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Abstract 
 
The demand is rising for desalination technologies to treat highly saline brines arising from hydraulic 
fracturing processes and inland desalination. Interest is growing in the use of electrical desalination 
technologies for this application. The hybridization of electrodialysis (ED) with reverse osmosis (RO) 
allows high salinities (beyond the range of RO alone) to be reached while avoiding the operation of ED 
with a low conductivity diluate stream. Such hybrid systems have been experimentally investigated for 
concentrates from brackish and seawater desalination. However, progress is required in the modelling 
and optimization of hybrid systems at higher concentrations. A novel hybrid arrangement of counterflow 
ED systems with reverse osmosis is presented to concentrate a saline feed at 120 ppt. The system is 
considered from the perspective of efficiency, membrane productivity and the levelised cost of water, 
with emphasis on the optimisation of current density. In contrast to brackish ED systems, membrane 
resistances are found to dominate diluate and concentrate resistances at high salinity. The current density 
found to minimise LCW (levelised cost of water) is significantly greater than the current density found 
to maximise efficiency, indicating the high current capital cost of ED per unit membrane area and poor 
membrane transport properties relative to RO. Finally, performance at high recoveries is found to be 
limited by high stream-to-stream concentration differences, increasing water transport via osmosis, 
decreasing efficiency and increasing the LCW.  
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I. INTRODUCTION   
 
1.1 Motivation 
Reverse osmosis (RO) has demonstrated great success in the desalination of seawater over the past 
decade, accounting for over 80% of total contracted capacity in 2010 and 2011 [1]. However, its ability 
to treat waters of higher salinity is limited by the hydraulic pressure allowable within pressure vessels. 
Meanwhile, the volume of highly saline brines produced in the world is increasing rapidly. Disposal of 
concentrated brines from inland desalination and produced water in the oil and gas industry is a growing 
issue [2,3]. Energy efficient, low cost technologies to recover water and salts from concentrated streams 
are needed. 
 
1.2 Literature Review 
Korngold et al. [4] investigated a batch electrodialysis (ED) system for volume reduction of a brackish 
water reverse osmosis concentrate stream (containing silica and gypsum). Concentrate of 1.5% salinity 
was fed to the ED system and concentrated to approximately 10%. Gypsum was precipitated from the 
concentrate stream in an adjacent precipitation unit. Oren et al. [5] operated a continuous ED-RO 
process whereby the concentrated stream from a 2nd stage RO unit was fed to the diluate side of the ED 
unit and recirculated to the feed side of the first RO stage. TDS of 10,000 ppm was achieved within the 
continuously circulated ED concentrate side while simultaneously crystalizing solids within a side loop 
crystallizer. 
 
Thampy et al. [6] evaluated a continuous ED process with the ED diluate stream flowing for final 
treatment to an RO unit and the RO concentrate being recirculated to the ED feed. The concentrate 
concentrations achieved by the ED unit were lower than that of Oren et al. due to the once-through flow 
path on the concentrate side of the ED unit. Casas et al. [7] investigated batch concentration of RO 
concentrate, finding the concentration of sodium chloride achievable to be limited by back diffusion and 
electro-osmotic transport. As remarked by Casas et al. [7], further analysis of energy consumption and 
process optimization is required for hybrid ED-RO systems. This is the gap this research aims to 
address. 
 
1.3 Goals 
By hybridizing electrodialysis with reverse osmosis, higher salinity feeds may be treated than with RO 
alone, while the use of RO avoids operation of ED with streams of low conductivity. This study outlines 
the design of a desalination system consisting of counterflow ED units hybridised with RO. In 
particular, the following tasks are the focus of this work: 

• Modelling of the efficiency, membrane productivity and levelised cost of water (LCW) of this 
hybrid system 

• Determination of the current density maximising the LCW and the efficiency. 
The design of the ED systems rather than the RO system is emphasised. An RO system design typical of 
a single stage single pass seawater RO (SWRO) is assumed. Furthermore, to limit the scope of this 
work, the design and optimisation of ED pumping systems is overlooked, though important in eventually 
determining and optimizing overall system costs. 

II. DESIGN CONSIDERATIONS FOR ED AT HIGH SALINITY 
 
The design of electrodialysis systems for the desalination of high concentration solutions is notably 
different than brackish water electrodialysis or indeed electrode-ionisation. In particular, the limiting 
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current density and concentration polarization are no longer limiting at higher concentrations. Instead 
the balance between ohmic losses and losses due to water transport via electro-osmosis and osmosis 
becomes central in design. 
 
