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Abstract 

Despite the great prospects of reverse electrodialysis (RED), which directly transforms 

salinity gradient energy into electricity, new efforts focusing on its optimization are still 

required before large-scale implementation. RED performance is determined by 

numerous variables including (i) membrane properties, (ii) compartment and spacer 

design, (iii) stream concentrations defining salinity gradient, (iv) flow velocity and 

fluidodynamics. Among them, low salinity stream (LC) concentration and feed flow rates 

are key operation variables with great impact on power output; thus, this work approaches 

their parametric analysis through modeling tools. Initially, as novel study, LC salinity 

influence was deeply analyzed by quantifying its relative contribution to the overall 

internal resistance while determining the rest of all ohmic and non-ohmic components. 

Seawater was selected as high concentrated solution (HC), 0.55 M NaCl, due to its global 

availability for RED exploitation. LC and Reynolds number analysis are needed to select 

suitable water sources and devise new strategies to adapt RED performance. LC salinity 

of 0.02 M NaCl and ReHC=3.4 and ReLC=7 allowed to reach the highest net power density. A 

previously developed mathematical model was used, with simulated results validated in 

a laboratory-scale plant, offering valuable input for future decision-making in RED 

operation and upscaling.  

 

 

Keywords: Blue energy; Salinity gradient (SG); RED performance; Low Concentration 

Solution Influence; Re number analysis.
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1. Introduction 

The depletion of fossil fuels together with the associated environmental impact derived 

from their utilization and the growing trends in global energy consumption call for the 

deployment of new energy sources to ensure sustainable economic growth. According to 

the International Renewable Energy Agency (IRENA), energy demands will increase 

significantly by 80 % in 2050 [1]. Salinity Gradient Power (SGP), also known as Blue 

Energy, is a promising option for clean and renewable energy generation whose interest 

has exponentially raised in the last decade [2]. SGP uses the Gibbs energy from the 

mixing of two water streams with different salinity. Usually, seawater has been targeted 

as high concentrated solution (HC) and river water as low concentrated solution (LC). 

Nevertheless, other water sources are possible, for instance, industrial brine solutions as 

HC streams, and lake, underground water and treated urban wastewater as LC streams. 

Previous works have reported that up to 0.8 kWh could be obtained when 1 m3 of fresh 

water flows into the sea [3]. In fact, the global energy output from estuaries is estimated 

at 2.6 TW, representing an important source for  energy recovery [4,5]  

Currently, two emerging technologies to harvest the SGP are being intensively 

investigated, pressure retarded osmosis (PRO) and reverse electrodialysis (RED). These 

two emission-free and sustainable options are based on the use of selectively permeable 

membranes. The only pilot plant based on PRO technology to date was set up in Tofte 

(Norway) by the company Statkraft, using seawater and river water as HC and LC 

streams, respectively. The initial power generation target was 10 kW and a second phase 

included the building of a full-scale plant of 25 MW by 2015 [6]. However, the pilot plant 

ceased activities in 2014 due to operational problems such as membrane fouling, among 

others. In fact, when PRO and RED technology have been compared, the first option has 

been considered a more attractive option for power generation from concentrated saline 

brines due to a higher energy recovery capacity [4]. On the other hand, RED technology 

has been proposed as a more advantageous technique to harvest SGP from the mixing of 

seawater and river water [7,8]. RED performance is greatly influenced by the 

configuration and design of the modules and several operational variables. In the last 

decade, there has been an exponential rise in the number of works dealing with the study 

of such parameters in order to assess the tradeoffs of the technology and to compare 

different scenarios. According to the main approach followed both in terms of 

experimental work and mathematical modeling, the studies can be grouped into: (i) stack 
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design optimization, including the analysis of the properties of ion exchange membranes 

(IEMs)  [9–12], the role played by spacers [13,14] and electrode configuration [15,16]; 

(ii) module operation, covering important variables such as feed solution concentration 

[11,12,17,18], effect of ion species [19,20], flow rates [21], temperature [22,23] and 

operation mode strategies [24];  and  (iii) integration of RED technology in hybrid 

processes [25,26]. Also, it is worth noting that the operation at pilot scale has already 

been demonstrated in two different scenarios. On one hand, a pilot plant using brines and 

brackish water was set up in Marsala (Italy), reaching power outputs of 700 W with 

artificial NaCl solutions and of up to 330 W with real water streams [27,28]. On the other 

hand, a pilot plant working with seawater and river water was built in Afsluitdijk (The 

Netherlands) with a target of 50 kW of gross power [29]. More recently, new strategies 

for water reclamation through  RED technology in coastal wastewater treatment plants 

have been proposed [30]. 

