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a  b  s  t  r  a  c  t

This  study  evaluates  the  potential  of  using  electrodialysis  (ED)  technology  to  regenerate  the  aqueous
lithium  chloride  (LiCl)  solution,  a commonly  used  liquid  desiccant  in liquid  desiccant  air  conditioning
(LDAC)  systems.  Experiments  were  performed  using  an  ED  system  with  ten  cell  pairs  of  ion-exchange
membranes.  A  range  of  tests  were  carried  out  to examine  the effects  of the  circulation  flow  rate,  supplied
current  density,  solution  initial  concentration  and  the  concentration  difference  between  the  regenerated
and  spent  solutions  on  the  performance  of  ED  for regenerating  LiCl  liquid  desiccant  solutions.  The  results
showed  that  the regeneration  capability  of the  ED  stack  decreased  with  the  increase  of  the circulation
flow  rate.  Regeneration  performance  in terms  of  the  concentration  enrichment  increased  as  the sup-
plied  current  density  increased  and  the  solution  initial  concentration  decreased.  It  is also  shown  that
the  concentration  difference  between  the  regenerated  and  spent  solutions  is  critical  for  the regenera-
tion  performance  of  ED. The  ED  stack can  continuously  increase  the  concentration  of the  regenerated
solution  when  the concentration  difference  between  the  regenerated  and  spent  solutions  is  below  5.86%

2
(wt/wt),  under  the  supplied  current  density  of 57.1  mA/cm , circulation  flow  rate of  100  L/h, and  the
initial  concentrations  of  the solutions  in the regenerated  and  spent  tanks  of 28.77%  and  23.96%  (wt/wt),
respectively.  The  current  efficiency  of the  ED  in  two  hours  running  for all experiments  was  in the  range
of  55.17–73.54%.  The  results  obtained  from  this  study  would  be  useful  for the ED regenerator  design  and
system  integration.

© 2016  Elsevier  B.V.  All  rights  reserved.
. Introduction

Significant energy is consumed for building heating, cooling
nd dehumidification. Thus, building energy efficiency is essen-
ial to reduce global energy usage and greenhouse gas emissions.
ver the last several decades, many efforts have been made on

he development and application of various sustainable and low
nergy technologies for promoting building energy efficiency [1–3].
mong different technologies, liquid desiccant dehumidification
as gained significant scientific attention due to a high energy sav-

ng potential [4–8]. Liquid desiccant technologies have started to
nd practical applications for cooling and dehumidification [9].

In a liquid desiccant air conditioning (LDAC) system, the regen-

ration of the liquid desiccant is a key process to maintain the
apacity of the liquid desiccant for continuous dehumidifica-
ion. Different regeneration methods have been studied for LDAC

∗ Corresponding author.
E-mail address: zhenjun@uow.edu.au (Z. Ma).

ttp://dx.doi.org/10.1016/j.enbuild.2016.01.014
378-7788/© 2016 Elsevier B.V. All rights reserved.
systems, including but not limited to thermal regeneration, ultra-
sonic regeneration, reverse osmosis regeneration and electrodialy-
sis regeneration [10,11]. Thermal regeneration using solar energy,
waste heat and heat pumps has been extensively studied. For
instance, Elsarrag [12] examined a solar liquid desiccant regenera-
tion system in terms of the liquid to air flow rate ratio, temperature
and concentration of the liquid desiccant, and humidity ratio of the
inlet air on the evaporation rate. Niu et al. [13] investigated the pos-
sibility to match liquid desiccant and heat pump in hybrid LDAC sys-
tems. The results showed that dynamic capacity matching among
the dehumidifier, regenerator, evaporator and condenser can be
achieved only through regulating the circulation flow rate, revolu-
tion of the compressor and air flow rate in the air cooled condenser
simultaneously. Yamaguchi et al. [14] presented a hybrid liquid
desiccant system, in which the absorber and regenerator were
integrated with the evaporator and condenser of the heat pump,

respectively. Their system could achieve a higher coefficient of per-
formance by improving the isentropic efficiency of the compressor
and the temperature efficiency of the solution heat exchanger. In
thermal regeneration, the liquid desiccant is reactivated through a

dx.doi.org/10.1016/j.enbuild.2016.01.014
http://www.sciencedirect.com/science/journal/03787788
http://www.elsevier.com/locate/enbuild
http://crossmark.crossref.org/dialog/?doi=10.1016/j.enbuild.2016.01.014&domain=pdf
mailto:zhenjun@uow.edu.au
dx.doi.org/10.1016/j.enbuild.2016.01.014
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Nomenclature

a0–a5 coefficients
F Faraday number (96,485 C/mol)
I supplied current (A)
M molar mass (g/mol)
m mass (kg)
N number of membrane pairs
n number of independent measured variables
t temperature (◦C)
V volume (L)
x independent measured variable
y calculated variable
z charge of ions

