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Abstract 

The need to reduce energy consumption in seawater Reverse Osmosis (RO) process has pushed 

research towards the development of new hybrid systems in which, for example, other 

membrane processes can be used to pre-treat seawater. Electrodialysis (ED) and Reverse 

Electrodialysis (RED) can act as a dilution step before seawater enters the RO unit, thus leading 

to an important energy saving in RO. In this work, two coupled models are proposed for the 

RED-RO and ED-RO systems. Each process model was validated. Then a sensitivity analysis 

was performed to assess the effect of the integration on the overall process cost saving. The 

analysis was performed by changing ED or RED voltage and RO pressure and considering eight 

different cost scenarios. The performance of the hybrid system was compared with the stand-

alone seawater RO process. Competitive scenarios were found especially for the RED-RO case, 

by optimizing the dilution extent, with significant cost saving and promising potentials for 

future industrial implementation. 
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1. Introduction 

In order to meet the growing demand of high quality water supply, desalination has been largely 

implemented over the past 3-4 decades. The cumulative contracted capacity of desalination 

reached almost 100 million m3/day in 2016 [1]. Water desalination can be practised by thermal 

or membrane processes, among which reverse osmosis (RO) has become the dominant 

technology [2,3], covering 63% of the world desalination market [4]. In all RO plants, high 

pressure seawater feed pumps supply the pressure necessary to generate a positive flux of fresh 

water through the membrane [5]. Specific energy consumption in seawater reverse osmosis 

(SWRO) plants has declined dramatically in the past 40 years: better membranes, improvements 

in pump efficiency and the use of energy recovery devices (ERD) have allowed values of 3–4 

kWh/m3 or even lower to be obtained [6]. Nevertheless, energy consumption is still the major 

operational cost of SWRO process [7]. 

In order to enhance process performance and reduce energy consumption, researchers are 

studying new nanotube and nanocomposite membranes [8] and new design of the pressure 

vessels [9], though this cannot overtake the thermodynamic constrain related to the need of 

exceeding the osmotic pressure of the stream flowing in the feed channel to obtain a permeate. 

Thus, some new directions for process intensification look at the implementation of hybrid 

schemes for the combined production of water and energy [10,11] or for the pre-dilution of 

seawater aiming at the reduction of pumping power requirements [7,12]. 

Under this respect, two different approaches have been proposed. The first is based on the use 

of “osmotic dilution” steps, which require a low-salinity sink stream, such as reclaimed water 

from a waste water treatment plant. Dilution is obtained by the transport of water from the sink 

stream into the feed seawater, when osmotic membranes are adopted (e.g. Pressure Retarded 

Osmosis, Forward Osmosis and Pressure Assisted Osmosis [13–15], see Figure 1a), or, vice 
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versa, by the transport of salt from the feed seawater into the sink stream, when ion-exchange 

membranes are used (e.g. Reverse Electrodialysis, short-circuit Reverse Electrodialysis and 

Assisted Reverse Electrodialysis [16–18], see Figure 1b). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1. Schematic diagrams of the possible hybrid system configurations where Reverse Osmosis is coupled 

with a) Pressure Retarded Osmosis (PRO), Forword Osmosis (FO) or Pressure Assisted Osmosis (PAO); b) 

Reverse Electrodialysis (RED), short-circuit Reverse Electrodialysis (scRED) or Assisted Reverse Electrodialysis 

(ARED); c) Electrodialysis (ED). 
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The second approach is based on coupling RO with an Electrodialysis (ED) pre-dilution step, 

see Figure 1c. In this case, ED has the theoretical advantage of requiring lower specific energy 

for the removal of salt from high salinity streams compared to RO [19,20].  

 

1.1. Osmotic Dilution technologies coupled with RO 

Among “osmotic dilution” processes, Reverse Electrodialysis (RED) represents the most 

appealing for actual applications with reclaimed waters [16,18]. RED is a membrane process 

able to convert a salinity gradient into electrical energy by performing a partial mixing of two 

streams, so that the stream at high concentration, e.g. seawater, exits the RED unit with a lower 

concentration [21,22]. A RED unit consists of repeated periodic elements (cell pair) made by a 

cation and an anion exchange membrane, and two channels usually secured by polymeric net 

spacers. The presence of selective cation/anion exchange membranes forces the direction of 

ions movement from the concentrate to the dilute compartment so that a net electrical current 

is formed, while the electrical potential difference arising at each membrane/solution interface 

leads to the generation of an electromotive force, making this “membrane pile” a real power 

generator. Operational modes of RED are typically aimed at the generation of a maximum 

power, which requires the use of an external load resistance equal to the stack internal 

resistance. However, reducing the external load resistance, electrical current can increase until 

a maximum value in short-circuit conditions. 

In hybrid arrangements with RO (Figure 1b), the RED process, besides reducing the energy 

consumption by producing green energy, can be used as a pre-treatment, reducing the feed 

salinity (i.e. the pressure level required for pumping in RO) or can be integrated with existing 

desalination plants using their outlet brine as the high salinity feed and providing also a dilution 

strategy for brine disposal [23].  
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Li et al. [18] explored both concepts in different configurations of RED and RO integration by 

using a simple lumped parameters model. Considering spacerless channels in RED under batch 

operations, they first studied the effects of the external load and of the concentration and volume 

of the dilute solution on the energy harvested and on the outlet concentration of the saline 

stream. The optimized operating conditions, which maximise the specific energy harvested and 

minimize the discharge time, were found for a low to high salinity ratio close to 0.01, an external 

load equal to the initial internal resistance and a volumetric ratio of the low to the high salinity 

solution of 2. This optimized design for the RED process was then combined with the RO 

process for which ideal membranes and uniform hydraulic pressure were considered. The 

authors observed that the RED-RO configuration is more effective in reducing the specific 

energy consumption compared to the RO-RED design. Moreover, arranging the RED process 

as a pre-treatment, reduces the risk of scaling for RO, since some divalent ions (Ca2+ and Mg2+) 

can partially be removed. Also more complex schemes were simulated, showing promising 

results in reducing the energy consumption. However, the authors did not investigate the full 

optimisation of the integrated system, which may lead to very different “optimal” operating 

conditions compared to what was found by optimising the stand-alone RED and RO units. 

More recently, Mei et al. [24] experimentally observed that the power density harvested from 

RED process can be increased if the sink stream, at low concentration, has concentration 

between 0.01 and 0.02 M, typical of effluents from treated municipal waste water, or when the 

high concentration stream has concentration from 0.6 to 2 M, typical of brine from RO. From 

these results, they proved that RED can be coupled with RO both as a pre-treatment and a post-

treatment. However, they did not study the integrated system and a cost analysis is missing. 

Other studies only focused on the role of RED process as a post-treatment to reduce the 

concentration of the brine produced in RO or other industrial processes, before discharging it, 

producing electric energy at the same time [11,25,26].  
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As reported in Figure 1b, another pre-dilution option is the Assisted Reverse Electrodialysis 

(ARED) process. In ARED an additional external voltage is applied in order to increase the 

stack electrical current (and consequently, the salt flux from seawater to the sink stream) above 

the short-circuit condition. 

Vanoppen et al. [17,27] have proposed a hybrid scheme, consisting of an ARED stage followed 

by a brackish water RO (BWRO). The authors carried out experiments in order to characterize 

the ARED stack and then, considering the ARED-RO combination, they observed that, under 

certain operating conditions, an energy consumption reduction is possible. The economic 

analysis showed that the ARED-RO coupling was competitive with the stand-alone SWRO 

when the price of the ion exchange membranes (IEMs) was lower than 10 €/m2. 

 

1.2. Electrodialysis coupled with RO 

A different integration scheme for seawater RO desalination is the coupling with an 

Electrodialysis (ED) unit. ED is typically adopted for brackish water desalination [28–30], 

though it has been recently proposed also for seawater desalination [31,32]. With reference to 

this latter case, ED can be coupled to RO for pre-diluting the feed seawater, thus reducing the 

operating pressure of RO (Figure 3c). 

