International Journal of Engineering and Technology Innovation, vol. 16, no. 1, 2026, pp. 81-94

Power Generation Optimization of Reverse Electrodialysis: Effects of Key

Operating and Design Parameters

Po-Hsun Lin'"", Cheng-Huan Tsai', Ching-Lung Chen?, Chi-Chen Lin!

!Graduate Institute of Environmental Engineering, National Central University, Taoyuan, Taiwan, ROC

2Department of Safety, Health and Environmental Engineering; Center for Environmental Sustainability and Human Health,
Ming Chi University of Technology, New Taipei City, Taiwan, ROC

Received 12 September 2025; received in revised form 21 January 2026; accepted 22 January 2026
DOI: https://doi.org/10.46604/ijeti.2026.15684

Abstract

Salinity gradient power (SGP) via reverse electrodialysis (RED) is a promising renewable energy source;
however, maximizing efficiency requires balancing complex electrochemical and hydraulic variables. This study
systematically investigates the effects of key operating and design parameters on RED power generation to improve
energy efficiency. Laboratory-scale RED experiments are conducted by varying the concentrations of
high-concentration (HC) and low-concentration (LC) NaCl solutions, space velocity, the number of ion-exchange
membrane (IEM) pairs, and flow channel thickness. The results show that power density increases with
concentration ratio and absolute solution concentration, with optimal performance achieved at HC concentrations of
1-2.5 M, LC concentrations of 0.02-0.05 M, and a concentration ratio above 50:1. An optimal space velocity of 0.25
1/min is identified. Increasing the number of IEM pairs enhances power density, while flow channel thicknesses of
1-2 mm minimize resistance. Under optimized conditions, a maximum power density of 0.446 W per square meter is

achieved.
Keywords: power generation, renewable energy, reverse electrodialysis, salinity gradient power, space velocity

1. Introduction

The accelerating pace of industrialization worldwide has significantly increased global energy demand, rendering energy
sustainability a critical and urgent issue. Concurrently, atmospheric carbon dioxide (CO:) concentrations have exceeded 400
parts per million (ppm), emphasizing the necessity of transitioning from fossil fuels to renewable energy sources. Conventional
renewable energy technologies, such as solar, wind, hydro, geothermal, and blue energy, have gained increasing attention due
to their potential to reduce carbon emissions. Among these, salinity gradient power (SGP) shows the lowest carbon emissions.
This characteristic makes it one of the most environmentally benign power generation technologies available. It is estimated
that global-scale mixing of seawater and freshwater could generate approximately 2 terawatts (TW) of electricity through SGP

[1].

The power generation performance of reverse electrodialysis (RED) is governed by three primary factors: the feed
solution properties, the ion-exchange membranes (IEMs), and the electrode system. Among these, the characteristics of the
feed solution critically influence the salinity gradient, which in turn determines the energy conversion efficiency of the RED
process. The ionic composition of the feed solution is particularly important, as different ions vary in hydration radius and

transport behavior.
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Sodium chloride (NaCl) is commonly used in RED systems due to its favorable ion transport characteristics. In contrast,
multivalent ions are known to induce the uphill transport effect, which impedes net ion migration and reduces power
generation efficiency [2-3]. Emdadi et al. [4] also demonstrated that increasing the sulfate ion (SO42") concentration in the
low-concentration (LC) solution from 0.01 M to 0.1 M reduces the open circuit voltage (OCV) by approximately 41%. This
decline is primarily attributed to a decrease in the Nernst potential and the occurrence of uphill transport. To maintain charge
neutrality and Donnan equilibrium between the two sides of the IEMs, SO4?" ions are driven uphill from the diluted channel
back to the concentrated channel against their own concentration gradient [4]. Moreover, natural water sources, particularly
seawater, contain various impurities such as suspended solids, colloids, and microorganisms, which can lead to fouling of
IEMs. Fouling increases membrane resistance and hinders ion selectivity and transport [5-6]. Therefore, appropriate

pretreatment of the feed solution is essential to maintain system performance and prolong membrane lifespan.

