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Summary 
Seawater desalination using multistage electrodialysis 

Upscaling from artificial salt solutions to natural seawater desalination 

The current technological progress and increasing prosperity faced by humanity is 
unparalleled in written history. Due to the subsequent economic and population growth, 
unavoidable problems arise, such as fresh water scarcity. As earth habits a vast amount of 
salty water, desalination is a serious option for increasing fresh water provision. 
Electrodialysis (ED) is a well-established electrochemical desalination technology 
leveraging ion exchange membranes, and is mostly applied in the field of brackish water 
desalination or (selective) ion removal in (food) industries. In an ED process, ions migrate 
through respectively anion- and cation-selective membranes due to an electrical potential 
difference. Energy consumption of the system strongly scales with the salt concentration 
of the feed solution. Due to the high operational costs compared to seawater reverse 
osmosis (RO), ED is currently not used for seawater desalination at an industrial scale. 
However, a major advantage of ED compared to RO is the possibility to apply staging in 
which multiple stages are combined in different configurations. The benefit of this 
approach is that it allows localized adaptation and optimization of the desalination process 
parameters in each stage to the governing local conditions in that stage such that each 
stage can be operated at its individual optimum. This research aims to understand how 
different ED configurations for seawater desalination to produce drinking water can be 
improved by investigating the impact of staging. Staging can be implemented electrically 
by electrode segmentation, or electrically and hydraulically by multistage configurations. 

The desalination performance of multistage ED is compared to single-stage ED under 
different operational conditions in Chapter 2. The salt- and water-fluxes are measured in 
both configurations using uniform current density, where all electrode pairs are operated 
at the same current density. Also, non-uniform current distribution is investigated for the 
multistage ED and this shows the possibility of operating each stage at different current 
densities. For both single-stage and multistage configurations desalination to drinking 
water concentration is not possible due to low applied current densities or due to limiting 
current density (LCD) limitations. This shows that desalination in a single-pass from 
seawater concentrations to drinking water concentrations using a single-stage is not 
possible. The maximum desalination degree per stage is assessed for the multistage by 
investigating the LCD per stage. This results in desalination of synthetic seawater 
desalination from 500 mM to 11.4 mM NaCl, i.e. close to WHO drinking water standards 
at an energy consumption of 3.6 kWh/m3.  
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After the experimental comparison between multistage ED and single-stage ED, the best 
performing configuration is selected and compared with an electrically staged 
configuration, the segmented electrode stack. Therefore, in Chapter 3 the multistage ED 
and the segmented electrode stack are compared in terms of current utilization and 
desalination energy. For uniform current distribution, the segmented electrode stack 
operates equally to the multistage for low desalination degrees. However, a 10% lower 
voltage is measured in the segmented electrode stack compared to the multistage 
configuration. Under non-uniform current distribution, there is no difference between the 
segmented electrode stack and the multistage ED configuration. At constant voltage 
operation, the segmented electrode stack establishes higher desalination degrees (up to 
8%) at low driving forces (2 V). For higher driving forces, i.e, 4 and 6 V, the segmented 
electrode stack suffers from concentration polarization (i.e. limiting current conditions) 
resulting in lower desalination degrees compared to the multistage configuration, which 
was able to produce a water salinity that approaches the WHO standards for drinking 
water. LCD measurements show that the segmented electrode stack is not able to reach 
full desalination. However, when the current in the segmented electrode is distributed 
more gradually, as in the case for the non-uniform current conditions, a lower diluate 
concentration can be reached in the segmented electrode stack. Therefore, this extreme 
current distribution used under LCD conditions is not suitable for a segmented electrode 
stack. Segmentation can therefore be considered as a tool for bulk desalination.  

From the comparison between the three different ED configurations in Chapter 2 and 3, 
the result shows that for desalination from seawater concentrations to drinking water 
concentrations, a multistage ED configuration is required. Chapter 4 focusses on 
increasing the desalination performance by varying the membrane area, the residence 
time and the membrane properties in the different stages by investigating the transport 
mechanisms of salt and osmotic water. Redistributing the total amount of membrane 
area over the four stages of the multistage ED led to an increase in diluate water 
recoveries and higher coulombic efficiencies. The decreased flowrate in the first stages 
combined with the increased flowrate in the latter stages enhances the desalination 
performance. The concentration gradient in the later stages between the diluate and 
concentrate compartments is large, and a short residence time decreases the undesired 
osmotic flow, resulting in lower product (diluate) loss. Due to the long residence time at 
the beginning of the desalination path and shorter residence times at the end of the 
desalination path, a 20% lower energy consumption can be obtained. Applying 
membranes with lower water permeation enhances the desalination performance even 
further. In that case, the diluate water recovery increases by 4% resulting in both a 
decreased diluate outlet concentration and a 15% lower energy consumption. A 
subsequent optimization study, combining the best results of the previous two studies, 
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gives a state-of-the-art energy consumption of 2.2 kWh/m3 for the desalination of 510 
mM NaCl to 5.4 mM NaCl using multistage ED. This obtained diluate salinity is well 
below the WHO standard for drinking water of 8.5 mM NaCl.  

Subsequently, the developed lab configuration is extended to seawater desalination using 
natural feedwater and the upscaling of the process in Chapter 5.  Natural feedwater 
contains multivalent ions that cause scaling and/or increased membrane resistance. Two 
strategies to remove preferentially multivalent ions were compared: 1) operation at low 
current density using standard cation exchange membranes (CEMs, Fujifilm Type 10) and 
2) deployment of CEMs that selectively remove multivalent ions over monovalent ions 
(Fujifilm Type T1). For both CEMs the removal of calcium and magnesium is higher 
compared to that of sodium and no effect due to operation at low current density is 
observed. CEM Type T1 removes more magnesium compared to CEM Type 10. With the 
knowledge obtained from all previous experiments an upscaled multistage system is 
designed and installed at the REDstack Blue Energy research facility (Afsluitdijk, the 
Netherlands). Starting from ~27 g/l (i.e. inlet concentration of the natural seawater 
source), the upscaled multistage ED system produces a continuous diluate concentration 
of 1.9 g/l. The system performance was stable over 18 days, with an average energy 
consumption of 3 kWh/m3, demonstrating the potential of multistage ED seawater 
desalination.   

The last chapter of this thesis, Chapter 6, gives the major conclusions of the work and 
provides an outlook and scientific insight into future developments of ED, as well as a 
discussion on parameters that need to be considered when designing and operating an 
ED-plant for seawater desalination for drinking water production. This chapter concludes 
with an evaluation of promising ED applications. 
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1.  Introduction 

1.1 Background seawater desalination  

Desalination of seawater and brackish water significantly contributes to meet the 
increasing fresh water demands, not uniquely rising by increased periods of droughts, but 
also due to population growth [1].  

Desalination technologies can be divided in thermal processes and membrane processes 
(Figure 1.1). In a thermal desalination process, seawater is evaporated and subsequently 
condensed and collected, i.e. multistage flash (MSF). In a membrane desalination process, 
membranes are used to separate water and salt. Water and salt can be separated using two 
different mechanisms. Water can be forced with pressure through a water permeable 
membrane, leaving the salt behind, i.e. reverse osmosis (RO). The other mechanism 
involves the transport of ions and is described by electro-migration of ions through semi-
permeable membranes. The ions are forced to migrate through positively-or negatively-
charged membranes under the influence of a potential difference, resulting in a salt/ion 
depleted channel.  

 
Figure 1.1: Schematic overview of thermal and membrane desalination processes.  

Current desalination technologies used for large-scale seawater desalination are pressure-
driven RO and MSF. These desalination technologies require respectively a minimum 
energy consumption of 2 kWhe/m3 and 24-96 kWhe-th/m3 produced fresh water [2–5]. Any 
desalination technology will be most energy-efficient if it involves a reversible 
thermodynamic process, which is independent of the techniques and mechanisms used. It 
can be calculated that the thermodynamical lower limit of energy consumption for 
seawater desalination is 1.06 kWh per 1 m3 of fresh water produced from 2 m3 of seawater, 
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i.e. at a water recovery of 50% typically applied in membrane-based desalination systems 
[4]. In membrane processes, such a surplus of seawater is not only necessary to prevent 
precipitation of sparingly soluble salts (‘scaling’), when fresh water is extracted from the 
system, but also to keep the chemical potential difference over the membranes reasonably 
low to avoid the need of extremely high pressures and counter-productive diffusion of 
ions and water. The energy consumption of RO is approaching the thermodynamic limit, 
whereas the energy consumption of MSF is still far off [6]. Nowadays, the majority of 
newly constructed desalination plants are based on RO [4,7], except for the Gulf countries, 
as in general, in oil-producing countries, thermal energy (heat) is abundant and cheap and, 
therefore, the higher energy consumption of MSF is not a real issue.  

In a RO system, water is forced through a semi-permeable membrane from the seawater 
side (‘concentrate’) to the fresh water side (‘permeate’) of the membrane under an applied 
pressure above the osmotic pressure difference, typically 10 to 20% higher than the 
osmotic pressure of the concentrate, i.e. 55-80 bar [8,9]. The energy consumption of RO 
decreased in the past four decades due to the development of higher-permeable 
membranes and the use of more efficient pumps [4]. The use of energy recovery devices 
in RO was crucial to lowering the energy consumption for desalination to its current value 
of 2 kWh/m3 [4,10,11]. Elimelech et al. calculated practical minimum energy 
consumption of 1.56 kWh/m3, which is considered close to the 2 kWh/m3, that can be 
obtained by state-of-the-art RO plants [4]. The practical energy consumption accounts for 
a finite size and is not operating as a reversible thermodynamic process, therefore the 
practical minimum energy consumption is 0.5 kWh/m3 higher compared to the 
thermodynamic minimum energy consumption [4]. The staged operation could in theory, 
bring the actual energy consumption closer to the theoretical minimum energy [5]. Each 
stage can be operated at a pressure close to the osmotic pressure difference at that stage. 
In RO, however, staging will interfere with energy recovery from the concentrate via a 
pressure exchanger resulting in limited or no energy savings compared to current designs 
and operations. The interference of staging with energy recovery can be explained 
because the energy recovery systems work most efficiently at high pressures, and inter-
stage recovery makes the system very complicated. Another possibility to lower the 
energy consumption would be a batch-operated system [12]. In a batch-operated system 
the pressure is increasing with increased concentration difference over the membrane. 
However, that requires a pump that can be operated over wide pressure and flow range, 
which is not easy nor optimal for long and stable operation. Although multistage RO is 
not favourable in terms of pressure recovery, Lin et al. showed that a staged RO system 
has a higher water flux compared to batch-operated RO and, besides, the energy 
consumption is lower for staged RO [5]. From above-mentioned innovations in RO, we 
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can conclude that RO is performing reasonably close to the thermodynamic limit; 
however, further improvements to lower the energy consumption are not evident [4,12]. 

To advance beyond the current state and to lower the energy consumption in seawater 
desalination further, the alternative is the application of a (non-thermal, membrane-based) 
desalination technology that can benefit from staging. In that case, the operating 
parameters at each stage can be adapted to the governing conditions at each specific stage.  

 

1.2 Background and principle of electrodialysis  

Electrodialysis (ED) is a membrane process in which ions are transported through ion 
exchange membranes under the influence of an electrical potential applied over a cathode 
and an anode (Figure 1.2). Seawater flows through compartments formed between cation 
exchange membranes (CEMs) and anion exchange membranes (AEMs) that are 
alternately piled, and form repeating unit or cell pair, between the cathode and the anode. 
Due to the applied electric field, cations migrate from one compartment through a CEM 
in the direction of the cathode to the next compartment, and simultaneously, anions 
migrate through an AEM in the direction of the anode. The overall result is a membrane 
stack with compartments that alternately contain diluted and concentrated salt solutions, 
the so-called diluate and concentrate. The electrode compartments at both ends of the 
membrane stack are rinsed with an electrolyte solution that enhances redox reactions and 
converts the electrical charge transport into ionic charge transport. The cathode and anode 
are rinsed with the same solution and this may be e.g., a mixture of dissolved Fe2+ and 
Fe3+ salts [13,14]. 

 
Figure 1.2: Schematic overview of an electrodialysis stack.  
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ED was developed about 70 years ago, but compared to RO it has not been widely used 
for seawater desalination as it is considered too energy-intensive [15,16]. In ED the 
energy required to desalinate is proportional to the equivalent amount of salt that needs to 
be removed [15,17]. To apply conventional ED in a cost-effective way for water 
desalination, the feed water concentration must range between 5 g/l to 10 g/l total 
dissolved solids [15,16]. In that case a low current density is required. At higher feed 
water concentrations, where higher current densities are required, RO is more favourable 
in terms of energy consumption for desalination [16]. ED has the potential to be 
advantageous over RO because very little feed pre-treatment is required since membrane 
fouling is less persistent due to the absence of high transmembrane pressures and large 
water fluxes [15]. Besides, ED can achieve potentially higher brine concentrations than 
RO since there are no pressure limitations (to overcome the osmotic pressure difference 
over the membrane). The chemical and mechanical stability of ion-exchange membranes 
enables longer membrane lifetimes even when using feed waters with aggressive and 
oxidizing components [15]. Inherent to the ED technology is that uncharged molecules 
such as most microorganisms and uncharged micropollutants are not removed from the 
product stream thus requiring an additional post-treatment. However, also for state-of-
the-art technologies like RO it is accepted to require additional post-treatment steps such 
as remineralization [18,19], boron removal [19,20], preventive disinfection [19], and 
micropollutant removal [21]. The latter two post-treatment steps also apply to ED. 
Summarizing, the advantage of ED is that staging and thus local optimization of process 
parameters can be applied, less post-treatment steps are required. Remineralization is not 
required in ED, because the driving force determines the salt removal and therefore the 
product can be carefully selected. In addition, using ED it is possible to remove boron 
from feed solutions [22]. 