Galama et al. [33] studied experimentally the pre-desalination of seawater by ED. Supported 

by literature data on the energy consumption of BWRO systems, they found that current 

densities higher than 50 A/m2 led to overall energy consumptions of the ED-BWRO lower than 

those of the stand-alone ED. The authors claimed the potential reduction of energy consumption 

also with respect to SWRO. However, no comparison with conventional stand-alone SWRO 

and no data supporting this conclusion were reported. Moreover, only energy costs are 

considered, which leads to possible misleading conclusions. McGovern et al. [19,20] assessed 
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the ED desalination performance by letting the feed salinity vary and they found the partial 

desalination of highly concentrated brackish waters as the most cost effective application, thus 

envisioning a possible use in ED-BWRO coupled treatments. The performance of an ED-

BWRO real plant was tested for brackish water (2000-4000 ppm) desalination in domestic 

applications [34], showing promising results in increasing the recovery of produced water.  

To the best of our knowledge, the only cost analysis presented so far on the ED-RO coupling 

has been performed by Post et al. [35]. They considered a theoretical ED spacerless unit, with 

ideal membranes (perfectly ion-selective, no transport of co-ions and water) and a low 

membrane cost (5 €/m2). Under these assumptions, considering a limited range of operating 

conditions and considering theoretical energy consumptions, the ED-BWRO configuration was 

shown to be competitive with respect to SWRO. 

For the sake of completeness, we mention that other coupling solutions presented in the 

literature concern the application of RO-ED systems, i.e. hybrid processes where the RO 

retentate brine is fed to a following ED step (in more or less complex schemes which may 

involve recirculations), e.g. for valorisation of reverse osmosis brines [36–39]. 

 

1.3. Aim of the work 

The above literature review shows that schemes of hybridization in which electromembrane 

processes are used to valorise the brine produced in RO are very promising because they allow 

the diluted brine to be discharged with less environmental damages and/or they can also produce 

electricity. Concerning the use of electromembrane processes as pre-dilution steps for RO, a 

few works show the potential benefits of this integrations. However, the analysis reported are 

theoretical or based on simplified models, while a comparison with the standard stand-alone 

SWRO is not reported and cost analysis is often missing. 
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In this work, a comprehensive simulation tool was developed in order to perform a sensitivity 

analysis of the operation of hybrid schemes for (A)RED-RO and ED-RO processes 

combinations. The simulation tool was adopted to analyse the influence of operating parameters 

and operational strategies on the cost saving of the hybrid systems compared to stand-alone 

SWRO, identifying promising operational ranges and schemes. 

 

2. Modelling 

2.1. Electromembrane processes model 

The ED/RED model here adopted can be used for the three electromembrane processes 

considered in this paper. It uses a one-dimensional representation of the stack, but it includes 

also local results from 3-D Computational Fluid Dynamics (CFD) simulations (friction 

coefficients [40–42], mass transfer coefficients [43,44], and Ohmic resistances). This coupling 

between CFD and a one-dimensional model was already presented in previous works [45,46]. 

The mass balance equations take into account osmotic, electro-osmotic and diffusive fluxes 

across the membranes. Ohmic losses, membrane potentials and concentration polarization 

phenomena are considered to compute the external voltage ΔVext.  

With reference to Figure 2a, which shows a generic cell pair within a stack, the electric current 

I is assumed to be positive if directed from 1 to 2 through the stack (i.e. I > 0 for ED, I < 0 for 

RED and ARED); similarly, the external voltage ΔVext is positive if V1>V2. 

The three possible working modes (Electrodialysis, or ED; Reverse Electrodialysis, or RED; 

and Assisted Reverse Electrodialysis, or ARED) are qualitatively illustrated in Figure 2b, which 

reports ΔVext against I, and Figure 2c, which reports the power (generated or consumed) against 

I. The boundary between ED and RED is the Open Circuit condition (OC), in which ΔVext = 
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OCV and I =0. This occurs when in ED the feed solutions have different concentrations as in 

RED. The boundary between RED and ARED is the short circuit RED condition (scRED), in 

which ΔVext =0 and I = ISC. 

 

 

 

 

 

 

 

(a) 

  

 (b) (c) 

Figure 2. (a) Schematic representation of a cell pair; electrodes (1) and (2) are shown. The grey block indicates a 

passive or an active circuit element depending on the working mode. (b) Voltage-current curves; (c) power -current 

curves.  
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Table 1. Signs of current and voltage and role of the electrodes in different working modes, with reference to the 

scheme of Figure 2a. 

Process Electrode 1 ΔVext i (direction) Electrode 2 

External 

circuit 

element 

ARED Cathode (-) < 0 < 0 () Anode (+) Generator 

RED Cathode (+) > 0 < 0 () Anode (-) Resistance 

ED Anode (+) > 0 > 0 () Cathode (-) Generator 

 

Note that, according to the working conditions, each electrode (1 or 2) may be positive or 

negative and may play the role of anode (where oxidation reactions occur) or cathode (where 

reduction reactions occur). In particular, as summarized in Table 1: 

• the positive electrode is the anode in ED and ARED while it is the cathode in RED;  

• the negative electrode is the cathode in ED and ARED, while it is the anode in RED. 

All the equations of the model, valid for all possible working modes, are reported in the 

Appendix. The model was implemented in a MS Excel™ spreadsheet integrated with VBA 

macros. 

The model was validated in ED and RED conditions in previous works [45,46] and was 

additionally validated in ARED operating conditions by comparison with original experimental 

data purposely collected in a laboratory test-rig. Experiments were carried out in a parallel flow 

RED unit (REDstack BV, The Netherlands), with 10 cell pairs of active area equal to 10×10 

cm2. The stack was equipped with membranes supplied by Fujifilm Manufacturing Europe BV 

(The Netherlands), whose properties are reported in Table 2, and woven spacers (Deukum 

GmbH, Germany), 270 µm thick, with pitch to height ratio l/H = 2 and a porosity of 75%. The 

electrode rinse solution was prepared from deionized water adding 0.3 M K3Fe(CN)6, 0.3 M 
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K4Fe(CN)6·3H2O and 0.25 M NaCl. Feed solutions were prepared with deionised water and 

technical grade NaCl, with concentrations from 0.5 to 2 g/l for the dilute feed and 35 g/l for the 

concentrate. The same inlet fluid velocity of 0.5 cm/s was imposed in the concentrate and dilute 

compartment. 

The electrode rinse solution and feed solutions were circulated by peristaltic pumps (Masterflex 

Cole-Palmer). Inlet/outlet conductivities were measured by a laboratory conductivity-meter 

(WTW 340i). A laboratory stabilized power supply (Elektro-Automatic GmbH, Germany) was 

used to apply the current under galvanostatic mode, allowing also the measurement of the stack 

voltage. 

Table 2. Properties of the FUJIFILM Type 10 ion exchange membranes (data provided by manufacturer). 

 
Permselectivitya 

[%] 

Water 

permeability 

[ml/m2hbar] 

Salt 

diffusion 

permeability 

[m2/s] 

IEC 

[meq/g] 

Resistanceb 

[Ω cm2] 

Thickness 

(dry) [µm] 

Thickness 

(wet) [µm] 

AEM 97 8.0 4e-12 2.85 1.77 120 130 

CEM  98 8.0 4e-12 2.9 1.89 120 130 

a Based on electric potential measured over the membrane between 0.05 M and 0.5 M KCl solutions at 25°C. 

b Measured in 2 M NaCl solution at 25°C. 

 

In Figure 3 experimental data and simulation results are reported for tests at: a) 35 – 0.5 g/l and 

b) 35 – 2 g/l. The external voltage and the outlet concentrations from the dilute and the 

concentrate compartments are plotted as a function of the current density. At i = 0, the open 

circuit voltage is measured and this is higher when the ratio between the concentrations (35 and 

0.5 g/l) is higher (Figure 3a). As explained in Figure 2b, when the current reaches the short-

circuit value, the external voltage is zero. In ARED, in order to have currents higher than the 

short-circuit value, an external negative voltage must be applied. At increasing current 

densities, the external voltage increases (in absolute value) as well as the dilute outlet 

concentration, while the concentrate outlet salinity decreases. 
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The model results, represented with dashed lines, are in good agreement with experiments, 

though the model slightly overestimates the current density, likely due to some undersetting of 

the IEMs resistance values, while the salt fluxes are slightly underestimated. Such deviations 

are, however, acceptable and always in the conservative direction for our purposes (investigate 

the effectiveness of a pre-dilution step in hybrid schemes). 

