred from the feed to
the distillate, leading to a decrease in the transmembrane water temperature difference (i.e. A7)
(Fig. 4A). This decreased AT, together with the increase in the LiCl concentration along the
membrane results in a rapid decline in local water flux (J) inside the membrane module from the
inlet to the outlet. Moreover, it is noteworthy that after the membrane length of 0.9 m, negative

water flux is observed despite the positive AT, (>10 °C) (Fig. 4A). This finding confirms that the

14
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actual driving force for water transfer through the membrane in MD is the transmembrane water
vapour pressure (i.e. 4P»), not the transmembrane water temperature difference (A47,). After the
membrane length of 0.9 m, 7\ remains markedly higher than 7.4 however, the water vapour
pressure at the feed membrane surface is lower than that at the distillate membrane surface due to
the hyper salinity of the LiCl solution. As a result, reverse water flux from the distillate to the LiCl

solution feed occurs after the membrane length of 0.9 m (Fig. 4A).

On the other hand, the feed and distillate temperatures at the membrane surfaces and in the bulk
streams linearly decrease from the feed inlet to the feed outlet of the membrane module under the
counter-current mode (Fig. 4B). Although the temperature difference between the feed and
distillate membrane surfaces (A7) remains largely constant along the membrane leaf, the local
water flux markedly declines from the feed inlet to the feed outlet. The declining water flux along
the membrane module under counter-current mode has been elucidated in the previous study by
Duong et al. (2020) using a lab-scale membrane module. It is noteworthy that the local water flux
declines at a higher rate near the feed inlet than toward the feed outlet due to the exponential

relation between the water vapour pressure and the temperature of solutions (Fig. 4B).
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Fig. 4. Feed and distillate temperature at the membrane surfaces and in the bulk streams and
water flux along the membrane inside the module during the DCMD regeneration of the LiCl
20% solution under (A) co-current and (B) counter-current flow. Operating conditions: feed inlet
temperature (77i») = 70 °C, distillate inlet temperature 74, = 25 °C, feed and distillate inlet
circulation rate Frin = Fain = 250 L/h.

The discrepancy in local water flux inside the membrane module under the two operation modes
results in noticeably different profiles of thermal efficiency and the LiCl solution concentration
(Fig. 5). The thermal efficiency of the DCMD process with the LiCl 20% solution feed under both
operation modes is mostly below 0.5. This means that during the DCMD regeneration of the LiCl
20% solution feed using the pilot system, more than half of the heat transfer from the feed to the
distillate is due to the heat conduction through the membrane and is deemed the heat loss.
Furthermore, thermal efficiency under co-current mode is discernibly lower than that under the
counter-current mode, demonstrating that the counter-current operation is more beneficial to the
pilot DCMD regeneration of LiCl solution with respect to thermal efficiency. It is important to
stress that previous experimental studies on lab-scale DCMD regeneration of liquid desiccant LiCl

solutions have not investigated the process thermal efficiency.

The bulk LiCl concentration (i.e. Spy) profiles along the membrane leaf under the two flow
modes also clearly differ (Fig. 5). Under the co-current flow, from the feed inlet the LiCl

concentration steadily increases and maximizes at the membrane length of 0.9 m before gradually
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decreasing toward the feed outlet (i.e. 1.5 m). On the other hand, the LiCl concentration under the
counter-current mode progressively rises from the feed inlet to the feed outlet (Fig. 5). Indeed,
these LiCl concentration profiles are consistent with the water flux profiles shown in Fig. 4. The
decreased LiCl concentration under the co-current flow after the membrane length of 0.9 m is due
to the negative water flux (Fig. 4A). Moreover, the LiCl concentration at the feed outlet under the
counter-current flow is noticeably higher than that under the co-current mode. This also manifests
the advantage of the counter-current operation over the co-current one for the pilot DCMD

regeneration of LiCl solutions.