 

1.3 Challenges in electrodialysis for seawater desalination 

ED systems suffer from high energy consumption because a major part of the inefficiency 
of ED desalination can be attributed to the changing conditions along the stack in terms 
of increasing internal transport resistance (mainly due to decreasing conductance in the 
diluate compartments). Additionally, the contribution of increasing back forces, such as 
back diffusion of ions, plays an essential role in the inefficiency due to the increasing 
concentration gradient over the membranes (Figure 1.3). When a voltage or a constant 
electrical current is applied on the electrodes, these changing conditions result in a 
maldistribution of ionic currents in the stack. This maldistribution is enhanced even 
further when ions become depleted at the membrane interface of the diluate 
compartments. This occurs when at certain positions in the ED stack the limiting current 



Introduction  

 7 

density (LCD) is exceeded. LCD conditions are the result of a salt depleted diffusion 
boundary layer (DBL) that develops in the diluate compartment at the membrane interface 
(Figure 1.3), also referred to as concentration polarization. LCD conditions arise in ED 
because of low ion transport numbers in solutions compared to the ion transport numbers 
in membranes [23,24].  Concentration polarization is induced by a high driving force, 
poor mixing in the diluate compartments and membranes with high ion transfer [25,26].  

 
Figure 1.3: Schematic overview of an electrodialysis stack with indications of transport 
mechanisms, Jsalt indicating ion transport, back diffusion of ions, and Jwater indication the direction 
of water transport. Diffusion boundary layer (DBL) indicates the low salt concentration or salt 
depleted boundary layers (Cmem,d, Cmem,c, for respectively diluate and concentrate) that build up 
during the desalination process.  

Figure 1.4 shows a typical current density-potential difference plot, also referred to as “I-
V” plot. Analysing the driving force (current density or potential difference) in ED, three 
regions can be identified. The first region is the ohmic region, where ion flux scales linear 
with current density (Figure 1.4, region a). The second and third region are respectively 
the plateau region and the overlimiting current region (resp. Figure 1.4, region b and 
region c). Between the ohmic region and the plateau region lies the LCD. For energy 
efficient desalination the LCD is the maximum driving force that can be applied on an ED 
stage before the energy consumption increases dramatically and undesired phenomena 
(electro convection and water splitting) start to play a role [27,28].  
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Figure 1.4: Current density-potential difference (I-V) plot for a typical ED system. Three different 
regions are identified: a) ohmic region; b) plateau region; c) overlimiting current region. The dot 
indicates the limiting current density (LCD). 

In ED, besides the feed water concentration, the required product water quality is 
essential. At a certain desalination degree, the gradient over the membrane and the low 
salt concentration in the diluate, which dictates the LCD, does not allow further 
desalination. Therefore, hybrid combinations of seawater ED followed by brackish water 
RO have been investigated to use the most optimum system per desired degree and state 
of desalination [29,30]. When ED is used for desalination of seawater to brackish water, 
the conductance of the diluate compartment remains relatively high, which results in low 
energy consumption. RO on the other hand, as pressure-driven technology, then requires 
a lower pressure to produce drinking water from brackish waters, although at the expense 
of energy recovery by the pressure exchanger [31]. Galama et al. studied such a hybrid 
ED-RO system and calculated an energy consumption of 3.22 kWh/m3 [30], which is 
slightly higher than that of a nowadays state-of-the-art RO system.  

 

1.4 Staging in electrodialysis  

ED is an electricity-driven membrane desalination system that would benefit from 
staging. By staging, the applied potential difference can be adapted at the governing 
conditions at that specific stage, such that each stage can be operated at its individual 
optimum. Instead of applying conditions that are selected based on the total system 
optimum.  
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The driving force, that is induced between electrode pairs, can be easily separated or 
stagged. In ED, different methods of staging can be applied, i.e. electrically, hydraulically 
or both methods combined, this thesis will cover only the first two methods. Figure 1.5 
shows a single stage (Figure 1.5a), an electrically staged stack (Figure 1.5b), also referred 
to as “segmented electrode stage”, and an electrically and hydraulically staged stack 
(Figure 1.5c), also referred to as “multistage”. A segmented electrode stack combines the 
benefits of a multi-electrode system, i.e. multistage ED, with a fixed stack size and uses 
segmented electrodes for anode and cathode.  The multistage ED-configuration can 
potentially resolve the maldistribution of ion transport along the flow direction of the 
stack since separate stages allow different operational conditions, e.g. by applying a lower 
or higher current density or voltage per stage.  

 
Figure 1.5: Schematic overview of a) single stage electrodialysis stack, b) segmented electrode 
electrodialysis stack, c) multistage electrodialysis configuration. 

With staging, different design and operational parameters can be changed per 
configuration. Table 1.1 shows the degrees of freedom in both design and operational 
parameters for single stage, segmented electrode stack and for multistage ED.   

 

a) 

c) 

b) 
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Table 1.1: Differences in design and operational parameters for single stage, segmented stage and 
multistage ED.  

 
 

Table 1.1 shows four different design parameters: separation, membranes, cell pairs and 
spacers. The first parameter: isolation indicates the method of partitioning of a flow path 
or electrodes, there can be no isolation, i.e. in a single stage. In a single stage both the 
electric and hydraulic part are connected over the full length of the desalination path 
(Figure 1.5a). Another method of isolation is electrical separation. In an electrically 
isolated configuration, the electrode pairs are separated in the direction of the desalination 
path (Figure 1.5b). This method of isolation allows to apply different driving forces on 
each electrode pair individually. The third method of isolation is hydraulically. In a 
hydraulically isolated system, the desalination path is separated over multiple stages or 
multiple passes in an ED stack. Combining electric and hydraulic isolation results in a 
multistage, where each stage is electrically and hydraulically isolated from the previous 
and the next stage (Figure 1.5c). 

The second design parameter is the type of membrane. In a single stage and a segmented 
stage, membranes cannot be varied along the desalination path. In a multistage, each stage 
can have membranes with different properties installed, i.e. in later stages, water transport 
becomes more significant, due to the increasing concentration gradient over the ion 
exchange membranes. Therefore, membranes with a low water permeability are preferred. 
However, low water permeable membranes have a higher electric resistance. These 

 
 Single stage Segmented stage Multistage 

Design parameter    

Isolation no electrically 
electrically and 

hydraulically 

Membrane properties  equal equal varying  

Number of cell pairs equal equal varying 

Spacers thickness equal equal varying 

Operational parameter    

Driving force single per electrode pair per electrode pair 

Flow velocity single single varying 
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membranes are not preferred in a first stage of a multistage, where a low resistance is 
more beneficial and water permeability is not so severe due to the limited concentration 
gradient over the membranes.   

The third design parameter is the number of cell pairs. Similar to the type of membranes, 
in a single stage nor in a segmented stage the number of cell pairs cannot be varied along 
the desalination path. In a multistage the number of cell pairs in each stage can be varied. 
This can be beneficial to increase or decrease the contact time when one feed pump is 
used and feed flow rates in the different stages need to be varied and adapted to the 
specific local conditions.  

The fourth design parameter is the spacer thickness. Similar to the previous two 
parameters, also the spacer thickness cannot be varied over the desalination path for the 
single stage and the segmented electrode stack. The multistage does allow for installation 
of spacers with different spacers thicknesses. This parameter has, similar to the number 
of cell pairs, effect on the residence time and feed flow velocity in the specific stack.  

Table 1.1 also shows the operational parameters driving force and flow velocity. The 
driving force can be varied between each electrode pair. For the single stage, that implies 
that one driving force can be set, and for the segmented and the multistage, with multiple 
electrode pairs, multiple locally adapted driving forces can be set. The flow velocity is a 
parameter that similar to the operational parameters number of cell pairs and spacer 
thickness cannot be varied along the desalination path in a single stage nor in a segmented 
electrode. Only, in a multistage configuration, different flow velocities are possible.  

An important contributor to the ED performance is the electrical resistance of an ED stage. 
The resistance is mainly determined by the low salt concentration of the diluate 
compartment. Desalination in multiple stages enables to control the current density per 
stage. This is advantageous because in every subsequent stage the current density can be 
set equally or lower than in the preceding stage, this in accordance with the resistance 
increase due to ion depletion in the diluate compartments. Applying a lower current 
density with increasing resistance at each stage results in a reduction of the voltage and 
therefore results in a lower energy consumption.  

At industrial scale, ED is often operated in a batch setup [32–34]. However, in large-scale 
drinking water production plants, continuous processes are preferred to have a constant 
supply and consistent drinking water quality [35,36]. To produce continuously drinking 
water from seawater using ED, a multistage is required. A multistage is required, because 
not enough salts can be removed in one pass or stage. For this reason, Seto et al. suggested 
to use a continuous multistage ED for seawater desalination [32]. A batch process can be 
considered as an infinite multistage, depending on how often water is pumped through the 
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single stage. The batch process, as evaluated by Seto et al. required 16.2 kWh/m3 for a 
120 m3/day plant [32]. Unfortunately, the suggested continuous multistage configuration 
was not tested. This energy consumption is relatively high compared to other 
technologies, due to operation at constant voltage that results in high resistances at low 
diluate concentrations. To lower the energy consumption for seawater desalination 
operation with voltage control, was proposed by Sahil et al. for brackish water [34]. 
However, this operation where the voltage is controlled can also be implemented for 
seawater desalination. A two-stage ED-configuration was used by Turek for seawater 
desalination, similar to the two-stage RO-systems [17]. The applied two-stage ED-
configuration resulted in an energy consumption of 6.6-8.7 kWh/m3, still three times the 
energy consumption of a state-of-the-art RO-system. Unfortunately, the optimal number 
of ED stages required to produce the desired drinking water quality at minimum energy 
consumption was not investigated. Furthermore, the two-stage ED-configuration was not 
compared with the single-stage operation using the same operational conditions 
(membrane area, flow rate, current density or voltage).  

A two-stage ED configuration was modelled by Chehayeb et al., and showed an energy 
consumption reduction of 29% compared to a one-stage setup [37]. This model illustrated 
the benefits of the multistage operation, but it did not predict energy consumption for 
seawater desalination to drinking water conditions [38]. They only desalinated until 1 g 
NaCl/l, which is twice the salt concentration tolerated in drinking water. The energy 
consumption of electrochemical desalination systems for low salt concentration solutions 
increased rapidly due to the decreased conductance of the product stream. McGovern et 
al. investigated a multistage system to desalinate high saline streams. However, instead 
of operating a multistage ED system, feed waters were fed multiple times through the 
same stack [39]. Tanaka et al. developed a model to predict the desalination performance 
per stage [40]. The model showed a maximum of five stages, and only brackish water was 
considered as input stream. 

Segmentation of electrodes is commonly used in various fields of electrochemistry as a 
cell characterization technique and as a tool to obtain information, locally, in an 
electrochemical cell [41–44]. In addition, segmentation of electrodes is also a tool to 
optimize the performance of electrically driven processes. Veerman et al. [45] 
investigated the potential of electrode segmentation in reverse electrodialysis (RED – 
generation of energy from the controlled mixing of salt and fresh water, i.e. the opposite 
of ED). A three-segmented electrode system was compared with an unsegmented 
electrode system using the same total electrode area, reaching an 11% increase in power 
output for the segmented electrode system. Similar results have also been obtained by 
Vermaas et al., who theoretically predicted higher energy efficiencies in RED using 
multiple stages or segmented electrodes compared to single-stage operation [46]. Also, 
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Simões et al. leveraged segmented electrodes in RED improving the energy efficiency 
with 40% [47]. Recently, ED experiments with a segmented electrode configuration were 
performed by Tvrzník [48]. In the experiments of Tvrzník, half of the electrodes were 
switched off, i.e. operated without current, resulting in half of the ion transfer through the 
ED stack. Unfortunately, the number of experiments was limited and the system was not 
conducted at optimized conditions of different currents nor voltages on different 
segments. Moreover, although the electrodes were segmented, the electrolyte was 
provided from one single compartment only, indirectly connecting the electrodes. For 
ideal segmentation, each electrode should have its own electrolyte rinse solution.  

Thus far, very little recent literature is available on multistage ED for seawater 
desalination, which gives opportunities for research using new improved ion exchange 
membranes. 

 

1.5 Aim of the thesis 

This research aims to understand how different ED configurations for seawater 
desalination to produce drinking water can be improved by investigating the impact of 
staging. Staging can be implemented electrically by electrode segmentation or 
hydraulically by multistage configurations. In multistage configurations, membranes with 
different properties, as well as different feed flow velocities along the desalination path, 
are investigated. After tests with NaCl solutions, the influence of multivalent ions is 
investigated using artificial seawater concentrations and natural seawater. From these 
experiments, an upscaled multistage can be designed and tested using natural seawater. 
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1.6 Outline of the thesis 

This thesis can be divided into two major parts. The first part, Chapters 2 to 4, concerns 
the investigation of different configurations on small-scale under laboratory conditions. 
The second part, Chapter 5, investigates the use of a multistage system using natural 
seawater. Figure 1.6 shows a visual representation of the thesis.   