In terms of stack configuration, the progress achieved in the last few years in membrane 

development and spacer design have made possible to greatly increase the performance 

of RED technology [31]. Gross power density, net power density and energy efficiency 

are the main outputs to quantify the performance of the RED stacks [11], which are 

strongly impacted by the operational variables, such as concentration and flow rate, 

membrane properties and stack configuration. Permselectivity and electrical resistance 

are the most relevant properties of IEMs, affecting power performance [32,33]. On the 

other hand, these two parameters are influenced by the ion exchange capacity, charged 

density and water content. Moreover, permselectivity is not only determined by intrinsic 

membrane properties, but also by surrounding conditions such as solutions concentration. 

Generally, high salt solution concentration can affect electrostatic exclusion decreasing 

IEM permselectivity [34]. Many studies have employed commercially available 

membranes for RED set-up, but there is an increasing trend in tailoring IEMs to optimize 

their performance [35]. In the same way, different spacer designs have been explored to 

promote suitable stream flows, to reduce the internal resistance of the compartments and 

to enhance the mixing in the diffusive boundary layers, including profile-membrane 

options [36,37]. 

In respect of operational variables, the feed solutions are responsible for the electromotive 

driving force and significantly influence the internal resistance of the stack [27,38]. In 

general, RED performance is improved when the salinity difference between the HC and 
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LC solutions is increased. However, as already mentioned, membrane permselectivity has 

been shown to decrease when high salt HC streams such as concentrated brines are 

employed, thus limiting further improvement of power generation [39]. At the same time, 

for a fixed HC, the variation of the LC contributes with two competing effects on 

electromotive force and internal resistance. In this sense, low conductivities in the LC 

compartments can lead to a significant negative impact on the overall resistance of the 

system [40]. On its part, the feed flow velocity can favor the mixing in water 

compartments while boosting the electromotive force and reducing the non-ohmic 

components of the internal resistance. However, the increase in the feed rate is achieved 

at the cost of increasing pumping energy, lowering the net power output [21]. These 

implications indicate that the influence of LC concentration and feed flow velocities of 

the feed streams need to be thoroughly analyzed under systematic approaches to find 

optimal operational conditions.   

Several previous works have focused on the experimental analysis of  the influence of the 

solutions concentration and the feed flow rates on power performance [5,27,28,37,38,41–

43], employing brines or seawater as HC solutions along with river water [39,42,44–47], 

brackish water [27,28,43,48], wastewater [49,50] or seawater (when brines are used as 

high concentration solution) [43,51] as LC solutions. However, further modeling analysis 

is needed to deeply study the influence of these two variables over a wide range. The 

exhaustive analysis of the effect of the concentration in the LC compartments will lead to 

proper decision-making when it comes to selecting the suitable water streams as well as 

to devise new strategies to adapt the available ones. For example, urban treated 

wastewater could be employed as LC for further valorization, but they usually present 

low conductivity. Their salinity could be increased up to the desired concentration by 

being mixed with a fraction of seawater.  

On the other hand, the optimal flow velocity of LC may differ from that of HC and, 

therefore, the parametric analysis of both rates is important to select the optimal feed 

solution rates that ensure maximum net power density considering pumping costs. The 

assessment of the RED performance as a function of the Reynolds number takes into 

consideration the geometry of the system and the fluid properties such as density and 

viscosity, and thus, it is a useful tool to study different configuration stacks and water 

streams for comparative purposes and upscaling.  
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This work delves into the optimal operational variables in terms of LC concentration and 

Reynolds number. On one hand, an in-depth analysis of the influence of the LC 

compartment was performed by determining its relative contribution to the overall 

internal resistance and searching for the optimal concentration of the LC stream, for a 

fixed concentration of 0.5 M NaCl for the HC compartment. The concentration of the HC 

streams was maintained because it represents the average salinity for seawater, which is 

the most widely employed stream as high salinity flow. On the other hand, the effect of 

the Reynolds number in both HC and LC compartments was systematically analyzed in 

terms of gross and net power, which represents an innovative approach. This study was 

carried out using a robust mathematical model implemented in the Aspen Custom 

Modeler® software, and the simulated results were validated in a laboratory-scale plant. 