Greek symbols
�  current efficiency (%)
� concentration [% (wt/wt)]
� density (g/cm3)

Superscript
k time (s)
0 initial condition

Subscript
r regenerated
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rocess in which the moisture is transferred to the scavenging air
hrough heating the solution to a high temperature (e.g. 65 ◦C or
igher). The desiccant must then be cooled down before entering
he dehumidifier to achieve desirable dehumidification perfor-

ance. Therefore, the efficiency of thermal regeneration is limited.
Yao [15] described the basic idea of a ultrasonic dehydrator

or liquid desiccant regeneration. This non-thermal regeneration
ethod can potentially improve the energy efficiency of the liquid

esiccant dehumidification system due to the lower regeneration
emperature. However, Yao [15] also acknowledged that the ultra-
onic regeneration may  bring environmental hazard issue and the
nergy savings due to the use of the ultrasonic regenerator for liq-
id desiccant were not reported. Al-Sulaiman et al. [16] studied
he reverse osmosis (RO) process for regenerating calcium chloride
iquid desiccant in a cooling system with two-stage evaporative
oolers. It was pointed out that currently available RO membranes
re not able to handle the high concentration of calcium chloride
equired in liquid desiccant applications.

Although the use of electrodialysis (ED) for liquid desiccant
egeneration has only been recently explored [17–23], the benefits
f integration of ED with LDAC systems have been demonstrated in
he literature. ED has been primarily used for desalination, waste-
ater treatment, and ion separation applications in the chemical,

ood, and pharmaceutical industries [24–27]. Liquid desiccant
egeneration by ED provides an opportunity to allow the system
o operate at a low temperature and therefore reduce the need for
ooling the desiccant. Using ED as a regeneration method was first
roposed by Li and Zhang [17]. Through theoretical analysis, it was
oncluded that ED operation is more stable as the weather con-
ition has limited impacts on the performance of the ED stack, as
ompared to thermal regeneration [28]. Single stage and double
tage photovoltaics and ED driven regeneration for LDAC systems

ere proposed and the performance of the systems was  evalu-

ted through theoretical analysis [19,20]. It was concluded that
he double-stage regeneration system can save more energy under
he optimised working conditions than that of the single stage
ngs 116 (2016) 285–295

regeneration system. In order to improve the reliability and the
performance of ED for liquid desiccant regeneration, a desiccant
pre-treatment ED regeneration system was proposed in [18]. It
was shown that this new system was more energy efficient than
the photovoltaics and ED driven regeneration system. Cheng et al.
[21] experimentally examined the effect of the flow rates of the
regenerated and spent desiccant solutions on the current utilisa-
tion and mass transfer rate of the ED regenerator. However, the
effects of other key operating parameters such as supplied current
and solution initial concentrations on the ED regeneration perfor-
mance have not been evaluated. Li et al. [29] investigated the salt
mass transfer of ED for liquid desiccant regeneration and it was
found that the current intensity is the key factor influencing the ED
regeneration performance.

Literature data to date showed that ED is a promising technology
for liquid desiccant regeneration in LDAC systems. Nevertheless,
previous ED investigations for other applications (e.g. desalination
and wastewater treatment) indicated that ED performance can be
influenced by many parameters, such as the construction of the
ED stack, the characteristics of the membranes used, the concen-
trations of the feed and product solutions, solution flow rate, and
current density or electric potential [30–32]. As the concentration
of liquid desiccants used in LDAC systems is much higher than that
of the solutions used in other fields such as water desalination,
the behaviour of ED working with liquid desiccants is expected to
differ from that in other fields. Thus, it is essential to substantiate
the effects of the above mentioned parameters on ED performance
specific for liquid desiccant regeneration.

This study aims to elucidate the effects of the operating condi-
tions including the circulation flow rate, supplied current density,
initial concentrations of the regenerated and spent solutions, and
the concentration difference between the regenerated and spent
solutions on the performance of the ED for regeneration of liq-
uid desiccant solutions. As LiCl is one of the widely used liquid
desiccants and has a low equilibrium humidity ratio under wide
operating conditions [33], LiCl is considered as the working solution
in this study.

2. ED working principle, experimental setup and
experimental protocol

2.1. Working principle of electrodialysis

ED is a separation process used to transport cations and anions
through cation and anion exchange membranes respectively, under
the influence of a supplied electric field [34,35]. In an ED stack, a
set of cation and anion exchange membranes are arranged alter-
nately between the anode and the cathode. An example of the ED
stack with two cell pairs is illustrated in Fig. 1. When the solu-
tion (i.e. liquid desiccant) is fed into the main cells of the ED stack,
due to different permeability of cation and anion exchange mem-
branes, the cations (Li+) can only pass through the cation exchange
membranes and the anions (Cl−) can only pass through the anion
exchange membranes. As a consequence, the concentration of the
liquid desiccant in some cell spaces will increase, while the con-
centration of the liquid desiccant in the adjacent cell spaces will
decrease due to the ions movement. The concentrated liquid des-
iccant can then be used for dehumidification. In this process, the
electrical rinsing solution (i.e. Li2SO4 used in this study) is used to
support the electrical conductivity in the two  electrode cells.