The second critical factor is solution concentration, which directly determines the membrane potential and, consequently,
the power output of the RED system. Ortiz-Martinez et al. [7] used 0.55 M NaCl as a high-concentration (HC) solution and
0.02 M NaCl as an LC solution in a RED stack with 20 IEM cell pairs, which achieves optimal power generation. However,
there remains scope for further investigation into the effects of different concentration combinations and ratios of the HC and
LC. The third key parameter is the space velocity (i.e., flow rate) of the feed solutions. Space velocity influences both the local
concentration gradient and the internal resistance of the system. Variations in HC and LC residence time across the membrane
stack affect ion transfer and hydraulic loss, ultimately altering ion transport efficiency and power density. Reducing the
residence time enhances power density but simultaneously increases hydraulic losses due to higher pump speeds [8]. Therefore,
optimization of flow rate is necessary to achieve maximum performance, and the optimal value may vary depending on the

specific configuration and scale of the RED system.

The IEM is a core component in the RED system, functioning as a selective barrier that facilitates unidirectional ion
transport between the HC and LC compartments. IEM properties, including material composition, chemical and mechanical
stability, swelling degree (SD), ion-exchange capacity (IEC), fixed charge density (FCD), and mechanical rigidity, directly
influence membrane selectivity, system resistance, and output voltage [9-14]. Given that IEMs account for a significant
proportion of the capital cost in RED systems, cost reduction is essential for large-scale deployment, particularly in seawater
desalination applications. Ranade et al. [15] reported that the membrane price should be reduced to 5 €/m? to achieve economic
viability compared to the current price of membranes, approximately 50 €/m?, which highlights that the development of

low-cost, high-performance membranes is crucial for the commercialization of RED technologies.

In addition to the aforementioned factors, other parameters such as membrane properties, electrode design, solution
temperature, and module geometry also play important roles in affecting system performance [16-18]. This study investigated
the effects of operational parameters on the power generation performance of a RED system. The primary objective is to
experimentally evaluate the energy production efficiency of the RED system under varying conditions. This study
distinguishes itself by moving beyond binary salt-gradient testing to evaluate the space velocity metric, which provides a more
intuitive and scalable comparison across different RED stack dimensions than simple flow rates. Furthermore, this research
specifically quantified the exact threshold at which the flow channel thickness shifted from a benefit to a performance-limiting

resistance, offering a precise roadmap for industrial-scale stack design that is scarcely addressed in existing literature.

2. Materials and Methods

In a RED system, cation-exchange membranes (CEMs) and anion-exchange membranes (AEMs) are alternately arranged
in parallel between two electrodes (Fig. 1(a)). Spacers and gaskets are used to separate the IEMs, forming a series of
compartments. An anode is positioned in the electrode chamber next to the freshwater compartment, while a cathode is placed

adjacent to the HC solution compartment. An electrode rinse solution circulates between the anode and cathode chambers (Fig.
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1(b)). Alternating streams of HC and dilute solutions are introduced into the respective compartments. Due to the salinity
gradient between the two solutions, an electric potential (membrane potential) develops across the IEMs. This salinity gradient
drives ions from the high-concentration compartments to the low-concentration compartments. The cations ultimately move
toward the cathode, and the anions toward the anode. The redox reaction that occurs at the electrodes releases electrons to
maintain electroneutrality. These electrons flow through an external circuit from the anode to the cathode, generating an

electric current [19-21].
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Fig. 1 Schematic diagram of the RED system [20]

The objective of this research is to investigate the parameters affecting RED power generation and to optimize the
operating conditions by adjusting the concentrations and space velocities of HC and LC solutions, the number of IEM pairs,
and the flow channel thickness. The RED stack is configured with 1 to 5 cell pairs, depending on the experimental conditions,
with an effective area of 67.5 cm? per membrane. The electrode system consists of a mesh-type platinum-coated titanium (Pt/T1)
cathode and a mesh-type dimensionally stable anode (DSA) with an IrO»/Ta-Os coating. These materials are selected to ensure

electrochemical stability and efficient redox reactions during power generation.

