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Abstract

This study compares the operational performance of membrane capacitive deioniza-
tion (MCDI) and circulation-MCDI (C-MCDI) under symmetric (2/2, 3/3, 4/4 min) and
asymmetric (5/2, 5/3, 5/4 min) adsorption/desorption cycles to identify efficient oper-
ating conditions at the pilot scale. A pilot system was tested with a NaCl solution of
about 1000 mg/L, and 15 consecutive cycles were conducted to evaluate removal effi-
ciency, specific energy consumption (SEC), and stability. MCDI consistently achieved
over 90% removal efficiency with SEC below 0.6 kWh/m? across all modes, maintaining
stable performance over 15 cycles. The 2/2 condition provided the shortest cycle time
and the highest treated water productivity, making it the most efficient condition for the
pilot-scale MCDI tested. C-MCDI showed stronger dependence on operating conditions,
with the number of stable cycles ranging from 3 to 7 depending on desorption duration.
Nevertheless, the 5/2 condition achieved about 91% removal efficiency with 0.58 kWh/ m3
SEC, and its extended adsorption period yielded about 2.5 times more treated water per
cycle than the 2/2 case. Overall, this work provides a comparative pilot-scale evaluation of
MCDI and C-MCD], highlighting their advantages, limitations, and potential applications,
and offering practical insights for energy-efficient and sustainable desalination strategies.

Keywords: circulation-membrane capacitive deionization; cycle stability; energy consumption;
pilot-scale system; water recovery

1. Introduction

With growing concerns over water scarcity caused by industrialization and popula-
tion growth, seawater and brackish water have become essential alternative freshwater
sources [1,2]. Conventional technologies, such as reverse osmosis (RO) and electrodialysis
(ED), have been widely applied for this purpose [3]; however, they suffer from several
limitations, including high energy consumption, membrane fouling, and the requirement
for high-pressure operation [4,5].

Capacitive deionization (CDI) technology has attracted significant attention for over-
coming these drawbacks [6,7]. CDI removes ions by electrically adsorbing them onto
porous electrodes under low-voltage conditions [8]. It offers high energy efficiency and a
simple system structure, making it suitable for treating low-to-moderate salinity water [9].
In particular, membrane capacitive deionization (MCDI), which incorporates ion-exchange
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membranes into the CDI configuration, enhances ion selectivity and minimizes co-ion ex-
pulsion, significantly improving removal performance and pretreatment efficiency [10-12].

While MCDI addresses several limitations of conventional CDI, challenges related
to water recovery and concentrate management still remain. Traditional MCDI processes
typically use the same feed water during the adsorption and desorption stages, resulting
in relatively low water recovery and limited reuse of the concentrate [13]. To address
these limitations, a Circulation-MCDI (C-MCDI) process has been proposed, in which the
concentrate is reused during the desorption stage [14,15]. This approach offers practical
advantages such as increased water recovery, higher concentration, and reduced brine
discharge [16]. However, empirical data on the long-term stability, energy efficiency,
and removal performance of C-MCDI under repeated cycles are lacking [17]. Several
recent studies have begun exploring pilot-scale MCDI systems under both symmetric and
asymmetric modes [18-20], but side-by-side comparisons with C-MCDI remain rare.

Most previous studies have evaluated MCDI performance using symmetric cycle
times (i.e., equal durations for adsorption and desorption) [21]. In contrast, systematic
investigations into the effects of asymmetric timing on desalination performance and energy
consumption are limited [22]. Furthermore, studies addressing the long-term cycle stability
under various operating conditions and identifying the optimal operating parameters
remain insufficient [23].

Therefore, this study provides a comparative pilot-scale evaluation of MCDI and
C-MCDI under symmetric (2/2, 3/3, 4/4 min, referring to adsorption/desorption times in
minutes) and asymmetric (5/2, 5/3, 5/4 min, referring to adsorption/desorption times in
minutes) adsorption/desorption cycles [24,25]. Rather than claiming a universal optimal
strategy, this work aims to identify efficient operating conditions for the tested pilot system,
focusing on TDS removal efficiency, specific energy consumption, and cycle stability [26,27].
In addition, by linking the findings to energy-efficient desalination and reduced brine dis-
charge, the study highlights the potential contribution of MCDI and C-MCDI to sustainable
water resource management and environmentally responsible desalination practices.