 
Figure 1.6: Visual representation of the thesis outline.  

Chapter 2 evaluates the desalination performance of a multistage configuration and a 
single-stage under different operational conditions. First, different settings at uniform 
current density are tested and a comparison between multistage and single stage is made. 
Second, a non-uniform current density is investigated for the multistage configuration. 
Third, the maximum desalination degree is experimentally obtained by measuring the 
maximum driving force in the region of low energy consumption (i.e. below limiting 
current density).  

Chapter 3 evaluates the desalination performance of a segmented electrode compared to 
a multistage configuration. First, different settings at a uniform current density and a non-
uniform current density are tested. Second, experiments are conducted at a constant 
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voltage. Third, the configurations are compared for maximum driving force (i.e. limiting 
current density).  

Chapter 4 evaluates the effect of residence time and available membrane area per stage in 
a multistage ED configuration. This study is experimentally performed by first, changing 
the number of cell pairs in each stage. Second, the influence of membranes with low water 
permeation on energy consumption is investigated. Third, both the number of cell pairs 
and the effect of membranes with low water permeation are combined in an optimization 
study.  

Chapter 5 evaluates the effect of membrane types on multivalent ion removal and 
evaluates the desalination performance of multistage ED using natural seawater. First, 
different membrane types installed as the first stage in a multistage are investigated to 
remove multivalent ions. Second, an upscaled multistage ED system is operated.  

Chapter 6 provides the main conclusions of the work and an outlook on electrodialysis 
configurations, operations and its desalination performance. Furthermore, a preliminary 
economic analysis is performed for several case-studies with optimized ED systems. 
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Abstract  

Electrodialysis (ED) is currently used for selective removal of ions and brackish water 

desalination, while for seawater desalination ED is considered to be too energy intensive. 

This research focuses on the viability of ED using multiple stages for seawater 

desalination. With staging, the driving force is adapted to the governing conditions at that 

specific stage, operating at its individual optimum at lower energy consumption. An ED 

multistage configuration is examined that contains up to four stages. We compare single 

stage with multistage ED and investigate the effect of operation parameters. Different 

current densities are applied and optimized and residence time is compared to describe 

both transmembrane salt and water fluxes. We showed that desalination from 500 mM to 

200 mM is possible, but that for these desalination conditions a multistage and single-

stage system perform equal. Operation of each stage of the multistage close to limiting 

current density shows that desalination of synthetic seawater close to drinking water 

quality is possible. To reach this, the energy consumption is 3.6 kWh/m3 and at least 4 

stages are needed. Although outlet concentrations between ED and RO are different, this 

non-optimized ED system showed double the energy consumption of the state-of-the-art 

desalination technology RO. 
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2.1 Introduction 

Seawater desalination with reverse osmosis (RO) is increasingly important to meet fresh 
water demands for the growing population in water scarce regions suffering from 
increasing periods of droughts [1–4]. Current highly optimized RO systems require an 
electrical energy input of 2 kWh per m3 of fresh water produced [2,5–7], which is close 
to the thermodynamic minimum work of 1.1 kWh per 1 m3 of fresh water produced from 
2 m3 of seawater, i.e. at a water recovery of 50% which is typical for a commercial RO 
process [2]. 

In RO, over the years energy consumption decreased thanks to the development of higher 
permeable membranes, more efficient pumps, and highly efficient energy recovery 
devices [2,8,9]. Elimelech and Philipp calculated that potentially an energy consumption 
of 1.56 kWh/m3 could be obtained (using 100% efficient pumps and energy recovery 
devices, no concentration polarization or frictional losses down the channel, at 25 °C and 
50% water recovery). A staged RO system design using an interstage booster pump could 
in theory bring the actual energy consumption closer to the thermodynamic limit [2].  

The use of staging in an alternative membrane desalination technology like electrodialysis 
(ED) may be considered. Contrary to RO, electrodialysis (ED) is not widely used for 
seawater desalination yet because ED is considered to be too energy intensive [10,11]. In 
ED, however, which is an electricity-driven membrane desalination process, staging can 
be applied and may induce a further reduction in energy consumption, because at each 
stage, the applied potential difference can be adapted to the governing conditions at that 
specific stage. The multistage ED configuration can potentially improve the non-
homogeneous distribution of ion transport along the flow direction of the stack since 
separate stages allow different operational conditions. Consequently, each stage can then 
be operated at its individual optimum, instead of applying conditions that are selected 
based on the total system optimum.  

In industrial processes ED is often operated in a batch configuration, however, in large-
scale plants continuous processes are preferred in order to have a continuous supply and 
quality of water [12,13]. For this reason, Seto et al. suggested to use a continuous 
multistage ED for seawater desalination but this was not tested experimentally [14]. In 
fact, a batch process can be considered as an infinite multistaged process, depending on 
the number of cycles. A two-stage ED configuration used by Turek for seawater 
desalination, similar to the two-stage RO systems [15], resulted in an energy consumption 
of 6.6-8.7 kWh/m3. Although not all details were provided, the high value for energy 
consumption probably stems from the use of low selective membranes. Unfortunately, 
also the optimal number of ED stages required to produce the desired drinking water 
quality at minimum energy consumption was not investigated. Furthermore, the two-stage 
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ED configuration was also not compared with the single-stage operation using the same 
operational conditions (membrane area, flow rate, current density or voltage).  

A two-stage ED configuration modelled by Chehayeb et al. showed a reduction in energy 
of 29% compared to a one stage setup [16]. This model illustrated the benefits of a 
multistage operation. However, only desalination until 1 g NaCl/L was considered, which 
is still twice the salt concentration permitted in drinking water [17]. Especially at lower 
salt concentrations, the energy consumption to further desalinate the solution increases 
rapidly due to the decreased conductance of the diluate stream. McGovern et al. 
investigated a multi-stage system to desalinate high saline streams, however, instead of 
operating a multi-stage ED system, feed waters were fed multiple times through the same 
stack [18]. Tanaka developed a model for brackish water desalination in order to predict 
the desalination performance per stage for a maximum of five stages and to assess the 
lowest energy consumption for brackish water desalination [19]. However, also in the 
work of Tanaka, experimental validation was lacking. 

In the present work, we advance the work on multistage ED with experimental validation 
and investigate experimentally the effect of staging in continuous seawater desalination 
ED on desalination performance and energy consumption. Where others have been using 
only model calculations or batch processes [14] or two-stage ED configurations [15] 
without making a comparison to a single-stage seawater desalination, we investigated 
both single and multistage layouts and measure the desalination performance at different 
experimental conditions. We described the mechanism of mass transport (ions and water) 
and current utilization per stage by varying the applied current, voltage and the different 
feed flow velocities. In addition, we determined the limiting current density (LCD) per 
stage for different feed flow velocities in order to find the maximum desalination rate per 
stage and to evaluate the potential of multistage ED for seawater desalination.  

  

2.2 Transport mechanisms in ED 

The ion transport through ion exchange membranes (IEMs) in any electro-driven process 
can be divided in two transport mechanisms, i.e. electro-migration and (back)diffusion. 
The applied current induces ion migration through the membranes from the diluate to the 
concentrate, which results in desalination of the diluate. Meanwhile, the obtained 
concentration gradient over the membranes induces some (back)diffusion in opposite 
direction, from the concentrate to the diluate, which results in efficiency losses [20–22].  

When the driving force is large and therefore the electro-migration is large, a salt depleted 
boundary layer develops in the diluate compartment at the membrane interface, also 
referred to as concentration polarization. The driving force at where the concentration of 
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the boundary layer reaches zero is referred to as LCD. At this point the energy 
consumption increases dramatically and undesired phenomena (electro convection and 
water splitting) start to play a role [23].  

Next to the salt transport through the membranes, water transport through the membranes 
can also result in efficiency losses. Water transport can also be specified in two transport 
mechanisms, i.e. osmosis and electro-osmosis. The concentration gradient raised over the 
membranes as a result of the desalination process is the driving force for osmosis, due to 
which water diffuses from the diluate to the concentrate. Along with every ion, a shell of 
water molecules around the ion is transported through the membrane from the diluate to 
the concentrate, also referred to as electro-osmosis [24–26]. These effects combined 
represent the efficiency losses of the desalination process and therefore result in a lower 
desalination performance, as measured in the experimental set up. 

 

2.3 Experimental setup and procedure 

2.3.1 Electrodialysis stacks in single-stage and multistage configuration 

For the single-stage configuration, one stack was used with an active membrane area of 
100 x 400 mm2 and a total membrane area of 1.41 m2. For the multistage configuration, 
we used four serially connected stacks with an active membrane area of 100 x 100 mm2 
each and a total membrane area for the multistage of 2.15 m2. The overall layout of both 
configurations is presented in Figure 2.1. 
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Figure 2.1: Schematic representation of the experimental setup: a) Single-stage ED configuration; 
b) multistage ED configuration, with same feed on both sides: the diluate (blue), and concentrate 
(red). For both configurations, the electrolyte rinse solution (yellow) flows from the anolyte to the 
catholyte of the first electrode pair and subsequently to the anolyte and catholyte of the next 
electrode pairs.  

All ED stacks (REDstack B.V., The Netherlands) used consisted of ten cell pairs with the 
same membranes and gasket-integrated spacers. The stacks were fed in co-flow. Each cell 
pair consisted of one anion exchange membrane (AEM) and one cation exchange 
membrane (CEM). In addition, extra AEM shielding membranes were placed adjacent to 
each electrode in order to prevent leakage of electrode rinse solution. Fujifilm membranes 
(AEM Type 10 and CEM Type 10 Fujifilm Manufacturing Europe B.V., The Netherlands) 
were used because of their low resistance and high permselectivity. The membrane 
properties as provided by the manufacturer are listed in Table 2.1.  
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Table 2.1: Properties of ion exchange membranes (data provided by the manufacturer). 

 
a Based on the membrane potential measured over the membrane between 0.05 M and 0.5 M KCl 
solutions at 25°C. 
b Measured in a 0.5 M NaCl solution at 25°C. 

 

As shielding AEMs Fumasep FAB-PK-130 membranes (Fumatech GmbH, Germany) 
were used because of their proton blocking properties in order to maintain pH < 2 in the 
electrode compartment. The distance between adjacent membranes was fixed by gasket 
integrated woven spacers of 0.155 mm in thickness with a porosity of 79% (Deukum 
GmbH, Germany).  

The endplates of the stacks contained titanium electrodes (mesh size 1.8 m2/m2) coated 
with Ru/Ir mixed metal oxide (Magneto Special Anodes B.V., The Netherlands) with an 
area of 98 x 98 mm2. For the multistage configuration, each endplate contained one 
electrode. For the single-stage configuration, each endplate contained four electrodes of 
98 x 98 mm2 that were electrically operated as a single electrode. The shielding membrane 
and the endplate were separated using a 0.5 mm silicon gasket (Eriks B.V., The 
Netherlands), while the electrode compartments were filled with a woven PETEX 07-
670/52 spacer (Sefar AG, Switzerland). 

The ED configurations were fed with a 510 mM NaCl solution, representing the salinity 
of seawater. This solution was prepared using demineralized water and technical-grade 
NaCl (Regenit, Frisia Zout B.V., The Netherlands). The feed water was pumped through 
the ED configurations with the same feed flow velocity at both the diluate side and the 
concentrate side using diaphragm pumps (Grundfos DDA220, Denmark). The pulsation 
of the pumps was levelled out by using a pulsation damper (PDS250 PVC/FKM, 
Prominent GmbH, Germany). The resulting outlet flow rates were measured for both 
diluate and concentrate at the outlet of the last stage. The corresponding water flux 
through the membranes was calculated from the flowrate measurements. 

The electrodes were rinsed by recirculating an aqueous solution containing 0.5 M FeCl2, 
0.5 M FeCl3, and 0.5 M NaCl, using a flow rate of 340 mL/min by a peristaltic pump 
(Masterflex, USA). The sodium chloride was added to the electrolyte in order to avoid a 

 
Permselectivitya 

[%] 

Water permeability 

 [mL/m2∙h∙bar] 

IEC 

[meq/g] 

Resistanceb 

[Ω∙cm2] 

Thickness (dry) 

 [µm] 

Fujifilm AEM Type 10 96.0 8 2.85 1.29 146 

Fujifilm CEM Type 10 97.6 8 2.90 2.02 155 

Fumatech AEM FAB-PK-130 > 95 n/a 0.8 < 4  130 
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large concentration gradient for sodium over the shielding membranes. The pH was 
monitored (Endress & Hauser GmbH, Germany) and kept below pH 2 by manual addition 
of 37 wt% HCl. For every experiment at different operational conditions, fresh electrode 
rinse solutions were employed. 

2.3.2 Electrical instrumentation and sensors  

The conductivity was measured inline (VStar22, Thermo Fisher Scientific, USA) at the 
inflow of the diluate and concentrate stream of the first stage and at the outflow of the 
diluate and concentrate stream of each stage (Figure 2.1b). The pressure was measured 
(MIDAS SW, JUMO GmbH, Germany) at the same location as the conductivity. The 
voltage on the working electrodes was measured using a digital multimeter (34461A, 
Keysight Technologies, USA). The electrical potential or current was applied using 
individual power sources for every stage (stage 1-3: SM330-AR22 and stage 4: SM70-
AR24, Delta Elektronika B.V., The Netherlands). 

