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H I G H L I G H T S

• Circulation outperformed conventional methods in pilot-scale MCDI operations.
• Production yield increased with high TDS removal efficiency.
• Dual-module setup improved TDS removal but increased energy use.
• Concentrate replacement enhanced desalination performance significantly.
• TDS and replacement frequencies showed interaction in Two-way RM ANOVA.
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A B S T R A C T

Desalination is crucial for providing a sustainable source of fresh water to support agricultural, industrial, and 
domestic needs, particularly in areas facing water scarcity. This study fills a gap in previous research by eval
uating cycle-based concentrate replacement strategies in a pilot-scale membrane capacitive deionization (MCDI) 
system. We used an MCDI system and compared the desalination efficacy of the circulation process in the MCDI 
system, where concentrated brine is reintroduced to the system for the desorption phase, to the with a con
ventional process under identical operational conditions. The total dissolved solids (TDS) removal efficiency and 
energy consumption were examined across single- and dual-module configurations at initial TDS concentrations 
of 1000 and 2000 mg/L. Both processes exhibited high TDS removal efficiency, particularly in the dual-module 
configuration, reaching up to 99 %. The energy consumption of the circulation process was superior, at 0.561 
kWh/m3 at 10 cycles compared to 0.615 kWh/m3 for the conventional process. The two-way RM ANOVA 
analysis revealed significant interactions between initial TDS concentrations and concentrate replacement fre
quencies, demonstrating that these factors jointly influence desalination efficiency and energy demands. These 
findings indicate the importance of optimizing the balance between desalination efficiency and energy con
sumption, especially at higher TDS levels, to enhance the practicality of MCDI for sustainable desalination.

1. Introduction

Access to clean water is vital for maintaining public health, food 
security, and economic growth. However, global challenges such as 
water pollution and scarcity leave millions without access to safe 
drinking water [1–4]. To address these issues, water treatment tech
nologies have been implemented, including conventional methods, such 
as sand filtration and chlorination, and more advanced approaches, such 
as nanofiltration and reverse osmosis (RO) [5–7]. As the demand for 

water increases, it is crucial to enhance the efficiency, cost-effectiveness, 
and sustainability of these technologies to effectively meet global needs.

Capacitive deionization (CDI) and membrane capacitive deioniza
tion (MCDI) are emerging water desalination technologies that provide 
energy-efficient alternatives to traditional methods. CDI uses an electric 
field to remove dissolved ions from water, which are subsequently 
adsorbed onto porous carbon electrodes [8–11]. MCDI further improves 
this process by introducing ion-exchange membranes that selectively 
remove cations or anions, resulting in higher desalination efficiency and 
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prolonged electrode life [12–14]. CDI and MCDI are well suited for 
treating brackish water and other low-salinity sources, making them 
viable in regions with limited freshwater resources [15–18]. Due to their 
low energy demands, modular design, and ability to regenerate elec
trodes, MCDI systems are increasingly applied in diverse settings, 
including irrigation, industrial wastewater treatment, and potable water 
production [19–22]. Some studies have focused on optimizing the 
operational parameters using capacitive deionization systems for large- 
scale applications [23–25]. However, despite advancements in CDI and 
MCDI technologies, pilot-scale systems still face challenges in water 
recovery, and operational efficiency. Overcoming these challenges ne
cessitates adopting advanced operational strategies beyond conven
tional methods to minimize water loss, sustain desalination efficiency, 
and optimize energy consumption. Such methods are vital for enhancing 
the feasibility of MCDI systems in large-scale, real-world applications.

In our previous study, we developed a multi-module MCDI system to 
assess the feasibility of the circulation process, which involves 

reintroducing concentrated brine into the system to minimize water loss 
and enhance water recovery, with different operational conditions for 
optimized desalination performance [26]. By monitoring the effluent 
total dissolved solids (TDS) concentrations, we observed that module 
configuration and brine recirculation notably impacted both desalina
tion efficiency and the operational stability of the system. However, this 
initial study primarily focused on establishing practical module config
urations and continuous circulation and did not thoroughly investigate 
the role of cycle-based management strategies, specifically, the fre
quency of replacing concentrated brine. Therefore, the influence of 
concentrate replacement frequencies on system performance remains 
unexplored, requiring further investigation into how these frequencies 
might affect TDS removal efficiency and energy consumption.