2. Experimental
2.1. MCDI Module

The MCDI module used in this study (O2&B Co., Seoul, Republic of Korea) consisted
of a stacked configuration of 231 porous carbon electrodes within a single unit, as schemati-
cally illustrated in Figure 1. Each circular electrode (200 mm diameter) was equipped with
a cation exchange membrane (CEM) containing sulfonic acid functional groups on one side
and an anion exchange membrane (AEM) containing quaternary ammonium functional
groups on the other. A nylon spacer with a thickness of 180 um is inserted between the
ion exchange membranes to secure fluid flow paths. All components, including the elec-
trodes, ion-exchange membranes, and spacers, had a central circular hole with a diameter
of 25 mm, allowing the fluid to flow from the outer edge of the module toward the center.
The feed water enters from the periphery of the module, flows radially inward through
the spacers where electrosorption and desorption occur, and is then discharged through
the central outlet. The module casing was made of a transparent acrylic material to allow
visual observation of the internal fluid flow.
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Figure 1. Schematic representation of the MCDI module configuration (The blue arrows indicate the

water flow direction).

2.2. MCDI Pilot Unit and Operation Conditions

As shown in Figure 2, a pilot-scale MCDI unit was constructed for the experiment. The
system consisted of a single MCDI module, a DC power supply, pumps for circulating feed
water and concentrate, a concentrate storage tank, and a computer for system control and
data acquisition. The raw water supply and treated water collection tanks were installed
separately outside the pilot unit.
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Figure 2. Schematic diagram of the MCDI pilot unit.
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Current collector

The feed solution was prepared by dissolving NaCl (99.5%, Samchun, Pyeongtaek,
Republic of Korea) in tap water to achieve a total dissolved solids (TDS) concentration of
approximately 1000 mg/L. The use of a synthetic NaCl solution was intended to standardize
the operating conditions and ensure reproducibility of the results; however, this choice
may limit direct applicability to natural brackish or industrial waters. The solution was
supplied to the MCDI module at various flow rates using a centrifugal pump (HBI 4-30,
Staris, Taiwan). In all experiments, the flow condition was maintained at 3 L/min for
both MCDI and C-MCDI processes to ensure consistency. Although pH and temperature
were not explicitly measured in this study, the experiments were conducted under ambient
laboratory conditions, and it should be noted that these factors can influence ion adsorption
and desorption behaviors in MCDI processes.

The system was operated in the constant voltage (CV) mode, with electrical power
supplied by a DC power source (S]-1260AN, SENICS, Cheonan-si, Republic of Korea). To
prevent electrolysis within individual cells, the voltage per cell was limited to 1.2 V. Given
that the module contained 231 bipolar electrode pairs, the total applied voltage was set to
approximately 283 V. Additionally, to comply with the maximum output current rating of
the power supply, the system current was restricted to below 20 A. During the operation,
the actual current varied depending on the ion concentration in the feed solution.

The TDS concentrations of the treated water and concentrate were measured in real
time at 1-s intervals using TDS sensors (3-2822-1 electrode, GF Signet, Irwindale, CA,
USA). The sensors were calibrated before each set of experiments using standard NaCl
solutions according to the manufacturer’s protocol, and measurements were performed
only after calibration was confirmed. To ensure reproducibility, each experiment was
repeated three times under the same operating conditions, and while standard deviations
were not explicitly calculated, the results of replicate runs showed negligible variations,
and thus representative average values are presented. All the measurement data were
automatically recorded and stored on a computer (172990-VA50K, LG Electronics, Seoul,
Republic of Korea).

2.3. MCDI & Circulation MCDI Process

The MCDI and C-MCDI processes employed in this study consist of two sequential
steps: adsorption and desorption, as illustrated in Figure 3. In these processes, voltage
is applied periodically to induce the electrosorption and desorption of ions, resulting in
treated water.

Current collector
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Figure 3. Adsorption (left) and desorption (right) processes in MCDI.

In the MCDI process, a positive voltage is applied during adsorption to induce ion
removal via electrosorption onto the electrodes. In contrast, a negative voltage is applied
during desorption to release the adsorbed ions. The same feed solution (NaCl with TDS
of approximately 1000 mg/L) is used in adsorption and desorption. Water flows through
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the system in the direction of inlet (1) = module (2) — product water outlet (3), as shown
in Table 1.