2.1 Relative importance of ohmic losses in solutions and membranes 
In brackish water ED, ohmic losses within the diluate stream are very significant due to low 
conductivity. It is useful to compare the ohmic resistance of the diluate stream, Eq. 1, and the ohmic 
resistance of typical cation and anion exchange membranes. Neosepta anion and cation exchange 
membranes are considered with surface resistances of 2.4 and 3 Ω cm2 respectively [17]. 

Eq. 1 �̅�𝑑 = ℎ𝑑
Λ𝑑𝐶𝑑

 

Here, �̅�𝑑 is the surface resistance of the diluate in Ωm2, ℎ𝑑 is the diluate channel spacing in m, Λ𝑑 is the 
molar conductivity of the diluate stream in S m2/mol, and 𝐶𝑑 is the diluate concentration in mol/m3. 
Figure 1 illustrates the ohmic resistance of the diluate stream relative to the ohmic resistance of the 
membranes. Experimental data relating conductivity and NaCl concentration is interpolated to calculate 
the molar conductivity [11] of the diluate stream in Eq. 1. For diluate channel spacings even up to 2.5 
mm, membrane resistances dominate at concentrations above approximately 1 mol/L. Overall ohmic 
resistance of the stack is significantly less sensitive to changes in concentration of the diluate and 
concentrate streams for high salinity ED applications. For desalination to concentrations that meet 
drinking water standards (<500 ppm), however, the benefit of hybridization with RO is to avoid high 
stack resistances encountered at low concentrations. 

 
Figure 1. Ratio of diluate to membrane channel resistance 

2.2 Limiting current density and concentration polarization 
In low salinity applications, the limiting current density hinders the quantity of salt that may be removed 
per unit of membrane area. In essence, this limit upon the rate of ion removal occurs as ion diffusion 
towards the membrane surface becomes insufficient to replenish the concentration of salt at membrane-
solution interfaces. The physics observed in this regime of operation is complex and analysed in detail in 
literature [8, 9]. 
 In high salinity applications, the concentration of salt in the diluate and concentrate streams is 
large enough for the depletion of ions at the membrane-solution interface to occur only at very high 
current densities. Furthermore, the impact of concentration polarization is relative to a much larger 
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difference in concentration between the diluate and concentrate streams, i.e. higher levels of 
concentration polarization may be tolerated. Considering a balance between convection and diffusion 
within a film adjacent to a membrane, the extent of concentration polarization on the diluate side of each 
membrane may be estimated employing Eq. 2 [10]. 

Eq. 2 Δ𝐶
Δ𝑥
≈ −

𝑖�𝑇𝑖
𝑑−𝑡𝑖

𝑚�

𝑧𝑖𝐹𝐷𝑠
 

Here, 𝑖 denotes the current density, 𝐹 Faraday’s constant, 𝑇𝑖𝑑 the transport number of ion 𝑖 in the diluate 
and 𝑡𝑖𝑚 the apparent transport number of ion 𝑖 in the membrane. Although 𝐷𝑠, the electrolyte diffusivity, 
is affected by the current density and by solution concentration, we may approximate a lower bound on 
its value by considering the self-diffusion coefficient of a dilute NaCl solution at zero current density 
[11]. The value of the effective transport number of the co-ion in a membrane is typically close to one. 
For the desalination of NaCl solutions, concentration polarization is higher at the cation exchange 
surface according to Eq. 2, since the transport number of sodium in solution is lower than chloride 
(sodium has a larger hydration shell causing greater drag). The transport number for sodium in solution 
is estimated from the diffusivity and viscosity of pure water, Table 1.  

Table 1: Concentration polarization estimation 
 

Symbol Value Ref. 
𝐷𝑠 1.61×10-9 m2/s [11] 
𝑇𝑖𝑑 1 Assumed 
𝑡𝑁𝑎𝑚  0.396 Calculated1

𝜈 
 

8.9×10-7 [12] 

𝑆𝑐 ≈
𝜈
𝐷𝑠

 580 Calculated 

𝑅𝑒 25 [13] 

To estimate the gradient of concentration in Eq. 2, a relation for flow within a meshed channel is 
required, and it is provided by Eqs. 3 and 4, valid for 10<Re<25 [13]. 