The present study aimed to advance previous work by comparing the 
conventional MCDI and circulation processes under identical opera
tional conditions. Our primary objective was to quantify the differences 
in the TDS removal efficiency, water recovery, and energy consumption 

Fig. 1. Configuration of the MCDI system for (a) the conventional process and (b) the circulation process. The system was operated using either a single module or 
two modules connected in series, depending on the configuration.
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between these two processes, highlighting the unique advantages of 
adopting the circulation process. We incorporated single-module and 
dual-module setups for each process at two initial TDS concentrations 
(1000 and 2000 mg/L). Additional tests were conducted for the circu
lation process by replacing the concentrate tank every 5 or 10 cycles to 
assess how different replacement frequencies influence the desalination 
efficiency and energy demands. This study provides practical insights for 
optimizing MCDI operational strategies for pilot-scale water treatment 
applications by examining whether cycle-based concentrate replace
ment, a newly introduced concept of circulation process operation, 
improves desalination efficiency and energy consumption.

2. Materials and methods

2.1. MCDI system configuration

The MCDI system used in this study comprised diaphragm pumps 
(3055R, NorthStar, Australia), solenoid valves (HPW154ST, Hyo Shin 
Electric Co., Ltd., Republic of Korea), flow meters (ZYIA Instrument 
Company, China), pressure gauges (Sigmatech, Republic of Korea), and 
a direct current power supply (IT6006D-300-75, ITECH, China) (Fig. 1). 
The system was configured to arrange modules as either single module 
(single-module configuration) or two modules connected in series (dual- 
module configuration), allowing for a comparative analysis of the TDS 
removal efficiency and energy consumption across different configura
tions. The effluent TDS concentrations were continuously monitored and 
recorded every second using conductivity meters (Multi 3630 IDS, 
WTW, Germany). Fig. 1 presents the MCDI system configuration, 
depicting the conventional and circulation processes that differ in the 
flow control of the concentrate tank.

The MCDI modules were sourced from the S Company (Republic of 
Korea). Each module comprised 250 porous bipolar carbon electrodes 
positioned between the anion- and cation-exchange membranes. Adja
cent membranes were separated by nylon net spacers of 180 μm thick
ness to facilitate water flow through the ion exchange membranes and 
electrodes (Fig. S1). All components, including the electrodes, ion- 
exchange membranes, and spacers, had a diameter of 20 cm, 
providing a consistent framework for optimized ion removal efficiency 
within the system.

2.2. Experimental method

To assess the performance of the MCDI system, feed water was pre
pared by dissolving sodium chloride (99.5 %, Samchun, Republic of 
Korea) in tap water to achieve target TDS concentrations of 1000 mg/L 
and 2000 mg/L. These concentrations simulated mild-to-moderate 
brackish water conditions, ensuring a standardized basis for compari
son across all tests.

The MCDI system was operated using two processes: conventional 
and circulation (Fig. 1). Both were operated at a flow rate of 3 L/min and 
maintained 2-min cycles for the adsorption and desorption phases. 
Assuming an operating schedule of 20 h per day, the system demon
strated a treatment capacity of 3600 L/d, aligning well with capacities 
reported in other pilot-scale studies [27,28]. In each experiment, over 
20 cycles were conducted, producing at least 120 l of clean water to 
ensure system stabilization, provide sufficient data for analysis, and 
demonstrate the capability of the system to operate at a practical scale. 
In the conventional process (Fig. 1a), the feed water passes through the 
MCDI module in a single pass per cycle. During the adsorption phase, 
ions in the feed water were attracted to electrodes with opposite charges, 
thereby reducing the TDS concentration of the effluent. In the desorp
tion phase, the charge is reversed, releasing the accumulated ions 
flushed from the system into the wastewater tank or drainage. This 
process does not involve a concentrate tank, resulting in a one-time flow 
path without recirculation.

The circulation process (Fig. 1b) operates by recirculating water 

through the system during the desorption phase to enhance production 
yield (water recovery). During the adsorption phase, the feed water 
flows through the MCDI module, removing ions and reducing the TDS in 
the feed water, the same as the conventional process. In contrast, during 
the desorption phase, instead of using feed water, the system draws 
water from a concentrated tank, which is initially filled with clean tap 
water with low TDS concentration, until replaced. By preventing the loss 
of feed water during desorption, this approach significantly improves 
production yield while maintaining stable system operation over mul
tiple cycles. The production yield, defined as the percentage of feed 
water converted into produced water, is a critical measure of the effi
ciency and practicality of desalination. Normally, to calculate the pro
duction yield, the following equation applies: 

Production yield (%) =
Vproduced

Vfeed
×100% (1) 

where Vfeed and Vproduced represent the volume of the feed water and 
MCDI-treated water during adsorption, respectively.