While the number of operation conditions can be limited by experimental approaches, 

mathematical tools can help to analyze a wide range of scenarios contributing to future 

decision-making for RED optimization and upscaling.  

 

2. Materials and methods  

2.1. Experimental set-up   

The experiments were performed using a RED stack formed of 20 cell pairs supplied by 

Fumatech (Fumatech®, Germany). Specifically, the stack was equipped with the Fumasep 

membranes FAS-50 and FKS-50, as anion and cation exchange membranes, respectively, 

with 200 cm2 of active membrane area. Long et al (2018) reported the highest 

performance of these membranes in terms of net power out and energy efficiency in 

comparison to other commercial membranes [11]. Commercial polyethersulfone spacers 

with a thickness of 270 µm, effective area of 200 cm2 and porosity of 82.5% were employed 

to separate the membranes, while anode and cathode electrodes consisted of titanium and 

mixed oxides. A summary of the main specifications of the RED system as well as the 

representation of the laboratory plant is provided as Supplementary Material (see Table 

S1 and Figure S1).   

The electrode rinse solution (ERS) consisted of 0.05 M K3Fe(CN)6, 0.05 M K4Fe(CN)6 

(Scharlau, purity >99.0%, Spain) and 0.25 M NaCl (Fisher Chemicals, assay >99.5%, 

UK). ERS was continuously recirculated through the electrode compartments. 

Experiments were performed by using an electronic load device under galvanostatic mode 
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(Chroma Systems Solutions 63103A, USA). Voltage output was measured as a function 

of current. The RED stack was left in open circuit mode until a stable open-

circuit voltage (OCV) was obtained, typically 5 min (steady-state conditions). Then, 

electrical current was modified in steps of 0.025 A and maintained until voltage output 

remained constant. For experimental tests, synthetic water streams were prepared using 

industrial grade sodium chloride (purity>99.5%, Fisher Chemicals, Spain) in distilled 

water. The stack was continuously fed with stream solutions at a constant temperature of 

24±1 ºC. 

 

2.2. Mathematical model 

A robust mathematical model previously reported and developed in the software Aspen 

Custom Model V9 (AspenTech) was used to predict the electrical performance of the 

RED stack under several operation conditions. A detailed description of this model can 

be found in the work by Ortiz-Imedio et al. [52]. As a summary, this model assumes co-

current flow distribution, with main variables of the system (resistances, cell pair voltage, 

voltage output, power and current) being evaluated at the average conditions between the 

inlets and outlets of the stack. Ion fluxes in the solutions are quantified through mass 

balance equations.  

The Nernst equation was employed for determination of the cell pair voltage, according 

to the following expression: 

𝐸𝑐𝑒𝑙𝑙 (𝑥) =  𝛼𝐶𝐸𝑀 ·
𝑅·𝑇

𝐹
· [

1

𝑧𝑖
𝑙𝑛 (

𝛾𝐻𝐶
𝑁𝑎+

(𝑥)·𝐶𝐻𝐶
𝑁𝑎+

(𝑥)

𝛾𝐿𝐶
𝑁𝑎+

(𝑥)·𝐶𝐿𝐶
𝑁𝑎+

(𝑥)
)] + 𝛼𝐴𝐸𝑀 ·

𝑅·𝑇

𝐹
 .·

[
1

𝑧𝑖𝑜𝑛
𝑙𝑛 (

𝛾𝐻𝐶
𝐶𝑙−

(𝑥)·𝐶𝐻𝐶
𝐶𝑙−

(𝑥)

𝛾𝐿𝐶
𝐶𝑙−

(𝑥)·𝐶𝐿𝐶
𝐶𝑙−

(𝑥)
)]                                                                     (1) 

where αCEM and αAEM  stand for the permselectivities of the cation and anion exchange 

membranes, respectively, z is the ion valence, γ is the ion activity coefficient in the 

solutions, C is ion concentration (mol/m3), F is the Faraday constant (C/mol), R is the 

universal gas constant (J/(mol·K)) and T is temperature (K). 