 

 

 

 

(a) 

 

 

 

 

(b) 

Figure 3. Comparison of experimental data (diamonds) and model predictions (dashed lines) for ARED operation. 

The external voltage (left column), the dilute (middle column) and concentrate (right column) outlet concentrations 

are reported as a function of current density. a) 35 g/l and 0.5 g/l inlet feed concentrations. b) 35 g/l and 2 g/l inlet 

feed concentrations. Fluid velocity is 0.5 cm/s for both solutions. 

 

2.2. RO model 

The model adopted for the RO process is a lumped parameter model, in which average 

concentrations and pressure in each RO module are considered to compute water and salt fluxes, 
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while variations along the modules of each pressure vessel (PV) are considered. Another 

simplifying assumption is that the pressure drops in the permeate channel are neglected. 

Under these assumptions and with reference to Figure 4, which shows an example of a typical 

series arrangement of RO spiral-wound modules inside a PV, the mass balance equations in the 

i-th module can be written as: 

𝑄 = 𝑄 − 𝑄  (1) 

 

𝐶 𝑄 = 𝐶 𝑄 − 𝐶 𝑄  (2) 

 

where 𝑄  is the retentate flow rate, 𝑄  is the feed flow rate, 𝑄  is the permeate flow rate, 𝐶 , 

𝐶  and 𝐶  are the salt concentrations in the retentate, in the feed and in the permeate, 

respectively. 

 

Figure 4. Sketch of an RO pressure vessel with n spiral wound membrane elements in series. 

 

The permeate concentration (𝐶 ) can be obtained from the salt molar flux (𝑁 ) expression: 

𝑁 = 𝐵 𝐶 , − 𝐶 /𝑀  (3) 
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where B is the salt permeability constant, MS is the molar mass of salt (in this case NaCl at 25 

°C), while 𝐶 ,  and 𝐶  are the average concentrations in the feed and in the permeate 

(expressed in g/l), respectively. 

The water flux (𝐽 ) and the permeate flow rate (𝑄 ) are functions of the water permeability 

constant, A, and the net driving force, according to Eq. (4): 

𝑄 = 𝐽 𝑆 = 𝐴 𝑃 −  −  𝑆 (4) 

 

in which 𝑃  is the feed channel average pressure,   and   are the osmotic pressures of the 

feed (considering the average concentration in the channel) and the permeate, calculated by the 

Van’t Hoff equation.  

Since the average concentration (𝐶 , ) depends on the permeate flow rate (𝑄 ) and this latter, 

in its turn, depends on 𝐶 ,  (as it affects the osmotic pressure Π ), an iterative calculation is 

necessary to solve the set of equations. 

The permeate is collected in the permeate duct, where its flow rate is added to that produced in 

all previous modules, while the concentration is obtained by a weighted average of the outlet 

concentrations from the previous modules, where the weights are the relevant flow rates. At the 

outlet of the pressure vessel, the flow rate (𝑄 ) and the salt concentration (𝐶 ) of the permeate 

are: 

𝑄 = 𝑄  
(5) 

 

𝐶 =
∑ 𝐶 𝑄

𝑄
 

(6) 
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The outlet pressure in the i-th module is calculated as the inlet pressure minus the frictional 

losses: 

𝑃 = 𝑃 − ∆𝑃  (7) 

 

Considering only the distributed frictional losses along the module, these can be estimated by 

the Darcy-Weisbach equation: 

∆𝑃 = 𝑓
𝐿

𝐷
𝜌

𝑈

2
 

(8) 

 

where f is the friction factor, L is the module length, Dh is the channel hydraulic diameter 

assumed equal to twice the channel thickness, ρSOL is the density of the solution fed into the 

module and u is the void velocity, i.e. the velocity which would yield the given flow rate if the 

channel were spacerless.  

The friction factor depends on the spacer geometry and on the Reynolds number. In regard to 

the spacer geometry, in the feed channel of an RO module, usually non-woven spacers are 

adopted [47–49]. Due to the lack of detailed data on the spacer geometry adopted in the 

commercial RO modules considered in this work, we used a friction factor value obtained from 

previous CFD simulations of overlapped spacers reported in [42]. In the range of the Reynolds 

numbers investigated here (100-300), the friction factor for the overlapped spacer with an 

orientation of 45° with respect to the flow, can be estimated as 𝑓 ≈ 10 ∙ (96 𝑅𝑒⁄ ). 

The RO model described was implemented in a MS Excel™ spreadsheet and solved by macros. 

Since a validation with experimental results was not possible, we compared our model with the 

theoretical predictions of two widely used commercial codes provided by DOW Chemical 

Company: ROSA, a user-friendly program for the RO module design, and its evolution, the 

more recently developed WAVE software [50]. 
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In all simulations we assumed one PV with seven modules, all of the same type, which 

guarantee for all cases the achievement of the target permeate concentration (lower than 0.5 

g/l). The modules were selected among three products offered by DOW Chemical, whose main 

features are reported in Table 3.  

Table 3. Properties of RO modules by DOW Chemical [51–53]. 

 
BW30HR-440i SEAMAXX SW30XHR-440i 

Active area [m2] 41 41 41 

Length [m] 1.016 1.016 1.016 

Channel thickness [mm] 0.7112 0.7112 0.7112 

Permeate Flow rate [m3/day] 48 a 64.4 b 23 b 

Salt Rejection [%] 99.4 a 99.7 b 99.82 b 
    

A [l/(m2h bar)]† 3.581 2.424 0.938 

B [l/(m2h)]† 0.294 0.197 0.0458 
a Values based on the following test conditions: 2,000 ppm NaCl, 15.5 bar, 25°C, pH 8 and 15% recovery. 

b Values based on the following test conditions: 32,000 ppm NaCl, 55 bar, 25°C, pH 8 and 8% recovery. 

† Values calculated from the modules’ features reported in data sheets. 

 

In Figure 5, the comparison between the model here presented and the commercial codes ROSA 

and WAVE is reported for the case of a single PV with seven SW30XHR-440i modules. The 

inlet flow rate was set equal to 10 m3/h with a concentration of 32000 ppm and the feed pressure 

was imposed equal to 40 bar. Figure 5 shows that our model predictions are in very good 

agreement with those of the two commercial codes, with only a small overestimation of the 

permeate concentration. 
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 (a) (b) 

 

 

 

 

 

 (c) (d) 

 

 

 

 

 

 (e) 

Figure 5. Comparison between the RO model presented in this work (empty triangles) and predictions of ROSA 

(solid circles) and WAVE (empty squares) softwares. Flow rates and TDS for feed and permeate duct are reported 

as a function of the elements. The feed pressure is also reported. Simulations were conducted with RO module 

SW30XHR-440i, inlet flow rate of 10 m3/h, inlet concentration of 32000 ppm and feed pressure of 40 bar. 
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3. Simulation strategy and settings  

3.1.  (A)RED-RO and ED-RO integrated process schemes 

Simulations were performed fixing feed seawater concentration of 30 g/l and a flow rate of 346 

m3/day related to the velocity and number of cell pairs of the pre-treatment dilution units (see 

Table 4). A concentration target equal or lower than 500 ppm for the final permeate produced 

was fixed for all simulations. The electrochemical pre-treatment of the (A)RED-RO coupled 

system was fed with a low salinity stream (e.g. treated waste water) at 1 g/l. For (A)RED and 

ED processes, co-current stacks of 0.5 x 0.5 m2 were simulated. A spacer thickness of 160 m 

was considered for the dilute and concentrate compartments. As a reference case (referred to as 

Case_A, see Table 4), an electromembrane plant with 2500 cell pairs and an inlet fluid velocity 

of 2 cm/s, corresponding to a residence time of 25 s, was considered. A second configuration 

with 5000 cell pairs (referred to as Case_B), with an inlet fluid velocity of 1 cm/s 

(corresponding to a residence time of 50 s) was also simulated. A flow ratio of 1 was fixed for 

the two streams entering the pre-treatment unit. 

Table 4. Features of the electromembrane plant (ARED, RED or ED). 