2.3.3 Experimental procedure 

The performance of the single-stage and the multistage configuration were tested and the 
water transport and salt transport were measured. Table 2.2 shows the operational 
conditions applied. The experiments were carried out at different linear feed flow 
velocities, v = 5, 10, 15 and 20 mm/s. Firstly, a uniform current density on all the 
electrodes was applied in both the single-stage and the multistage configuration. 
Secondly, for the multistage configuration, it was tested how desalination occurs 
operating the electrodes with different current densities. A non-uniform current 
distribution was applied with the highest current density applied to the first stage, 
followed by a decreasing current density in every subsequent stage. The values of current 
densities were chosen based on preliminary estimation of optimal values to reach a 
constant voltage for all the stages. 
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Table 2.2: Operational conditions for both uniform current and non-uniform current regimes.  

 
* Experimentally investigated.  

 

Next, also the maximum desalination degree per stage in the multistage configuration was 
investigated by assessing the limiting current density (LCD) per stage and the effect of 
feed flow velocity on the desalination rate. The maximum desalination degree per stack 
was determined just before the system reached the LCD. The LCD value was assessed 
per stage for the feed flow velocities, v = 2.5, 5, 10, 15 mm/s and for a maximum of four 
stages. The LCD was determined by increasing the current density stepwise and 
measuring the resulting voltage. For the first stage, steps of 10 A/m2 were used, for 
subsequent stages, stage two, three and four, the steps were 2.5 A/m2. The set time for the 
current density was at least 100 times the residence time of the solution in the stage. The 
LCD value was found using the Cowan and Brown method [27,28]. Prior to the 
determination of the LCD of each subsequent stage, the current density of the preceding 
stage was set to 95% of the measured LCD value.  

For all experiments the voltage reading is corrected for the blank resistance which 
accounts for the resistance of the electrodes, rinse solution, single shielding membrane 
and electrical connections. In this case the voltage refers only to the electric potential 
applied to the membrane pile.  Subsequently, the voltage is plotted per cell pair.  

  

 

 Feed flow velocity 
[mm/s] 

Current density  
[A/m2] 

Current 
condition  Stage 1 Stage 2 Stage 3  Stage 4 

Average 
over 

Stages 
Single-
stage 

Uniform 
current 

5, 10, 15, 20 25 25 25 25 25 25 

5, 10, 15, 20 50 50 50 50 50 50 

5, 10, 15, 20 75 75 75 75 75 75 

Non-uniform 
current 

10, 20 150 75 50 25 75 n.a. 

10, 20 300 150 75 50 144 n.a. 

95% of 
limiting 
current 

2.5, 5, 10, 15 * * * * t.b.d. n.a. 
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2.4 Results and discussion  

First, we compare the single-stage and the multistage configuration for uniform current 
distribution. The changes in salt concentration are compared by varying the feed flow 
velocity and the current density. In addition, the salt and water fluxed are compared for 
both systems. And besides that, we compare the single-stage and multistage configuration 
for coulombic efficiency and energy consumption at a uniform current operation.  

Second, we investigate the current distribution, by comparing for both the single-stage 
and the multistage effect of current distribution on energy consumption. Uniform and non-
uniform current distributions are tested. To reach full desalination we investigate the LCD 
per ED stage and assess the maximum desalination rate, operating at 95% LCD in each 
stage for a range of different feed flow velocities.  

2.4.1 Single-stage ED and multistage ED  

Figure 2.2a shows the change in salt concentration of the diluate from inlet to outlet for 
both single-stage and multistage configuration as function of the feed flow velocity for 
different current densities. Figure 2.2b shows for both configurations the concentrate 
inlet-outlet concentration difference as function of the feed flow velocity. Figure 2.2c 
shows the corresponding overall water flux from diluate to concentrate for different feed 
flow velocities and current densities. Figure 2.2d shows the salt flux for different feed 
flow velocities and current densities as calculated from the concentration change in the 
diluate obtained from Figure 2.2a and the volumetric change obtained from Figure 2.2c.   
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Figure 2.2: Effect of feed flow velocity and current density for both single-stage (open markers) 
and multistage ED (solid markers) on: a) Inlet-outlet concentration difference for diluate; b) Inlet-
outlet concentration difference for concentrate; c) Water flux; d) Salt flux. The standard deviation 
for some data points is not visible since it is within the size of the marker. The dashed lines are 
added to guide the eye.  

2.4.1.1 Changes in salt concentrations 

Figure 2.2a and Figure 2.2b show for both the single-stage and multistage configuration 
the same trends for the change in concentration of the diluate and the concentrate, 
respectively. With increasing feed flow velocity, the change in salt concentration in both 
diluate and concentrate decreases because less salt is transported due to the shorter 
residence time in the system. Increasing the current density leads to an increased salt 
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transport. Hence, a higher change in diluate and concentrate concentration is observed 
due to the higher driving force applied. Consequently, the salt flux from diluate 
compartment to concentrate compartment is larger (see also Figure 2.2d). Overall, the 
multistage configuration shows about the same concentration changes as the single-stage 
configuration. For a given feed flow velocity, each increase in current density results in a 
similar increase in concentration difference. The amount of salt transported seems to scale 
directly with the amount of charge supplied. This is also confirmed when the combined 
effect of feed flow velocity and current density is reviewed for data points which have the 
same current density over flow rate ratio, i.e. 25 (current density, A/m2):10 (feed flow 
velocity, mm/s), 50:20; and 25:5, 50:10, 75:15. In these sets of data points about the same 
amount of charge has been transferred by the electrodes to the ED stacks, i.e. 40 C and 80 
C, respectively. The resulting diluate removal concentrations with limited charge transfer 
(40 C) are about equal (for the multistage 76 mM, for the single-stage 82 mM). Also, at 
the higher charge transfer (80 C), both diluate removal concentrations are about the same 
(for the multistage 152 mM, for the single-stage 157 mM). It was not possible to apply a 
current density of 75 A/m2 at a feed flow velocity of 5 mm/s in order to get an almost 
complete desalination (DC ~ 500 mM; electrical charge transfer of 240 C) due to reaching 
limiting current conditions. For the multistage configuration, only the fourth stage was 
not able to operate at 75 A/m2, while it was possible to operate the first three stages at 75 
A/m2. From this, we observe that neither a single-stage ED nor a multistage configuration 
with uniform distribution of current to all the stages reaches full desalination. 

2.4.1.2 Salt and water fluxes 

The concentration changes in the diluate and concentrate result from water and salt 
transport through the membranes from diluate to concentrate and from concentrate to 
diluate. Transport of both is presented as function of feed flow velocity for different 
current densities in Figure 2.2c and Figure 2.2d, respectively. The trends for these fluxes 
for the multistage and single-stage configurations are similar.  

Higher current densities give higher migration rates of hydrated salt ions from diluate to 
concentrate, and hence, also the electro-osmotic water flux is higher. For a given current 
density, an increase in feed flow velocity leads to a slight decrease in water flux (Figure 
2.2c) and a slight increase in salt flux from diluate to concentrate (Figure 2.2d). The higher 
the feed flow velocity, the lower the residence time, and consequently less desalination 
occurs at the same current density. Therefore, the concentration gradient over the 
membranes is smaller and is present for shorter time. As a consequence, the driving force 
for both salt and water diffusion is lower, i.e. the osmotic water flux from diluate to 
concentrate is lower as well as the back diffusion flux of salt ions from concentrate to 
diluate (resulting in a net increase of the salt flux from diluate to concentrate). However, 
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at higher feed flow velocity, concentration polarization is less severe as well. In brackish 
water desalination typically feed flow velocities of 20 - 40 mm/s are applied in order to 
limit concentration polarization [10]. For seawater desalination applications, however, 
concentration polarization may be less relevant due to the higher salt concentrations 
resulting in higher diffusion fluxes from the bulk solution to the boundary layer. 

The multistage configuration clearly shows a higher water flux and a slightly lower salt 
flux under most conditions tested. Ion migration flux and associated electro-osmotic water 
flux are in principle similar in both systems, because the current density determines the 
ion migration flux, so the difference must be attributed to differences in ion diffusion flux 
and osmotic water flux. The latter two are dependent on current distribution and residence 
time distribution. Contrary to the current distribution in the multistage configuration 
where all the small stacks are operated at a certain current density, the current in the long 
single-stage configuration may be distributed unequally over the length of the stack. This 
means ion migration near the inlet is probably higher than near the outlet, and hence the 
concentration gradient as driving force for back diffusion and osmosis is present for 
longer times in the single-stage configuration. That means that the current distribution 
cannot be the explanation by the lower water flux and higher salt flux in the single-stage 
configuration. Another possibility is that the residence time in the multistage 
configuration is higher than that in the single-stage configuration. This difference may be 
caused by the flow pattern near the inflows and outflows at each stage in the multistage 
ED configuration, whereas the single-stage ED configuration has only one inflow and one 
outflow. 

2.4.1.3 Coulombic efficiency and energy consumption  

For the single-stage and multistage configuration the effect of both feed flow velocity and 
current density on coulombic efficiency and energy consumption are investigated. The 
coulombic efficiency is defined as the charge transferred by ions through each membrane 
from diluate to concentrate divided by the electric charge transferred by the electrodes. 
The energy consumption is defined as the product of applied currents and voltages during 
a given time period divided by the volume of diluate outflow produced during that same 
time period.  

Figure 2.3a shows the coulombic efficiency as function of feed flow velocity for different 
current densities. Figure 2.3b shows the energy consumption as function of feed flow 
velocity for different current densities. Figure 2.3c shows the measured voltage per cell 
pair for the single-stage and per stage of the multistage configuration as function feed 
flow velocity when a current density of 50 A/m2 is applied. Figure 2.3d shows for both 
configurations the energy consumption as function of the obtained diluate concentration 
for different feed flow velocities and current densities. The thermodynamic curve 
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provided in Figure 2.3d is calculated assuming equal amounts of concentrate and diluate, 
ideal behaviour of the 500 mM NaCl solutions and assuming perfect selective membranes 
(i.e. without back diffusion and water transport). 

 
Figure 2.3: For both single-stage (open markers) and multistage ED (solid markers) effect of feed 
flow velocity for (different) current densities on: a) Coulombic efficiency; b) Energy consumption; 
c) Voltage per cell pair for 50 A/m2; d) Energy consumption as function of diluate concentration. 
The standard deviation for some data points is not visible since it is within the size of the marker. 
The dashed lines are added to guide the eye. 

Figure 2.3a shows a higher coulombic efficiency at higher feed flow velocities because 
of the shorter time for water diffusion and back diffusion of salts. In addition, the 
coulombic efficiency seems to decrease with increasing current density. However, this is 
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misleading since with increased current densities at each feed flow velocity a higher 
degree of desalination is obtained as observed before in Figure 2.2a. Therefore, the 
coulombic efficiencies at the same amount of electrical charge transferred (discussion of 
Figure 2.2) are compared, i.e. data points that have the same current density over flow 
rate ratio, i.e. 25 (current density, A/m2):10 (feed flow velocity, mm/s), 50:20; and 25:5, 
50:10, 75:15, at 40 C and 80 C charge transfer, respectively. These data show an increase 
in coulombic efficiency with higher current density and higher cross flow velocity, in both 
single and multistage configuration. The coulombic efficiency is mainly influenced by 
back diffusion of ions. Two main factors play an important role: i) the concentration 
gradient over the membrane, which is the driving force for back diffusion of salt ions from 
concentrate to diluate, and ii) the time available for diffusion [29]. Because we compare 
data points with the same coulombic charge transferred, the established concentration 
gradient is the same. That implies that different coulombic efficiencies are observed due 
to a difference in time for diffusion. Comparing the data points of 40 C show an increase 
in coulombic efficiency from 25:10 to 50:20. In these experiments, the residence time is 
respectively 40 and 20 seconds, therefore a shorter diffusion time leads to higher 
coulombic efficiencies. Comparing the 80 C data points, a large increase in coulombic 
efficiency is shown from 25:5 to 50:10 and 75:15. Between the latter two data points a 
minor increase is shown, due to small difference in residence time (40 seconds per stage 
compared to 27 seconds), compared to the first point (80 seconds residence time). When 
we compare data points with equal coulombic charge transfer, we observe the same 
behaviour between the single-stage and multistage configuration. From this we conclude 
that high coulombic efficiencies are obtained at short residence times (i.e. high feed flow 
velocities).  

In general, the multistage configuration has lower coulombic efficiency than the single-
stage configuration. As discussed previously, this is most probably due to a higher 
residence time distribution due to the additional inflow/outflow manifolds in the 
multistage configuration. Ionic shortcut currents or shunt currents have a detrimental 
effect on the coulombic efficiency [13,30]. The multistage configuration contains more 
manifolds compared to the single-stage configuration, attributing to the lower coulombic 
efficiency of the multistage configuration.  