However, for the circulation process, a cumulative production yield 
is calculated over n cycles, where a fraction of the concentrate is 
continuously recycled unless changed. The equation is adapted as: 

Production yieldcumulative for the circulation process (%)

=

∑n

i=1
Vproduced,i

Vfeed,1 +
∑n

i=2Vfeed,i
× 100% (2) 

where Vfeed,1 represents the initial feed water volume, Vfeed,i includes 
both the newly added feed water and recycled concentrate, and Vproduced,i 

represents the volume of produced water in the i-th cycle.
As the desorption cycles progressed, the ions released from the 

electrodes gradually increased the TDS concentration in the concentrate 
tank, creating a high-TDS solution over time. This progressive concen
tration of ions is the reason for the tank’s designated as a “concentrate 
tank.” Concentrate tank replacement with clean tap water was per
formed at frequencies of 5 cycles, 10 cycles, or no replacement during 
each experiment to examine the effect of replacement frequency on the 
system efficiency for the circulation process operation.

In summary, experiments were structured to assess three main var
iables: (i) initial TDS concentration, (ii) module configuration, and (iii) 
concentrate tank replacement frequency within the circulation process. 
Additionally, experiments without concentrate replacement were 
included for baseline comparisons. Owing to its standard operational 
design, the conventional process does not involve the replacement of the 
concentrate tank. Sixteen experimental setups were evaluated, as listed 

Table 1 
Summary of experimental conditions.

Operational 
method

Module 
configuration

Initial TDS 
concentration (mg/ 
L)

Concentrate tank 
replacement 
frequency

Conventional Single 1000 Not applicable
2000 Not applicable

Dual (Series) 1000 Not applicable
2000 Not applicable

Circulation Single 1000 No replacement
1000 5 cycles
1000 10 cycles
2000 No replacement
2000 5 cycles
2000 10 cycles

Dual (Series) 1000 No replacement
1000 5 cycles
1000 10 cycles
2000 No replacement
2000 5 cycles
2000 10 cycles
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in Table 1.

2.3. TDS removal efficiency and energy consumption calculation

TDS removal efficiency was calculated to evaluate the desalination 
performance of the MCDI system under different configurations and 
operating conditions. It was calculated using the following formula:

Removal efficiency (%) = C0 − CA
C0

× 100% (3)
where C0 and CA represent TDS concentrations of the feed water and 

MCDI-treated water during adsorption, respectively, measured in mg/L.
The direct current power supply was set to 300 V to operate the 

MCDI module during both the adsorption and desorption phases. This 
voltage was determined based on the configuration of the module, 
which consists of 250 electrodes, ensuring sufficient voltage (250 × 1.2 
V) for effective ion adsorption and release while avoiding water elec
trolysis [29]. The power supply was equipped with an auto-logging 
system that recorded the voltage, current, and power output every 
second. This enabled continuous monitoring and storage of energy data 
throughout each cycle, providing precise real-time power consumption 
measurements. Energy consumption data were collected for each 
experimental configuration to assess the relationship between TDS 
removal efficiency and energy demands across single- and dual-module 
setups and under various concentrate replacement cycles and TDS 
levels. Energy consumption reflects the product of the applied constant 
voltage (300 V) and corresponding current over time, inherently 
capturing the electrical behavior of the system during MCDI operation.

2.4. Statistical analysis

Two-way repeated measures ANOVA (two-way RM ANOVA) was 
used to investigate the impact of the initial TDS concentration (1000 and 
2000 mg/L) and concentrate replacement frequency (5 cycles, 10 cycles, 
and no replacement) on the effluent TDS concentrations during the 
circulation process operation for both single- and dual-module config
urations. It was performed using Origin Pro 2022 software (OriginLab 
Corporation, Northampton, MA, USA). The effluent TDS concentration 
was set as the dependent variable, with time (s) as the repeated measure. 
Significant main and interaction effects identified using ANOVA were 
further analyzed by post hoc pairwise comparisons using the Bonferroni 
test to clarify specific pairwise differences between the levels of each 
factor. Key outputs were listed for significant effects, including F-values, 
p-values, and pairwise comparisons. Statistical significance was set at p 

< 0.05.