Eq. 3 Δ𝐶
Δ𝑥

= Δ𝐶
𝐷ℎ
𝑆ℎ 

Eq. 4 𝑆ℎ = 0.53𝑅𝑒
1
2𝑆𝑐

1
3 

Here, 𝐷ℎ is the hydraulic diameter of the channel spacing, 𝑆ℎ is the Sherwood number, 𝑅𝑒 is the 
Reynolds number, and 𝑆𝑐 is the Schmidt number, the ratio of momentum diffusivity, 𝜈, to mass 
diffusivity, 𝐷. Figure 2 illustrates the degree of concentration polarization at the diluate side surface of a 
cation exchange membrane in contact with an NaCl solution. For a small membrane spacing the 
concentration polarization can be small relative to stream-to-stream concentration differences. For larger 
membrane spacings concentration polarization is a significant effect beyond current densities of 
approximately 500 A/m2. Importantly, the conclusions drawn are all contingent upon the Reynolds 
number and the diluate channel gap. Although not within the scope of this work, the optimization of 

                                                 
1 Employing the limiting diffusivities of sodium and chloride 
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these parameters in accordance with the trade-off between polarization effects and pumping power 
requirements is important. 

 
Figure 2. Concentration difference due to concentration polarization at a Reynolds of 25 

Concentration polarization affects ED performance in three significant ways, which are only briefly 
described here: 

1. Solution resistance increases within diluate stream boundary layers, although the impact upon 
overall resistance is less significant in high concentration ED systems. 

2. Concentrations at the solution-membrane interface are decreased in the diluate and increased in 
the concentrate, causing an increase in the minimum potential required for desalination. 

3. Potential differences, known as junction potentials [14], occur across the concentration 
polarization layers as a result of concentration gradients. 

2.3 Maximum concentration achievable in electrodialysis 
The ability of electrodialysis to produce a high concentration concentrate is limited by electro-osmotic 
transport from the diluate to the concentrated stream. This transport of water results from ions passing 
from the diluate to the concentrate and dragging a quantity of water with them, through the membrane. 
The ratio of the number of moles of water transported to the number of moles of ions is denoted the 
water transport number. Thus, the maximum concentration achievable, cmax, in concentrating a sodium 
chloride solution depends upon the water transport numbers of the sodium and chloride ions in the 
cation and anion exchange membranes respectively [13]: 

Eq. 5 𝑐𝑚𝑎𝑥 = 1
�1+𝑡𝑤,𝑁𝑎+𝑡𝑤,𝐶𝑙�𝑣�𝑠𝑜𝑙

 

Here, �̅�𝑠𝑜𝑙 is the molar volume of the solution. In low salinity applications, the effective concentration of 
a volume containing an ion with water transported remains significantly above the concentration of the 
concentrated stream. However, where the salinity of the concentrate is high, the effective concentration 
of this volume transported can be similar in value. The modelling of electro-osmotic transport through 
membranes is complex and depends upon the degree of crosslinking of the membrane (related to pore 
and channel size and distributions) and also the concentration of the diluate and concentrated solutions 
[15]. To some extent, in particular at high concentrations, the water transport number is related to the 
hydration number of the ion in a concentrated solution [15]. 
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For large differences between concentrate and diluate concentrations, water transport due to osmosis 
becomes very significant. More specifically, the loss in Gibbs free energy due to the osmotic transport of 
water from the diluate to the concentrate stream becomes large relative to the increase in free energy 
achieved in moving salt from the diluate to the concentrated stream. Losses due to osmosis may be 
reduced relative to the desirable change of free energy associated with desalination by increasing the 
current density. However, increases in current density come at the expense of increased ohmic losses. 
Consequently, there exists a balance between losses due to osmosis and losses due to ohmic resistances 
(see results). 
 
With improved models for water transport, it would be possible, during system design, to consider the 
trade-offs between electro-osmotic losses and other losses within the system. Furthermore, it should be 
possible to develop membranes with properties that optimize system performance. For now, we only 
recognize that electro-osmosis limits the maximum concentration achievable with ED and consider 
values obtained experimentally in system testing of ED concentration. 

2.4 Summary of high salinity ED 
ED desalination at high salinity exhibits three distinctive characteristics: 

1. The overall ohmic resistance of the stack is insensitive to changes in diluate or concentrate 
concentration. Membrane resistances dominate. 

2. For small channel spacings, the degree of concentration polarization can be small relative to 
stream-to-stream concentration differences. The true impact of concentration polarization can 
only be clarified in the context of an optimization of the pumping system, channel width and 
Reynolds number. 

3. The maximum concentration achievable is limited by electro-osmotic transport of water but also 
by transport via osmosis. As shall be seen in Sect. VI, the trade-off between membrane ohmic 
losses and losses associated with water transport is central in optimizing efficiency and the 
levelised cost of water (LCW). 