  
N° of cell pairs 

 

Inlet fluid velocity 

[cm/s ] 

Residence time 

[s] 

Case A 2500 2 25 

Case B  5000 1 50 

 

The areal blank resistance, related to the electrode compartments, was set equal to 2∙10-3 Ω m2. 

The efficiencies of the pump and of the Energy Recovery Device (ERD) were both assumed 

equal to 0.75 for the integrated process scheme. 
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A sensitivity analysis was performed by changing the external voltage in the (A)RED and ED 

processes. The maximum value of voltage under RED conditions was that maximising the 

power provided. The same absolute value (with negative sign) was set as the maximum voltage 

for the ARED process while 7 intermediate values were set, including the Open Circuit 

condition (ΔV=0), as indicated in Table 5. 

Table 5. Values of external voltage in the electromembrane pre-treatment chosen for the sensitivity analysis. 

RED 

ΔV* = ΔV  P
max

 in RED 

ΔV = ΔV*/2 

ΔV = ΔV*/3 

ΔV = ΔV*/5 

Short circuit RED ΔV = 0 

ARED 

ΔV = - ΔV*/5 

ΔV = - ΔV*/3 

ΔV = - ΔV*/2 

ΔV = - ΔV* 

ED 

ΔV** = ΔV  90% LCD 

ΔV = ΔV**/2 

ΔV = ΔV**/3 

ΔV = ΔV**/5 

 

Under ED conditions, the maximum external voltage corresponds to a current density around 

90% of the limiting current density (LCD). The limiting current was estimated by an empirical 

correlation derived from our own experimental data reported in a previous work [46]. The feed 

pressure in the RO stage was suitably modified in order to reach the concentration target and, 

at the same time, maximise the water recovery. In the hybrid systems, the RO modules were 

selected between SEAMAXX and BW30HR-440i, depending on the RO feed concentration. 

 

 



20 
 

3.2. Stand-alone SWRO  

In order to properly evaluate the performance of the hybrid systems, a comparison with a stand-

alone SWRO was performed. For each simulated case, the same RO feed flow rate as in the 

hybrid case was fixed, but keeping a concentration of 30 g/l. Operating feed pressure was made 

vary in order to respect the constraint of permeate concentration (< 0.5 g/l) and to obtain the 

same permeate flow rate of the corresponding case with the hybrid system. The SW30XHR-

440i module was selected for the stand-alone SWRO, as it is the only one (among those listed 

in Table 3) able to operate under all the conditions investigated, without incurring in alarms or 

exceeding the operating limits (specified in the data sheets or obtained from the ROSA and 

WAVE software). For the stand-alone SWRO, an efficiency of 0.9 was assumed for the energy 

recovery device.  

 

3.3. Analysed performance indicators 

One of the performance indicators adopted is the net specific energy consumption, i.e. the total 

energy consumed (by the hybrid process or the stand-alone SWRO) divided by the flow rate of 

the permeate produced. For comparison purposes, another indicator, the Cost Saving (CS) 

coefficient, has been defined as: 

𝐶𝑆 =
𝑈𝑃𝐶 − 𝑈𝑃𝐶

𝑈𝑃𝐶
∙ 100% 

(9) 

 

where UPCSWRO and UPChybrid are the Unit Product Costs (UPC) related to the stand-alone 

SWRO and to the hybrid plant respectively. UPC is the sum of the capital cost depreciated over 

the plant life (CapC) and the operating cost (OpC) and it can be calculated as: 

𝑈𝑃𝐶 = 𝐶𝑎𝑝𝐶 + 𝑂𝑝𝐶 [€ 𝑚⁄ ] (10) 
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where 

𝐶𝑎𝑝𝐶 =

𝐶𝑎𝑝𝑖𝑡𝑎𝑙 𝑐𝑜𝑠𝑡 [€]
𝑃𝑙𝑎𝑛𝑡 𝑙𝑖𝑓𝑒𝑡𝑖𝑚𝑒 [𝑦]

𝑃𝑙𝑎𝑛𝑡 𝑐𝑎𝑝𝑎𝑐𝑖𝑡𝑦 𝑚
ℎ × 𝑊𝑜𝑟𝑘𝑖𝑛𝑔 ℎ𝑜𝑢𝑟𝑠 𝑝𝑒𝑟 𝑦𝑒𝑎𝑟 ℎ

𝑦
  

(11) 

 

and 

𝑂𝑝𝐶 =
𝐴𝑛𝑛𝑢𝑎𝑙 𝑜𝑝𝑒𝑟𝑎𝑡𝑖𝑛𝑔 𝑐𝑜𝑠𝑡 €

𝑦

𝑃𝑙𝑎𝑛𝑡 𝑐𝑎𝑝𝑎𝑐𝑖𝑡𝑦 𝑚
ℎ × 𝑊𝑜𝑟𝑘𝑖𝑛𝑔 ℎ𝑜𝑢𝑟𝑠 𝑝𝑒𝑟 𝑦𝑒𝑎𝑟 ℎ

𝑦
  

(12) 

 

Capital costs (CapC) associated with RO have been assumed not to change passing from one 

configuration to the other, including the change in RO module type (Table 3). This RO CapC 

can be neglected for comparison purposes. For (A)RED and ED, CapC were calculated as 

proportional to the membrane area, as quantified in Table 6.  

Operating costs (OpC) were associated to the net energy consumption, i.e. the algebraic sum of 

all the energy contributions of a system, considered positive (as shown in Figure 2c) in the case 

of energy consumed (ARED, ED and RO units) and negative in the case of energy produced 

(RED unit). Also in this case, OpC were simply expressed as proportional to the net energy 

consumption, as shown in Table 6.  

It is worth noting that the calculated UPC does not include the capital costs (and operating 

costs, other than energy consumption) for the RO unit, thus it cannot be seen as the actual cost 

of product, but as a parameter useful for comparison purposes. 

Eight different cost scenarios were studied: the first one was taken as a reference standard case; 

the others were obtained by considering a higher and a lower value for the energy and the 

RED/ED plant costs. The scenario with the highest RED/ED plant cost and the lowest energy 

cost was not considered as it is clearly the least favourably placed for the hybrid system.  
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Table 6. Assumptions for the economic analysis. 

 Scenarios 

 Standard 2 3 4 5 6 7 8 

Energy cost 
[€/kWh] 

0.15 0.15 0.15 0.3 0.3 0.3 0.08 0.08 

RED/ED plant 
[€/m2] 

20 10 40 20 10 40 20 10 

RED/ED plant lifetime 10 years 

Working hours per year 8000 h/year 
 

4. Results and Discussion 

4.1. (A)RED-RO 

The first analysis illustrates the operating and performance parameters for the hybrid system 

(A)RED-RO. In Figure 6a, the power (provided or required) and the current in the (A)RED 

process are reported as functions of the external voltage. Note that the power contains also the 

pumping power, associated with pressure losses in the channels. The salt concentration of the 

pre-diluted stream from the (A)RED process is reported in Figure 6b. The desalination rate 

reached by the electromembrane pre-treatment increases when going from right to left in the 

chart, i.e. as the electrical current increases in absolute value. Therefore, the ARED pre-

treatment provides a more diluted feed to the RO stage compared to the RED process, with a 

minimum value (in the range here investigated) of 9 g/l. Moreover, the dilution degree is lower 

(i.e. the concentration is higher) in the electromembrane plant with a lower number of cell pairs 

(Case_A). In fact, for a given external voltage value, Case_A and Case_B are in two different 

operating conditions and, in particular, Case_B works close to the short-circuit condition 

(Figure 6a), so that the desalination degree is higher than in Case_A. In addition, the lower 

amount of ions transported in Case_A is further induced by a lower residence time. Under 

ARED conditions, Case_A and Case_B would be ideally equivalent, i.e. in Case_A, the current 
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is higher, while the residence time is lower. However, non-ideal fluxes (osmotic transport and 

salt diffusion) contributing to dilute the seawater stream have less effect when the residence 

time is shorter, thus increasing the outlet concentration from the stack in Case_A.  

It is worth noting that, due to concentrations lower than 15 g/l achieved at high voltages (ΔV = 

-ΔV*/2 ≈ -130 V and ΔV = -ΔV* ≈ -260 V), the ARED plant configuration of Case_B is 

coupled to the RO module for brackish water. 