In the ED regeneration process, osmosis appears if there is a dif-

ference between the concentrations of the spent and regenerated
solutions, which can lead to the water transfer from the spent to
the regenerated solutions. In the meanwhile, the salt diffuses from
the regenerated to the spent solutions due to the concentration
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ite relative uncertainty for the concentration of the liquid desiccant
in all experiments was 0.90%.
Fig. 1. Illustration of an

ifference. When an electric current is applied to the ED electrodes,
ons will migrate from the spent to the regenerated solutions.
t the same time, water molecules will transport along with the
igrated ions, which is called electro-osmosis phenomena [36].

.2. Electrodialysis experimental setup

A lab-scale ED system was used in the experimental tests. The
xperimental setup and its simplified schematics are shown in
ig. 2. The ED system mainly consists of an ED stack, a rectifier, and

 power transformer. The system also consists of three circulation
umps, three reservoirs, and three flow metres for the regenerated,
pent, and electrolyte rinsing solutions, respectively.

The ED stack was equipped with an infrared coated titanium
node electrode, a stainless steel SUS316 cathode electrode and
0 cell pairs of cation and anion exchange membranes (Table 1).
a cation-(CMV) and Cl anion-(AMV) exchange membranes from
sahi Glass Co. Ltd. (Tokyo, Japan) were used. As aqueous lithium
ulphate was used as the electrode rinsing solution in the ED stack,
wo extra cation exchange membranes were used at the electrical
odes to avoid sulphate radical anions migrating into the regen-
rated and spent solutions. The regenerated, spent, and electrode
insing solutions were circulated through three 3.5 L transparent
VC tanks, respectively. During the experimental tests, the solu-
ions were pumped to the ED stack by three magnetic drive pumps
ith a flow rate in the range of 60–140 L/h. The circulation flow

ate in each loop was controlled by a globe valve.
The regenerated and spent solutions were prepared by dissolv-

ng the analytical grade lithium chloride into deionized water with

ifferent mass concentrations. The electrode rinsing solution was
repared by dissolving the analytical grade lithium sulphate into
eionized water with a mass concentration of 3.00% (wt/wt) as sug-
ested by the membrane manufacturer. Both lithium chloride and

able 1
pecification of the electrodialysis stack used.

Anion exchange membrane type AMV
Cation exchange membrane type CMV
Anode side separation membrane type CMV
Cathode side separation membrane type CMV
Number of pairs of membranes 10
Thickness of AMV  and CMV  membranes (�m) 120
Burst strength of AMV  and CMV  membranes (kPa) 200
Space of membrane cells (mm)  0.75
Effective area of the membrane (cm2) 210
Geometrical surface area of the membrane (cm2) 448
ack with two cell pairs.

lithium sulphate had a purity of 99.0% or higher. The three tanks
worked as the reservoirs for the solutions and were scaled by the
volumetric flask with a 0.1 L increment.

The rectifier used in the experimental tests was  PowerTech
MP3090. A portable density metre (30PX Densito) was used to
measure the density and temperature of the aqueous lithium chlo-
ride solutions in both regenerated and spent tanks. The measured
density and temperature were then used to calculate the concentra-
tions of the LiCl solutions and the details can be found in Appendix.
Three direct indication type variable area flow metres were used to
measure the circulation flow rates in each individual flow stream.
The volume of the solutions in the transparent PVC tanks was
obtained directly through the scale on the tanks. The major measur-
ing instruments used and their claimed measurement accuracies
are summarised in Table 2.

For calculated concentration, the basic root-sum-square method
can be used to determine its relative uncertainty [37]. The relative
uncertainty ıy

y for a calculated variable y with a set of independent
measured variables xi can be determined by Eq. (1).

ıy

y
=

√∑i=1
n

(
∂y
∂xi

ıxi

)2

y
(1)

where n is the number of the independent measured variables.
Based on Eq. (1), it was  determined that the maximum compos-
Table 2
Measuring instruments and measurement accuracies.

Name Mode Measurement
range

Accuracy

Rectifier PowerTech
MP3090

40 A/15V DC ±1.0%

Density metre and
temperature
measurement

30PX Densito 2.0000 g/cm3 ±0.001 g/cm3

40.0 ◦C ±0.2 ◦C
Flow metre TOKYO KEISO

AC-1510-4/6
600 L/h ±3% F.S.