 
III. SYSTEM DESCRIPTION AND MODELLING 
 
Figure 3 illustrates the hybrid ED-RO system configuration. The purpose of ED system A is to 
concentrate a portion of feed water to the desired concentrate concentration whilst diluting the remainder 
towards the concentration of the feed to the RO unit. ED system B serves the purpose of diluting 
concentrate from the RO system (along with the diluate of ED system A) to a concentration amenable to 
treatment with RO. ED system B also produces a concentrate at the same concentration as the feed 
water, allowing it to be recycled and treated by ED system A. 
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Figure 3. Schematic diagram of the hybrid ED RO system 

Both ED systems are envisioned to operate in a counter-flow arrangement. Such an arrangement allows 
a significant difference in concentration to be maintained between the diluate and concentrate streams. 
This is in contrast to a co-flow arrangement where streams would necessarily be at the same 
concentration in the inlet to system A. The maintenance of such a difference in concentration is 
important to ensure that each unit of membrane area achieves a significant rise in the free energy of salt 
(the desirable result of the desalination process). Were concentrations to be close, energy is expended 
while moving salt between streams of very similar concentration. 
 
In the present analysis, the design of an RO unit is chosen to be typical of a SWRO unit, taking a feed of 
35 ppt and producing a concentrate at 70 ppt (constituting a recovery ratio for the unit of 50%). 
 
The following key assumptions are involved in the analysis: 

• Focus is maintained upon the efficiency of the system and the membrane area required. Though 
important, the optimization of the pumping system is outside of the analysis’ scope. 

• Channel spacings are assumed to be sufficiently small for the effects of concentration 
polarization to be negligible. 

• In practice, ED systems A and B would consist of multiple stages. Here, they are each modelled 
as single stages. 

• Electrode potentials are neglected relative to the voltage drop across cell pairs. 
 
3.1 Evaluation of Donnan potentials 
On the surface of each membrane, a thin region, orders of magnitude thinner than concentration 
polarization layers, and known as the electrical double layer, is present, within which electro-neutrality 
is not satisfied. An electrical potential exists across these double layers to compensate for the difference 
in chemical potential between species in the electro-neutral solution and within the membrane. Due to 
the differences in chemical potential of species in the bulk solution on either side of a membrane 
(associated with concentration differences) the overall effect of the Donnan potentials on either side of 
the membrane is to cause a net electrical potential across the membrane, denoted with 𝑚 for membrane 
potential. For a membrane with ideal counter-ion permselectivity the membrane potential is given by: 
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Eq. 6 𝐸𝑚 = 𝑅𝑇
𝑧−𝐹

ln �𝑎𝑁𝑎𝐶𝑙,𝑐
𝑎𝑁𝑎𝐶𝑙,𝑑

� 

Here, 𝑎 denotes the activity of a species (in this case NaCl), 𝑅 is the ideal gas constant, 𝑇 is ambient 
temperature, and 𝑧− denotes the anion charge number. For non-ideal membranes in which the current is 
not solely carried by the counter ion (i.e. where the counter-ion transport number is less than unity), the 
membrane potential is lower than the ideal value. The convection of water via osmosis and electro-
osmosis, and the diffusion of ions within the membrane influence the membrane potential to a lesser 
extent. A review of such effects is provided by Helfferich [16]. Here, we shall satisfy ourselves with the 
first order accuracy provided by Eq. 6. 

3.2 Evaluation of solution resistances 
Both the diluate and concentrate solutions flow through a mesh spacer within their respective channels. 
For the purpose of modeling, these solutions are considered to be well mixed with a uniform 
conductivity throughout the channel. The ohmic resistances of these solutions, based upon unit area (i.e. 
Ω m2) is given by Eq. 7:  

Eq. 7 �̅�𝑙 = ℎ𝑙
Λ𝑙𝑐𝑙

 

where Λ𝑙 is the molar conductivity of the concentrate or diluate solution and is a function of salinity 
[11], and 𝑐𝑙 is the concentrate or diluate concentration in mol/m3. A channel width of 0.5 mm is assumed 
in the subsequent calculations. 

3.3 Membrane properties 
A summary of experimental measurements of membrane resistances, water permeability, salt 
permeability and overall water transport number from the literature are provided in Table 2. 