3. Results and discussion

3.1. TDS removal efficiency and production yield

3.1.1. Conventional process
During the adsorption phase (0–120 s) of the conventional process, 

ions from the feed water were attracted and adsorbed onto the elec
trodes in both the single- and dual-module configurations, which 
decreased the effluent TDS concentration (Figs. 2 and 3). At 40 s, the 
lowest average effluent TDS concentrations in the single-module 
configuration was 23.7 mg/L for the 1000 mg/L feed and 50.6 mg/L 
for the 2000 mg/L feed, achieving the TDS removal efficiency of 97.6 % 
and 97.5 %, respectively (Fig. 2a). When examining the TDS removal 
efficiency trend during the adsorption phase, the higher initial TDS 
concentration of 2000 mg/L resulted in a slow increase in efficiency 
with a higher standard deviation than the results of 1000 mg/L (Fig. 
S2a). The difference in the effluent TDS concentrations and TDS removal 
efficiencies between the 1000 and 2000 mg/L initial TDS feeds further 
signifies the impact of feed concentration. A higher TDS concentration 
led to a lower removal efficiency, likely owing to faster electrode satu
ration under high ionic loads, as previously reported [30]. Notably, 
despite its high efficiency, a slight increase in effluent TDS and a 
decrease in TDS removal efficiency around the 60-s mark indicated a 
limitation in the ion adsorption capacity of the single-module configu
ration when managing high TDS loads.

In contrast, the dual-module configuration demonstrated more stable 
and efficient TDS reduction than the single-module configuration, which 
could be attributed to the increased electrode surface area provided by 
the additional module. The lowest average values, observed at 110 s, 
were 7.4 and 15.4 mg/L for the 1000 and 2000 mg/L feed, respectively. 
The corresponding TDS removal efficiencies were 99.3 % and 99.2 %, 
respectively (Fig. 2b). The effluent TDS remained low, while the TDS 
removal efficiencies also revealed stable during the adsorption phase 
(Fig.S2b), indicating that the dual-module configuration could better 
handle higher ionic loads, supporting the findings from our previous 
studies and others on the influence of electrode surface area on ion 
capture efficiency [25,26,31].

The effluent TDS sharply increased during the desorption phase 
(120–240 s) when the ions accumulated on the electrodes were released. 
In the single-module configuration, the effluent TDS concentration 

Fig. 2. Changes in the concentration of total dissolved solids (TDS) in the conventional process in (a) single module and (b) dual module. Data represent average TDS 
concentrations over 20 operational cycles.
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peaked at approximately 150 s, 30 s after the start of desorption. It 
nearly reached the feedwater concentration by the end of the desorption 
phase. The dual-module configuration showed a different desorption 
behavior around 150 s, with the TDS increase temporarily stabilizing 
before continuing to rise. This can be attributed to the retention of ions 
within the tube connecting the two modules, which delays the timing of 
complete ion release. Unlike the single-module configuration, the dual- 
module configuration did not return to the initial TDS levels of feed 
water by the end of desorption, indicating incomplete desorption. It has 
been reported that brief desorption periods lead to incomplete desorp
tion by limiting the capacity of the next cycle, which results in a 
diminishing sodium adsorption rate [32]. However, in this study, the 
TDS removal efficiency remained above 90 % over 20 cycles of opera
tion, suggesting the need for a long-term operation to fully understand 
the capacity of the tested MCDI module before adopting the system at 
the operational scale.

3.1.2. Circulation process
The circulation process displayed similar TDS removal efficiency 

trends during the adsorption phase as observed in the conventional 
process. In the single-module configuration, the average effluent TDS 
levels dropped to 83.7 mg/L and 158 mg/L when initial TDS concen
trations were 1000 mg/L and 2000 mg/L, respectively (Fig. 3a). The 
dual-module configuration significantly reduced TDS, similar to the 
results of the conventional process, for which the average effluent TDS 
levels dropped to 10.1 and 18 mg/L for initial TDS concentrations of 
1000 and 2000 mg/L, respectively, achieving the TDS removal effi
ciency of 99 % (Fig. 3b). The same as the conventional process, larger 
surface areas of the electrodes enhance ion adsorption. These trends are 
further supported by the TDS removal efficiencies, which confirm the 
superior performance of the dual-module configuration during the 
adsorption phase (Fig. S3).

However, neither configuration returned to the feed water TDS levels 
during the desorption phase by the end of the 240-s cycle. The increasing 
effluent TDS at the end of the desorption phase agreed with the results of 
our previous study on circulation process operation with the same MCDI 
modules, where the effluent TDS concentration from the desorption 
phase gradually increased [26]. However, the dual-module results 
differed from those of the previous study, with the highest peak TDS 
occurring at approximately 210 s, compared to 10 s in the previous 
study. Differences in the module configuration can explain this. In the 
previous study, the two modules were directly connected. However, this 

study used tubes to connect the MCDI modules in the dual-module 
configuration (Fig. 1b), resulting in a delay. In addition, the data of 
this study are presented as average values from over 20 cycles of oper
ation, owing to the accumulation of ions in the concentrate tank and 
within the recirculation loop, which can slow down ion release rates.