  

 

 

 

 

 

 (a)  (b) 

Figure 6. Plots of (a) power and current, (b) outlet concentration of pre-diluted stream from the (A)RED process 

as a function of the external voltage. Positive voltages are for RED; ΔV=0 is the short-circuit RED; negative 

voltages are for ARED.  

 

Figure 7 reports the inlet feed pressure in RO, the outlet permeate concentration and the 

permeate flow rate as functions of the external voltage. The pressure required in the RO unit is 

in the range from 35 bar to 19 bar (while pressure higher than 50 bar are needed in the stand-

alone SWRO). Fixing the same product flow rate for the stand-alone SWRO and for the hybrid 

process, the permeate salt concentration is higher in the two-stage coupled scheme. As the 

electrical current increases (in absolute value), the reduction of concentration obtained in the 

pre-treatment (Figure 6b) is reflected in that obtained downstream the RO unit (Figure 7b), and 
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results in a lower feed pressure in the RO unit (Figure 7a) and in an increase of flow rate (Figure 

7c). In particular, passing from the highest to the lowest external voltage, the permeate salt 

concentration decreases from 0.38 g/l to 0.2 g/l, and the flow rate increases from 120 m3/day 

to 140 m3/day, with overall recovery from 34% to 41%. In the case of stand-alone SWRO, the 

salt concentration in the treated water is almost constant and stands at lower values (0.1 g/l). 

  

 

 

 

 

 

(a) (b) 

 

 

 

 

 

 

 (c) 

Figure 7. Plots of (a) the feed pressure in RO, (b) outlet permeate concentration and (c) permeate flow rate for the 

(A)RED-RO integrated process and for the stand-alone SWRO as a function of the external voltage. In Case_B, 

for two values of the external voltage in the ARED process, the BW30HR-440i RO module was used (empty 

symbols). The permeate flow rates for the stand-alone SWRO are not reported as they coincide with each single 

case. Positive voltages are for RED; ΔV=0 is the short-circuit RED; negative voltages are for ARED.  
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In regard to specific energy consumptions and costs, in Figure 8 the (A)RED-RO hybrid system 

is compared with the stand-alone SWRO for both Case_A (graphs (a) and (b)) and Case_B 

(graphs (c) and (d)). Figure 8a and 8c show that, in both Case_A and Case-B, the specific energy 

consumption of the hybrid process is lower than that of the stand-alone SWRO (which is almost 

constant, around 1.8 kWh/m3) in a wide range of voltage, especially for the RED-RO scheme, 

where the pre-dilution step produces energy and causes a small reduction of energy consumed 

in the RO.  

The minimum energy consumption of the RED-RO coupling is 1.24 kWh/m3 in Case_A and 

1.04 kWh/m3 in Case_B, occurring between conditions of maximum power (ΔV = ΔV*, the 

highest value of voltage considered here) and the short-circuit (ΔV = 0), i.e. ΔV = ΔV*/2. In 

the ARED-RO process, the pre-dilution consumes energy, but further reduces the energy 

demand of the RO step, resulting in a total energy consumption lower than that of the stand-

alone SWRO. The values of total energy consumption are directly reflected in the lower 

operating costs OpC, as shown in Figure 8b and 8d. However, the capital costs CapC (assumed 

proportional to the installed IEM area) make the total costs go up. Note that the slight increase 

of the CapC as the voltage increases, is due to the lower flow rate of permeate produced. 

Looking at the final unit product cost UPC, the range of external voltage where the hybrid 

system is more cost effective (UPChybrid equal or lower than the UPCSWRO) is narrower than the 

range in which an energy saving is obtained. In Case_B, even if the OpC is lower than in 

Case_A, the CapC contribution is responsible for a UPChybrid always higher than the UPCSWRO, 

making this case not competitive. 
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 (a)   (b) 

 

 

 

 

 

 

 (c)   (d) 

Figure 8. Trends of the energy consumption (positive) or production (negative) per unit volume of permeate 

produced (left column) and costs (right column) comparison as a function of the external voltage. Graphs (a) and 

(b) are for the Case_A and graphs (c) and (d) are for the Case_B. In Case_B, for two values of the external voltage 

in the ARED process, the BW30HR-440i RO module was used (empty symbols). Positive voltages are for RED; 

ΔV=0 is the short-circuit RED; negative voltages are for ARED. These results were obtained in the standard 

scenario. 

 

The competitiveness of the two cases with respect to the stand-alone SWRO, can be easily 

highlighted by using the cost saving CS coefficient (Eq. 9) reported in Figure 9 as a function of 

the external voltage. For any absolute value of the voltage, the RED-RO coupling is cheaper 
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than the ARED-RO one, thanks to the energy produced by the RED process, along with the 

energy saved in the following RO step. The cost saving exhibits a maximum under the RED 

process at an intermediate condition between the maximum power and the short-circuit (ΔV = 

ΔV*/2) which corresponds to the minimum energy consumption in the hybrid system. In this 

voltage range, the electromembrane plant configuration of Case_A provides higher cost savings 

due to the lower CapC. Under the conditions simulated and the standard cost scenario, the 

maximum cost reduction is 7.5% (with respect to the stand-alone SWRO process). As, 

observed above from Figure 8, Case_B is not competitive with respect to Case_A because, in a 

wide range of voltages, it produces or consumes almost the same power than Case_A (Figure 

6a) but with a doubled membrane area required and the related CapC give a heavy contribution 

to the final unit product cost UPC. 

 

 

 

 

 

 

Figure 9. Trend of the Cost Saving of the (A)RED-RO hybrid system as a function of the external voltage. In 

Case_B, for two values of the external voltage in the ARED process, the BW30HR-440i RO module was used 

(empty symbols). Positive voltages are for RED; ΔV=0 is the short-circuit RED; negative voltages are for ARED. 

These results were obtained in the standard cost scenario. 
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The cost saving may significantly change with the cost of energy and of RED/ED plant. Figure 

10 reports the results relevant to the eight different cost scenarios (declared in Table 6) for 

Case_A only. In scenario 5, with low RED/ED plant cost and high energy cost, the highest 

values of cost saving are obtained, with a maximum of 25%, and positive values of CS in 

almost the whole range of voltage. Scenarios 2 and 4 give the same results and provide cost 

saving values slightly lower than scenario 5. The standard scenario but also scenarios 6 and 8, 

in which the costs are for both RED/ED plant and energy the highest and lowest respectively, 

still provide positive cost saving values but in a narrower range of voltage. In these cases the 

maximum cost saving is 7.5%. Cases in which the energy cost decreases but the RED/ED 

plant cost is kept standard, or also the cases in which the RED/ED plant cost increases and the 

standard energy cost is kept constant, as in scenarios 3 and 7, favour the competitiveness of the 

stand-alone SWRO desalination for any voltage applied. 

 

 

 

 

 

 

Figure 10. Trend of the Cost Saving as a function of the external voltage for eight costs scenarios. Positive voltages 

are for RED; ΔV=0 is the short-circuit RED; negative voltages are for ARED. These results were obtained for 

Case_A. 
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4.2. ED-RO 

In the case of the ED-RO hybrid system, the pre-dilution is achieved by applying ED to the 

feed seawater, thus removing some of the salt before the stream enters the RO unit. Power 

required and electrical currents for this case are reported in Figure 11a, while the salt 

concentration of the pre-diluted stream is reported in Figure 11b, both as a function of the 

external voltage. As the applied voltage increases, the electrical current increases, thus boosting 

the pre-dilution, achieving a minimum concentration of 9 g/l. As in the case of the ARED 

treatment, Case_A and Case_B differ only due to the effect of non-ideal phenomena, such as 

water flux and salt flux through the IEMs. However, in ED these fluxes reduce the current 

efficiency and, thus, pre-dilution effect.  

  

 

 

 

 

 

 (a)  (b) 

Figure 11. Plots of (a) power and current, (b) outlet concentration of pre-diluted stream from the ED process as a 

function of the external voltage.  