Volumetric flask – 100 mL ±0.08 mL
Analytical balance Mettler Toledo

TLE104
120 g ±0.25 mg
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Fig. 2. (a) Electrodialysis experimental setup employed in

.3. Experimental protocol

It is noteworthy that the regenerated solution in this study
efers to the stream of LiCl solution whose concentration increases
hrough the ED stack and is the working solution to be used for
ehumidification. The spent solution is the solution in the other
tream whose concentration decreases through the ED process.

A total of 13 experiments categorised into 4 groups, as sum-
arised in Table 3, were selected and used to illustrate the effects

f the operating parameters on the performance of the ED stack for
egenerating LiCl liquid desiccant solutions used in LDAC systems.
hese experiments were selected based on the possible operating

onditions of ED for LiCl liquid desiccant regeneration. Each test
as performed for 120 min. All experiments were operated by

ontinuously recirculating the solutions in the regenerated and
pent tanks through the ED stack under ambient conditions.
tudy; (b) simplified schematic of the experimental setup.

During the experiments, the three solution tanks were placed in a
fume cupboard in order to extract the gases generated through the
electrode reactions. The density and temperature of the solutions
in both regenerated and spent tanks were measured by the density
metre every 5 min. The volumes of the solutions in the regenerated
and spent tanks and the voltage corresponding to the current
supplied were recorded at the same time. For each experiment, the
same circulation flow rates of the regenerated and spent streams
were used in order to minimise the hydrodynamic pressure
difference between the regenerated and spent cells of the ED stack.
Most experiments were conducted in duplicate to validate the
experimental reproducibility. Fig. 3 provides an example of the

experimental reproducibility of experiment 1. It is shown that the
largest variations between the two tests were 0.71% and 1.26% for
the concentration and volume change of the regenerated solution,
respectively.
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Table  3
Summary of the experiments.

Test group Experiment Initial concentration of the
solution in the regenerated
tank [% (wt/wt)]

Initial concentration of
the solution in the
spent tank [% (wt/wt)]

Circulation
flow rate (L/h)

Supplied current
density (mA/cm2)

Varying circulation
flow rate

1 27.71 27.71 60 38.1
2  27.71 27.71 100 38.1
3  27.77 27.72 140 38.1

Varying current density 4 27.50 27.48 100 28.6
5  27.57 27.48 100 38.1
6  27.51 27.46 100 47.6
7  27.40 27.39 100 57.1

Varying initial
concentration

8 28.90 29.00 100 57.1
9  24.93 24.92 100 57.1

10  18.78 18.78 100 57.1

Varying concentration 11 28.90 29.00 100 57.1
12  28.83 25.86 100 57.1
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13  28.77 

The first group of the tests was to examine the effects of the
irculation flow rate on the performance of the ED for liquid desic-
ant regeneration. The tests were carried out with three different
irculation flow rates under the same supplied current density. The
nitial concentrations of the solutions in both regenerated and spent
anks were almost the same.

The second group of the experimental tests was to investigate
he effects of the supplied current density on the performance of the
D for regenerating LiCl liquid desiccant solutions. The tests were
erformed with four different current densities under the same
irculation flow rate and initial concentration. It is worthwhile to
ote that there was a slight difference among the initial solution
oncentrations of the four experiments as the initial concentrations
f the solutions were hard to adjust because of the residuals in the
ystem.

The third group of the tests was to study the effects of the initial
oncentrations of the regenerated and spent solutions on the regen-
ration capability of the ED for the LiCl liquid desiccant solution. The
ests were carried out with three different initial concentrations of
he solutions in the regenerated and spent tanks. In this group of the
ests, the same supplied current density and the same circulation
ow rate were applied.
The fourth group of the tests was designed to investigate the
nfluence of the concentration difference between the regenerated
nd spent solutions fed to the ED stack on the ED regeneration
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ig. 3. Relative variation between the two tests of experiment 1 in terms of the con-
entration and volume variation of the regenerated solution – initial concentration
f  the solutions in regenerated and spent tanks of 27.71% (wt/wt), supplied current
ensity of 38.1 mA/cm2 and circulation flow rate of 60 L/h.
23.96 100 57.1

capability. All the tests were performed with the same circulation
flow rate and the same supplied current density.

3. Data analysis methods

As the key focus of this study is to investigate the performance
and capability of using ED for regenerating LiCl liquid desiccant
solutions, the concentration and volume increase of the solution in
the regenerated tank, and current efficiency of the ED stack were
used as the performance indicators.

The concentration increase of the solution in the regenerated
tank at the time k is the difference between the concentration of
the solution at the time k and that of the solution at the beginning
of the experimental test (i.e. initial concentration), as shown in Eq.
(2). Similarly, the volume change of the solution in the regenerated
tank at the time k can be determined by Eq. (3).