This model includes the estimation of the internal resistance of the stack mainly caused 

by ohmic and non-ohmic contributions. Specifically, the resistances of the membranes 

(Rm) and of the compartments (RHC and RLC) correspond to ohmic components, while non-

ohmic resistance is due to the streamwise concentration change along the compartments 
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(RAC) and the boundary layer resistance (RBL). The voltage output (E) is given by the 

theoretical voltage of the stack (sum of total cell voltages) considering the internal total 

resistance of the system (Rstack, Ω·m2) according to the following equation: 

𝐸 = ∑ 𝐸𝑐𝑒𝑙𝑙 − 𝑗 · 𝑅𝑠𝑡𝑎𝑐𝑘                                                             (2) 

where j stands for current density (A/m2).   

Finally, the gross power density, Pgross (W/m2
mp), was calculated considering the output 

voltage and the electric current (I) as well as the number of membrane pairs (N) and the 

effective area per membrane (A) as follows:  

𝑃𝑔𝑟𝑜𝑠𝑠  =
𝐸 · 𝐼

(𝑁 · 𝐴)
                                                             (3) 

 

For the characterization of the energy performance in RED stacks, the net power density 

(Pnet) can be calculated by subtracting the power spent in pumping (Ppump) from the gross 

power [47] according to eq. 4.a and 4.b:  

                              𝑃𝑛𝑒𝑡 (𝑊/𝑚2) =
𝐸 · 𝐼 −   𝑃𝑝𝑢𝑚𝑝

𝑁 · 𝐴
                                        (4. 𝑎) 

𝑃𝑝𝑢𝑚𝑝 (𝑊) =
∆𝑃𝐻𝐶 · 𝑄𝐻𝐶 + ∆𝑃𝐿𝐶 · 𝑄𝐿𝐶

ŋ
                                   (4. 𝑏) 

where ΔPHC and ΔPLC are the respective pressure drops (Pa) between the inlets and the 

outlets of the low and high concentration solutions, QHC and QLC are the volumetric flow 

rates (m3/s) in the high and low concentration solutions, respectively, and ŋ is the pump 

efficiency (set by default to 75%) [27,41]. In turn, ΔPHC and ΔPLC are calculated according 

to the pressure drop in a spacer filled system [53]. 

The Reynold numbers (Re) used in this study has been calculated according to eq. 5 

[36,52]: 

𝑅𝑒 (−) =
2 · 𝑄 · 𝜌

𝜀 · 𝑏 · 𝜇
                                                  (5) 

where b is the spacer thickness (m), Q is the flow rate (m3/s), ρ is the density of the 

solutions (kg/m3) and μ is the dynamic viscosity (kg/(m·s). 
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The effect of non-single charged ions in the water streams was not taken into account in 

this study for the sake of simplicity. According to a previous work studying the effect of 

non-single charged ions on power performance [20], the trends of the results obtained 

here could be assimilated for scenarios containing non-single charged ions, with an 

additional increase in the resistances of the cation and anion ex-change membranes to the 

same extent, which would translate into a small decrease of gross power up to 8.6 % as 

maximum, working with seawater as HC. 

 

3. Results and discussion 

3.1. The influence of the Low Concentration Solution in energy performance 

The concentration of the feed solutions determines the electromotive driving force in 

RED performance but also has an important effect on the internal resistance of the stacks. 

Especially, the LC solution, which can be characterized by low values of conductivity, 

can be a major contributor to the total internal resistance, so that the trade-off between 

the gain in driving force and the performance lost due to the increase in the internal 

resistance must be optimized [39]. In order to analyze the influence of the concentration 

of the LC solution, a parametric sensitivity analysis has been performed in the range from 

5.9·10-5 M to 0.5 M NaCl, for a fixed HC solution of 0.55 M NaCl, corresponding to the 

typical salinity of seawater. Although the superior limit of 0.5 M is not representative of 

real conditions for LC solutions, since it is very close to the concentration of the HC 

compartment, it was considered here in order to complete the study over a wide range of 

concentrations. For this first analysis, the linear flow velocity of both streams were 

maintained at 1.2 cm∙s-1, which is equivalent to a Reynolds number of 5.4, in line with 

typical values employed in experimental works [19], and the temperature was set at 24 