 

Since the amount of water and salt transported by osmosis and diffusion, respectively, is larger 

when the residence time is higher, the plant of Case_B attains a lower level of pre-dilution 

compared to Case_A. With the values of voltage chosen for the simulations (Table 5), the 

concentration at the outlet of ED falls in a range similar to that of the (A)RED pre-treatment 
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(Figure 6b). When the highest values of voltage (ΔV = ΔV**≈ 370-390 V, corresponding to a 

current density equal to 90% of the limiting one) are simulated, the low concentrations attained 

by ED require the use of brackish water RO module. 

Figure 12 reports the feed pressure in RO (a), the outlet permeate concentration (b) and the 

permeate flow rate (c) obtained by the different schemes (both stand-alone SWRO and ED-RO) 

as a function of the external voltage. The pressure required in the RO step of the hybrid system 

varies from 37 bar to 17 bar, while pressures higher than 50 bar are needed in the stand-alone 

SWRO. Under the assumption of equal permeate flow rate, the salt concentration in the 

permeate is almost constant for stand-alone SWRO at 0.1 g/l and is higher in the case of the 

ED-RO coupling. 

This concentration decreases as the voltage increases, and also the flow rate increases. 

However, in Case_B and at the highest voltage simulated, i.e. ΔV = ΔV**, these trends are 

inverted, due to the different performance of the brackish water RO module. The permeate 

concentration varies from 0.39 to 0.21 g/l. The range of the permeate flow rate is narrower 

than in the (A)RED-RO coupling (119-131 m3/day against 120-140 m3/day, see Figure 7 for 

comparison). The overall water recovery is also lower, ranging from 34% to 36%. 

Details on specific energy consumptions and costs of the ED-RO desalination process are 

shown in Figure 13.  

The energy consumed by the stand-alone SWRO treatment is 1.75 kWh/m3 while that 

consumed by the ED-RO scheme is equal or larger and increases as the voltage increases. 

As a matter of fact, the energy demand of the ED pre-treatment exceeds the energy saving in 

the following RO stage, and this occurs at a larger extent as the voltage increases. 
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 (a)  (b) 

 

 

 

 

 

 

 (c)  

Figure 12. Plots of (a) feed pressure in RO, (b) outlet permeate concentration and (c) permeate flow rate for the 

ED-RO integrated process and for the stand-alone SWRO as a function of the external voltage. For the highest 

voltage applied in the ED process, the BW30HR-440i RO module was used (empty symbols). The permeate flow 

rates for the stand-alone SWRO are not reported as they coincide with each single case. 
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 (a)  (b) 

  

 

 

 

 

 

 (c)  (d) 

Figure 13. Trends of the energy consumption per unit volume of permeate produced (left column) and costs (right 

column) comparison as a function of the external voltage. Graphs (a) and (b) are for the Case_A and graphs (c) 

and (d) are for the Case_B. For the highest voltage applied in the ED process, the BW30HR-440i RO module was 

used (empty symbols). These results were obtained in the standard scenario. 

 

Translating these results in terms of OpC and calculating CapC (0.06 €/m3 and 0.12 €/m3 for 

Case_A and Case_B respectively), it follows that the total costs considered for the ED-RO 

process are higher than for the stand-alone SWRO. 
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These results can be also expressed in terms of cost saving which assumes high negative values 

as reported in Figure 14. This means that the conditions simulated (plant configuration and 

operating conditions) are not favourable for the ED-RO coupled scheme in the standard cost 

scenario, while the stand-alone SWRO and (A)RED-RO (Figure 9) are economically better 

choices.  

 

 

 

 

 

 

Figure 14. Trend of the Cost Saving of the ED-RO hybrid system as a function of the external voltage. For the 

highest external voltage in the ED process, the BW30HR-440i RO module was used (empty symbols). These 

results were obtained in the standard cost scenario. 

 

We can also observe in Figure 14 that up to a voltage of 180 V (ΔV**/2) the operation by the 

plant with less cell pairs, i.e. Case_A, is less expensive, while the opposite occurs at higher 

voltages. At high voltages, the UPC in Case_A is heavily affected by the high OpC which 

decreases rapidly when the voltage decreases. In Case_B, the energy consumption and also the 

OpC are less influenced by the voltage and so at low voltages, the UPC is affected by the high 

CapC, which is twice the one of Case_A. For these reason, at low voltages, Case_A shows a 

cost saving higher than Case_B. 

The comparison of eight different cost scenarios is reported in Figure 15 for Case_A. Even in 

the most optimistic cost scenario associated to a reduced price of RED/ED plant and an 
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increased cost of energy (Scenario 5, Table 6), ED-RO coupling is not economically 

competitive, despite the cost saving is improved (but still negative).  

 

 

 

 

 

 

Figure 15. Trend of the Cost Saving as a function of the external voltage for eight costs scenarios. For the highest 

voltage applied in the ED process, the BW30HR-440i RO module was used (empty symbols). These results were 

obtained for Case_A. 

 

This behaviour makes the ED-RO process much less interesting than (A)RED-RO, which 

instead can reduce the desalination cost with respect to the stand-alone SWRO. On the other 

hand, if the cost of energy was lower or the RED/ED plant cost was higher (pessimistic 

scenarios 3 and 7), the ED-RO would be even more expensive. 

 

4.3. High performing IEMs 

In the previous analysis, we investigated the effect of the RED/ED plant cost (proportional to 

the membrane area) on the cost saving, i.e. on the competitiveness with respect to the stand-

alone SWRO. In this section, we investigate the effect of using high performing IEMs on the 

system performances. In regard to possible membrane properties improvements, the 

commercial Fujifilm Type 10 membranes considered in this work (Table 2) have already a very 
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high permselectivity but they still have a fairly high electric resistance. Considering that the 

literature reports about membranes with resistances well below 1 Ω cm2 [54], in order to do a 

perspective analysis, we considered “high performing” IEMs with electrical resistance equal to 

a quarter of that of the Fujifilm Type 10 membranes shown in Table 2 [55]. 

Figure 16a and 16b report the cost saving obtained with the Fujifilm Type 10 membranes and 

with the high performing IEMs for the (A)RED-RO and the ED-RO hybrid systems 

respectively. These results were obtained considering only the configuration plant of Case_A, 

in the standard and best (RED/ED plant cost of 10 €/m2, energy cost of 0.3 €/kWh) cost 

scenarios. Considering the standard cost scenario (black curves), in the (A)RED-RO hybrid 

system with high performing IEMs, the maximum cost saving is attained at an external voltage 

value closer to the short-circuit condition and is of 16%, i.e. twice the value obtained with 

Fujifilm Type 10 membranes. It can be also observed that the cost saving with high performing 

IEMs is not always higher than with Fujifilm Type 10 membranes (Figure 16a) due to the RO 

stage performance: in assisted RED conditions at high voltages (ΔV = -ΔV*/2 ≈ -65 V and ΔV 

= -ΔV* ≈ -130 V), the cost saving sharply decreases because of the low performance of the 

BW30HR-440i module that needs to be coupled with the ARED plant when concentrations 

lower than 15 g/l are achieved. 

When high performing IEMs are adopted in the ED-RO hybrid system (Figure 16b), a slight 

increase in the cost saving can be observed, but it always has negative values. It can therefore 

be noted that, despite the best performance of the membranes, the ED-RO system remains 

uncompetitive with respect to the stand-alone SWRO. Finally, looking at the best cost scenarios 

(red curves), further advantages are recorded for the (A)RED-RO case with high performing 

IEMs, with a maximum cost saving of 33%, while in the ED-RO case a nul cost saving is 

obtained at low voltages. 
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 (a) (b) 

Figure 16. Influence of using reference Fujifilm Type 10 IEMs or high performing IEMs on the cost saving of the 

(A)RED_RO (a) and of the ED-RO (b) hybrid systems as a function of the external voltage. The empty symbols 

refer to cases in which the BW30HR-440i module was used. These results were obtained for Case_A, in the 

standard (black curves) and best (red curves) cost scenarios. 

 

5. Conclusions 

In this work, the performance and the costs savings of two coupled processes, (A)RED-RO 

((assisted) reverse electrodialysis–reverse osmosis) and ED-RO (electrodialysis–reverse 

osmosis), were assessed by a validated simulation tool. A sensitivity analysis was performed 

by changing some design parameters and operating conditions, and considering different cost 

scenarios. 