Figure 2.3b shows that with increasing feed flow velocity the energy consumption for 
both the single-stage and the multistage configuration decreases. Due to the shorter 
residence time at higher feed flow velocities, fewer salt ions are transported from the 
diluate compartments to the concentrate compartments (Figure 2.2a). Increasing the 
current density leads to an increased energy consumption per m3 diluate produced, 
because a higher degree of desalination is obtained (Figure 2.2a). The higher the degree 
of desalination, the higher the concentration gradient over the membranes and the higher 
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the back diffusion. Also, higher degree of desalination results in higher internal resistance, 
mainly due to the presence of less ions causing an increase of the electrical resistivity of 
the diluate compartments. Comparing data points with the same coulombic charge 
transfer, i.e. with about the same desalination degree, also shows that with higher current 
density the energy consumption is higher, because at a higher current density more energy 
is dissipated with the faster ion transfer. The trends of energy consumption for single-
stage and multistage configurations are similar, although the multistage configuration 
uses for all current densities slightly more energy. This can be attributed to the lower 
coulombic efficiency (Figure 2.3a) as well as to the higher water transport (Figure 2.2c) 
in the multistage configuration.  

Figure 2.3c shows the voltage needed per cell pair for the four stages of the multistage 
and for the single-stage to operate at 50 A/m2 at different feed flow velocities. With 
increased feed flow velocity, the voltage decreases because the amount of salt transported 
is smaller due to the shorter residence time resulting in a smaller concentration gradient 
over the membranes therefore lower voltages. For the lowest feed flow velocity of 5 mm/s, 
the single-stage configuration requires a voltage in between the voltage needed for the 
second and for the third stage of the multistage configuration. At higher feed flow 
velocities, the voltage of the single-stage configuration becomes comparable to the 
voltage applied to the second stage of the multistage configuration (for 15 mm/s) or to 
that of the first stage (for 20 mm/s). From this we conclude that for mild desalination (a 
decrease of the diluate salt concentration from 500 mM towards 200 mM), a multistage 
configuration with a uniform current distribution has no advantage over a single-stage 
configuration. For full desalination this will be investigated further below.  

Figure 2.3d shows the energy consumption for each data point provided in Figure 2.3b as 
function of the diluate concentration. The lower the diluate concentration that is obtained, 
the higher the energy consumption. As expected, the energy consumption at a given 
diluate concentration obtained with low current density and low feed flow velocity is 
lower than with high current density and high feed flow. The energy consumption for the 
different settings follows the same trend as the curve representing the thermodynamic 
minimum energy consumption for a reversible desalination (left dashed line in Figure 
2.3d) [31]. However, due to non-ideal behaviour (i.e. back diffusion and water transport) 
of the system, the measured energy consumption is larger.  

 

2.4.2 Effect of current distribution on energy consumption in multistage ED 

In this section, the effect of the distribution of the current density is investigated for two 
different regimes in the multistage ED configuration. The first regime has a uniform 
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current distribution, i.e. each consecutive stage of the multistage is operated at the same 
current density as in the previous section. In the second regime, the current is non-
uniformly distributed over the stages and each subsequent stage is operated at a lower 
current density (see Table 2.2).  

Figure 2.4a shows the current density (uniformly distributed) and the corresponding 
measured voltage over each stage for the multistage. Figure 2.4b shows the corresponding 
concentrations of both the diluate and concentrate outlets per stage. Figure 2.4c shows a 
non-uniformly distributed current density and the corresponding measured voltage for 
each stage in the multistage. Figure 2.4d shows the corresponding concentrations of both 
the diluate and concentrate outlets per stage. For both regimes, the average current density 
applied to the stages was 75 A/m2 and the feed flow velocity 10 mm/s.  

 
Figure 2.4: Effect of uniform current per stage of the multistage on: a) Voltage per cell pair (solid 
markers) and current density (open markers); b) Corresponding outlet concentrations. Effect of 
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non-uniform current per stage of the multistage on: c) Voltage per cell pair (solid markers) and 
current density (open markers); d) Corresponding outlet concentrations. The average current 
density applied to the stages was 75 A/m2 and the feed flow velocity was 10 mm/s. The standard 
deviation for some data points is not visible since it is within the size of the marker. The dashed 
lines are added to guide the eye. 

Figure 2.4a shows an increase in cell pair voltage per stage, while the applied current 
density is kept uniform over the stages. Figure 2.4b shows a linear behaviour over the 
different stages for both diluate and concentrate concentrations, which means that there is 
no significant water transport and a constant salt removal per stage. As the diluate 
concentration decreases steadily, the voltage increases with each stage due to the 
increased resistance associated with the lower salt concentration. Oppositely, Figure 2.4c 
shows that when the applied current density is decreased in a subsequent stage also the 
corresponding cell pair voltages decrease. Figure 4d shows that the outlet concentrations 
change accordingly to the applied current density per stage. Therefore, in the first stage 
more ions are transported from diluate to concentrate than in the latter stages. The 
electrical resistance of the diluate increases per stage, but since the current density at each 
stage is lowered even more, the voltage decreases with every stage. These measurements 
at non-uniform current density conditions show that it is possible to operate each stage at 
different current densities.  

Figure 2.5 shows the energy consumption for the multistage operation per stage at uniform 
current and non-uniform current distribution and the energy consumption for the single-
stage. All configurations are operated at an average current density of 75 A/m2 and a feed 
flow velocity of 10 mm/s. 
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Figure 2.5: Energy consumption plotted for the multistage configuration for uniform and non-
uniform current distribution (patterned) and single-stage (empty). The numbers indicate the stage. 
All data obtained at an average current density of 75 A/m2 and a feed flow velocity of 10 mm/s.   

Figure 2.5 shows that the multistage configuration operating at uniform current density 
has an energy consumption that is 25% higher than that of the multistage configuration 
with non-uniform current distribution. The energy consumption for the multistage 
configuration with non-uniform current distribution is comparable to that of the single-
stage configuration. In the multistage with uniform current distribution, the electrodes are 
all forced to transfer an equal current density. Because in the last stage, the concentration 
gradient is the highest, this results in a higher voltage and corresponding higher energy 
consumption, as can also be deducted from Figure 2.4a. In contrast, multistage non-
uniform current operation shows a higher energy consumption in the first stage, in analogy 
with Figure 2.4c where both the current density and the voltage decrease with each stage. 
Interestingly, the multistage configuration with non-uniform current density distribution 
operates at a similar energy consumption as the single-stage configuration. When the 
energy consumption is comparable, the current distribution must be comparable between 
the single-stage and the non-uniform current distribution operated multistage 
configuration. This can be explained because migration of ions in ED follow the path of 
the least resistance, meaning that the highest (local) current density is found at the 
entrance of the single stage, accordingly to the high value for current density applied to 
the first stage in the multistage. As the energy consumption is very comparable between 
the single-stage and non-uniform distributed multistage for the desalination of 500 mM 
to 275 mM, in terms of energy consumption there is no benefit to use multistage.  
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2.4.3 Determination of limiting current density per stage and maximum desalination 
rate  

In all cases discussed before, the diluate still contains ± 200 mM NaCl, while the WHO 
guideline for drinking water quality is < 8.5 mM [17]. The above-mentioned 
configurations are unable to reach such low values. Therefore, in this section we first 
determine the LCD value for each stage and subsequently adapt the operating current 
density for each stage to 95% of this LCD value to maximize the desalination degree in 
the multistage system. 

The single stage configuration showed an LCD value at 10 mm/s of 130 A/m2 or a current 
of 5.2 A. The desalination reached at these conditions at both outlets of the single stage 
were 857 mM and 123 mM. This confirms that full desalination in a single stage ED 
configuration is not possible.  

Figure 2.6a shows the LCD values per ED stage investigated for a multistage comprised 
of four stages and feed flow velocities ranging from 2.5 mm/s to 15 mm/s. Additionally, 
Figure 2.6b shows the corresponding diluate and concentrate concentrations per ED stage 
for the multistage configuration with each stage operated at 95% LCD current density.  

 
Figure 2.6: Effect of feed flow velocity on: a) Limiting current density found per ED stage, 
previous stages operated at 95% of their LCD; b) Outlet concentration per ED stage. The dashed 
lines are added to guide the eye. 

The LCD decreases with each stage in the multistage configuration (Figure 2.6a), while 
the concentration in the diluate decreases and that in the concentrate increases (Figure 
2.6b). The reason is that due to the lower diluate concentration limiting current conditions 
are reached earlier. The decrease in LCD scales with the decrease in salt removal per 
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stage. As a consequence, highest current densities and highest desalination degrees are 
observed in the first and the second stage (up to 600 A/m2 in the first stage at a salt removal 
of 375 mM, and still 226 A/m2 in the second stage at a salt removal of 163 mM), as at the 
initial stages the salt concentration is still relatively high. The third and fourth stages are 
only able to operate at very low LCD (less than 1/10th of that of the first stage).  

With increasing feed flow velocity, the LCD increases accordingly as well. The first two 
stages show that the LCD increases linearly with the feed flow velocity. However, in the 
third and fourth stage this is not applicable anymore due to the relatively low amount of 
salt.  

In Figure 2.6b the concentrate concentration increases mainly in the first stage, but the 
next stages do not show any further significant increase in salt concentration. At higher 
feed flow velocity, the concentration of the concentrate is higher as well. At lower feed 
flow velocities and therefore longer residence times and higher osmotic differences over 
the membrane, water transport from diluate to concentrate is higher, especially in the last 
two stages, resulting in a decrease in concentration for the lowest velocities. After four 
ED stages operating at 95% of the LCD value in each stage, the lowest diluate outlet 
concentration obtained is 11.4 mM, which comes close to the WHO target, i.e. 8.5 mM 
[17].  

Figure 2.7 shows the energy consumption and diluate concentration after four stages as 
function of the feed flow velocity ranging from 2.5 mm/s to 15 mm/s.  

 
Figure 2.7: Effect of feed flow velocity on energy consumption (open markers) and diluate 
concentration (solid markers) after four stages. The dashed line indicates the target concentration 
of 8.5 mM NaCl (target concentration for drinking water) [17]. The dashed lines are added to guide 
the eye. 
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Figure 2.7 shows an almost linear increase of the energy consumption with increasing 
feed flow velocity because energy dissipates at high salt removal rates at increased feed 
flow velocities. Simultaneously, however, Figure 2.7 also shows that the diluate 
concentration after the fourth stage as function of feed flow velocity after the lowest flow 
velocity almost immediately reaches a constant value already at 5 mm/s. At the lowest 
feed flow velocity, the diluate concentration reached (38.2 mM) is still far off from the 
WHO target, due to the low flow velocity and consequently poor mixing in the diluate 
compartments at 2.5 mm/s. Increasing the feed flow velocity to 5 mm/s and higher results 
in reaching a constant diluate outlet concentration of about 11.5 mM, apparently reaching 
the limit in desalination degree of this specific multistage configuration.  

Figure 2.8 shows the concentrate outlet concentration plotted against the diluate outlet 
concentration per stage of the multistage configuration for a feed flow velocity ranging 
between 2.5 mm/s and 15 mm/s.  

 
Figure 2.8: Concentrate and diluate inlet concentration for stage 1 and outlet concentrate and 
diluate concentrations for each stage for a feed flow velocity ranging from 2.5 to 15 mm/s. The 
solid line describes ideal behaviour (i.e. without water transport and back diffusion), where the 
volume of the diluate and concentrate compartments do not change along the desalination degree. 
The dashed lines are added to guide the eye.  

In Figure 2.8 the linear line describes membranes with ideal behaviour, meaning that there 
is no water transport associated to ion transfer. The points after the first stage are all close 
to ideal behaviour, indicating that in the first stage the effect of water transport and back 
diffusion is very small. At this first stage, the current density applied (Figure 2.6a) and 
the concentration gradient between diluate and concentrate (Figure 2.6b) is highest. 
Despite the high current density and large gradient over the membranes, the effect of 
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water transport and back diffusion is small. In subsequent stages, where the current 
density is much lower compared to the first stage, the effect of electro-osmosis is 
negligible, however, as the gradient over the membranes between the diluate and 
concentrate increases up to 750-900 mM, water transport due to osmosis increases as well. 
This effect is clearly visible in Figure 8 for stage 2, 3 and 4, which show significant 
deviation from ideal behaviour. At higher feed flow velocities the effect of osmosis is 
less, as then the concentrate compartments do not decrease much in concentration.  