These results indicate that while the dual-module configuration en
hances TDS removal during adsorption, the added complexity of the 
multi-module and circulation configurations introduces challenges in 
achieving rapid and complete ion release during desorption. Operational 
adjustments such as optimizing the circulation rate or adjusting the 
electrode material properties may be necessary to fully understand the 
advantages of the circulation process under high-TDS conditions.

3.1.3. Production yield
Fig. 4 compares the production yield across 20 cycles for both the 

conventional and circulation processes and highlights the advantages of 
the circulation process in maximizing water recovery. In the conven
tional process, the production yield remained relatively stable at 50 % 

Fig. 3. Changes in the concentration of total dissolved solids (TDS) in the circulation process in (a) single module and (b) dual module. The concentrate tank was not 
replaced. Data represent average TDS concentrations over 20 operational cycles.

Fig. 4. Produced water yield per cycle during the conventional and circula
tion processes.
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throughout the 10 cycles. The lack of concentrate recycling means that 
the system relies solely on single-pass desalination, in which the effluent 
water not retained by the system is discharged. Consequently, the con
ventional process operates with reduced water recovery, which affects 
its viability for large-scale desalination, for which resource conservation 
is essential.

In contrast, the circulation process showed a substantial improve
ment in production yield as operation continued. After the first cycle, 
the yield rapidly increased, reaching 80 % by the fifth cycle and stabi
lizing to over 90 % by the tenth cycle. This significant increase can be 
attributed to the reuse of water within the concentrate tank, which 
minimized the wastage of feed water. During each cycle, only concen
trated brine was circulated, whereas desalinated water was continually 
extracted, allowing for a steady increase in the yield across cycles. The 
high yield observed in the circulation process correlated with its high 
TDS removal efficiency, indicating that the brine recirculation maxi
mized water recovery while achieving high ion removal. The contrasting 
yield trends of the two processes highlight the advantages of brine 
recirculation in MCDI systems. The ability of the circulation process to 
reuse water is promising for advanced MCDI studies, considering its 
potential as a more sustainable and resource-efficient alternative to 
conventional approaches, particularly in high-demand desalination 
applications.

3.2. Impact of concentrate tank change on TDS removal in the circulation 
process

3.2.1. Single-module configuration
Fig. 5 presents the impact of concentrate tank replacement 

frequencies on the effluent TDS over 5000 s of circulation process 
operation in the single-module configuration. When the concentrate 
tank was replaced every 5 cycles, the effluent TDS remained relatively 
stable during adsorption, reflecting effective ion removal (Fig. 5a). 
However, as the number of cycles increased, a gradual increase in the 
effluent TDS values was observed during both the adsorption and 
desorption phases, indicating a cumulative build-up of ions within the 
recirculated concentrate.

After each replacement point (cycles 6, 11, 16, and 21), the effluent 
TDS values showed an apparent decrease, indicating a reset in the ion 
concentrations within the system. This periodic drop in the effluent TDS 
highlights the effectiveness of frequent replacement in preventing 
excessive ion accumulation, thereby stabilizing the TDS removal effi
ciency across multiple cycles. Such regular replacement frequencies 
mitigate ion saturation in the concentrate tank, allowing the system to 
maintain steady desalination performance.

The build-up of ions was more pronounced when the concentrate 
tank was replaced every 10 cycles (Fig. 5b). Although a similar decrease 
in TDS was observed immediately after replacement (at cycles 11 and 
21), the extended replacement frequency allowed for more significant 
ion accumulation within the concentrate tank between the re
placements. Consequently, the lowest and peak TDS values increased 
progressively, reflecting the reduced capacity of the system to maintain 
low effluent TDS levels consistently. This trend indicates that less 
frequent replacement reduces operational demands and compromises 
the TDS removal efficiency, particularly as the number of cycles in
creases, and the concentration gradient across the electrodes diminishes. 
However, minor deviations in effluent TDS trends were observed at 
specific cycles, such as cycle 2 with both 1000 and 2000 mg/L influent, 

Fig. 5. Changes in TDS concentration by changing the concentrate tank in (a) 5 cycles and (b) 10 cycles in the single module arrangement. Data points represent 5-s 
intervals of continuous measurements.
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likely due to transient behavior during the early cycles, where opera
tional stabilization was incomplete. These deviations are consistent with 
the operational dynamics of the system and do not significantly impact 
the overall trends.

In the single-module configuration, two-way RM ANOVA results 
revealed a significant main effect of the initial TDS concentration (F (1, 
42) = 4.18, p = 0.047) and a significant interaction effect between the 
initial TDS concentration and the concentrate replacement frequency (F 
(2, 41) = 9.63, p < 0.0001) (Table 2). However, the main effect of the 
concentrate replacement frequency alone was not statistically signifi
cant (F (2, 41) = 2.35, p = 0.101). These results indicate that concentrate 
replacement frequency affects TDS removal efficiency. This relationship 
is particularly pronounced at higher initial TDS concentrations, where 
ion accumulation occurs more rapidly.