The (A)RED-RO requires an energy consumption lower than the stand-alone SWRO for a wide 

range of external voltage in the electromembrane pre-dilution step. Due to capital costs (CapC), 

the cost saving exhibits positive values in a narrower range with a maximum obtained when (i) 

the external voltage was half that giving the maximum power and (ii) the RED cell pairs are 

less (2500 rather than 5000), thus reducing CapC. A maximum cost saving of ~7.5% can be 

attained under these conditions and the “standard” cost scenario. In an optimistic cost scenario 
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with low RED/ED plant costs, proportional to the IEMs costs (10 €/m2), and high energy cost 

(0.3 €/kWh) the maximum cost saving can be enhanced to ~24.6%. Therefore, (A)RED-RO 

coupling is promising, especially in the perspective of a reduced cost of IEMs.  

In ED-RO coupling, the energy consumption of the ED pre-treatment exceeds the energy saving 

of the following RO stage in most of the simulated cases. As a consequence, the total energy 

demand of the coupled process is larger than that of the stand-alone SWRO (apart from some 

cases in which it was slightly lower). It follows that cost saving values are negative in all cases 

(i.e. the cost of desalination by ED-RO is larger than SWRO). Therefore, under the conditions 

simulated here, ED-RO coupling is not as attractive as (A)RED-RO. 

In a perspective analysis with high performing IEMs, the (A)RED-RO system reported a 

doubled cost saving (~16%) compared to the results obtained with Fujifilm Type 10 membranes 

in the standard cost scenario. Even with high performing IEMs, the ED-RO system, despite an 

increase in the cost saving values, was not competitive with respect to the stand-alone SWRO.  

Nevertheless, the optimization of plant and operating conditions, along with the IEMs cost 

abatement, leave room for improvement in the more competitive (A)RED-RO coupling and 

also ED-RO coupling. Moreover, other scenarios arising from different hybridization schemes 

can be devised. All this may open the way for the implementation of cost effective conceptual 

designs for novel systems of seawater desalination. 
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Nomenclature 

Symbol Quantity Unit 

A Water permeability constant l m-2 h-1 bar-1 

B Salt permeability constant l m-2 h-1 

C Bulk concentration of salt g l-1 (or mol m-3 for Eqs. in 

Appendix) 

Dh Hydraulic diameter m 

DSOL Salt diffusivity in solution m2 s-1 

DIEM Salt diffusive permeability in membrane m2 s-1 

E Nernst electric potential per cell pair V 

F Faraday’s constant C mol-1 

f Friction factor  

G Mass flow rate kg s-1 

H Thickness m 

i Electrical current density A m-2 

I Electrical current A 

JW Water Flux l m-2 h-1 (or m s-1 for Eqs. 

in Appendix) 

L Length m 

Lp Osmotic permeability m s-1 Pa-1 

l Pitch of spacers  m 

M Molar mass g mol-1 (or kg mol-1 for 

Eqs. in Appendix) 

N Salt molar flux mol m-2 h-1 (or mol m-2 s-1 

for Eqs. in Appendix) 

nCP Number of cell pairs - 

nH Hydration number - 

P Pressure bar 

Q Volume flow rate m3 s-1 

RG Gas constant J mol-1 K-1 

Rblank Ohmic resistance of electrodes Ω 

Re Reynolds number  

r Areal Ohmic resistance per cell pair Ω m2 
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S Area m2 

Sh Sherwood number - 

T Absolute temperature K 

t Transport number - 

U Superficial velocity m s-1 

W Width m 

V Voltage V 

v Voltage per cell pair V 

y Co-ordinate along the flow direction m 

 

Greek symbols 

  

 Membrane permselectivity - 

 Activity coefficient - 

Δ External voltage V 

BL Polarization voltage drop per cell pair V 

 Polarization coefficient - 

 Kinematic viscosity m2 s-1 

 Osmotic pressure bar 

ρ Density kg m-3 

σ Electrical conductivity S m-1 

 

Subscripts/superscripts 

  

avg Average  

CONC Concentrate solution  

COUL Coulombic (proportional to i)  

DIF Diffusive  

DIL Dilute solution  

d Permeate duct  

E.OSM Electro-osmotic  

f Feed  

i i-th module in a RO pressure vessel  

OSM Osmotic  

p Permeate  
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r Retentate  

S Salt  

SC Short circuit  

SOL Generic solution  

W Water  

Ω Ohmic  

 

Acronyms 

AEM Anion exchange membrane  

ARED Assisted reverse electrodialysis  

BWRO Brackish water reverse osmosis  

CapC Capital costs  

CEM Cation exchange membrane  

CFD Computational fluid dynamics  

CS Cost saving  

ED Electrodialysis  

ERD Energy recovery device   

IEM Ion exchange membrane Generic 

membrane (AEM/CEM) 

 

LCD Limiting current density  

PV Pressure vessel  

RED Reverse electrodialysis  

RO Reverse osmosis  

OpC Operating costs  

SWRO Seawater reverse osmosis  
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Appendix: Description of the model for electromembrane processes 

The present model for electromembrane processes belongs to the class of multi-scale semi-

empirical models [30], where basic data provided by local results of 3-D CFD simulations are 

merged with one-dimensional higher-scale levels of simulation inside integrated process 

simulators. One of the basic assumptions of the current version of the model is that the solutions 

contain only a binary electrolyte (NaCl) and no other ions are present. 

In the CFD simulations, continuity, momentum and mass transport equations are solved. The 

ionic transport is simulated by a convective-diffusive transport equation of the electrolyte. This 

can be obtained from the Nernst-Planck equations and the mass balances of the two ions of the 

electrolyte, under the assumption of the local electroneutrality condition in the whole domain 

[44,56–58]. The electric potential is eliminated from the transport equation, thus simplifying 

the calculations, requiring only a choice on the boundary condition at the membrane-solution 

interface for the concentration. Fully developed conditions for flow and concentration are 

assumed by the Unit Cell approach [44]. CFD results on velocity, pressure and electrolyte 

concentration fields are then elaborated in order to calculate friction factors and Sherwood 

numbers. Numerical simulations solving the Laplace equation for the electric potential can also 

be performed in order to assess the Ohmic resistance [45]. 

The 1-D process model simulates the cell pair calculating mass balances and the various 

contributions to the total fluxes of water (osmotic and electro-osmotic) and ions (Coulombic 

and diffusive) across the membranes. The electric behaviour is described taking into account 

Ohmic and non-Ohmic contributions to the voltage over the cell pair. Easily accessible 

experimental data on membrane properties (e.g. salt permeability, permselectivity and electrical 

resistance) are used. First, the number of cell pairs in the stack, nCP, is left undetermined, and 

quantities such as electrical potential differences, which are additive with respect to the cell 

pairs, are referred to a single cell pair. Then, total quantities of the stack can be obtained by 
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considering its electrical equivalent circuit under the assumption that each cell pair behaves as 

any other (i.e. flow distribution among the channels and parasitic currents via manifolds are 

neglected), thus multiplying the cell pair voltage drop by nCP. Calculations for the pumping 

power are also included. The model outcomes are distributed variables (e.g. current density, 

concentration, fluxes) and performance parameters characterising the stack, such as total 

current, power consumed or produced and related quantities. Parallel- or counter-flow 

arrangements can be simulated, while cross-flow layouts requiring at least a 2-D approach are 

not considered. The model described here is based on the above assumptions and was 

implemented on different platforms including Excel, gPROMS and G-95 Fortran.  

For each channel SOL (either CONC or DIL), the quantity USOL=QSOL/(WSOLHSOL) (superficial 

velocity) is adopted as the reference velocity, independent of the presence of spacers or 

membrane profiles. Consistently, the hydraulic diameter of the generic channel is computed as 

2HSOL, i.e. as the hydraulic diameter of a plane void (spacerless) channel of infinite spanwise 

extent, and the Reynolds number as ReSOL=USOL∙2HSOL/SOL. Stack width W and length L are 

the same for both solutions in parallel- or counter-flow, but may differ in cross-flow. This latter 

case requires at least a 2-D approach and thus was not considered here.  