The IEMs used include CEMs (CIMS, ASTOM, Japan) and AEMs (ACS, ASTOM, Japan) (Table 1). Acrylic spacers and
silicone gaskets, both with a thickness of 1 mm, were used in the RED stack. The HC and LC solutions for RED were prepared
with varying concentrations of NaCl, and an electrode rinse solution consisted of a 0.02 M ferricyanide/ferrocyanide redox
couple (Ks[Fe(CN)s]/Ka[Fe(CN)s]), which was continuously circulated through the cathode and anode compartments to
facilitate electron transfer and maintain electroneutrality in the RED system. Masterflex peristaltic pumps (Cole-Parmer, USA)
were used to pump the HC, LC, and electrolyte solutions. A potentiostat (SP-150, AUBOTECH) was employed to monitor
OCV, resistance, voltage, and current, while the conductivity of both the HC and LC solutions at the inlet and outlet was

measured to observe concentration variations.
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Table 1 The characteristics of IEM used in this experiment

IEM Resistance | Bursting strength | Thickness | Temperature pH
(Q-cm?) (MPa) (mm) (°C)

CIMS 4.5 =04 0.21 <60 Oto 14

ACS 3.8 <0.15 0.13 <40 0to8

In this study, space velocity was used to represent the velocity of the HC and LC solutions flowing into the RED stack.
Space velocity is defined as the inverse of residence time. Due to variations in RED system dimensions and the number of
IEMs used, conventional expressions (i.e., flow rate) may not provide an intuitive comparison. Instead, space velocity offers a
more meaningful metric, as its numerical value is inversely related to the residence time; higher space velocity values indicate

shorter residence times and faster flow through the RED stack.

2.1. RED power density calculation

The power output of RED is fundamentally driven by the salinity gradient between the HC and LC solutions. The mixing
of these solutions can be interpreted as a change in Gibbs free energy between the two phases. Accordingly, the OCV of the

RED cell, denoted as E (V), can be estimated using the Nernst equation [22]:

zF 7.cCrc
where N, is the number of IEM cell pairs of the RED system, a is the permeability coefficient of IEM, R is the universal gas
constant (8.314 J/(mol-K)), T'is the absolute temperature (K), z is the ion valence, F is the Faraday constant (96485 C/mol), y is
the ion activity coefficient, and C is the molar concentration of the feed solution (M). It is important to note that the OCV
derived from the theoretical Nernst equation may differ from experimental values due to assumptions of ideal conditions.
Therefore, in practical applications, direct measurement of OCV is recommended for a more accurate assessment of RED
system performance. Given the OCV, the actual output voltage U of the RED system can be calculated using Ohm’s law, as

shown below [22]:

U=E-JAR,, )
where E is the measured OCV, J is the current density of the RED cell (A/m2), A, is the effective area of the IEM (m?), and
Riiack 18 the internal resistance of the RED stack (€2). Both E and J can be determined experimentally using a potentiostat. Ryack
was calculated based on Ohm’s law, using the difference between the OCV and the operating voltage under steady-state
current conditions. Finally, the power density of the RED system P, can be determined from the product of U and the total

current /, normalized by the number of IEM pairs N,, and the membrane area, as described below [11]:

=ya @)

m=-m

2.2. Concentration effects of HC and LC solutions

Two sets of experiments were conducted to investigate the effect of HC and LC solution concentrations on the power

output of the RED system.

(1) The concentration of the HC solution was fixed at 1 M NaCl, with a space velocity of 0.25 1/min (flow rate: 47.5 mL/min).
Four different LC solution concentrations, 0.01, 0.02, 0.05, and 0.1 M NaCl, were tested to evaluate the RED system
performance.

(2) The concentration of the LC solution was fixed at 0.02 M NaCl, with the space velocity maintained at 0.25 1/min. Four HC
solution concentrations, 2, 1, 0.4, and 0.2 M NacCl, were examined. The current and voltage for each test were recorded to

calculate the power output and power density.
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2.3. Effects of operating parameters on RED performance

The experiment was conducted using 1 M NaCl and 0.02 M NaCl (concentration ratio of 50:1), with a space velocity of
0.25 1/min for both HC and LC solutions. The following experimental conditions were evaluated to measure the power

generation performance of the RED system.