Post hoc pairwise comparisons for the 1000 mg/L concentration 
showed significant differences between the 5-cycle replacement and no- 
replacement groups (Mean Difference = − 711.63 mg/L, p = 0.007), 
whereas the 10-cycle replacement group showed moderate improve
ments without reaching significance. For the 2000 mg/L concentration, 
the differences across replacement frequencies were significant but less 
distinct, with Mean Differences of − 339.87 mg/L (5-cycle vs. no 
replacement, p = 0.06854) and − 445.19 mg/L (10-cycle vs. no 
replacement, p = 0.01673). These results suggest that, while concentrate 
replacement improves desalination performance, high initial TDS levels 
challenge the capacity of a single module to maintain stable effluent TDS 
effectively.

For the 1000 mg/L initial TDS, the effluent TDS levels consistently 
decreased during each adsorption phase, with minor increases across 
cycles. When the concentrate tank was replaced every 5 cycles, a sub
stantial drop in the effluent TDS was observed, emphasizing the 
importance of regular replacement in sustaining low TDS levels. This 
pattern was more pronounced for the 2000 mg/L concentration, with 
the effluent TDS increasing rapidly across the cycles until replacement. 
This finding highlights the impact of concentrate replacement on 
maintaining efficient desalination, particularly under high-TDS condi
tions, although concentrate replacement alone was not significant in this 
configuration.

3.2.2. Dual- module configuration
The dual-module configuration demonstrated significantly better 

TDS removal efficiency under both replacement frequencies (Fig. 6). 
This improvement is due to the increased electrode surface area and ion 
adsorption capacity inherent in the dual-module configuration, which 
facilitates more effective desalination and reduces ion accumulation 
over successive cycles. In both replacement cycles, the effluent TDS 
values remained consistently low during adsorption, reflecting the 
effectiveness of dual-module in minimizing ion build-up. Unlike the 
single-module configuration, which showed a distinct increase in 
effluent TDS over cycles, the dual-module configuration maintained 
steady desalination performance without pronounced concentration 
spikes. The superior TDS removal and stability compared to the single- 
module configuration, with frequent replacement cycles, further sup
port steady desalination efficiency under high-TDS conditions.

Two-way RM ANOVA results revealed significant main effects for 

both the initial TDS concentration (F(1, 42) = 763.23, p < 0.0001) and 
concentrate replacement frequency (F(2, 41) = 290.78, p < 0.0001) as 
well as a significant interaction effect (F(2, 41) = 16.65, p < 0.0001; 
Table 2). These results indicate that the initial TDS level strongly in
fluences the effects of the concentrate replacement frequency on TDS 
removal and that the dual-module configuration also benefits from 
frequent concentrate replacement.

Post hoc pairwise comparisons for the 1000 mg/L concentration 
revealed significant differences between the 5 cycle replacement and 
both the 10-cycle and no replacement conditions, with Mean Differences 
of − 920.78 mg/L and − 978.70 mg/L, respectively (both p < 0.001). 
This finding highlights the efficiency of the dual-module in maintaining 
a lower effluent TDS with more frequent replacement at lower initial 
TDS levels, especially compared to the single-module, where TDS in
creases were more pronounced at higher TDS loads. At a 2000 mg/L 
concentration, the 5-cycle replacement produced lower effluent TDS 
levels than no replacement (Mean Difference = − 241.04 mg/L, p <
0.05). However, the difference between the 5-cycle and 10-cycle re
placements was insignificant (Mean Difference = − 152.71 mg/L, p =
0.837). This suggests that while frequent replacement is beneficial, the 
impact diminishes slightly at higher TDS levels, a trend observed in both 
the single- and dual-module configurations.

These results suggest that the dual-module configuration is more 
effective in sustaining low effluent TDS levels across cycles than the 
single-module configuration, particularly when a 5-cycle replacement 
frequency is applied. The reduced effectiveness at a higher initial TDS of 
2000 mg/L indicates that, even with a dual-module, higher TDS levels 
present challenges for stable desalination performance, implying the 
potential benefits of additional modules or alternative configurations 
under high-TDS conditions. The increased resilience of the dual-module 
to ion buildup highlights its advantage over the single-module in man
aging a higher initial TDS, particularly with regular concentrate tank 
replacements.