The following sign conventions are adopted: 

- the trans-membrane water flux JW is positive if directed from diluate to concentrate; 

- the trans-membrane salt flux NS is positive if directed from concentrate to diluate; 

- with reference to Figure 2a, which shows a generic cell pair within a stack, the electric 

current density i is positive if directed from 1 to 2 through the stack (i.e. i > 0 for ED, i 

< 0 for RED and ARED); similarly, the external voltage vext (per cell pair) is positive 

if V1>V2.  

As already mentioned in Section 2.1, according to the working conditions, either electrode (1 

or 2) may be positive or negative and may play the role of anode (where oxidation reactions 
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occur) or cathode (where reduction reactions occur). In particular (see Table 1): 

- the positive electrode is the anode in ED and ARED while it is the cathode in RED;  

- the negative electrode is the cathode in ED and ARED, while it is the anode in RED.  

In Figure A.1 a schematic representation of the ED process is reported as an example. The salt 

and water fluxes are indicated as well as the electrode signs and the role of the external circuit 

element. A similar scheme can represent the RED or ARED process, by adjusting salt flux and 

current directions. 

 

Figure A.1. Schematic representation of the ED process. Salt (Coulombic and diffusive) and water (osmotic and 

electro-osmotic) fluxes are reported.  

 

Using the above assumptions, the following governing equations may be expressed in a 

unified form for all working conditions (where fluxes are written for both membranes): 

 

 Equations relating the mass flow rates of water and salt in the generic channel, GW
SOL 
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and GS
SOL (in kg/s), varying along the axial coordinate y, with the volume flow rate of the 

solution QSOL (in m3/s) and the bulk salt concentration CSOL (in mol/m3): 

  (A.1) 

and their inverses: 

  (A.2) 

in which MS is the molar mass of salt and SOL is the density of the solution, a function of 

concentration and temperature [59]. 

 

 Local mass balance of water and salt: 

 ;  (A.3) 

in which W is the pure water density at the working temperature and JW is the overall trans-

membrane water flux in m3/(m2s). 

 

 Expression of JW as made up of an osmotic and an electro-osmotic contribution: 

 JW=JW,OSM  JW, E.OSM (A.4) 

 

 Expression of the osmotic flux: 

  (A.5) 

in which Lp,IEM is the osmotic permeability of the generic membrane IEM, while  is the 

osmotic pressure corresponding to the concentration  at the interface of the SOL channel 

with the IEM membrane (so that there are four such terms). Osmotic pressures can be computed 

as functions of the concentrations by Pitzer’s formulae [60]. 
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 Expression of the electro-osmotic flux: 

  (A.6) 

where nH is the hydration number (~7 for NaCl) and NS is the overall molar salt flux exchanged 

between the two solutions. Note that in RED and ARED the electro-osmotic water flux is 

always opposite to the osmotic one while in ED they are in the same direction. 

 

 Expression of the molar salt flux NS as made up of a Coulombic and a diffusive 

component: 

  (A.7) 

 

 Expression of the Coulombic salt flux COUL
SN as proportional to the current density: 

 (1 )COUL
S CEM AEM

i
N t t

F
        (A.8) 

where F is the Faraday constant and IEMt  is the transport number of counter-ions (either cations 

or anions) in the generic membrane IEM (either CEM or AEM). Monovalent ions are assumed 

here. Note that this definition is consistent with the sign conventions reported above. 

 

 Expression of the diffusive salt flux: 

  (A.9) 

where DIEM is the salt diffusive permeability coefficient in the generic membrane. Note that one 

always has 0. 
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 Expression of the local Nernst potential E (per cell pair) as a function of the local 

solution concentrations: 

 (A.10) 

in which AEM, CEM are the permselectivities of the anion and cation exchange membranes, 

CCONC and CDIL are the local bulk concentrations of concentrate and diluate, CONC and DIL are 

the corresponding activity coefficients, T is the absolute temperature and RG is the gas constant. 

The activity coefficients  can be estimated as functions of concentration by Pitzer’s formulae 

[60]. Note that, by this definition, one always has E0. 

 

 Relation between the local current density i and the different potentials: 

  (A.11) 

in which BL is the non-Ohmic drop of E in a cell pair due to the presence of four concentration 

boundary layers; in the model, it is treated as intrinsically positive in all cases, but the “-” sign 

applies in the case of ED while the “+” sign applies in the case of (A)RED. Note that the 

presence of diffusion boundary layers always reduces the absolute value of the electric current. 

Also, r is the areal Ohmic resistance of channels and membranes in a cell pair, and Rblank is 

the areal Ohmic resistance of the electrode compartments. Note that in ED one has vext>E+BL 

and thus i>0, whereas in (A)RED one has vext<E-BL and thus i<0. 

 

 Expression of the non-Ohmic polarization voltage drop BL as the sum of four terms, 

one for each of the four solution-membrane interfaces in a cell pair: 

  (A.12) 
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 Expression of the contribution  at the generic interface: 

   (A.13) 

in which is the polarization coefficient, defined as  

  (A.14) 

so that <1 in all cases. In the limit of perfect mixing, one has 1 and 0. 

Each of the polarization coefficients  is related to a Sherwood number 

  (A.15) 

in which 2HSOL is the hydraulic diameter of the channel occupied by the solution SOL and DSOL 

is the salt diffusivity in solution SOL. NS,IEM is the net (Coulombic + diffusive) salt flux through 

membrane IEM, necessarily identical on its two opposite IEM-CONC and IEM-DIL faces and 

also identical to the salt flux at the interface between IEM and the generic solution SOL as seen 

from the solution side. NS,IEM can be written as: 

 , , ,
COUL DIF

S IEM S IEM S IEMN N N   (A.16) 

in which the Coulombic contribution can be evaluated from the transport numbers of the 

counter-ion in the membrane IEM and in the adjacent solution SOL, ,counter counter
IEM SOLt t : 

  ,
COUL counter counter
S IEM IEM SOL

i
N t t

F
    (A.17) 

and the diffusive contribution is 

  ,
DIF CONC DILIEM
S IEM IEM IEM

IEM

D
N C C

H
   (A.18) 

Note that the total molar salt flux NS exchanged between the two solutions, Eq. (A.7), is the 

sum of NS,AEM and NS,CEM, as can be verified by using Eqs. (A.8) and (A.9). From the above 

definitions one has, after some manipulations: 
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 where ; (A.19) 

 where  (A.20) 

which hold for all operating conditions (ED, RED, ARED). The advantage of using the 

Sherwood number is that, unlike , Sh depends only on geometric configuration, Reynolds 

number and Schmidt number, but not on the specific values of the concentrations and of the 

current density. For complex geometries (e.g. spacer-filled channels), Sh can be computed by 

fully 3-D simulations using the CFD code. 

 

 Expressions for the Ohmic areal resistance r of a cell pair. With void (spacerless) 

channels and planar membranes, this can simply be computed as the series of four areal 

resistances: 

  (A.21) 

The areal Ohmic resistance rSOL of a void (spacerless) solution-filled channel is simply 

  (A.22) 

The electrical conductivity  of each solution is a function of its bulk concentration C and can 

be evaluated by Islam’s correlations [61]. In regard to the areal Ohmic resistance of the 

membranes, recent measurements, presented by Galama et al.[62], suggest that for any given 

membrane it depends on the diluate concentration.  

In the presence of spacers and/or profiled membranes, more complex expressions are necessary 

for r. Details are given in [45]. 

The above set of equations was cast into a finite difference algorithm providing either outlet 

concentrations and space-dependent current density for any given voltage at the electrodes, or 

outlet concentrations and voltage at the electrodes for any given (mean) current density. 
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Current-voltage curves can thus be built and quantities such as current efficiency or power 

density can be computed. 

In particular, for parallel flow, Eqs. (A.3) are integrated starting from known inlet 

concentrations. An iterative approach is required because BL depends on the salt fluxes NS,IEM 

via Eqs. (A.12)-(A.13) and (A.19)-(A.20), and thus on the current density i via Eq. (A.17), but 

in its turn i depends on BL via Eq. (A.11). The case of counter-current flow is treated by a 

further, “outer” iterative procedure between the inlet and outlet concentrations of the diluate 

channel [45]. 

 

 