Table 1. Experimental conditions of the MCDI and C-MCDI process experiment.

Experimental Feed Water Applied
Process Water Flow (mg/L) Voltage (V)
MCDI Adsorption O—0—0® 1000 (NaCl) +283.2
Process Desorption O—@—0G 1000 (NaCl) —283.2
C-MCDI Adsorption O—-@—-03 1000 (NaCl) +283.2
Process Desorption ®O—0O—20—0 120 (Tap water) —283.2

By contrast, the C-MCDI process utilizes a recirculated concentrated solution instead
of raw water during the desorption step, a key distinguishing feature of this configu-
ration. While the same 1000 mg/L NaCl solution is used during the adsorption step,
the desorption step employs a stored concentrate solution with a TDS of approximately
120 mg/L, sourced from the concentrate tank. This solution is recirculated in the direction
of (4) — (1) — (2) — (5), allowing for effective ion concentration and minimizing freshwa-
ter usage during regeneration. Consequently, the overall water recovery, defined as the
ratio of product water to feed water, improved during the C-MCDI process [16].

Table 1 summarizes the system configurations and operating conditions for both
processes, and Table 2 presents the experimental designs for various time conditions [15].
Adsorption and desorption times were changed independently between 2 and 5 min,
allowing for symmetric (equal adsorption/desorption duration) and asymmetric (longer
adsorption and shorter desorption) cycle configurations. A 5/5 condition was not included
because excessively long symmetric cycles reduce experimental practicality and energy
efficiency in pilot-scale operation, as highlighted in previous studies [16]. Through these
tests, the effects of cycle timing on the conductivity variation, ion removal efficiency, and
energy consumption were comparatively analyzed.

Table 2. Experimental design for MCDI and C-MCDI process under various adsorption/desorption
time conditions.

Operation Conditions

Type of Cycle (Adsorption/Desorption, min)
Symmetric conditions 2/2,3/3,4/4
Asymmetric conditions 5/2,5/3,5/4

2.4. Data Analysis

The performances of the MCDI and C-MCDI processes were evaluated using three
key parameters: TDS removal efficiency, specific energy consumption, and cycle stability.
These metrics were calculated as follows:

The TDS removal efficiency was calculated using Equation (1):

Cg - C

TDS removal efficiency (%) = e * 100 (1)
0

where and are the TDS concentrations (mg/L) of the feed and product water, respectively.
The specific energy consumption (SEC) was calculated using Equation (2):

Pxt
1%

Specific energy consumption (kWh/m?) = ()
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where is the average power (kW) during operation, is the duration of the adsorption or
desorption step (h), and is the volume of treated water (m?).

The cycle stability was defined as the number of continuous cycles in which both per-
formance criteria—TDS removal efficiency > 90% and energy consumption < 0.6 kWh/m3—
were simultaneously satisfied. These thresholds were selected based on commonly reported
benchmarks in CDI/MCDI studies, where 90% removal efficiency is generally considered
sufficient for practical desalination applications, and an SEC below 0.6 kWh/m? has been
suggested as a representative value for energy-efficient operation at the pilot scale [28].
Accordingly, these criteria provide a reasonable and practical basis for comparing the
stability of different operating modes.

3. Results and Discussion
3.1. Variations in Electrical Conductivity According to Adsorption/Desorption Time

Figures 4 and 5 show the variations in the conductivity ratio (C/Cy) under different ad-
sorption/desorption time conditions for the MCDI and C-MCDI processes, respectively. Un-
der all conditions, a typical cyclic pattern was observed, characterized by a sharp decrease in
C/Cq during adsorption and a sharp increase during desorption. This behavior corresponds
to ion removal and release through electrosorption and electrodesorption mechanisms.
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Figure 4. Variations in normalized conductivity (C/Cp) in the MCDI process under symmetric
conditions: (a) 2/2 min, (c¢) 3/3 min, (e) 4/4 min, and asymmetric conditions: (b) 5/2 min, (d) 5/3 min,
(f) 5/4 min.
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Figure 5. Variations in normalized conductivity (C/Cy) in the C-MCDI process under symmetric
conditions: (a) 2/2 min, (¢) 3/3 min, (e) 4/4 min, and asymmetric conditions: (b) 5/2 min, (d) 5/3 min,
(f) 5/4 min.