��k
r = �k

r − �0
r (2)

�Vk
r = Vk

r − V0
r (3)

where ��k
r and �Vk

r are the concentration increase and the volume
increase of the solution in the regenerated tank at the time k respec-
tively, �k

r and Vk
r are the concentration and volume of the solution

in the regenerated tank at the time k respectively, and �0
r and V0

r
are the initial concentration and initial volume of the solution in
the regenerated tank, respectively.

Current efficiency is the ratio of the electric charge transported
by ions to the total amount of the electric charge applied to the
ED stack [38] and is calculated by Eq. (4), in which the salt mass
transfer is determined by Eq. (5).

� =
zF

�mk
s ·1000
Ms

NIk
× 100% (4)
�mk
s = Vk

r · �k
r · �k

r − V0
r · �0

r · �0
r (5)

where z is the charge of ions, F is the Faraday constant, �mk
s is

the salt mass transfer from the spent solution to the regenerated
solution at the time k, I is the supplied current, Ms is the salt molar
mass, N is the number of membrane pairs, �k

r is the density of the
regenerated solution at the time k, and �0

r is the initial density of
the regenerated solution.
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egenerated tank with circulation flow rates of 60, 100 and 140 L/h – initial concen-
ration of the solutions in the regenerated and spent tanks of around 27.70% (wt/wt)
nd supplied current density of 38.1 mA/cm2.

. Results and discussions

.1. Effect of circulation flow rate

Fig. 4 shows the concentration increases and volume changes
f the regenerated solution as a function of the operating time
nder different circulation flow rates. LiCl concentration in the
egenerated tank increased as the experiment progressed. For all
hree circulation flow rates investigated here, the concentration
ncrease increased slightly faster at the beginning of the exper-
ment and then slowed down with the operating time. This is

ainly because the concentration difference between the regener-
ted and spent solutions continuously increased with the operating
ime. The increase in the concentration difference resulted in
ncreased ion diffusion from the regenerated solution to the spent
olution and increased water penetration from the spent solu-
ion to the regenerated solution due to osmosis [39,40], which
egatively affected the regeneration of the liquid desiccant solu-
ion.

Fig. 4(a) also shows that the concentration increase under
he higher circulation flow rate was slightly smaller than that
nder the lower circulation flow rate. This is because the circu-

ation flow rate directly affected the ion residence time in the

D stack. A low circulation flow rate ensures that the ions have
nough time to reach the membrane and penetrate through the
embrane [41–45]. This conclusion is consistent with the results

btained when using ED in other fields [43,46–48]. Among the
ngs 116 (2016) 285–295

three different circulation flow rates, the largest concentration
increase achieved at the end of 2 h test was 0.88% (wt/wt) when
the circulation flow rate was  60 L/h. The concentration increase
at the end of 2 h test with the circulation flow rates of 100 L/h
and 140 L/h were 0.80% (wt/wt) and 0.76% (wt/wt), respectively.
As shown in Fig. 4(b), the volume increase of the solution in
the regenerated tank almost linearly increased with the operat-
ing time, indicating that water in the spent solution stream was
transferred into the regenerated solution stream due to electro-
osmosis and osmosis. However, there was  no significant difference
in the volume increase when different circulation flow rates were
applied.

The results from Fig. 4 indicated that the average concentration
of the solution transferred from the spent stream to the regener-
ated stream was higher than the concentration of the solution in
the regenerated tank. As a consequence, the concentration of the
solution in the regenerated tank increased. The results from this
group of experimental tests showed that the regeneration capabil-
ity of the ED decreased with the increase of the circulation flow
rate. However, the difference among the three experiments with
different circulation flow rates was  not significant.

4.2. Effect of current density

The variations of the concentration increases and the volume
changes of the solution in the regenerated tank under four differ-
ent supplied current densities with the operating time are shown in
Fig. 5. The concentration increases of the solution in the regenerated
tank during the experimental period of 120 min  were 1.08%, 1.02%,
0.82% and 0.57% (wt/wt) when the current densities supplied to the
ED stack were 57.1, 47.6, 38.1 and 28.6 mA/cm2, respectively. The
ED regeneration performance increased with the increase of the
current density supplied. However, the increase became smaller
when the supplied current density was above 47.6 mA/cm2 com-
pared to that with a low supplied current density. Similar to the
test results with different circulation flow rates, a faster change in
the concentration increase was observed at the beginning of each
test. The rate of change decreased over time due to the continuous
increase of the concentration difference between the regenerated
and spent solutions.

Fig. 5(b) shows an almost linear increase in the volume of the LiCl
solution in the regenerated tank over time. A faster change in the
volume of the regenerated solution can be observed when a higher
current density was applied. During the experiment of 120 min,
the maximum volume increase of the solution in the regenerated
tank was  0.57 L when the current density supplied to the ED stack
was 57.1 mA/cm2 while the minimum volume increase was  0.29 L
when the supplied current density was 28.6 mA/cm2. The observed
changes in the volume of the regenerated solution indicate that
more water was  transferred from the spent solution to the regen-
erated solution when a higher current density was supplied.