The analysis of heat and mass transfer through the membrane inside the module has revealed
the superiority of the counter-current to the co-current mode during the pilot DCMD regeneration
of the liquid desiccant LiCl solution. Thus, the counter-current mode is selected for further
investigations on the influences of the operating conditions and membrane length on the pilot

DCMD process performance discussed in the next section.
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Fig. 5. Thermal efficiency and the bulk LiCl concentration along the membrane inside the
module during the DCMD regeneration of the LiCl 20% solution under co-current and counter-
current flow. Operating conditions: feed inlet temperature (77:x) = 70 °C, distillate inlet
temperature 74, = 25 °C, feed and distillate inlet circulation rate Fin = Fain = 250 L/h.
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3.2. Influences of operating conditions on the DCMD process performance

The key operating conditions of the pilot DCMD regeneration of LiCl solutions include the
feed inlet temperature, the feed and distillate circulation rate, and the inlet LiCl concentration. The
distillate inlet temperature has less influence on the DCMD process performance; thus, it is fixed
at 25 °C in all simulations. The performance of the DCMD regeneration of LiCl solutions is
assessed using the process water flux (Jprocess), thermal efficiency (/Zrocess), specific thermal energy
consumption (STEC), and the increase in the LiCl concentration from the inlet to the outlet (i.e.
AS). While STEC is calculated using equation (11), Jyrocess and Iprocess are the average values of

local water flux (J) and thermal efficiency (/7) along the membrane leaf.

The simulation results reveal that it is beneficial to operate the pilot DCMD process of LiCl
solutions at higher feed inlet temperature and higher water circulation rates. As demonstrated in
Fig. 6A, elevating the feed inlet temperature boosts both Jyrocess and 7hyrocess While substantially
reducing STEC of the DCMD process. Increasing feed and distillate circulation rates also favours
the improvement of the Jprocess and IZprocess and the reduction in STEC (Fig. 6B), but at a lower
extent compared to elevating the feed inlet temperature. Indeed, the benefits of operating the
DCMD process of LiCl solution at high feed inlet temperature and water circulation rates have
been proven in experimental works using lab-scale units (Duong et al. 2017; Duong et al. 2018).
The results reported here, however, highlight that even under the optimal feed inlet temperature
and water circulation rates, the pilot DCMD regeneration of LiCl solutions exhibits limited thermal
efficiency (i.e. IZyrocess <0.5) and discernibly high STEC (i.e. ~100 kWh/(%.m?)). The poor thermal
efficiency of the DCMD process with the LiCl solution can be attributed to the hyper salinity of
the LiCl solution feed.
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Other operating conditions: distillate inlet temperature 74.i» = 25 °C.

The inlet LiCl concentration profoundly affects the performance of the DCMD process (Fig.
7). When the inlet LiCl concentration is elevated from 20% to 30%, Jprocess reduces by 91% from
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5.6 to 0.5 L/(m*h), coinciding with a reduction in the /Zyrocess by 89% (i.e. from 0.37 to 0.04). The
LiCl concentration regulates not only the water vapour pressure but also the thermodynamic
properties (i.e. particularly the viscosity) of the feed solution, thus restraining the mass transfer
coefficient and water vapour flux through the membrane. Indeed, the simulation results reveal that
the dynamic viscosity of the LiCl solution doubles when the LiCl concentration is increased from
20% to 30%. Previous experimental lab-scale works have demonstrated the strong impacts of the
feed concentration on water flux during the DCMD regeneration of LiCl solutions (Duong et al.
2017; Duong et al. 2018). These impacts are even more profound for the pilot DCMD process of
LiCl solutions given its much longer membrane leaf compared to that used in the lab-scale units.
The effects of membrane leaf length on the water flux and hence the thermal efficiency of the pilot
DCMD process with LiCl solution will be further elucidated in section 3.3. The limited water flux
and poor thermal efficiency inevitably leads to the discernibly high values of STEC at higher inlet
LiCl concentration (Fig. 7).
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Fig. 7. The process water flux (Jprocess), thermal efficiency (/Zprocess), and specific thermal energy
consumption (STEC) of the DCMD process of the LiCl solution at different concentration. Other
operating conditions: feed inlet temperature (77») = 70 °C, distillate inlet temperature 7y, = 25
°C, feed and distillate inlet circulation rate Fin = Fa.in = 250 L/h.
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Another important indicator for the performance of the DCMD regeneration of LiCl solutions
is the enrichment of LiCl in the feed (i.e. AS). The three key operating conditions (e.g. feed inlet
temperature, water circulation rate, and the inlet LiCl concentration) exhibit different effects on AS
(Fig. 8). The feed inlet temperature is proportional with AS while elevating the LiCl solution
concentration noticeably reduces A4S (Fig. 8A&B). The impacts of feed inlet temperature and the
LiCl concentration on AS appear similarly to their effects on water flux shown in Fig. 6A and Fig.
7. On the other hand, the feed and distillate circulation rates exert negligible impacts on AS despite
having a linear relationship with water flux (Fig. 6B). Unlike the feed inlet temperature and the
LiCl concentration, the feed and distillate circulation rates determine the retention time of the LiCl
solution inside the membrane module. Increasing the water circulation rates enhances water flux
but also shortens the retention time of the LiCl solution feed. As a result, the impacts of the feed