In the MCDI process (Figure 4), the conductivity behavior under symmetric conditions
(2/2,3/3, and 4/4) showed that the C/Cy peak during desorption gradually increased
from approximately 4 to 6 as the cycle time increased; this indicated that more ions were
adsorbed during more extended adsorption periods, resulting in higher concentrations
during desorption. In contrast, under asymmetric conditions (5/2,5/3, and 5/4), the C/C
peak during desorption remained relatively constant regardless of desorption duration,
suggesting that the effect of desorption time was limited or that the desorption process was
approaching saturation. Furthermore, the C/Cy value at the end of the desorption step
was higher than 1 when the desorption time was short, but approached 1 as the desorption
time increased; this implies that insufficient desorption over short durations resulted in
residual ions remaining in the module. These results suggest that the desorption time
directly affects ion recovery in MCDI and increasing the desorption time under symmetric
conditions can lead to improved performance.

In the case of the C-MCDI process (Figure 5), the conductivity behavior during the
desorption step exhibited noticeable concentration variations depending on the adsorp-
tion/desorption duration. Under symmetric conditions (2/2, 3/3, and 4/4), the C/Cj peak
during desorption increased with longer desorption times, reaching approximately 6 for
2/2 and up to 10 for 4/4; this indicates that longer desorption durations lead to a greater
release of concentrated ions, intensifying ion accumulation in the concentrate tank.
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Under asymmetric conditions (5/2, 5/3, and 5/4), similar patterns were observed,
where high desorption peaks were maintained in the initial cycles but gradually increased
over repeated cycles. This trend implies that the concentrated discharge during desorption
continued to accumulate over time, and the shorter the desorption time, the more significant
the accumulation of unreleased ions. Ultimately, owing to the high water recovery of the
C-MCDI system, a gradual increase in the desorption peaks was inevitable, emphasizing
the necessity of securing an adequate desorption time to maintain system performance.

3.2. Removal Efficiency and Energy Consumption Under Symmetric Conditions

Figure 6 compares the changes in TDS removal efficiency and specific energy con-
sumption for the MCDI and C-MCDI processes under symmetric operating conditions (2/2,
3/3,and 4/4). As shown in Figure 6a,b, the MCDI process maintained a stable removal
efficiency of over 90% throughout all the cycles, with minimal variation across different
time conditions. In contrast, the C-MCDI process exhibited an initial removal efficiency of
more than 90%; however, a gradual decline was observed over repeated cycles. Notably,
under the 4/4 condition, the efficiency decreases to below 70% after 15 cycles. This trend
is attributed to ion accumulation between the electrodes and membranes in the C-MCDI
configuration, which negatively affects long-term removal performance.
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Figure 6. Comparison of removal efficiency and specific energy consumption of the MCDI and C-

MCDI processes under symmetric adsorption/desorption conditions (2/2, 3/3, and 4/4): (a) MCDI

removal efficiency, (b) C-MCDI removal efficiency, (¢) MCDI specific energy consumption, (d) C-

MCDI specific energy consumption.

Regarding energy consumption (Figure 6¢,d), the MCDI process consistently main-
tained low consumption levels below 0.5 kWh/m?, with negligible differences among
the tested time conditions. On the other hand, the C-MCDI process showed a similar
energy consumption as MCDI in the initial cycles, but it gradually increased with repeated
operations. Under the 4/4 condition, the specific energy consumption rose to approxi-
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mately 1.4 kWh/m? in the final cycle. This increase was likely due to the additional energy
required to desorb the accumulated ions.

These results suggest that, while the MCDI process offers advantages in terms of stable
removal efficiency and low energy consumption, the C-MCDI process is more sensitive to
operational settings because of its structural characteristics. In particular, its performance
is closely related to desorption efficiency and concentrate accumulation. Therefore, to fully
leverage the benefits of C-MCD], it is essential to determine the optimal conditions that min-
imize the performance degradation and energy increase. The analysis under asymmetric
conditions in the following section provides further insight into this optimization.