Effects of space velocities

The concentration of the HC solution was fixed at 1 M NaCl, with a space velocity of 0.25 1/min (flow rate: 47.5 mL/min).
The LC solution concentration was maintained at 0.02 M NaCl, while its space velocity was varied at 1 1/min (190 mL/min),
0.75 1/min (142.5 mL/min), 0.5 1/min (95 mL/min), 0.375 1/min (71.25 mL/min), and 0.25 1/min (47.5 mL/min). In addition,
the LC solution concentration was fixed at 0.02 M NaCl, with a space velocity of 0.25 1/min, while the HC solution

concentration was held at 1 M NaCland its space velocity was adjusted to 1 1/min, 0.75 1/min, 0.5 1/min, and 0.25 1/min.

Effects of IEM pairs

Based on the optimal space velocity determined from the above experiments, the effects of the number of IEM pairs on
RED power generation were further evaluated. The experimental conditions included an HC solution of 1 M NaCl and an LC
solution of 0.02 M NaCl. The number of IEM pairs was systematically varied from 1 to 5 to assess its impact on power
generation. Given the high cost of [EMs, it is important to balance the number of IEMs used with the efficiency of RED power

generation.

Effects of flow channel thickness

Furthermore, as the flow channel thickness decreases, the solution resistance also decreases. However, in practical
applications, fabricating thinner flow channels presents challenges, including structural fragility, potential cracking, and
bending, which may compromise the integrity of the system during assembly and operation. Therefore, the effects of flow
channel thickness on the resistance of the RED system were investigated using the optimal space velocity. The RED stack was
configured with a single pair of IEMs and flow channel thicknesses of 1, 2, 3, and 4 mm. The experiment was conducted using

an HC solution of 1 M NaCl and an LC solution of 0.02 M NaCl to assess its effects on system resistance and power generation.

3. Results and Discussions

This section presents and discusses the experimental results obtained from the RED system under various operating
conditions. The effects of key parameters, including the concentrations of HC and LC solutions, space velocity, the number of
IEM pairs, and flow channel thickness, on OCV, internal resistance, and power density are systematically analyzed. These

insights provide a basis for identifying optimal operating windows and for guiding the design of efficient RED systems.

3.1. Concentration effects of HC and LC solutions

Effect of the LC solution concentrations

The concentrations of the HC and LC solutions were set at 1-0.01 M, 1-0.02 M, 1-0.05 M, and 1-0.1 M NaCl (HC-LC),
corresponding to concentration ratios of 100:1, 50:1, 20:1, and 10:1, respectively. The OCV, system resistance, and power
generation performance of the RED system are presented in Fig. 2. The results indicated that the OCV of the RED system
decreased as the concentration of the LC solution increased (Fig. 2(a)), demonstrating that the Gibbs free energy difference
between the HC and LC solutions diminished with a decreasing salinity gradient. The relationship between power density and
voltage followed a trend similar to that of OCV and resistance, whereby the power density decreased as the LC solution
concentration increased (Fig. 2(b)). These results suggest that the power density is predominantly influenced by the

concentration ratio at a constant space velocity, with OCV serving as the primary contributing factor.
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Specifically, under concentration ratios of 100:1 and 50:1, the OCV difference was relatively small (decreasing by
approximately 9.7%), whereas the resistance difference was substantial (decreasing by 73%). In contrast, between
concentration ratios of 50:1 and 20:1, the OCV difference was larger (approximately 30.9%), while the resistance difference
was relatively minor (14.4%). The power density values obtained in this experiment were 0.346, 0.328, 0.238, and 0.162 W/m?
at concentration ratios of 100:1, 50:1, 20:1, and 10:1, respectively. The observed power density trends aligned with the

variations in OCV, confirming that OCV played a dominant role in determining RED performance [23].
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Fig. 2 Power generation performance of the RED system at different LC solution concentrations