Table 2: ED Membrane Properties 
 

Symbol Value Ref. 
�̅�𝑎𝑚 2.4×10-4 Ω m2 [17]  
�̅�𝑐𝑚 3×10-4 Ω m2 [17] 2 
𝑡𝑤 10.08 [18] 

𝐿𝑤 7.09 × 10−6 
m s-1 [18]2

𝐿𝑠 

 

1.38 × 10−8 
m s-1 [18] 

Of importance is the relevant magnitude of the salt diffusion coefficient and permeability of the 
membrane to water. It is unsurprising that the diffusion coefficient for salt should be lower since co-ions 
are strongly rejected by the membrane. As a consequence of electro-neutrality, the diffusion of ions is 
rendered difficult. As a simplifying assumption, salt transport via diffusion is neglected as losses 
associated with water transport through osmosis dominate. 

3.4  ED System Modelling 

                                                 
2 Converted from units of mol/ bar m2 s 
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ED systems A and B are modelled via finite difference equations for a single cell pair, allowing the 
voltage and hence the power consumption in each finite difference to be evaluated. Conservation of salt 
and of total mass within each finite difference is employed for the concentrate and diluate streams within 
each unit. Salt and water transport from the diluate to the concentrate channel are described by Eqs. 8 
and 9: 
 
Eq. 8 𝑗𝑠 = 𝑖/𝐹 
 
Eq. 9   𝑗𝑤 = 𝑡𝑤𝑗𝑠 + 𝐿𝑤(𝐶𝑐 − 𝐶𝑑) 
 
Here 𝑗 indicates a molar flux in mol/m2 s and 𝐿𝑤 the water permeability in m/s. The overall voltage 
across a differential element of one cell pair during each time step is given by a sum of the membrane 
and solution surface resistances along with the membrane potential: 
 
Eq. 10 Δ𝑉𝑐𝑝[𝑘] = 𝑖(�̅�𝑚𝑎 + �̅�𝑚𝑎 + �̅�𝑑[𝑘] + �̅�𝑐[𝑘]) + Δ𝐸𝑚[𝑘] 

Here, �̅�𝑚𝑎 indicates a membrane surface resistance, in this case of the anion exchange membrane, in  
m2. 𝑘 is an index in space for the elements Instantaneous power consumption is computed via the 
product of cell pair voltage, current and the area of the differential cell pair element area: 
 
Eq. 11 P[𝑘] = Δ𝑉𝑐𝑝[𝑘]𝑖𝛿𝐴𝑚 
 
where 𝛿𝐴𝑚 is the area of a cell pair increment. Summing over the index k, the total power (for all cell 
increments) may be computed. 

3.5 RO model specifications 
A simple RO model is employed with membranes producing an average permeate flux of 13 L/m2h [19]. 
The RO membrane is assumed to have perfect salt rejection and a permeability of 0.31 L/(m2 h bar) [19]. 
Pressure drop due to viscous effects in the feed channel and concentration polarization are both 
neglected. A finite difference model (with 20 finite differences) is employed to model permeate flux 
along membrane pressure vessels. Salinity at the inlet to each finite difference is calculated via the 
conservation of salt in the concentrate stream: 
 
Eq. 12 𝑆𝑐,𝑅𝑂[𝑘]�̇�𝑐,𝑅𝑂[𝑘] = 𝑆𝑐,𝑅𝑂[𝑘 + 1]�̇�𝑐,𝑅𝑂[𝑘 + 1] 

Here, �̇� is a mass flow rate in kg/s. Osmotic pressure, , in bar, in each cell is calculated at the cell’s 
inlet salinity using Eq. 13.  
 
Eq. 13 Π[𝑘] = 𝑅𝑇

 𝑣� 
𝜈𝑁𝑎𝐶𝑙𝑚𝑅𝑂,𝑐�𝑆RO,c�𝜙(𝑆RO,c) 

Here, 𝜙 is the osmotic coefficient and 𝑚 is the solute molality in mol solute/kg solvent. The 1-
dimensional finite difference model solves the following equation in each cell, with 𝐴𝑚 the membrane 
permeability and 𝑗𝑤 the water flux: 
 
Eq. 14 𝑗𝑤,𝑅𝑂[𝑘] = 𝐴𝑚(𝑃 − 𝜋[𝑘]) 
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These equations are solved iteratively in combination with equations describing the ED system to 
evaluate the inlet hydraulic pressure to the RO unit and the membrane area required. In computing 
power consumption the pump efficiency, 𝜂𝑝, is assumed to be 75% and no pressure recovery device is 
employed. Work per unit of permeate is thus described by Eq. 15: 

Eq. 15 𝑤𝑅𝑂 = 𝑃�̇�𝑓,𝑅𝑂

𝜂𝑝𝜌𝑓,𝑅𝑂�̇�𝑝,𝑅𝑂
 

Here, 𝑤𝑅𝑂 denotes work done in J per kg of RO permeate, 𝑝 is the pressure in Pa of the feed and 𝜌𝑓,𝑅𝑂 is 
the feed density in kg/m3. 