ºC. The minimum resistance values of the IEMS provided by the manufacturer were used 

for modeling purposes, 0.6 and 1.8 Ω·cm2 for the AEMs and CEMs, respectively. This 

analysis was accomplished by using a detailed mathematical model implemented in the 

software Aspen Custom Modeler® [52].  
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The evolution of gross power and internal resistance of the stack (Rstack) as a function of 

the electromotive driving force defined here as the ratio between HC and LC molar 

concentrations is displayed in Figure 1, for the range of LC considered. Figure 1.a reflects 

that gross power output (P) initially increases (see zoom in Figure 1.b) up to an HC/LC 

ratio of 27.5 in concordance with previous works reported by Long et al. [11,12]. From 

this point on, the gross power first experiments a sharp drop, and then, beyond HC/LC = 

2000, it decreases smoothly. While the electromotive driving force increases, due to an 

increase in the salinity gradient difference at the expense of reducing the LC 

concentration, the resistance of the system is affected by the low conductivity of this 

solution (Figure 1.c) from low HC/LC ratios, as reflected in the loss of power from 

HC/LC=27.5 (corresponding to an LC concentration of 0.02 M). This can also be seen 

through the evolution of the overall internal resistance Rstack; after a sharp increase in the 

internal resistance, Rstack tends to smooth down and reach a plateau around 0.20 Ω·m2 at 

very high HC/LC ratios. 
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Figure 1. Variation of gross power and Rstack as a function of the electromotive driving force 

using ReHC=ReLC=5.4. 

 

Figure 2.a depicts the open circuit voltage (OCV) of the RED stack as a function of LC 

concentration keeping constant the Reynold number in both compartments at 5.4. It is 

observed that OCV decreases as the LC concentration increases according to the Nernst 

equation, in which lower salinity gradients imply lower OCV values following an 

exponential decay. For this reason, for an LC concentration of 5.9·10-5 M, a maximum 

OCV of 5 V was achieved. In contrast, at 0.5 M, when the gradient between LC and HC 

solutions is close to zero, a minimum OCV of 0.078 V (0.0039 Vmp) was obtained. 

Different behavior is shown for the change in maximum gross power as observed in 

Figure 2.b. In this case, the gross power reaches a maximum value of 0.65 W for an LC 
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concentration of 0.02 M (in concordance with the data presented in Figure 1). Moreover, 

around this optimal concentration, a small region can be observed in which the maximum 

gross power becomes more stable. This region comprises the LC concentration range 

between 0.005 M and 0.065 M, as can be observed in the zoom area included in Figure 

2.b. Beyond 0.02 M, the salinity gradient decreases as the LC concentration rises, 

undermining power generation. Below this concentration, although the salinity gradient 

increases between the LC and HC compartments, the maximum gross power remains 

below the optimal value due to other parameters affecting the process such as the 

compartment resistance. For the lowest LC concentration considered of 5.9·10-5 M, only 

0.38 W could be reached. In the range from 5.9·10-5 M to 0.02 M, the conductivity of the 

LC compartments is too low. As it will be quantified later, in this range, the LC 

compartment resistance displays the highest contribution to the overall internal resistance 

of the system, causing a reduction in maximum gross power. 
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Figure 2. a) OCVmp as a function of LC concentration using HC=0.55M; b) Maximum gross 

power (W/m2
mp) as a function of LC concentration, using HC=0.55 M. 
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The relative contributions offered by the individual resistance components to the total 

internal resistance of the stack, Rstack (Ω·m2), are shown in Figure 3. The overall internal 

resistance can be mainly divided into an ohmic part and a non-ohmic component [21]. 

Despite of this analysis has been performed for a ReHC=ReLC=5.4, it could be 

extrapoled to different Reynolds number, without major changes except when extreme 

velocities are used. In turn, the ohmic resistance is determined by the membrane 

resistance (Rm) and the compartment resistances of the high and low concentration 

solutions, RHC and RLC, respectively. On the other hand, the non-ohmic part comprises 

the resistance caused by the concentration change in the bulk solutions along the 

compartments between inlets and outlets, RAC, and boundary layer resistance, RBL. 