The relationship between energy consumption and desalination 
performance was further analyzed through specific adsorption capacity 
(SAC) calculations, presented in Figs. S4 and S5 with detailed results and 
discussions in SI. The results showed distinct clustering patterns based 
on initial TDS concentrations with both configurations demonstrating 
SAC values ranging from 35 to 80 mg/g. In the single-module configu
ration, cycle progression indicated decreasing efficiency with higher 
energy consumption, while the dual-module maintained stable SAC 
values despite increased energy demands. These findings complement 
the earlier observations about TDS removal efficiency and energy con
sumption patterns, providing additional insights into the operational 
characteristics of the system under various conditions.

3.3. Energy consumption and efficiency

Fig. 7 shows the energy consumption of the conventional (Fig. 7a) 
and circulation (Fig. 7b) processes across the single- and dual-module 
configurations during 10 cycles, with initial TDS concentrations of 
1000 and 2000 mg/L. In both processes, the energy consumption was 
higher in the dual-module configuration than in the single-module 
configuration. This is attributed to the increased number of electrodes 

Table 2 
Two-way repeated measures ANOVA results for the effects of initial TDS concentration and concentrate replacement frequency on TDS removal efficiency.

Configuration Effect Sum of squares df Mean square F-value p-value Significance

Single module Initial TDS concentration 5.53 × 106 1 5.53 × 106 4.18 0.047 Significant
Concentrate replacement 9.31 × 106 2 4.66 × 106 2.35 0.101 –
Interaction (TDS x Replacement) 1.79 × 107 2 8.95 × 106 9.63 <0.0001 Significant
Error (within-subjects) 7.80 × 107 42 1.86 × 106 – – –

Dual module Initial TDS concentration 7.75 × 108 1 7.75 × 108 763.23 <0.0001 Significant
Concentrate replacement 2.17 × 108 2 1.08 × 108 290.78 <0.0001 Significant
Interaction (TDS x Replacement) 2.88 × 107 2 1.44 × 107 16.65 <0.0001 Significant
Error (within-subjects) 9.75 × 108 42 2.32 × 107 – – –
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and larger surface area for ion removal. For the conventional process, 
the single-module configuration consumed 0.374 kWh/m3 for the 1000 
mg/L initial TDS and 0.612 kWh/m3 for 2000 mg/L, whereas the dual- 

module configuration consumed 0.615 and 1.076 kWh/m3 for 1000 and 
2000 mg/L, respectively. In the circulation process, the single-module 
configuration consumed 0.550 kWh/m3 at 1000 mg/L and 0.634 

Fig. 6. Changes in TDS concentration by changing the concentrate tank in (a) 5 cycles and (b) 10 cycles in the dual module arrangement. Data points represent 5-s 
intervals of continuous measurements.

Fig. 7. Energy consumption of (a) conventional and (b) circulation processes at 10 cycles.
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kWh/m3 at 2000 mg/L, whereas the dual-module configuration 
consumed 0.561 and 0.933 kWh/m3 for 1000 and 2000 mg/L, respec
tively. The circulation process consumed less energy in the dual-module 
configuration because the higher capacity for ion removal helped miti
gate the impact of concentrate recirculation on energy consumption. 
The circulation process generally consumes more energy than the con
ventional process because of the concentrate circulation mechanism, 
where the concentration of ions in the concentrate tank keeps increasing 
as the desorption continues. Despite this increase in energy consump
tion, the high desalination efficiency, reduced ion build-up, and much 
higher production yield achieved by the circulation process can justify 
the additional energy requirements, particularly in applications where 
stable and efficient desalination is prioritized. Furthermore, the data 
presented for the circulation process reflected operations without 
concentrate replacement up to the tenth cycle, signifying its potential for 
extended, lower-maintenance operations in long-term desalination 
settings.

To better contextualize the energy consumption of the circulation 
process, reported energy consumption ranges for RO and electrodialysis 
systems under similar TDS conditions are summarized. For brackish 
water reverse osmosis (BWRO), energy consumption varies depending 
on system design, operational conditions, and salinity levels. Studies on 
BWRO systems have reported specific energy consumption (SEC) 
ranging from 1.82 to 2.21 kWh/m3 for full-scale plants treating feed 
water with a TDS of 5256 mg/L [33], and from 0.270 to 0.555 kWh/m3 

for simulated systems treating feed TDS from 1501 to 5815 mg/L, albeit 
with lower rejection rates of 50–70 % [34]. Energy requirements for 
electrodialysis vary significantly with feed salinity and system configu
ration. At feed concentrations of 2.0, 3.5, and 5.0 g/L, SEC values of 0.7, 
1.1, and 1.8 kWh/m3, respectively, were reported [35]. Another study 
on electrodialysis brine management with a feed TDS of 23,216 mg/L 
showed SEC values increasing from 1 to 7.14 kWh/m3 as the removal 
ratio approached 1 [36]. While the energy consumption of the circula
tion process was not directly compared to these technologies due to 
differences in scale, configuration, and objectives, this study focuses on 
the feasibility of integrating a circulation process into MCDI to enhance 
water recovery with manageable energy demands. The results demon
strate the potential of the circulation process as an energy-efficient 
approach, particularly for brackish water desalination at the pilot scale.