 3.6 Physical Properties 
The salt considered is sodium chloride. Data relating the osmotic coefficient, salt activity coefficient and 
electrolyte conductivity were taken from Robinson and Stokes [11] while density was taken from Busey 
[20]. 

3.7  Solution of hybrid system equations 
In addition to parameters described in Sect. 3.4 and 3.5, the following constraints are applied in solving 
the coupled systems of equations for the ED systems and the RO system. 
 

• Feed salinity to the entire system is set at 120 ppt. 
• The volume flow rate of permeate from the entire system is set at 100 m3/day. 
• The relative mass flow rate at the inlet to the diluate and concentrate compartments in system A 

is set such that the stream-to-stream concentration differences at either end of the unit are equal. 
This condition is also imposed in system B. This is to promote a constant current density within 
the stages of systems A and B. 

• The current densities within units A and B are chosen in accordance with the optimization to be 
described in Section 4. 

• Mass conservation equations are employed at nodes of intersection of streams in Fig. 3. 
• For clarity and ease of comparison, all energetic quantities are calculated on the basis of unit 

permeate production of the RO unit. Each of ED system A, system B and the RO unit can be 
seen as contributing to the total energy required to produce each unit of permeate. 

 
Solving the entire system of equations yields the power consumption of each unit, the membrane area of 
each unit, the concentrate stream concentration and the overall recovery ratio of the system. 

IV. MINIMISATION OF THE LEVELISED COST OF WATER 
Minimisation of the levelised cost of water requires an understanding of how energy requirements and 
system size scale with current density. In this simplified analysis, energy is costed on the basis of 
$/kWh, 𝐾𝐸 and capital equipment is costed on the basis of $/m2 cell pair area, 𝐾𝐶. 

For a defined process of desalination, where mass flow rates and salinities of the feed, concentrate and 
product are fixed, the required change in Gibbs free energy of the streams, known as the reversible 
work, may be determined. Knowing the Second Law efficiency of the system, 𝜂, the total work required 
may be computed by dividing the reversible work by the efficiency, Eq. 17. Likewise, knowing the 
average membrane productivity of the system, 𝜉, defined as rate of reversible work per unit of 
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membrane area, the total membrane area may be computed by dividing the reversible work by the 
membrane productivity, Eq. 18. 

Eq. 17 𝜂 =
𝑅𝑇
𝐹 �𝑖 ln�

𝑎𝑁𝑎𝐶𝑙,𝑐
𝑎𝑁𝑎𝐶𝑙,𝑑

�−𝑖𝑡𝑤 ln�
𝑎𝑤,𝑐
𝑎𝑤,𝑑

�−𝐿𝑤(𝐶𝑐−𝐶𝑑) ln�
𝑎𝑤,𝑐
𝑎𝑤,𝑑

��

𝑖𝑉𝑐𝑝
 

Eq. 18 𝜉 = 𝑅𝑇
𝐹
�𝑖 ln �𝑎𝑁𝑎𝐶𝑙,𝑐

𝑎𝑁𝑎𝐶𝑙,𝑑
� − 𝑖𝑡𝑤 ln �𝑎𝑤,𝑐

𝑎𝑤,𝑐
� − 𝐿𝑤(𝐶𝑐 − 𝐶𝑑) ln �𝑎𝑤,𝑐

𝑎𝑤,𝑐
�� 

Second Law efficiency is defined as the rate of change of free energy to the rate of work input, both per 
unit of membrane area. The rate of change of free energy is equal to the rate of increase of free energy of 
the salt when transported from the diluate to the concentrate minus the rate of change of free energy 
associated with water transport from the diluate to the concentrated stream. The rate of work input is 
simply the product of the current density times the cell pair voltage. The membrane productivity is the 
net change in free energy per unit of membrane area, i.e. the numerator of the efficiency. 

The contribution of each system, 𝑖, to the levelised cost of water is calculated by combining the 
amortised capital costs of the system with the cost of energy, Eq. 19. 