This research shows that desalination of synthetic seawater close to drinking water is 
possible using multistage ED, but to reach this drinking water level at least 4 stages are 
needed. The energy consumption to desalinate close to drinking water levels is 3.6 
kWh/m3. A single stage ED with the same electrode area was not capable of this 
desalination degree. This means that the multistage ED requires not substantially higher 
capital expenditures, because the electrode area is the same. Only a few percent more 
membrane area is needed in the multistage to assure sealing. Staging will bring additional 
investment costs in piping, rectifiers and connections, but this is not significant. The 
energy consumption reached for a non-optimized multistage ED system is still double to 
state-of-the-art RO desalination technology. If the feed flow velocity in the multistage ED 
configuration is increased, similar diluate concentrations can be reached, but at a higher 
energy expenditure. To reach a product salinity that is lower than the WHO drinking water 
standard, the multistage configuration could be optimized for water transport and mixing 
in the diluate compartments. Once the water transport is lowered, the diluate yield a higher 
yield, and therefore a lower energy consumption is obtained. Once the mixing is 
increased, limiting current density values increases, and therefore higher desalination 
rates can be obtained. Such amendments to the multistage configuration will give no 
significant increase in energy consumption as the obtained diluate concentration is already 
close to the WHO drinking water standard.  
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2.5 Conclusions 

The aim of this work is to compare single-stage ED to multistage ED and to desalinate 
synthetic seawater to drinking water concentrations at low energy consumptions. Salt and 
water transport are quantified for uniform current distribution in both configurations. The 
single-stage and the multistage show the same desalination performance for mild 
desalination, i.e. salt removal of 300 mM. Non-uniform current distribution is investigated 
and shows the possibility of operating each stage at different current densities. Energy 
consumption for the non-uniform current distribution in the multistage shows a similar 
result to the single-stage configuration. For both single-stage and multistage 
configurations desalination to drinking water concentration is not possible in previous 
operations due to low applied current densities or due to LCD limitations. This shows that 
full desalination in a single-stage is not possible. Therefore, the maximum desalination 
degree per stage is assessed for the multistage by investigating the LCD per stage. Under 
all conditions, after the second stage, water transport becomes severe at low feed flow 
velocities. Despite this, with the multistage ED configuration operated at close to LCD 
conditions, synthetic seawater desalination from 500 mM to 11.4 mM, i.e. close to WHO 
drinking water standards at an energy consumption of 3.6 kWh/m3 can be obtained. This 
is two times lower compared to previously reported energy consumptions for multistage 
ED [15] and comes closer to state-of-the-art RO desalination technology [2].  
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Chapter 3 
Current utilization in electrodialysis: Electrode 

segmentation as alternative for multistaging 
 

Abstract  

Electrodialysis (ED) is a membrane-based desalination technology that uses an electric 
field to force the migration of ions through ion-selective anion and cation exchange 
membranes. Salt water is highly conductive but during this desalination process, the 
produced water becomes more dilute and therefore less conductive. This effect causes a 
non-homogeneous current distribution, making the desalination performance less efficient 
in the direction of the flow. To mitigate this, we experimentally compare two 
configurations for different current distribution regimes, voltages and feed flow 
velocities: a fully separated system of multiple laboratory-scale ED stacks, i.e. a 
multistage ED, and a segmented electrode system that consists of one stack with multiple 
separated electrodes. 

The segmented electrode showed low voltage and higher desalination degree compared 
to multistage for operation at uniform current. For non-uniform current, no difference in 
efficiency was observed. For low voltage operation the segmented electrode showed, due 
to current redistribution, a higher desalination degree compared to the multistage ED 
configuration. To reach drinking water quality, a multistage operated at a potential 
difference of at least 4 V was necessary. The work demonstrates that electrode 
segmentation in ED can be effective for bulk desalination.  
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3.1 Introduction 

Electrodialysis (ED) is an electrochemical desalination technology leveraging ion-
selective membranes to separate a salt water stream into a desalinated product and a brine 
under the influence of a potential difference. A typical ED stack consists of multiple 
alternately placed anion exchange membranes (AEMs) and cation exchange membranes 
(CEMs) between two electrodes, see Figure 1a. When an aqueous salt solution is pumped 
through these cells and an electrical potential is applied to the anode and the cathode, 
cations migrate towards the cathode and anions migrate towards the anode. Cations easily 
migrate through the negatively charged CEM but are mostly retained by the positively 
charged AEM. Similarly, anions migrate through the AEM, and are predominantly 
rejected by the CEM, resulting in diluate and brine compartments [1,2]. An ED stack is 
typically equipped with one single anode and one single cathode, both positioned in the 
electrode compartments at both ends of the stack and rinsed by an electrode rinse solution 
(ERS).  

ED is currently mainly employed for brackish water desalination [1,3–8] and for 
applications in the food industry, e.g. for removal of cheese whey [9], and 
electroseparation of lactic acid [10,11] or other organic acids from fermentation broths 
[12]. In the last decade, ED has seen a number of promising developments for new 
applications, including e.g. the use of ED for seawater desalination [13–15], feed-forward 
voltage-control in brackish water batch systems [16], hybrid reverse osmosis-ED and 
forward osmosis-ED processes [17,18] and a large variety of ED-related processes (e.g. 
reverse ED [19], bipolar ED [20], Donnan dialysis [21] and shock ED [22]).  

In general, ED systems are built with only one cathode and one anode in a stack. In this 
case, since the whole electrode surface is equipotential, the same electrical driving force 
is applied across the full stack length. When the target of the process is the production of 
a very dilute stream (e.g., drinking water), such conventional ED systems suffer from low 
efficiency in the last phase of desalination due to salt depletion in the diluate compartment 
along the stack resulting in low conductivity thus causing a high internal electrical 
resistance, while this effect is absent at the beginning of the stack due to the high 
conductivities of the water at that point. Consequently, this gradual change in internal 
resistance along the stack length leads to an inhomogeneous distribution of ion fluxes 
through the membranes. This effect is further enhanced by the fact that due to the ion 
migration in the stack, concentration polarization phenomena occur close to the 
membranes/solution interfaces, causing a larger driving force for ion counter-diffusion. 
In addition, in the diluate compartments the ion transport distribution is also affected by 
(electro-)osmotic transport increases. This increases the resistance of the membranes and 
decreases the ion concentration gradients along the cell compartments causing lateral ion 
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diffusion. The opposite occurs in the concentrate compartments. This inhomogeneity in 
current distribution inside the stacks has detrimental effects on the energy consumption 
of the ED process and severely reduces the overall performance of the system [14].  

To overcome the drawbacks induced by the salt depletion along the length of conventional 
ED stacks during seawater desalination, multistage ED systems have been proposed 
[14,23,24] (Figure 3.1d). An ED system designed as a multistage system of small-scale 
stacks in series in which each stack can be operated at its optimized conditions with 
respect to voltage or current provides a much more homogeneous current distribution. 
Such a multistage system with small units, however, is considered less feasible in practice 
involving more complex engineering with multiple hydraulic system connections between 
the different stages. 

Another possibility to improve the performance of a single ED system is the segmentation 
of electrodes along the length of the stack (Figure 3.1b and 3.1c). It combines the benefits 
of a multi-electrode system with a fixed stack size and uses segmented electrodes for 
anode and cathode. Segmentation of electrodes is commonly used in various fields of 
electrochemistry as a cell characterization technique and as a tool to obtain information, 
locally, in an electrochemical cell [25–28]. Veerman et al. investigated the potential of 
electrode segmentation in reverse electrodialysis (RED) and compared a 3-segmented 
electrode system with an unsegmented electrode system using the same total electrode 
area, reaching an 11% increase in power output for the segmented electrode system [29]. 
Similar results have been also obtained by Vermaas et al. who theoretically predicted 
higher energy efficiencies in RED using multiple stages or segmented electrodes 
compared to single stage operation [30].  Recently, ED experiments with a segmented 
electrode configuration were performed by Tvrzník [31]. In the experiments of Tvrzník 
half of the electrodes was switched off, i.e. operated without current, resulting in half of 
the ion transfer through the ED stack. Unfortunately, the number of experiments was 
limited and the system was not operated at optimized conditions of different currents nor 
voltages on different segments. Moreover, although the electrodes were segmented, the 
electrolyte was provided from one single compartment only, indirectly connecting the 
electrodes. For ideal segmentation, each electrode should have its own electrolyte rinse 
solution.  
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Figure 3.1: Schematic representation of a) membranes piled between electrodes, where ‘C’ is a 
CEM and ‘A’ is an AEM; b) segmented electrode stack, with four electrically and hydraulically 
separated electrodes; c) schematic representation of a segmented electrode stack, one long 
membrane path, with different electrode pairs; d) multistage configuration comprised of four stages 
that are connected in a serial manner.  

Opposite to the work above, we now investigate the use of segmented electrodes in ED 
with separated electrodes and separated electrode rinse solutions, each electrode operating 
at different (optimized) conditions. We compare that to the operation of a multistage ED 
configuration consisting of individual ED stacks. The aim of this paper is to understand 
the performance of an ED system when using segmented electrodes or a multistage 
configuration in relation to current utilization, desalination performance and energy 
consumption. We experimentally investigate a segmented electrode ED system with four 
segments and a comparable four-stage multistage ED configuration, comparing both 
systems in terms of desalination performance and energy consumption. Both 
configurations are identical in terms of total membrane area and electrode area. We 
compare uniform and non-uniform current distribution, voltage operation and investigate 
the limiting current density (LCD) per stage of the multistage or electrode pair of the 
segmented electrode stack. 

 

3.2 Theory 

The coulombic efficiency is a measure to assess the effective current utilization in an ED 
stack. The coulombic efficiency is calculated as the electric charge transported by ions, 
divided by the electric charge applied to the ED stack calculated as: 

𝜂 =
𝑞!"#$%&'"!()
𝑞#&&*+()

 Eq. 3.1 
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In which 𝜂 is the coulombic efficiency (-), 𝑞!"#$%&'"!() is the electric charge transported 
by ions (C) calculated by an overall mass balance over the diluate compartment:  

𝑞!"#$%&'"!() = (𝐶+$ − 𝐶',!) ∙ 𝑄)+*,#!( ∙ 𝐹 ∙ 𝜏 Eq. 3.2 

In which 𝐶+$ is the concentration at the inlet of the stack (mol/m3) and 𝐶',! is the 
concentration at the outlet of the diluate compartment of the stack (mol/m3), 𝑄)+*,#!( is 
the flowrate of one diluate compartment (m3/s), 𝐹 is the Faraday constant and 𝜏 is the 
residence time in the stack.  

𝑞#&&*+() is the electric charge (C) at which the ED stacks are operated and can be 
calculated as: 

𝑞#&&*+() =
𝑗 ∙ 𝐴 ∙ 𝐿
𝑣

 Eq. 3.3 

In which 𝑗 is the current density, 𝐴 is the membrane active area, 𝐿 is the flow path length 
of the flow path, and 𝑣 is the flow velocity. The energy consumption required for 
desalination is calculated as: 

𝐸)(%#*+$#!+'$ =
𝐼 ∙ 𝑉-&	. 𝑁
𝑄)+*,#!(

 Eq. 3.4 

 In which 𝐸)(%#*+$#!+'$ is the energy consumption for desalination (kWh/m3), 𝐼 is the 
applied current (A), 𝑉-& is the cell pair voltage (V), 𝑁 is the amount of cell pairs and 
𝑄)+*,#!( is the outlet diluate flowrate (m3/h). 

Besides the energy required for desalination, energy is consumed to pump the feed water 
through the ED stacks. The pumping energy, 𝐸&,.&, can be calculated as:  

𝐸&,.& =
(∆𝑝)+* ∙ 𝑄)+* + ∆𝑝-'$- ∙ 𝑄-'$-)

𝜂&,.& ∗ 𝑄)+*,#!(
 Eq. 3.5 

In which 𝐸&,.& is the energy for pumping (kWh/m3), ∆𝑝 the differential pressure (Pa) 
between inlet and outlet of the stack for the diluate and concentrate compartments, 𝑄 the 
flowrate (m3/h) in the diluate or concentrate compartments, and 𝜂&,.& the pump 
efficiency (assumed as 80%). 
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3.3 Experimental setup and procedure  

3.3.1 Electrodialysis stacks and conditions 

In this study, the ED performance of two different stack configurations was compared, 
i.e. a stack configuration with segmented electrodes and a multistage configuration. The 
overall layout of both configurations is presented in Figure 3.2.  

 
Figure 3.2: Schematic representation of the experimental setup: a) Segmented electrode ED stack 
containing four electrode pairs that are operated individually; b) Multistage ED configuration, with 
4 stages connected in series, i.e. where diluate (blue) and concentrate (red) outlet streams are the 
feed streams of the successive stage. For both configurations, the electrode rinse solution (ERS) 
(yellow) flows from the anolyte to the catholyte of the first electrode pair to the anolyte and 
catholyte of subsequent electrode pairs. Sufficient tubing length between electrodes assures 
separation of ERS systems. Electrical connections are represented in grey. 

 

 

cartridge 
filters

 

stage 1

pHp

p

p

p p

stage 2 stage 3 stage 4

330 L

electrode rinse solution

5 L T-σ 

pT-σ 

pT-σ 
pT-σ pT-σ pT-σ pT-σ 

p

 

cartridge 
filters

 

330 L

pHp

electrode rinse solution

5 L T-σ p

pT-σ pT-σ 

pT-σ pT-σ 

p

pT-σ pT-σ pT-σ pT-σ 

E1 E3E2 E4

artificial seawater

artificial seawater

a) 

b) 



Chapter 3 

 56 

The segmented electrode stack consisted of one ED stack with an active area of 100 x 400 
mm2 with four electrically and hydraulically separated electrodes placed in individual 
electrode compartments. The membrane area of the segmented electrode stack (140 mm 
x 480 mm) needed including sealing for 10 cell pairs was 1.41 m2. The multistage 
configuration consisted of four stacks connected in series with an active membrane area 
of 100 x 100 mm2 per stage. The membrane area of the multistage (165 mm x 165 mm 
per stage) needed including sealing for 10 cell pairs was 2.15 m2. Both configurations had 
identical geometry (spacers and manifold design) and feed conditions. Both systems were 
operated using continuous mode, meaning a single pass of the feed solution through the 
system. The experimental setup and the stack assembly are described in more detail in 
[14]. 