The increase in the current density also increased the transport
of LiCl from the spent solution to the regenerated solution. As a
result, a larger concentration increase of the solution in the regen-
erated tank was  achieved at a higher current density. It is, however,
noteworthy that a higher supplied current density means more
energy consumption. Thus, current density is a key variable that
should be optimised when using ED for liquid desiccant regenera-
tion.

4.3. Effect of initial LiCl concentration
Fig. 6(a) shows the concentration increase of the LiCl solution
in the regenerated tank when varying the initial concentrations of
the regenerated and spent LiCl solutions.
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Fig. 6. (a) Concentration increase and (b) volume increase of the solution in the
oncentrations of the solutions in the regenerated and spent tanks of around 27.50%
wt/wt) and circulation flow rate of 100 L/h.

Among the three experiments, the concentration increase of the
egenerated solution was very similar when the initial solution
oncentrations were around 28.95% (wt/wt) and 24.92% (wt/wt).
owever, a higher concentration increase of the solution in the

egenerated tank was observed when the initial solution concentra-
ion was around 18.78% (wt/wt). At the end of 120 min  test, the LiCl
olutions were enriched by 2.03%, 1.32% and 1.20% (wt/wt) when
he initial solution concentrations were around 18.78%, 24.92% and
8.95% (wt/wt), respectively. This phenomenon could be attributed
o different viscosities of the LiCl solution associated with different
oncentrations [49].

Fig. 6(b) shows that volume increase in the regenerated solu-
ion was faster with lower initial solution concentrations. The
olume increase over the 120 min  test period was  1.00, 0.69
nd 0.54 L when the initial solution concentrations were around
8.78%, 24.92% and 28.95% (wt/wt), respectively. This illustrates
hat water can be readily transferred from the spent solution
o the regenerated solution due to electro-osmosis and osmo-
is at lower concentrations, as compared to that at higher
oncentrations. The results also suggest that the regeneration
apacity of ED for LiCl solutions decreases when increasing initial

olution concentration. Therefore, an appropriate solution con-
entration should be used when using ED for liquid desiccant
egeneration to enable both ED and dehumidifier has desirable
erformance.
regenerated tank with initial solution concentrations of around 28.95%, 24.92% and
18.78% (wt/wt) – supplied current density of 57.1 mA/cm2 and circulation flow rate
of  100 L/h.

4.4. Effect of concentration difference between spent and
regenerated solutions

Fig. 7(a) shows the variations of the concentration increase of
the regenerated solution as a function of time under three differ-
ent concentration differences between the regenerated and spent
solutions. LiCl solution was  continuously enriched during the entire
experimental period if there was no difference in the initial concen-
tration between the regenerated and spent solutions. However, the
concentration of the regenerated solution slowly increased during
the first hour and was  then almost constant during the rest test
when the initial concentration difference between the spent and
regenerated solutions was around 3.0% (wt/wt). At the end of the
experiment, the concentration increase of the regenerated solution
was only 0.35% (wt/wt) while a value of 1.20% (wt/wt) was  obtained
when there was  no difference in the initial concentrations between
the regenerated and spent solutions. This means that under a large
concentration difference, the osmosis and back diffusion greatly
affected the ED performance as previous reported by Luo et al. [39]
and Meng et al. [40].

When the initial concentration difference between the regen-
erated and spent solutions was around 5.0% (wt/wt), the
concentration of the solution in the regenerated tank first slightly

increased and reached to the peak when the system operated for
around 40 min. From this point on, it kept almost constant for
around 30 min  and then started to decrease. This is mainly because
the concentration difference between the regenerated solution and
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the performance of ED for liquid desiccant regeneration. Therefore,
in the design and optimisation of ED for liquid desiccant regen-
ensity of 57.1 mA/cm2 and circulation flow rate of 100 L/h.

he spent solution continuously increased during the experimen-
al test, as shown in Fig. 7(b). When the concentration difference
eached to a certain value, it is then hard to further increase the
oncentration of the solution in the regenerated tank because of
he effects of the osmosis and back diffusion. In this experiment,
ith a supplied current density of 57.1 mA/cm2, the concentration

f the solution in the regenerated tank started to decrease when
he concentration difference between the regenerated and spent

olutions was 5.86% (wt/wt). The above results demonstrated that
he concentration difference between the regenerated and spent
olutions should be controlled within a certain range in order to
ngs 116 (2016) 285–295

maintain a good regeneration performance of the ED stack for liquid
desiccants.