3.3. Removal Efficiency and Energy Consumption Under Asymmetric Conditions

Figure 7 compares the TDS removal efficiencies and specific energy consumptions of
the MCDI and C-MCDI processes under asymmetric adsorption/desorption time condi-
tions (5/2,5/3, and 5/4). As shown in Figure 7a,b, the MCDI process maintained a stable
removal efficiency of approximately 90% under all conditions, with negligible differences
according to the cycle time. This result demonstrates that the MCDI process, owing to its
relatively simple electrosorption-based mechanism, is less sensitive to changes in operation
time and can maintain consistent performance without degradation, even under repeated
cycling [17,29].
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Figure 7. Comparison of removal efficiency and specific energy consumption of the MCDI and C-
MCDI processes under asymmetric adsorption/desorption conditions (5/2, 5/3, and 5/4): (a) MCDI
removal efficiency, (b) C-MCDI removal efficiency, (¢) MCDI specific energy consumption, (d) C-
MCDI specific energy consumption.

In contrast, the C-MCDI process showed a noticeable decline in removal efficiency as
the desorption time decreased. In particular, under the 5/4 condition, the removal efficiency
dropped to approximately 60% by the 15th cycle, and gradual efficiency degradation was
observed under the 5/2 condition; this is attributed to the structural limitations of the
C-MCDI configuration, in which a shorter desorption time relative to the adsorption time
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leads to ion accumulation within the membrane stack, thereby reducing the regeneration
efficiency over time. This phenomenon reflects the performance degradation caused by
accumulation during repeated cycling, a key characteristic of C-MCDI systems.

Concerning energy consumption (Figure 7c,d), the MCDI process consistently main-
tained low consumption levels at approximately 0.5 kWh/m?3, showing minimal variation
across operating conditions. In contrast, the C-MCDI process gradually increased energy
consumption as cycling progressed, with the 5/4 condition exceeding 1.5 kWh/m?, repre-
senting the highest value among all test cases; this was likely due to the increased energy
required for insufficient desorption, where inadequate regeneration resulted in decreased
energy efficiency.

These findings suggest that the MCDI process offers relatively stable operational
characteristics under asymmetric conditions. In contrast, the C-MCDI process is more
sensitive to operating parameters and can experience significant performance deterioration,
particularly when desorption time is insufficient. Nevertheless, the C-MCDI process
provides potential advantages, such as higher concentrate recovery and ion selectivity,
making it a competitive alternative when properly optimized. Specifically, the ability of
C-MCDI to recover highly concentrated brine compared with MCDI makes it more suitable
for applications where high-value ion recovery or improved water recovery is required.
Therefore, if the operational conditions are optimized to ensure sufficient desorption and
low energy consumption, the C-MCDI process may be a viable and practical technology
for field applications.

3.4. Determination of Optimal Operating Conditions

In this study, the optimal operating conditions for the MCDI and C-MCDI processes
were determined based on three performance criteria: TDS removal efficiency (>90%),
specific energy consumption (<0.6 kWh/m?), and the maximum number of continuous
cycles satisfying both. Table 3 summarizes each test condition’s removal efficiency, energy
consumption, and number of qualified cycles.

Table 3. Summary of removal efficiency, energy consumption, and feasible cycle count under various
MCDI and C-MCDI processes operating conditions.

Conditions RemovaloEfﬁciency Corirlllii};ion Feasible Cycle
(%) (KWh/m®) Count
2/2 MCDI 91.07 0.511 15
3/3 MCDI 91.48 0.526 15
4/4 MCDI 91.19 0.553 15
5/2 MCDI 92.08 0.497 15
5/3 MCDI 92.99 0.525 15
5/4 MCDI 91.63 0.558 15
2/2 C-MCDI 90.22 0.548 7
3/3 C-MCDI 90.93 0.592 6
4/4 C-MCDI 91.36 0.557 4
5/2 C-MCDI 90.72 0.584 5
5/3 C-MCDI 91.46 0.556 3
5/4 C-MCDI 90.47 0.587 3

For the MCDI process, all the tested conditions met the performance criteria. Among
them, the 2/2 condition exhibited the shortest cycle time (4 min), while still achieving
high removal efficiency (91.07%), low energy consumption (0.511 kWh/m?), and stable
operation for up to 15 cycles. Because of the structural characteristics of the MCDI process,
in which adsorbed ions are expelled during desorption and the recovery ratios are relatively
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low, the difference in the treated volume per cycle is minimal. As such, the number of cycles
that can be completed per unit time becomes critical, and shorter cycles directly contribute
to a higher overall throughput. Considering this, the 2/2 condition was identified as the
optimal operating condition for the MCDI process, as it provided both stable performance
and the highest treated water productivity per unit time.