Eq. 19 𝐿𝑊𝐶𝑖 [
$

𝑚3 𝑝𝑟𝑜𝑑𝑢𝑐𝑡
] = 𝑟

�1−� 1
1+𝑟�

𝑇
�

𝑤𝑖
𝑟𝑒𝑣

3.16𝐸7 𝑠
𝑦𝑟⋅𝐶𝐹 ⋅𝜉𝑖

𝐾𝐶 + 𝑤𝑖
𝑟𝑒𝑣

𝜂𝑖
� 𝐾𝐸
3.6𝐸6𝑘𝑊ℎ

𝐽

� 

where 𝑟 is the return on capital invested, 𝑇 is the system life in years, 𝐶𝐹 is the capacity factor and 𝑤𝑟𝑒𝑣 
, in J/m3, is defined as the reversible work done in system 𝑖 per unit of product produced by the entire 
hybrid system. 𝑤𝑟𝑒𝑣 is calculated considering the mass flow rates and concentrations of streams entering 
and exiting units A and B. This must be done via an iterative process specifying the current density in 
Systems A and B to estimate 𝑤𝑟𝑒𝑣 and then updating the current density based on cost considerations. 
Choosing representative values for the concentrate and diluate concentrations in ED systems A and B, 
Eq. 17, Eq. 18 and consequently Eq. 19 become functions of the current density, thus allowing us to 
perform single variable optimization. 

V. RESULTS 
In this section, the effect of current density upon the levelised cost of water, the efficiency and the 
membrane productivity of the hybrid system is presented. Table 3 provides the range of input values 
required for Eq. 19, allowing these values to be computed. 

Table 3: Cost Modelling Parameters 
 

Symbol Value 
𝑟 10% 
𝑇 20 years 
𝐶𝐹 0.9 
𝐾𝐶 $1000/m2 [5] 
𝐾𝐸 $0.15/kWh 
𝑆𝑐𝐴 143 ppt 
𝑆𝑑𝐴 95 ppt 
𝑆𝑐𝐵 85 ppt 
𝑆𝑑𝐵 53 ppt 
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The return on capital should be selected in accordance with similar electrodialysis projects, of which 
there are few, if any, for high salinity hybrid ED-RO desalination. A moderate value of 10% is selected3

 

. 
A moderate to high cost of electricity is selected to reflect poor grid connectivity if operated in remote 
locations. The capital cost per unit of cell pair area is approximated by quotations obtained by Oren et al. 
[5]. The mean concentrate and diluate salinities in ED systems A and B are computed via iteration over 
the current density between the hybrid system model and the cost model. Considering Eq. 19, increases 
in the return on capital or the capital cost per unit area would drive systems to higher optimal current 
densities, while increases in system lifetime, capacity factor and cost of energy would do the opposite. 

 
ED System A 

 
ED System B 

Figure 4. Impact of current density upon the levelised cost of water 

Figs. 4A and 4B illustrate how the contribution of ED system A to the levelised cost of water (from the 
overall hybrid system) depends upon the current density. Of course, the total system cost should include 
the costs of systems A, B and the RO system. Figs. 5A and 5B illustrate the dependence of efficiency 
and membrane productivity upon current density. For both systems A and B, the LCW is minimised at a 
current density of approximately 500 A/m2. Capital costs are high at low current density due to low 
membrane productivity – little change in free energy of the streams is achieved per unit of membrane 
area. Conversely, at high current density the costs of energy dominate as efficiency decreases, due 
almost solely to the increased ohmic losses. The effects of efficiency and membrane productivity are 
easily visualised in Fig. 5. 

                                                 
3 More rigorously, according to a capital asset pricing model, the rate of return should be consistent with the covariance of the 
project’s cash flows with the returns of the overall financial markets. As a benchmark, as of 31st Jan 2013 3-year annualized 
returns on the S&P500 index were 14.14% [21] 
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ED System A 

 
ED System B 

Figure 5. Impact of current density upon efficiency and membrane productivity 

In Fig. 5A, it is seen that at low current there is a value of current density that maximises efficiency 
(though not the LCW). This optimum is explained by a balance of losses due to osmosis and ohmic 
resistance. At very low current density (below 100 A/m2 in Fig. 5A), water transport via osmosis occurs 
rapidly relative to salt transport. By increasing the current density the relative effect of osmosis 
weakens. However, there is a competing trend whereby ohmic losses increase with current density – 
hence the presence of an optimum4

Comparing Fig. 5A and Fig. 5B, it is noticeable that for the same current density the efficiency of 
system B is higher. This is explained by the lower average stream-to-stream concentration difference in 
unit B compared to unit A. In unit B, the effect of water transport via osmosis is less than in unit A. As a 
consequence, higher efficiencies are achievable in unit B and also the current density that maximises 
efficiency is smaller (and therefore not visible in Fig. 5B) than in unit A. 