The volume increase of the regenerated solution is shown in
Fig. 7(c). Similar to the results from previous experiments, the vol-
ume  of the regenerated solution increased almost linearly with
the operating time. A higher concentration difference resulted in
a larger volume increase of the solution in the regenerated tank.
The maximum volume increase was 0.76 L when the initial con-
centration difference between the regenerated and spend solutions
was around 5.0% (wt/wt), followed by the initial concentration dif-
ference of around 3.0% (wt/wt) (0.68 L) and around 0.0% (wt/wt)
(0.54 L).

The results from the above experiments with different initial
concentration differences of the solutions in the regenerated and
spent tanks illustrate that the concentration difference negatively
affected the ED regeneration capacity due to the significant influ-
ences of the back diffusion and osmosis. The ED stack studied was
not able to work as a regenerator when the concentration differ-
ence between the regenerated and the spent solutions was over
5.86% (wt/wt) under the test conditions specified in the experiment
13.

For all experiments, the concentration increase and the vol-
ume  increase of the solution in the regenerated tank and the
concentration difference between the solutions in the regener-
ated and spent tanks when the system operated for 60 min  and
120 min  are summarised in Table 4. Among all experiments, the
experiment 10 with the initial concentrations of the regenerated
and spent solutions of 18.78% (wt/wt), circulation flow rate of
100 L/h and supplied current density of 57.1 mA/cm2 obtained the
largest concentration increase (i.e. 1.36% and 2.03% (wt/wt)) and
the volume increase (i.e. 0.49 and 1.00 L) after 60 and 120 min
tests, respectively. The smallest concentration increases after
60 and 120 min  tests were 0.06% and −0.07% (wt/wt) respec-
tively, when the initial concentrations of the regenerated and
spent solutions were 28.77% and 23.96% (wt/wt), the circula-
tion flow rate was 100 L/h and the supplied current density was
57.1 mA/cm2 (i.e. experiment 13). The smallest volume increases
after 60 and 120 min  test were 0.15 and 0.29 L under the con-
ditions specified in the experiments 3 and 4, respectively. It can
be concluded that a lower initial solution concentration bene-
fited the ion migration. However, it also increased the migration
of water from the spent to regenerated solutions due to electro-
osmosis.

4.5. Current efficiency of ED for liquid desiccant regeneration

The current efficiency of ED for liquid desiccant regeneration of
each experiment in two  hours test is summarised in Table 5. It can
be seen that, among all experiments, the current efficiency of the ED
stack varied between 55.17% and 73.54%. A higher supplied current
efficiency was  obtained when a lower solution concentration was
used. Experiment 10 obtained the highest value of 73.54% while
experiment 3 provided the lowest value of 55.17%.

However, for the experiment 13, at the end of the 2 h test, even
the concentration of the regenerated solution was lower than the
initial concentration, the current efficiency was  66.04%. This means
that current efficiency of the ED stack cannot be used alone to eval-
uate the performance of ED for liquid desiccant regeneration as
it does not consider the water transfer from the spent solution
to the regenerated solution, which is important when evaluating
eration, current efficiency and the concentration increase of the
regenerated solution should be used together to estimate the ED
regeneration performance.
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Table  4
Experimental results for all experiments.

Experiment 60 min  operation 120 min operation

Concentration
increasea [%
(wt/wt)]

Volume increasea

(L)
Concentration
differenceb [%
(wt/wt)]

Concentration
increase [%
(wt/wt)]

Volume increase
(L)

Concentration
difference [%
(wt/wt)]

1 0.53 0.17 1.11 0.88 0.37 2.05
2  0.47 0.17 1.13 0.80 0.36 2.06
3  0.46 0.15 1.29 0.76 0.35 2.30

4  0.35 0.16 1.05 0.57 0.29 2.00
5  0.49 0.20 1.17 0.82 0.39 2.11
6  0.61 0.24 1.45 1.02 0.50 2.62
7  0.65 0.26 1.58 1.08 0.57 2.87

8  0.79 0.27 1.73 1.20 0.54 3.16
9  0.83 0.31 1.94 1.32 0.69 3.58

10  1.36 0.49 2.92 2.03 1.00 5.29

11  0.79 0.27 1.73 1.20 0.54 3.16
12  0.29 0.33 4.12 0.35 0.68 5.10
13  0.06 0.37 5.73 −0.07 0.76 6.41

a The concentration and volume increases of the solution in the regenerated tank.
b The concentration difference between the solutions in the regenerated and spent tan

Table 5
Current efficiency of the ED in each experiment.