For the C-MCDI process, all conditions (2/2, 3/3, 4/4,5/2,5/3, and 5/4) satisfied
the set performance criteria. Notably, the 5/2 condition achieved high removal efficiency
(90.72%) and low energy consumption (0.584 kWh/ m?), with stable performance over
five cycles. In symmetric conditions (2/2, 3/3, 4/4), shorter adsorption/desorption times
allowed more stable cycles, as frequent desorption reduced salt accumulation. In contrast,
asymmetric conditions (5/2, 5/3, 5/4) showed fewer stable cycles when desorption was
insufficient, as in the 5/3 case, where the relatively long adsorption time accelerated ion
accumulation and performance decline.

The sharp contrast in cycle stability between the 2/2 (7 cycles) and 5/3 (3 cycles)
conditions can be attributed to the imbalance between adsorption and desorption durations.
In the 5/3 condition, the relatively long adsorption period accelerates ion accumulation
within the electrodes, while the shorter desorption time is insufficient to fully regenerate
the surface. This limitation is further amplified by the internal recirculation structure of
the C-MCDI system, which promotes rapid salinity build-up in the concentrate channel.
Consequently, ion desorption becomes progressively less effective, leading to a sharp
decline in stable cycles compared with the more balanced 2/2 condition. This finding
implies that in practical operation, C-MCDI systems may require design modifications such
as improved regeneration protocols or extended desorption steps, as well as maintenance
strategies to mitigate ion accumulation and preserve long-term performance.

Although the 2/2 condition supported up to seven cycles, the structural characteristics
of the C-MCDI system, in which the concentrate was internally recirculated, allowed for a
significant increase in treated water per cycle as the adsorption time increased. Given that
the flow rate was fixed at 3 L/min, the treated volume per cycle is directly determined by
the adsorption time. Because the desorbed concentrate was not discharged externally, the
C-MCDI process enabled high recovery and improved ion accumulation efficiency. In this
context, the 5/2 condition provides a practical balance between the cycle-level productivity
and energy efficiency, making it the most favorable option.

These findings are consistent with previous studies that reported stable performance
of MCDI under symmetric cycles but extended the understanding only to limited scales. In
comparison, pilot-scale studies of brackish water desalination showed energy consumption
values of approximately 0.8-1.0 kWh/m3, which are higher than those obtained in this
study [29]. Another study on brackish water application demonstrated successful CDI op-
eration [20], but with lower cycle stability than observed in the present pilot-scale C-MCDI
experiments. This comparison highlights the advantage of the present work in achieving
both high removal efficiency and reduced SEC under realistic operating conditions.

Therefore, the 5/2 condition was identified as the optimal operating condition for
the C-MCDI process because it simultaneously satisfied the performance criteria and
maximized the treated volume per cycle. Given its high recovery and ion concentration
capabilities, C-MCDI is expected to be a promising alternative for applications requiring
efficient, selective ion recovery and high-water recovery rates. These findings indicate that
the 2/2 MCDI mode can provide consistent and predictable performance for continuous
operation in community-level water supply facilities, whereas the 5/2 C-MCDI mode
may be more suitable for applications prioritizing high recovery or concentrated stream
production, such as reuse of brine or recovery of specific salts.
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4. Conclusions

This study systematically compared the performance of MCDI and C-MCDI processes
under symmetric and asymmetric adsorption/desorption cycles at the pilot scale, high-
lighting both their strengths and limitations. MCDI consistently ensured stable operation
with removal efficiency above 90% and SEC below 0.6 kWh/m?, particularly under short
cycle conditions (2/2), making it highly suitable for energy-efficient and reliable desali-
nation. In contrast, C-MCDI demonstrated stronger dependence on operating time, but
when optimized (e.g., 5/2), it achieved comparable efficiency while producing significantly
higher water recovery and reduced brine discharge, which is advantageous for resource
recovery applications. These findings provide practical insights for selecting between the
two configurations depending on operational priorities—stability and energy efficiency
for MCDI versus high recovery and concentrate reuse for C-MCDI. Beyond performance
comparison, this work contributes empirical evidence for scaling CDI-based processes to-
ward sustainable water management, and future studies should expand to real feedwaters
and long-term operation to validate durability, cost-effectiveness, and system integration
in practical settings.
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