For the two different stack configurations, always the same membrane types were used. 
Fujifilm AEM Type 10 and CEM Type 10 (Fujifilm Manufacturing Europe B.V., The 
Netherlands) were used in the membrane stack, while Fumasep FAB-PK-130 (Fumatech 
GmbH, Germany) were used as shielding membranes to close the electrode 
compartments. The membrane properties as provided by the manufacturer are listed in 
Table 3.1. 

 

Table 3.1: Properties of ion exchange membranes (data provided by the manufacturer). 

 
a Based on the membrane potential measured over the membrane between 0.05 M and 0.5 M KCl 
solutions at 25°C. 
b Measured in a 0.5 M NaCl solution at 25°C. 

 

An aqueous solution containing 0.51 M NaCl was pumped through both ED 
configurations to mimic typical seawater concentration. This solution was prepared using 
demineralized water and technical-grade NaCl (Regenit, Frisia Zout B.V., The 
Netherlands). Different electrode rinse solutions (ERS) were considered when designing 
the experiments. Two different types of ERS can be listed, gas producing ERSs and 
reversible redox ERSs. The first type as the name suggests produces gas, and that makes 
the segmented electrode configuration operation rather complex if we want to connect the 

 
Permselectivitya 

[%] 

Water permeability 

 [mL/m2∙h∙bar] 

Resistanceb 

[Ω∙cm2] 

Thickness (dry) 

 [µm] 

Fujifilm AEM Type 10 95 6.5 1.7 125 

Fujifilm CEM Type 10 99 6.5 2.0 135 

Fumatech AEM FAB-PK-130 > 95 n/a < 4  130 

 



Current utilization in electrodialysis 

 57 

ERS tubing, with enough length between the electrodes to achieve sufficient resistance a 
lot of gas is subsequently injected in following electrode pairs. When using a reversible 
redox ERS this is not the case. Different reversible redox solutions are studied by 
Veerman et al. [32] and Scialdone et al. [33]. A widely used solution in reverse 
electrodialysis (RED) is Fe(CN)63- / Fe(CN)64-, but this can form toxic cyano complexes. 
In drinking water applications, such potentially hazardous complexes should be avoided. 
A safe ERS is the FeCl2/FeCl3 couple, this complex is also used in drinking water 
processing to achieve coagulation. In case of leakage of iron, it would oxidize because of 
the pH neutral conditions in drinking water. The iron can then be easily removed by 
filtration or sedimentation. For this reason, the electrodes were rinsed by recirculating an 
aqueous solution containing 0.5 M FeCl2, 0.5 M FeCl3, and 0.5 M NaCl. The 0.5 M NaCl 
is added in order to balance the amount of sodium and chlorides with the diluate and 
concentrate compartments in the membrane pile. For every set of experiments, fresh 
electrode rinse solutions were employed.   

3.3.2 Experimental procedure  

The segmented electrode stack and the multistage configuration were both investigated 
using uniform and non-uniform current regimes applied to the stages or the electrode pairs 
using the flow conditions as listed in Table 3.2. For comparison the feed flow velocity 
and the current density are combined into total electrical charge applied for each flow 
velocity for the total system in continuous mode. As we use relatively thin spacers (155 
μm) combined with seawater and we intent to reach full desalination in a single pass. The 
selected flow velocities are relatively low compared to industrial practice for brackish 
water desalination using much thicker spacers.  

In a uniform current regime, all electrodes pairs are operated using the same current 
density. Using a non-uniform current regime, the current in each subsequent electrode 
pair is lowered in order to reduce the overall energy consumption. Separating electrodes 
in a segmented electrode stack or in a multistage allow that each electrode pair can be 
operated at a locally (optimized) current or voltage. From now on, the electrodes in the 
segmented electrode stack or the stages of the multistage will be referred to as ‘electrode 
pair’ 1 to 4.  
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Table 3.2: Operational current density conditions for the segmented electrode stack and the 
multistage system.  

 
* Experimentally investigated. 

 

Besides a series of set current operations where the desalination degree is fixed by means 
of the current and associated salt flux, an ED system can also be operated using an applied 
constant voltage. Table 3.3 presents the experimental conditions when both systems were 
operated under uniform stack voltage.   

 

Table 3.3: Operational stack voltage conditions for the segmented electrode stack and the 
multistage.   

 
 

 

 Feed flow velocity 
[mm/s] 

Current density  
[A/m2] 

Total electric charge applied  
[C] 

Test 
condition  Electrode 

pair 1 
Electrode 

pair 2 
Electrode 

pair 3 
Electrode 

pair 4 
 

Uniform 
current 

5, 10, 15, 20 25 25 25 25 80, 40, 27, 20 

5, 10, 15, 20 50 50 50 50 160, 80, 53, 40 

5, 10, 15, 20 75 75 75 75 240, 120, 80, 60 

Non-
uniform 
current 

10, 20 150 75 50 25 115, 60 

10, 20 300 150 75 50 230, 120 

95% of 
limiting 
current 

10 *  * * * * 

 Feed flow velocity  
[mm/s] 

Voltage  
[V] 

 Electrode pair 1 Electrode pair 2 Electrode pair 3 Electrode pair 4 

10, 20 1 1 1 1 

10, 20 2 2 2 2 

10, 20 4 4 4 4 

10, 20 6 6 6 6 
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In complement with previous current and voltage settings, the limiting current distribution 
in both the segmented electrode stack and the multistage was investigated by assessing 
the limiting current density (LCD) per electrode pair. The maximum desalination degree 
per electrode pair was determined just before the system reached the LCD. The LCD value 
was assessed per electrode pair for the feed flow velocity, v = 10 mm/s and for a maximum 
of four electrode pairs. The LCD was determined by increasing the current density 
stepwise and measuring the resulting voltage. For the first electrode pair, steps of 10 A/m2 
were used, for electrode pair two, three and four, the steps were 2.5 A/m2. The set time 
for the current density was at least 100 times the residence time of the solution between 
the electrode pairs. The LCD value was found using the Cowan and Brown method [27, 
28]. Prior to the determination of the LCD of each subsequent electrode pair, the current 
density of the preceding stage was set to 95% of the measured LCD value.  

For all experiments the voltage reading is corrected for the blank resistance which 
accounts for the resistance of the electrodes, rinse solution, single shielding membrane 
and electrical connections. In this case the voltage refers only to the electric potential 
applied to the membrane pile.  

The experimental matrices were designed based on preliminary model calculations, 
assuming 100% selective membranes, 95% current efficiency. Next, the experimental 
investigation of the LCD was carried out afterwards to fully characterize both the 
underlimiting and overlimiting regions. All experiments were carried out in duplicate, the 
obtained experimental results showed identical resemblance.  

  

3.4 Results and discussion  

Effects that were seen in the different result sections have often a similar cause. For 
convenience, Table 3.4 summarizes these and when applicable to a specific figure, it is 
referred to in the text to explain the results.   
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Table 3.4: Summary of causes and effects to explain the obtained experimental results.   

 
 

3.4.1 Current operation in segmented electrode and multistage electrodialysis  

3.4.1.1 Uniform current operation 

Figure 3.3 shows the experimental results obtained at different values of transferred 
electric charge resulting from varying uniform current densities and feed flow velocities. 
Figure 3.3a and 3.3b show the electric charge applied to the segmented electrode stack 
and the multistage configuration as function of respectively the outlet diluate and outlet 
concentrate concentrations as calculated from the experimental settings. Figure 3.3c and 
3.3d show measured voltage for corresponding cases where respectively 40 C and 80 C 
are transferred for both the segmented electrode stack and the multistage configuration. 
The electrical charge can be calculated by Eq. 3.3, with active area A = 100 mm x 400 
mm (0.04 m2), and the length of the flow path L = 400 mm (0.4 m). The applied electrical 
charge transfer of 40 C can be achieved at a given ratio of current density (j) over flow 
velocity (v). Figure 3.3c shows the voltage when 40 C is transferred with operational 
settings: j = 25 A/m2 current density : v = 10 mm/s feed flow velocity, and accordingly 
for a ratio 50:20. Figure 3.3d shows the voltage when 80 C is transferred with operational 
settings 25:5, 50:10 and 75:15. 

 

 

 

# Cause Effect 

1 Higher charge 
Ion transport is proportional to applied current (assuming constant 

current efficiency in the system). Increased desalination, lower 
diluate concentration, higher concentrate concentration 

2 

Segmented stack consists of segmented 
electrodes but a continuous volume of 

conductive water and membranes covering 
the full length of the total stack 

Current redistribution; path of least resistance may not always be 
between electrode directly opposite one another 

3 Multiple inlet and outlets in the multistage 
system 

Isolated electrical stages, mixing in manifolds and tubing,  
higher limiting current density. Increased influence of entry effects 

on the mass transfer in the ED channels (Graetz-Lévêque problem) 
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Figure 3.3: Effect of both feed flow velocity and current utilization expressed in electric charge 
for the segmented electrode stack (solid markers) and the multistage (open markers) on: a) diluate 
outlet concentration; b) concentrate outlet concentration. Voltage response per electrode pair of 
the segmented electrode stack and the multistage configuration at a charge transfer of 40 C (panel 
c) and 80 C (panel d), resulting from different ratios of j:v (current density : feed flow velocity). 
The lines are added to guide the eye, the standard deviation for some points is within the size of 
the marker. 

Figure 3.3a and 3.3b show for both configurations identical desalination behaviour. 
Increasing the electric charge transfer decreases the salt concentration in the diluate 
compartment and increases the salt concentration proportionally in the concentrate 
compartment. This cause can be attributed to effect 1 in Table 3.4, both configurations 
exhibit the same desalination degree because of operation at the same electric charge.   
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Figure 3.3c and 3.3d (uniform charge) show an increased voltage in the direction of the 
flow because the internal resistance increased due to increased ion depletion along the 
diluate channel. The trends for the segmented electrode stack and the multistage differ. 
The segmented electrode stack shows a lower potential compared to the multistage 
configuration for both electric charges measured. The largest difference in voltage 
between the two configurations was found in the fourth electrode pair. Since the diluate 
concentration is equal in the two configurations (Figure 3.3a), the difference in voltage 
response can only be caused by other parameters. We hypothesize that this stems with 
cause 2 from Table 3.4, from the fact that the segmented stack consists of a continuous 
conductive water and membrane layer, which can induce voltage dissipation between the 
electrode pairs or internal current redistribution, for ions to follow the path of the least 
resistance, whereas the multistage is an ideally separated configuration. 

The difference in voltage between the segmented electrode stack and the multistage 
cannot be caused by boundary layer effects, as the development of the boundary occurs 
instantly from the entrance (depending on flow velocity and channel geometry). In fact, 
the segmented electrode stack and the multistage configuration have different fluid 
dynamic behaviour, which makes a direct comparison rather difficult. Multiple inlets and 
outlets in the multistage configuration can cause increased mixing in the manifolds and 
the tubings, however it can also cause an impaired mixing due to a larger portion of the 
channel with uneven flow distribution (i.e. larger dead zones). On the other hand, the 
development of the boundary layer at the inlet zones takes place over a certain length (due 
to diffusion time), so that entry effects promote the average mixing (cause 3, Table 3.4). 
This phenomenon, known as the Graetz-Lévêque problem, has been widely discussed in 
literature [36,37]. Moreover, the importance of entry effects depends strongly on the 
spacer geometry, especially at low feed flow velocities. For woven spacers, as used in this 
work, this effect vanishes after a few millimetres from the entrance [38]. In conclusion, 
the higher voltage measured for the multistage configuration (Figure 3.3c and 3.3d), can 
be most probably attributed to the non-homogeneous flow distribution due to entry 
effects.  

3.4.1.2 Non-uniform current operation 

The main advantages of segmented and multistage electrodialysis compared to single 
stage ED is that each electrode pairs can be operated at different electric conditions, thus 
providing an additional degree of freedom to increase desalination degrees and current 
efficiencies. Figure 3.4 shows for the segmented electrode stack and the multistage ED 
configuration for two different variable current scenarios, i.e. the outlet concentrations of 
the diluate and concentrate (Figure 3.4a and 3.4c), and the corresponding voltages (Figure 
3.4b and 3.4d) at two feed flow velocities (10 and 20 mm/s). In the first scenario, going 
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from electrode 1 to electrode 4, the applied current decreased from 150 (1st electrode), 75 
(2nd electrode), 50 (3rd electrode) to 25 (4th electrode) A/m2. In the second scenario, the 
applied current was 300-150-75-50 A/m2 going from the first to the last electrode.  

 
Figure 3.4:  Effect of non-uniform current distribution on the segmented electrode stack (solid 
markers) and the multistage (open markers) for different feed flow velocities (v = 10 (●,○) or 20 
(■,□) mm/s): a) (outlet) concentrations at 150-75-50-25 A/m2; b) corresponding voltage; c) (outlet) 
concentrations at 300-150-75-50 A/m2; d) corresponding voltage. For the segmented electrode 
stack, only concentrations at the end of the stack after the fourth electrode could be determined. 
The lines are added to guide the eye, the standard deviation for some points is within the size of 
the marker. 