Effect of the HC solution concentrations

The tested concentration pairs were 2—-0.02 M, 1-0.02 M, 0.4-0.02 M, and 0.2-0.02 M NaCl (HC-LC), corresponding to
concentration ratios of 100:1, 50:1, 20:1, and 10:1, respectively. The OCV, system resistance, and power generation
performance of the RED stack are presented in Fig. 3. The results indicated that the OCV of the RED system increased as the
concentration of the HC solution increased (Fig. 3(a)), demonstrating that the free energy difference between the HC and LC
solutions was enhanced with an increasing salinity gradient. The power density values obtained in this experiment were 0.446,
0.328, 0.238, and 0.162 W/m? at concentration ratios of 100:1, 50:1, 20:1, and 10:1, respectively (Fig. 3(b)). Furthermore, the
power density of the RED system increased with increasing HC solution concentration. These results indicate that increasing
the HC solution concentration to elevate the concentration ratio did not significantly influence power density through changes
in internal resistance. Among the four tested concentration conditions, the trend in OCV was more consistent with the trend in

power density than that of resistance. This observation is consistent with the results discussed above.
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Fig. 3 Power generation performance of the RED system at different HC solution concentrations
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Fig. 4 presents a summary graph integrating the results from Figs. 2 and 3, illustrating the relationships among power
density, internal resistance, and concentration ratio in the RED system. As shown in the figure, increasing the concentration
ratio generally leads to a higher power density due to the enhanced Gibbs free energy available from the salinity gradient.
However, Fig. 4 also indicates that the concentration ratio alone is insufficient to fully predict power output. When the LC
concentration becomes excessively low, the system resistance increases markedly due to reduced ionic conductivity, which
offsets the benefit of higher OCV and ultimately limits power density (i.e., 1-0.01 M condition). Based on the results discussed
above, the influence of feed solution concentration on RED performance can be categorized into three factors: LC solution

concentration, HC solution concentration, and concentration ratio, which are discussed below.
(1) Optimal LC solution concentration (0.02-0.05 M)

To maximize the free energy difference between the HC and LC solutions, the HC solution should be maintained at a
higher salinity while the LC solution remains at a lower salinity. A greater free energy difference enhances the OCV in the
RED system. However, excessively low LC solution concentrations can lead to a substantial increase in internal resistance,
thereby reducing overall system performance. Maintaining the LC solution concentration within the range of 0.02-0.05 M

provides an optimal balance between energy potential and electrical resistance, ensuring efficient power generation.
(2) Effect of HC solution concentration

Increasing the HC solution concentration can enhance the free energy difference, which can improve RED performance.
However, the practical availability and cost of brine must be considered. Experimental results showed that the highest power
density of 0.446 W/m? was achieved under 2-0.02 M conditions. Nonetheless, observations revealed that the internal
resistance of the RED stack did not vary significantly when the HC solution concentration ranged from 0.2 to 2 M. In fact, a
lower system resistance was recorded under the 1-0.1 M condition (2.91 Q) compared to the 2-0.02 M condition (3.47 Q) (Fig.
4). This indicates that RED system resistance is affected more strongly by the concentration of the LC solution than by that of
the HC solution.

In addition, the results presented above indicate that an HC solution in the range of 1 to 2 M NaCl produces relatively
higher power densities in RED systems. Given that the salinity of natural seawater is approximately 0.6 M NaCl, it is
recommended to utilize brine discharge from seawater desalination plants, with salinity levels ranging from approximately 1.2
to 1.4 M NaCl, as the HC solution. This approach can provide a more favorable concentration gradient and enhance the power

generation performance of the RED system.
(3) Optimal concentration ratio (> 50:1)

The concentration ratio directly influences the free energy difference between the feed solutions and significantly affects
OCV. Since power density closely follows the trend of OCV, maintaining a concentration ratio of at least 50:1 is essential for
maximizing RED efficiency. The results discussed above confirm that the trends in power density closely follow the trends in
OCYV, particularly in response to variations in the HC solution. Under the same concentration ratio of 100:1, the RED system
exhibited superior performance with a 2-0.02 M condition compared to 1-0.01 M (0.446 W/m?2 > 0.346 W/m?; 3.47 Q < 18.07
Q) (Fig. 4). This is attributed to the significantly higher internal resistance observed in the LC solutions at extremely low

concentrations.

A practical implication is that the concentration ratio alone is not sufficient to describe performance, because LC
conductivity can dominate the overall ohmic loss. This is also reflected in the literature (Table 2), where, despite a high
HC-LC ratio, very dilute LC conditions are consistently associated with low power density due to resistance penalties [24-25].