and distillate circulation rates on AS seem to be neutralized (Fig. 8C).
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Fig. 8. The LiCl concentration enrichment achieved during the DCMD regeneration of the LiCl
solution at various (A) feed inlet temperature, (B) inlet LiCI concentration, and (C) feed and
distillate water circulation rates under counter-current flow. Other operating conditions: distillate
inlet temperature 7., = 25 °C.

3.3. Influences of the membrane length on the DCMD process performance

Unlike experimental works using lab-scale units with fix membrane module specifications, the
simulation in this study allows for systematically assessing the influences of membrane module
specifications on the performance of the pilot DCMD regeneration of LiCl solutions. One of the
most critical membrane module specifications for the pilot DCMD process is the membrane leaf

length.

The simulation results reveal that the pilot DCMD process with LiCl solutions is more efficient
when using a shorter membrane leaf (Fig. 9). The process with the shorter membrane leaf achieves
higher water flux and thermal efficiency but lower STEC under the same operating conditions (e.g.
feed inlet temperature, feed and distillate circulation rate, and inlet LiCl concentration). The
enhanced process performance with the shortened membrane leaf can be attributed to the increased
transmembrane temperature difference (i.e. AT,,). For example, at the feed inlet and the distillate
inlet temperatures of 70 °C and 25 °C, feed and distillate circulation rate of 250 L/h, and the inlet
LiCl concentration of 20%, the average AT, of the process with the membrane length of 0.5 m and

1.5mis 25.5°Cand 17.1 °C, respectively. Given the exponential relation between the water vapour
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pressure and the temperature, the reduction in A7, when increasing the membrane leaf length
inevitably leads to the decline in water flux (Fig. 9). This decreasing water flux in turn negatively

affects thermal efficiency (/Zrocess) and hence raises the STEC of the process.

The results reported here have important implications to the design of the membrane modules
destined for liquid desiccant air-conditioning applications. Membrane modules with longer
membrane leaves offer larger membrane areas for water evaporation and hence achieve a higher
LiCl concentration at the outlet of the membrane modules. However, the process using longer
membrane exhibits lower water flux and thermal efficiency as discussed above. Therefore, for the
pilot DCMD regeneration of liquid desiccant solutions, it is more beneficial to deploy membrane
modules with short membrane leaves. The process can be operated in batch mode or brine recycling
mode (i.e. whereby the brine leaving the membrane modules is returned to the feed tank for further
treatment cycles) (Duong et al. 2015; Duong et al. 2017). Operating under these modes, the LiCl
concentration can be achieved without compromising the water flux and thermal efficiency of the

pilot DCMD process.
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Fig. 9. The process water flux (Jprocess), thermal efficiency (/Zrocess), and specific thermal energy
consumption (STEC) of the pilot DCMD regeneration of the LiCl 20% solution using the
membrane module with different membrane length. Other operating conditions: feed inlet

temperature (77») = 70 °C, distillate inlet temperature 74, = 25 °C, feed and distillate inlet
circulation rate Fri, = Fuin = 250 L/h.
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4. Conclusions

This study assesses the pilot DCMD regeneration of liquid desiccant LiCl solution in LDAC
systems using computer simulation. In contrast to experimental investigations, the simulation
allows for the insightful evaluation of the heat and mass transfer through the membrane inside the
DCMD membrane module as it can incorporate both temperature and concentration polarisation
effects in the calculation of heat and water flux. The simulation results demonstrate that the flow
mode of the pilot DCMD process strongly affects the heat and mass transfer across the membrane,
and the counter-current flow mode is more beneficial than co-current one regarding the process
water flux, thermal efficiency, and LiCl concentration enrichment. Moreover, when operating the
pilot DCMD process of LiCl solution under the counter-current flow, the feed inlet temperature,
the feed LiCl concentration, and particularly the membrane leaf length are significant factors
governing the process performance. When increasing the membrane leaf length from 0.5 to 1.5 m,
the process water flux decreases by a half from 12 to 6 L/(m*h) and thermal efficiency decreases
by 20%. These simulation results have important implications to the design of the pilot DCMD

membrane modules, particularly the membrane leaf length.
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