Specifically, Figure 3.a displays the relative contribution of each resistance type given as 

a percentage, while Figure 3.b includes the quantitative values of internal resistance. 

According to these results, when an LC concentration of 5.9·10-5 M was used, the solution 

resistance displayed a relative contribution of up to 65%. However, this contribution 

decreases down to 48% for an LC concentration of 0.02 M. It is worth mentioning that 

the relative contribution of RLC for LC concentrations < 0.059 M always represents the 

highest relative contribution to the overall internal resistance. It is also noticeable the high 

relative contributions of RAC from the lowest concentration considered, 5.9·10-5 M, up to 

0.059 M. However, for higher LC concentrations (0.5 M), the contributions of the LC 

compartments and the RAC are lower than that of the membrane resistance (Rm).  
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Figure 3. Relative resistance contributions to the total internal resistance (Rstack).  

 

 

Thus, for NaCl concentrations below 0.02 M in the LC compartments, mainly, the high 

contributions of the R LC and RAC resistances greatly reduce the power output despite the 

high salinity gradient. The evolution of these two resistance components versus LC 

concentration is specifically depicted in Figure 4, clearly showing that RLC remains 

always higher than RAC for the whole range, with exponential decreasing trends in both 

cases as LC increases.  
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Figure 4. Variation of RLC and RAC as a function of LC concentration (ReHC=ReLC=5.4).  

 

 

According to these results, and considering that 0.02 M would be the optimal 

concentration for LC solution, a simple and effective strategy towards optimizing the 

energy performance when using water streams with salt concentrations below this value 

would consist of mixing such streams with a fraction of seawater. For instance, the 

salinity of treated wastewater, which can be used as feed stream for LC compartments 

promoting water reuse and that typically presents lower concentrations, can be increased 

with a fraction of the HC solution increasing the energy performance of the system up to 

the value obtained with the optimum LC concentration (0.02 M), as schematically 

represented in Figure 5.  
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Figure 5. Strategies to adapt LC concentration to optimal values in RED performance.  

 

The robustness of the previously developed mathematical model [52] employed for the 

sensitivity analysis of the LC concentration was checked with experimental results, in the 

same conditions as those described for simulation analysis. RED experiments using 0.55 

M NaCl as HC solution, corresponding to seawater, and 0.02 M as LC solution, 

established as optimal concentration for this stream according to the results discussed 

above, were performed in a laboratory-scale plant. As can be seen in Figures 6 and 7, the 

experimental values (represented as points) for polarization and power curves are in good 

agreement with the simulation results. The OCV reached 2.86 V (0.143 Vmp) and 2.84 V 

(0.142 Vmp) in experimental and simulation results, respectively. Experimental and 

simulated gross power curves also overlap as can be observed in Figure 7. Simulation 

predicted a maximum gross power density value of 1.63 W/m2
mp (normalized to effective 

pair-cell membrane area), while the experimental maximum gross density was 1.60 

W/m2
mp. Thus, the mathematical model validated with these experimental conditions can 

be used as an optimization tool for RED performance. Moreover, this power density is 

higher than most of the reported values in RED studies using model waters (only pure 

NaCl) corresponding to seawater as HC and river water or water treatment plant effluents 

as LC, and working with similar Re numbers [2,3]. 
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Figure 6. Simulated and experimental results of voltage output (Vmp) against current (A/m2
mp). 

LC=0.02 M, HC=0.55 M. Experimental (points) and simulation (line). ReHC=ReLC=5.4. 

 

 

Figure 7. Simulated and experimental results of gross power (W/m2
mp) against current density 

(A/m2
mp) working with ReHC=ReLC=5.4. LC=0.02 M, HC=0.55 M. Experimental (points) and 

simulation (line). Std Dev=0.0148 W/m2. 
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3.2 Sensitivity analysis of the Reynolds number for energy performance 

optimization 

The flow rates of the feed streams strongly affect the power performance in RED systems. 

The Reynolds number can be used to indicate the fluid dynamic regime inside each 

compartment in a standard way. Additionally, since it includes the geometry properties 

of the stack and feed solution properties (viscosity and density), it also allows the 

comparison between different stack configurations and stream conditions. A parametric 

analysis of the Reynolds number in both LC and HC compartments was performed using 

the optimal LC concentration determined in the previous section (LC=0.02 M). 