In contrast, higher power densities reported for larger stack sizes are typically accompanied by sufficiently conductive feed
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solutions and/or operating conditions that mitigate polarization [26]. Therefore, the operating window identified here (HC: 1-2
M, LC: 0.02-0.05 M, and ratio > 50:1) should be interpreted as a balance between thermodynamic driving force and resistance

control, rather than as a recommendation to maximize the ratio by further diluting the LC solution.
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Fig. 4 Summary of power density and internal resistance at different concentration ratios in the RED system

3.2. Effects of space velocities

Effect of LC solution space velocity

Fig. 5(a) shows the OCV and system resistance at different LC solution space velocities. When the LC solution space
velocity was varied from 0.25 to 1 1/min, the OCV remained relatively stable, ranging between 0.81 and 0.85 V. This indicates
that the LC space velocity has no significant effect on the OCV of the RED system. However, variations in space velocity
affected the resistance of the IEM by influencing the electric double-layer resistance and the diffusion boundary-layer
resistance. A slight increasing trend in total system resistance was observed with increasing space velocity, although the
variation was not substantial. The power density as a function of voltage at different space velocities is illustrated in Fig. 5(b).
The power density decreased with increasing LC solution space velocity, with the highest value observed at a space velocity of

0.25 1/min (0.375 W/m?).
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Fig. 5 Effect of LC solution space velocity on RED system performance (5 IEM pairs; HC: 1 M, LC: 0.02 M)
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As the space velocity increased from 0.25 to 0.375 1/min, the power density dropped from 0.328 to 0.279 W/m?
(approximately 15%). At the highest tested space velocity of 1 1/min, the power density further declined to 0.206 W/m?2. These
results suggest that increasing the LC space velocity has an adverse effect on RED power output, despite minimal changes in
OCYV and internal resistance. While higher space velocity can compress the diffusion boundary layer at the membrane surface,
it may also hinder effective ion diffusion and exchange within the solution, thereby reducing the system’s power density.
Furthermore, increasing the space velocity requires greater energy input for pumping, which ultimately lowers the net energy

output of the RED system.

Effect of HC solution space velocity

In this experiment, the space velocity of the LC solution was maintained at 0.25 1/min, while the space velocity of the HC
solution was varied at 0.125, 0.25, 0.375, and 0.5 1/min. Fig. 6(a) shows that corresponding OCVs at HC space velocities of
0.125, 0.25, 0.375, and 0.5 1/min, were 0.81, 0.84, 0.82, and 0.87 V, respectively, while the internal resistances were 5.44, 4.91,
5.01, and 4.99 Q. These results indicate that variations in HC space velocity had no significant effect on OCV. However, space
velocity slightly affected the resistance of the IEMs, with a minor decreasing trend observed as space velocity increased. Fig.
6(b) presents the power density as a function of voltage at different HC solution space velocities. Power density initially
increased with rising HC space velocity, reaching a peak when the space velocity increased from 0.125 to 0.25 1/min, with

power density improving from 0.325 to 0.328 W/m? (increase of approximately 7.5%).

Further increases in space velocity resulted in a decline in power density, dropping to 0.231 W/m?2 at a space velocity of
0.5 1/min. The results suggest that while excessively low HC solution space velocity limits ion transport and reduces power
output, excessively high space velocities are also detrimental to RED performance. Compared to the effect of LC solution
space velocity at low values, variations in HC space velocity have a smaller impact on RED power density under low space
velocity conditions. Overall, changes in either HC or LC solution space velocity did not lead to significant variations in OCV
or internal resistance. However, the data clearly show that increasing HC solution space velocity beyond an optimal point
reduces power generation efficiency and requires higher energy input for pumping, thereby diminishing the net energy output

of the RED system.
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Fig. 6 Effect of HC solution space velocity on RED system performance (5 IEM pairs; HC: 1 M, LC: 0.02 M)

Space velocity introduces an electrochemical-hydraulic trade-off. While higher flow can enhance mass transport and
mitigate concentration polarization, it can also reduce residence time for effective ion exchange and increase pumping demand,
which becomes critical when energy efficiency is considered. This trade-off is evident from prior studies that employed

substantially higher space velocities to boost reported power densities [26-27]. Such conditions can improve mass transport but
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require greater hydraulic input and may not translate into improved net performance. In this work, the optimum space velocity
of approximately 0.25 1/min represents a practical operating point where transport limitations are controlled without imposing

excessive hydraulic burden.