Experiment No. Current efficiency (%)

1 57.94
2 56.77
3 55.17
4 60.19
5 60.52
6 60.90
7 58.29
8 60.11
9 64.95

10 73.54
11 60.11

4

r
s
e
w
f

F
–
(
1

the volume of the solution reduced by 0.26 L. The decrease in the
12 63.43
13 66.04

.6. Temperature variation of the solution in the regenerated tank

Fig. 8 shows the temperature variation of the solution in the
egenerated tank and supplied voltage to the ED stack corre-

ponding to the current supplied under the test conditions of the
xperiment 2 presented in Table 3. It can be seen that, during the
hole test period, the solution temperature continuously increased

rom 25.6 to 28.5 ◦C while the voltage supplied to the ED stack
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ig. 8. Temperature and voltage variations of the solution in the regenerated tank
 initial concentration of the solutions in regenerated and spent tanks of 27.71%
wt/wt), supplied current density of 38.1 mA/cm2 and circulation flow rate of
00  L/h.
ks.

decreased from 12.1 to 11.1 V. The temperature increase was prob-
ably resulted from the heat absorbed from the solution pumps
and the heat generated because of the Joule effect [50,51]. Due
to the increased temperature, the electrical resistance of the solu-
tion therefore consequently reduced, which further decreased the
electrical potential as a constant current was  supplied to the ED
stack.

4.7. Concentration and volume variation of the solution in the
spent tank

The concentration and volume variations of the solution in the
spent solution tank were determined in the similar way as those
of the regenerated solution. Fig. 9 shows the decrease of the con-
centration and volume of the liquid desiccant in the spent solution
tank in experiment 1. It can be seen that both the volume and con-
centration of the solution in the spent solution tank decreased with
time. At the end of the experiment, the concentration of the solu-
tion in the spent solution tank decreased by 1.17% (wt/wt) while
volume of the spent solution tank also revealed that water trans-
ferred from the spent solution to the regenerated solution due to
the osmosis and electro-osmosis.
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Fig. 9. Concentration and volume decrease of the solution in the spent solution tank
–  initial concentration of the solutions in the regenerated and spent tanks of 27.71%
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. Conclusions

This study demonstrated that the capability of ED for regenera-
ing LiCl liquid desiccant solution decreased with the increase of
he circulation flow rate due to the decreased residence time. ED
an achieve a higher concentration increase and a higher volume
ncrease of the solution in the regenerated tank with a lower initial
oncentration of the solutions in the regenerated and spent tanks.
s expected, increasing supplied current density increased the con-
entration increase and the volume increase of the solution in
he regenerated tank. As the concentration difference between the
egenerated and spent solutions has a significant impact on the ED
egeneration performance due to the back diffusion and osmosis, it
hould be controlled within a reasonable range in order to achieve

 better regeneration performance and ensure that the ED stack can
ontinuously regenerate the solution in the regenerated tank to the
equired value. At the current density of 57.1 mA/cm2, the circula-
ion flow rate of 100 L/h, and the initial concentrations of the spent
nd regenerated solutions of 23.96% and 28.77% (wt/wt) respec-
ively, ED could enrich the concentration of the liquid desiccant
olution when the concentration difference between the regener-
ted and spent solutions was below 5.86% (wt/wt). The maximum
nd minimum current efficiencies among all experiments were
3.54% and 55.17%, respectively.

The results from this study showed that ED can be used for LiCl
iquid desiccant regeneration if it is appropriately designed and
ntegrated into the liquid desiccant air conditioning (LDAC) sys-
ems and the operating conditions of the ED are properly selected.
owever, there are many questions such as how to integrate ED

nto LDAC systems and how to optimise the ED regeneration per-
ormance still remaining to be answered in the future research.
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ppendix. Calculation of solution concentration

During the experimental tests, the mass concentration of the
iCl solution was not directly measured and it was derived on the
asis of the density and temperature measurements. In order to
etermine the relationship of the mass concentration with the den-
ity and temperature of the LiCl solution, a total of 14 samples
f lithium chloride solutions with different concentrations varied
rom around 10% (wt/wt) to around 36% (wt/wt) with around 2%
wt/wt) increments were prepared. For each sample, the density
nd temperature of the solution were measured by the density
etre in a temperature range of 15.0–40.0 ◦C with a 1.0 ◦C incre-
ent. The maximum temperature of 40.0 ◦C was selected due to

he fact that the maximum allowable temperature measurement
f the density metre was 40.0 ◦C and it is also expected that ED will
ork with a relatively low temperature when it is used for liquid
esiccant regeneration. The mass concentrations of the prepared
amples were determined using the gravimetric method.

Based on the data measured for 14 samples prepared, a regres-
ion equation, as expressed in the equation below, was  then
eveloped through trial and error tests.

 = a0 + a1 · t + a2 · ln(t) + a3 · ln(t) · e� + a4 · t · � + a5 · � · ln(t)
here �, t and � are the mass concentration, temperature and den-
ity of the lithium chloride solution respectively, and a0–a5 are the
oefficients and the values used were 0.2402, 0.03201, −0.9326,
0.2866, −0.02735 and 1.599, respectively.
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