Simulations were run for a fixed temperature of 24 ºC. Figure 8 shows the curves of gross 

power as a function of current intensity for values of Re number from 1.4 to 54, but 

maintained equal in both LC and HC compartments. As it can be observed, gross power 

increases with Re number. An increase in the Re number implies lower residence times 

and, therefore, a more uniform concentration gradient throughout the RED stack, with 

consequently smaller RAC and RBL resistances. Theoretically, the gross power would 

reach a maximum value when the residence time is zero. It is worth noting that, in this 

case, pressure drops along the compartments are not considered when estimating gross 

power. The influence of this parameter is addressed later on for the calculation of the net 

power.  

 

Figure 8. Gross power density as a function of current density at different Re numbers. 

ReHC=ReLC. HC=0.5 M, LC=0.02 M. 
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To validate the previous results, following a methodology similar to that used in the 

previous section, experiments working with Re=10.8 were performed. Experimentally, 

the open circuit value was 3 V (0.15 Vmp), while the predicted simulation value was 2.92 

V (0.146 Vmp). In addition, it can be seen that the slopes of both experimental and 

simulated polarization curves are in good concordance in Figure 9. Figure 10 displays the 

corresponding curves of gross power versus current intensity. The experimental and 

simulated maximum values of gross power density were 1.825 W/m2
mp and 1.95W/m2

mp, 

respectively, showing that the predictions via simulations were satisfactory. 

 

Figure 9. Polarization curve. Experimental (points) and simulated (line) values using 

ReHC=ReLC=10.8. 

 

Figure 10. Gross power density versus current density. Experimental (points) and simulated 

(line) values using ReHC=ReLC=10.8. Std Dev=0.0123 W/m2 
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For the characterization of the energy performance of the RED stack from a practical 

point of view, net power density can be calculated by subtracting the power spent in fluids 

pumping from gross power [47], according to the equation 4, included in the section of 

Materials and Methods, which takes into consideration the pressure drops along the 

compartments. Figure 11 shows the change of gross power, net power and pump 

consumption as a function of the Reynolds number working with the following 

conditions: (i) the same Re number in the HC and LC solutions (Figure 11.a) and (ii) 

maintaining constant the Re number (Re=5.4) in one of the solutions while varying the 

other (Figure 11.b-11.c). For these three cases, several overall trends can be observed. 

On one hand, pump consumption and maximum gross power increased potentially with 

the Reynolds number and thus with flow rates. On the other hand, net power increases up 

to a maximum and decreases thereafter because, from such point on, the increase in gross 

power is lower than pumping power consumption. However, delving into the differences 

between the scenarios b and c, it can be observed that the maximum net power is achieved 

at a higher value of ReLC, when the ReHC is maintained constant (ReHC=5.4). Specifically 

working with a ReLC=6.75 a net power value of 0.526 W was accomplished (scenario b). 

Besides, the range of the Reynolds number in which net power can be improved is wider 

for the ReLC in comparison to the ReHC. Thus, when ReLC is maintained constant 

(ReLC=5.4) a value of 0.631 W using a ReHC=4 was obtained (scenario c).  
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Figure 11. Evolution of gross power, net power and pump consumption (W/m2
mp) as a function 

of the Re number: a) ReHC = ReLC, b) ReLC, c) ReHC 
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A contour graph of the maximum net power as a function of Re number was plotted by 

using the results of net power (Figure 12). An optimal net power value of 0.545 W (1.35 

W/m2) was obtained working with ReHC=3.4 and ReLC=7. These Reynolds values are 

within the recommended ranges reported in the literature (Re<10) [37,42,43,54]. Thus, it 

can be concluded that, in general, when higher values of ReLC than ReHC numbers are 

used, they have a positive effect on net power. Another important observation is that small 

changes in terms of Re in the HC compartment imply higher changes in the net power. 

 

Figure 12. Contour graph of net power as a function of the Re numbers. 

 

As previously mentioned, it must be noted that the presence of non-single charged ions 

in the feeding water streams has not been considered. This issue was already addressed 

in a previous reported work [17], showing that divalent ions contribute to the increase of 

the internal resistance by raising the resistance of the cation and anion exchange 

membranes. This would translate into a decrease in power output to some extent. 