3.3. Effects of IEM pairs

The relationship between OCV and internal resistance as a function of the number of IEM pairs is presented in Fig. 7(a).
The RED stack used an HC solution of 1 M NaCl and an LC solution of 0.02 M NaCl. Both solutions were circulated at a space
velocity of 0.25 1/min. When the RED system employed 1 to 5 IEM pairs, the corresponding OCV values were 0.195, 0.345,
0.515, 0.609, and 0.842 V, respectively. The OCV increased proportionally with the number of membrane pairs, which is
consistent with theoretical predictions. Likewise, system resistances measured for 1 to 5 IEM pairs were 3.07, 3.58, 4.09, 4.42,
and 4.91 Q, respectively. This progressive increase was attributed to the inherent resistance of IEMs, which selectively
facilitate ion transport while contributing additional resistance to the system. The increase in resistance followed an

approximately linear trend, reflecting the cumulative effect of each added membrane pair.

Fig. 7(b) shows the power density as a function of voltage for different numbers of IEM pairs. The corresponding power
densities for 1 to 5 IEM pairs were 0.064, 0.183, 0.298, 0.306, and 0.328 W/m?2, respectively. Increasing the number of IEM
pairs led to a higher OCV; however, it also increased the overall stack resistance due to the additional membrane pairs. Despite
the increase in resistance, the net effect on power density remained favorable within the tested range. These results indicate that
increasing the number of IEM pairs is a beneficial strategy for RED system design. Although additional membrane pairs

contribute to increased resistance, the corresponding rise in system voltage enables greater power output.
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Fig. 7 Effect of IEM pairs on RED system performance (HC: 1 M, LC: 0.02 M; space velocity: 0.25 1/min)

3.4. Effects of flow channel thickness

A series of experiments was conducted using flow channels with thicknesses of 1, 2, 3, and 4 mm, employing a single pair
of IEMs under otherwise constant operating conditions (HC: 1 M, LC: 0.02 M, space velocity: 0.25 1/min). The relationship
between OCV and internal resistance as a function of flow channel thickness in the RED stack is shown in Fig. 8(a). The OCV
exhibited a modest increase with increasing flow channel thickness, likely due to the larger solution volume providing a higher
concentration of mobile ions, which marginally enhances the membrane potential. The system resistances measured for
channel thicknesses of 1, 2, 3, and 4 mm were 3.07, 4.36, 6.04, and 11.46 Q, respectively, reflecting a consistent and substantial
increase in resistance with increasing thickness. This trend is particularly pronounced at larger thicknesses and can be

primarily attributed to the low conductivity of the LC solution.
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Fig. 8(b) presents the power density as a function of voltage for different flow channel thicknesses. The corresponding
power densities for channel thicknesses of 1, 2, 3, and 4 mm were 0.372, 0.416, 0.361, and 0.206 W/m?2, respectively. Among
these, the 2 mm flow channel yielded the highest power density. The results indicate that increasing the flow channel thickness
can lead to a slight enhancement in OCV, which is beneficial for power density. However, this advantage is counterbalanced
by a corresponding increase in system resistance, which negatively affects overall power output. As a result, the power density
initially exhibits a modest increase with flow channel thickness but subsequently declines. In particular, at a thickness of 4 mm,

a sharp increase in resistance was observed, resulting in a substantial drop in power density.

While greater flow channel thickness may improve OCV by accommodating a larger number of ions, this benefit becomes
marginal in system configurations involving a greater number of IEM pairs. In contrast, the impact of increased flow channel
thickness on system resistance becomes more pronounced, posing a significant limitation to power density. Therefore,

excessive channel thickness is ultimately detrimental to RED system performance and should be carefully optimized in system

design.
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Fig. 8 Effect of flow channel thickness on RED system performance (1 IEM pair; HC:1 M, LC: 0.02 M;
space velocity: 0.25 1/min)