However, this design choice has limitations, particularly the 
increased energy demand associated with continuous circulation and 
the potential for ion accumulation over prolonged operation without 
maintenance. In real-world applications, the absence of concentrate 
replacement can lead to performance degradation over extended pe
riods, suggesting the need for periodic interventions to sustain optimal 

desalination efficiency. Future studies should examine strategies to 
balance the benefits of long-cycle low-maintenance operations with 
energy efficiency for operational-scale applications of MCDI systems. 
Investigating the optimal concentrate replacement frequencies or 
alternative recirculation methods can reduce energy demands while 
preventing ion saturation. Additional research on larger module con
figurations (e.g., triple or quadruple modules) and adaptive power 
management, such as dynamic voltage control across cycles, may 
enhance the scalability of the circulation process.

To understand how concentrate replacement affects energy demand, 
the energy consumption across each cycle was measured within the 
circulation process, with concentrate replacement occurring every 5 or 
10 cycles (Fig. 8). Energy consumption trends across cycles indicate the 
influence of initial TDS levels on operational demand, with the 2000 
mg/L concentration consistently requiring more energy than the 1000 
mg/L concentration across all configurations. This indicates the higher 
ion loads leads to a gradual increase in energy demand over time 
reflecting the accumulation of ions in the concentrate tank and inten
sifying the energy requirement to achieve steady TDS removal.

Periodic concentrate replacement effectively resets energy demand, 
creating noticeable dips following each replacement. The 5-cycle 
replacement frequency consistently maintains a lower energy con
sumption, as frequent replacement reduces ion buildup. Conversely, 
with the 10-cycle replacement, the energy peaks became more pro
nounced before each replacement because the prolonged frequency 
allowed for more significant ion accumulation. This pattern is especially 
evident in the 2000 mg/L condition, where a higher initial TDS con
centration accelerates the rate of ion buildup, pushing the energy de
mand to higher levels.

Comparing the single- and dual-module configurations, the dual- 
module exhibited higher energy consumption throughout, which is a 
trade-off for their superior TDS removal performance and stability over 
extended cycles. These results highlight the importance of balancing 
concentrate replacement frequency with energy efficiency, particularly 
in high-TDS feedwater applications.

4. Conclusions

This study provided insights into the relationships between initial 
TDS concentration, module configuration, and concentrate replacement 
frequency on desalination efficiency and energy consumption in the 
MCDI system. Our findings demonstrated that the circulation process, 
particularly in the dual-module configuration, outperformed the con
ventional process by maintaining lower effluent TDS levels and 
achieving higher production yields. The two-way RM ANOVA results 

Fig. 8. Energy consumption of the circulation process (a) using the single module at 5 cycles, (b) using the dual module at 5 cycles, (c) using the single module at 10 
cycles, and (d) using the dual module at 10 cycles.
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further confirmed that the dual-module configuration with frequent 
concentrate replacement (every 5 cycles) delivered the most effective 
desalination performance, particularly at higher TDS feed concentra
tions. Although the circulation process consumed more energy than the 
conventional approach, the high TDS removal efficiency and superior 
production yield offset the increased energy demand with solid potential 
for high-efficiency desalination. Regular concentrate replacement 
further enhanced performance under high-TDS conditions, though 
continuous real-world application may face operational challenges.

This study had limitations that require further investigation. The 
energy data reflect operations without concentrate replacement for up 
to 10 cycles, which, while suitable for low-maintenance applications, 
may not capture all real-world conditions. While the conventional pro
cess offers simplicity and lower energy consumption, its limited pro
duction yield makes it less favorable for scenarios prioritizing water 
recovery and desalination efficiency. The circulation process was ad
vantageous for applications requiring high water recovery and desali
nation efficiency, offering a sustainable solution for maximizing treated 
water quality and production yield. Overextended operations, ion 
accumulation, and membrane fouling could impact energy demands, 
highlighting the need for field trials and long-term assessments. Future 
research should focus on multimodule systems, optimized configura
tions, and energy-efficient controls to evaluate the feasibility of 
continuous desalination with concentrate replacement.
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