Specifically, when non-single charged ions are added at realistic concentrations, a small 

reduction of up to 8.6% in gross power is observed working with seawater as HC [20]. 

Thus, it can be assumed that the trends of the results obtained would be valid when 

considering the possible presence of non-single charged ions. Figure 13 shows a flow 

R
e H

C
 

ReLC 

1.36 



24 

 

diagram in order to summarize the inputs required to predict RED performance under 

different scenarios, operational variables and RED stack features.   

 

Figure 13. Flow diagram to predict RED performance. 

 

Conclusions  

The large-scale implementation of RED technology goes through the optimization of the 
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relative contributions of the non-ohmic and ohmic components to the overall internal 

resistance of the system were quantified as a function of LC concentration. According to 

the parametric analysis performed, the resistance of the LC compartment offers the 

greatest relative contribution to the total overall internal resistance of the RED stack. In 

addition, an optimal concentration in the region around 0.02 M was found for the LC 

solution. On the other hand, the parametric analysis of the Reynolds number allowed the 

study of the individual influences of feed flows in HC and LC compartments, as well as, 

the interaction between them for the optimization of RED performance. In this regard, it 

was demonstrated that the use of higher values of ReLC in comparison to ReHC has a 

positive effect on net power. Moreover, small changes in the ReHC imply higher changes 

in net power. The mathematical model was thus employed as an optimization tool, 

validated with experimental conditions. The analysis of the effect of the LC 

concentrations provided in this work, makes a step forward in the design and optimization 

of RED technology; it can help to make a proper selection of the water streams to be used 

as well as to design new strategies for adapting the available ones, e.g. by increasing the 

salinity of available water sources to the optimal salt concentration (0.02 M) with a 

fraction of the HC solution. Moreover, the Reynolds number can be used to confront 

different configuration stacks and water streams for comparative purposes and upscaling. 

 

Nomenclature 

I Current (A) 

j Current density (A/m2) 

b Spacer thickness 

MP Membrane Pair 

P Power density (W/m2) 

RΔC Concentration change in the bulk solution Resistance (Ω·m2) 

RAEM  Anionic Membrane Resistance (Ω·m2) 

RBL Boundary Layer Resistance (Ω·m2) 

RCEM Cationic Membrane Resistance (Ω·m2) 

Re Reynolds number  
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RHC High Concentration Solution Resistance (Ω·m2) 

Rstack Overall Internal Resistance (Ω·m2) 

RL External Load Resistance (Ω·m2) 

RLC Low Concentration Solution Resistance (Ω·m2) 

Rmem Average Membrane Resistance (Ω·m2) 

Rnon-ohmic Non-ohmic Resitance (Ω·m2) 

Rohmic Ohmic Resistance (Ω·m2) 

E Voltage (V) 

 

Abbreviation 

AEM Anion Exchange Membrane 

CEM Cation Exchange Membrane 

ERS Electrode Rinse Solution 

IEM Ion Exchange Membrane 

OCV Open Circuit Voltage 

PRO Pressure Retarded Osmosis 

RED Reverse Electrodialysis 

SGP Salinity Gradient Power 

WWTP Wastewater Treatment Plant 

 

Subscript 

HC High Concentrated Solution 

LC Low Concentrated Solution 

MP Membrane Pair 
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Supplementary Material 

RED stack specifications 

The main specifications of the RED stack employed in the experimental set-up is included 

in Table S1.  

Table S1. RED stack specifications 

 Value 

Area of one membrane (m2) 0.02 

Cell width (m) 0.063 

Cell length (m) 0.32 

Intermembrane distance (m) 5·10-5 

Membrane pairs  20 

AEM permselectivity (0.1-0.5 M) 0.92-0.96 

CEM permselectivity (0.1-0.5 M) 0.97-0.99 

AEM resistance (Ω·cm2)* 0.6-1.5 

CEM resistance (Ω·cm2)* 1.8-2.5 

Spacers thickness (µm) 270 
*0.5 M NaCl, T = 298 K 

 

Schematic representation of RED stack 

Figure S1 presents a schematic representation of the laboratory plant setup used in this 

work.  

 

Figure S1. Schematic of the experimental set-up. 
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