3.5. Benchmarking against prior RED studies

Table 1 Literature benchmark of representative RED operating conditions

o v P,
— 2
Description (HC-LC, M) S (cm?) N ERS type (1/min) | (W/m2) Ref.
0.02/2 M NaCl 67.5 5 0.02 M Fe(CN)&*~ / Fe(CN)s*~ 0.25 0.446 | This study
0.02/1 M NaCl 67.5 5 0.02 M Fe(CN)e*~ / Fe(CN)s*~ 0.25 0.328 | This study
RED operating on 0.006 / 0.6
M NacCl for oxidation of 10 x 27 50 0.0002-0.2 M NaCl and NH.Cl 0.098 0.06 [24]
ammonia and power output
RED operating on 0.1 /5 M 0.3 M Fe(CN)s*~ / Fe(CN)s*~
NaCl for power generation 4444 1 500 and 2.5 M NaCl L4 32 [26]
RED operating on 0.017 / 3- a
0.507 M NaCl with CO: bubble |  96.04 | 5 | 009 MEe(CN)e /Fe(CNe 5 0.29 [27]
f and 0.25 M NaCl
or power output
0.3 M Fe(CN)s*", 1 M KOH, and
RED operating on 0.006 / 0.6 0.6 M NaCl (An)
M NaCl with a flow battery 8x8 20 0.2M 2,6 DHAQ, 1 M KOH, and 0.625 0.07 [25]
0.6 M NaCl (Cat)

Notes: S: membrane area; N: number of IEM pairs; ERS: electrode rinse solution; V: space velocity of saline solutions; Pq: power
density; An: anode; Cat: cathode
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This section provides a compact benchmark for contextual comparison with representative RED studies. Table 2
summarizes operating descriptors that materially influence reported power density, including membrane area, number of IEM
pairs, electrode rinse solution chemistry, and space velocities. The purpose is to provide a transparent context for readers rather
than to rank performance across studies. Reported power density reflects the coupled effects of driving force, internal
resistance (often governed by LC conductivity and channel geometry), polarization (flow-dependent), and variations in
electrode systems and operating definitions. Table 2 is therefore used to support design interpretation: balancing OCV gain
against resistance penalties, selecting a practical flow regime that mitigates polarization without excessive hydraulic demand,
and managing resistance accumulation when increasing IEM pairs, while acknowledging the limits of cross-study

comparability.

4. Conclusions

This study systematically investigated the power generation performance of RED by evaluating the effects of key
operating parameters, including the HC and LC solution concentrations, space velocity, number of IEM pairs, and flow

channel thickness. The main conclusions are summarized as follows:

(1) A concentration ratio of HC to LC greater than 50:1 is required to provide sufficient Gibbs free energy for effective power

generation in the RED system.

(2) The LC solution concentration should be maintained in the range of 0.02 to 0.05 M NaCl to balance ionic conductivity and
internal resistance, while an HC solution concentration of 1 to 2.5 M NaCl provides an adequate salinity gradient without

incurring high operational costs.

(3) An optimal space velocity of 0.25 1/min for both HC and LC streams enables efficient ion transport while minimizing

pumping energy consumption.

(4) Increasing the number of IEM pairs significantly improves OCV and power density; however, the associated increase in

internal resistance must be carefully managed to maintain system efficiency.

(5) A flow channel thickness of 1 to 2 mm effectively enhances ion exchange while limiting resistance losses, thereby

improving the overall RED performance.

Overall, this study provides comprehensive guidance for optimizing RED system operation and contributes to the
advancement of salinity gradient energy as a viable renewable energy technology. Further investigations should focus on
scaling up the RED system by increasing the number of membrane pairs and the active membrane area to evaluate performance
under conditions closer to practical applications. In addition, the use of real feed waters, such as seawater, river water, and
desalination brine, should be examined to assess the effects of multivalent ions, organic matter, and fouling on long-term

system stability.

Abbreviations
SGP | Salinity gradient power SD Swelling degree
RED | Reverse electrodialysis IEC | Ion-exchange capacity
HC | High-concentration FCD | Fixed charge density
LC | Low-concentration CEM | Cation-exchange membrane
IEM | Ion-exchange membrane AEM | Anion-exchange membrane
OCV | Open circuit voltage DSA | Dimensionally stable anode
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