. 

 
Of further interest is the fact that the current density maximising the LCW of units A and B is far above 
the current density maximising efficiency. Only with significant decreases in capital costs per unit 
membrane area, or significant increases in membrane properties such as conductivity (or decreases in 
water permeability) would the current density that maximises the LCW be driven towards the current 
density that maximises efficiency. This is in contrast to RO, which operates at a higher efficiency, 
indicating that the combination of capital costs per unit membrane area and membrane properties is 
superior to that in ED. 
 

 
 
 
 

                                                 
4 Though efficiency exhibits an optimum, membrane productivity is monotonic in current density in this model as there is no 
competing factor reducing productivity at higher current density. Concentration polarization would constitute such a 
competing factor and its effect would be seen at high current densities, see Fig. 2. 
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Table 4: Optimised system performance 

 
Symbol Value 
�̇�𝑝 100 m3/day 

𝑅𝑅𝑅𝑂 50% 
𝑅𝑅𝑅𝑂+𝐸𝐷𝐵 29.5% 
𝑅𝑅ℎ𝑦𝑏−𝑠𝑦𝑠 29% 

𝑆𝑓 120 ppt 
𝑆𝑐 167 ppt 
𝑆𝑝 0 ppt 

 
Table 5: Optimised system membrane areas and power consumption 

 
 ED A ED B RO 

Membrane Area5
240  

[m2] 100 90 

Power Consumption 
[kWh/m3] 43 21 6.1 

LCWi $13/m3 $4.3/m3  
 
In the optimized embodiment of the hybrid system, current densities are selected for systems A and B 
that minimize the contributions of those systems to the levelised cost of water. Tables 4 and 5 
summarise key system characteristics. Of note is the finding that ED system A exhibits higher energy 
consumption and requires higher membrane area than ED system B. This is attributable to two factors. 
The reversible work done by system A is greater than that of B (on the basis of unit RO permeate 
production). This is due to the larger range of salinity covered by A compared with B. Secondly, the 
greater stream-to-stream concentration difference within A compared to B results in lower Second Law 
efficiency, due to a greater rate of water transport via osmosis. 

The power consumption of the RO unit, though lower than the ED systems is high by SWRO standards, 
due to the absence of pressure recovery. Finally, the recovery ratio of the overall system is low, at 23%. 
It is possible to increase recoveries within system A by altering the relative mass flow rates of the unit. 
However, an increase in the stream-to-stream salinity difference would further decrease energy 
efficiency, membrane productivity and hence increase the LCW. 

VI.  CONCLUSIONS 
 
A hybrid arrangement of counterflow ED systems with reverse osmosis is presented. The premise of 
such an arrangement is to exploit ED for its ability to reach high osmotic pressures and exploit RO at 
low salinities where ohmic resistances are large in ED. The following specific conclusions are drawn: 
 

• Contrary to brackish ED systems, membrane resistances dominate diluate and concentrate 
resistances in high salinity ED desalination. 

                                                 
5 Total membrane area for RO, cell pair area for E`. 
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• The dominant factors influencing process efficiency and productivity are ohmic losses within 
membranes and losses of free energy due to water transport, each being relative to changes in 
free energy achieved in transporting salt from the diluate to the concentrated stream. 

• At low current density capital costs dominate the LCW while energy costs dominate at high 
current density. The current density that minimises LCW is significantly greater than the current 
density that maximises efficiency, indicating the high current capital cost of ED per unit 
membrane area and poor membrane transport properties relative to RO. 

• The efficiency of operation of an ED system depends significantly upon the stream-to-stream 
concentration with high values thereof increasing water transport via osmosis, decreasing 
efficiency and increasing the LCW. Consequently, the performance of ED systems achieving 
higher recoveries is significantly compromised. 

 
In addition, the following areas meriting further analysis are exposed by the current work: 
 

• The present analysis indicates that concentration polarization is not a significant factor given the 
low value of current densities minimising LCW. Consequently, larger membrane spacings 
appear achievable than in brackish water desalination, thus allowing significant reductions in the 
required pumping power. However, beyond the scope of the present contributions, an 
optimisation of ED pump systems is required to understand the trade-off between pumping 
power and concentration polarisation. 

• There are few, if any, examples of counterflow ED systems for desalination at high salinity. Such 
a design allows the distinct advantage of maintaining a constant stream-to-stream concentration 
difference within stacks, thus maintaining a more constant current density and also rate of water 
transport. However, design issues such as the presence of trans-membrane pressures and leaking 
must be analysed carefully. 
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