In both scenarios, the same trend for the desalination degree in the segmented electrode 
stack and the multistage is observed. For the segmented electrode stack, due to its 
configuration, only the outlet concentrations after the fourth electrode could be measured, 
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while for the multistage configuration also the intermediate concentrations after each 
stage have been experimentally measured. Similar to uniform current operation (Figure 
3.3), when the same electric charge (i.e. current density) is applied, the desalination degree 
for both configurations is equal (cause 1, Table 3.4). In terms of voltage, both 
configurations show the same trends, but in general the required voltage to obtain the 
same degree of desalination is slightly lower for the segmented stack than for the 
multistage configuration (Figure 3.4b and d). The benefit of operating uniform current 
and observing low voltage shown in Figure 3.3 does not apply when the current density 
is distributed in a non-uniform manner. The required voltage decreases with every 
consecutive electrode, because the current density decreases in every consecutive 
electrode. The effect of feed flow velocity in both systems is rather complex. The lower 
the feed flow velocity, the longer the residence time, and therefore the higher the 
desalination degree and the required voltage. However, for 10 mm/s at the higher current 
densities (Figure 3.4d), both configurations show anomalous behaviour with a sudden 
increase of the voltage at the third and fourth electrode pair. At that point, the segmented 
electrode stack also shows higher required voltages than the multistage, favouring the 
multistage configurations above the segmented electrode stack. In this case, the difference 
between the inlet and outlet concentrations of the stacks are large (see Figure 3.4c). This 
large difference in concentration likely leads to competition or redistribution of the current 
patterns in the membrane pile in the segmented electrode stack, because highly conductive 
saline solution is entering the stack, favouring current paths at the inlet-side of the stack 
(cause 2, Table 3.4).  

3.4.2 Constant voltage operation in segmented electrodes stack and multistage 

Next to the tests at uniform current and non-uniform current, we experimentally 
investigated both configurations when operating at a fixed voltage and while measuring 
the corresponding currents and outlet concentrations. Figure 3.5 presents the resulting 
current density and corresponding diluate concentration when a constant voltage is 
applied ranging from 1 V up to 6 V.  
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Figure 3.5: Effect of 
stack voltage on 
current distribution in 
the segmented 
electrode stack (solid 
markers) and the 
multistage (open 
markers) for different 
feed flow velocities (v 
= 10 (●,○) or 20 (■,□) 
mm/s): a) current and 
b) corresponding 
diluate concentration 
both at an applied 
voltage of 1 V; c) and 
d) for 2 V; e) and f) for 
4 V; g) and h) for 6 V. 
For the segmented 
electrode stack, only 
concentrations at the 
end of the stack after 
the fourth electrode 
could be determined. 
The lines are added to 
guide the eye, the 
standard deviation for 
some points is within 
the size of the marker. 
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Figure 3.5a shows decreasing current densities for subsequent electrode pairs in both the 
segmented electrode stack and the multistage. This is in-line with the increasing resistance 
for subsequent electrode pairs. However, especially at 1 V, the fourth electrode pair of the 
segmented electrode shows a different behaviour. The current density in the multistage 
decreases with subsequent stages, in the segmented electrode the current density in the 
fourth electrode is similar or higher compared to the current density measured on the third 
electrode pair. This difference is likely due to a change in the current distribution, which 
is influenced by the local concentration inside the diluate compartments of the segmented 
electrode stack (cause 2, Table 3.4). In the multistage this is not possible due to ideal 
separation of electrode pairs. This effect vanishes at higher applied voltages, and therefore 
lower diluate concentrations. For both stacks, the diluate concentration decreases with 
every subsequent electrode (Figure 3.5b and 3.5d), with the effect being stronger at lower 
feed flow velocities and higher applied voltages. After four electrodes, slightly deeper 
degrees of desalination are obtained for the segmented electrode stack at lower voltages. 

At high applied voltages (ΔV > 4 V), it becomes obvious that at the low feed flow velocity, 
the segmented configuration operates above the limiting current density. At 4 V, both the 
third and the fourth electrode pairs reach the zero-current line (Figure 3.5e and 3.5f), while 
at 6 V this already starts at the second electrode pair (Figure 3.5g and 3.5h). At these 
conditions, the residence time in the stack is long and the applied voltage (i.e. driving 
force) is high, resulting in limiting current conditions. The limiting current density (LCD) 
is reached when the electrolyte concentration at the membrane/solution interface reaches 
zero [39] leading to a maximum in the current efficiency [34]; above the LCD, a number 
of additional phenomena  occur (e.g. electroconvective instabilities [40,41]), thus 
allowing the system to withstand higher currents [42]. This effect is not visible for the 
multistage configuration as this configuration has better mixing due to the multiple in and 
out flows (one for every individual stack) (cause 3 Table 3.4). Hence, at the lower feed 
flow velocity, the diluate outlet concentration of the segmented electrode stack is four 
times higher than that of the multistage configuration. The product of the multistage 
configuration has a concentration of 4.4 and 7.2 mM for a feed flow velocity of 
respectively 10 and 20 mm/s, and thus meets the requirements for maximum NaCl 
concentration in drinking water according to the World Health Organization (WHO) (8.5 
mM) [43]. On the other hand, the segmented electrode stack is not able to achieve drinking 
water concentrations, reaching diluate concentrations of 28.9 mM and 30.9 mM NaCl for 
a feed flow velocity of 10 and 20 mm/s, respectively.  

Based on Figure 3.5, Figure 3.6 shows the total current density taken up by the two 
configurations (Figure 3.6a), as well as the coulombic efficiency as function of the applied 
voltage for both the segmented electrode stack and the multistage for different feed flow 
velocities (Figure 3.6b).  
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Figure 3.6: a) Current density for the segmented electrode stack and multistage configuration, and 
b) coulombic efficiency as function of voltage at different feed flow velocities (v = 10 (●,○) or 20 
(■,□) mm/s). The lines are added to guide the eye, the standard deviation for some points is within 
the size of the marker. 

Both the segmented electrode stack and the multistage configuration show similar total 
current densities with increasing voltage. At a feed flow velocity of 20 mm/s, a clear 
increase in current uptake is visible for the whole voltage range, while for a feed flow 
velocity of 10 mm/s, after an initial increase, the cumulative current uptake reaches a 
plateau due to the lower influx of salt solution. For low driving forces (2 and 4 V), there 
is an advantage in current uptake for the segmented electrode stack for both feed flow 
velocities. For higher driving force, and especially low feed flow velocity, where the poor 
mixing in the segmented electrode stack starts to play a more dominant role due to 
probably reaching LCD conditions, the multistage has an advantage.  

Although the coulombic efficiency of the segmented electrode is higher compared to the 
multistage configuration (Figure 3.6b), the desalination degree of the two configurations 
is different, making a direct comparison not possible. A higher feed flow velocity shows 
a higher coulombic efficiency because the desalination degree is lower compared to the 
low feed flow velocity. This is in line with literature and previous findings [14,44]. The 
increasing coulombic efficiency at 10 mm/s for the segmented electrode stack cannot be 
explained yet. 
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3.4.3 Limiting current distribution in electrodialysis configurations  

To elucidate the effect of concentration polarization and transport limitations as shown 
above in the segmented electrode stack, the limiting current density (LCD) in that stack 
was determined. The experimental data for the multistage configuration is adopted from 
[14].  

A comparison was made between the segmented electrode stack and the multistage 
configuration for maximum desalination degree just below LCD conditions. Figure 3.7a 
shows the LCD for each electrode pair in the two configurations. Figure 3.7b shows the 
corresponding outlet concentration of the diluate and concentrate for the segmented 
electrode stack and the outlet concentrations per electrode pair for the multistage.   

 
Figure 3.7: Segmented electrode stack and multistage configuration operated at 10 mm/s: a) 
Limiting current density (LCD) found per electrode pair, previous electrode pairs operated at 95% 
of the LCD and b) outlet concentrations of diluate and concentrate per electrode pair for the 
segmented electrode stack (●) and multistage configuration (○). The lines are added to guide the 
eye, the standard deviation for some points is within the size of the marker. 

Figure 3.7a shows the same trend for the segmented electrode stack and the multistage, 
i.e. a strong decrease in LCD along the direction of flow and electrode pairs. The first data 
point for the segmented electrode stack and the multistage are similar, because the 
entrance conditions are similar. From the second data point on, the segmented electrode 
stack always shows a lower LCD than the multistage configuration. This can be explained 
by internal redistribution of current over the different electrode pairs, because the 
electrode pairs are not physically separated as in the multistage configuration. The 
corresponding concentration shown in Figure 3.7b shows for the segmented electrode 
stack a higher outlet concentration and only the multistage configuration operating close 
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to LCD values is able to desalinate to very low diluate concentrations. The multistage 
configuration that has fully separated electrode pairs, and because of improved mixing 
due to more inflow and outflow manifolds, is able to operate at higher limiting currents, 
is therefore able to desalinate further compared to the segmented electrode stack. These 
findings confirm that operation at 4 V and 6 V are above LCD of the segmented electrode 
stack. 

In addition to Figure 3.7, the performance parameters, i.e. coulombic efficiency and 
energy consumption, are calculated for both the segmented electrode stack and the 
multistage configuration. The coulombic efficiencies are respectively 0.80 and 0.83. The 
segmented electrode stack exhibits a lower coulombic efficiency, with higher diluate 
concentration. This counterintuitive effect could be explained by poor mixing in the 
segmented stack configuration. The energy consumption for the segmented electrode 
stack is 4.9 kWh/m3 and for the multistage configuration 5.6 kWh/m3. The lower energy 
consumption of the segmented electrode stack is due to a lower obtained desalination 
degree and a lower resistance of the diluate. This effect might be magnified by a forward 
diffusion of salt ions. Although the multistage configuration is slightly less energy 
efficient, it shows a deeper desalination degree that approaches the WHO drinking water 
standard [43]. To provide full desalination, having the same membrane and electrode area, 
a multistage configuration is required. Most probably, also a segmented electrode stack 
with improved mixing (e.g. mixing promoters/spacers) could reach higher desalination 
degrees, but this is beyond the scope of this work.  

3.4.4 Effect of pumping energy on total energy consumption  

Figure 3.8 shows the pressure difference between the inlet and outlet of both the 
segmented electrode stack and the multistage ED configuration as function of feed flow 
velocity. 
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Figure 3.8: Pressure difference between in and outlet of the segmented electrode stack and the 
multistage ED configuration as function of feed flow velocity. The dashed line indicates linear 
regression, the standard deviation for some points is within the size of the marker. 

The segmented electrode stack and the multistage ED configuration show both a linear 
increase of the pressure difference with increasing feed flow velocity. The values of the 
segmented electrode stack are less than half of the values measured for the multistage ED 
configuration. This can be explained by the fact that the multistage has 3 more inflow and 
outflow manifolds introducing pressure losses. The pressure difference in the segmented 
electrode stack is, despite that, not only 25% of that of the multistage ED configuration 
because the added path length in the segmented electrode stack adds pressure losses as 
well. The impact on pumping energy consumption between both configurations is 
proportional with the pressure losses, i.e. Eq. 2.5 [29,45,46]. For the segmented electrode 
stack, the pumping energy consumption results in an additional 0.013 kWh/m3 to the total 
energy consumption, and a value of 0.028 kWh/m3 for the multistage configuration for a 
feed flow velocity of 10 mm/s (assuming 80% pump efficiency). These very small 
numbers show that energy requirements for pumping are negligible compared to the 
energy needed for the actual desalination. However, the advantage of low pumping energy 
using a segmented electrode stack could be more beneficial in brackish water, when less 
salt needs to be removed.  

3.4.5 Effect of operating conditions on desalination degree and energy consumption  

In this work, there are three different operations that allow fair comparison in terms of 
output variables (Table 3.5). 
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Table 3.5: Experimental data comparison at a feed flow velocity of 10 mm/s between 95% LCD, 
non-uniform current and 2 V operation for both the segmented electrode stack and the multistage 
configuration in terms of outlet concentration, current, energy consumption and coulombic 
efficiency.  

 
 

In the non-uniform current distribution operation (300/150/75/50 A/m2), where in total a 
current of 5.75 A was applied to both configurations (1a and 2a in Table 3.5), an average 
voltage over the electrode pairs of 1.8 and 1.7 V was measured for respectively the 
segmented electrode and the multistage configuration. The diluate outlet concentration 
was 37 mM for both configurations. Despite that, the coulombic efficiency was 5% higher 
in the segmented electrode stack. For the other operations, a direct comparison of 
coulombic efficiency is rather difficult, because of the different desalination degrees 
reached in all the experiments.  

When we then compare the two configurations at a constant voltage experiment of 2 V 
(1b and 2b in Table 3.5), the current in the segmented electrode is higher compared to the 
multistage. This difference in current accounts for the difference in diluate concentration, 
thus giving a lower diluate concentration for the segmented stack. If we then compare 
these two operations to the LCD experiments (1c and 2c in Table 3.5), it is clear that in 
the case of the multistage configuration, the results are in line with the two other 
operations. Opposite to this, at LCD conditions, the segmented stack shows anomalous 
behaviour. At a total limiting current of 5.53 A, a diluate concentration of 95 mM is 
reached. The current applied in this case is in between that applied in the non-uniform 
distribution and 2 V operation, however the diluate concentration under LCD conditions 
is significantly higher. That would imply that operation close to LCD is not beneficial for 
the segmented electrode. During operation close to LCD the first electrode pair is operated 
at the highest current, the second electrode pair in the segmented electrode operates at a 
current density that is 85% lower and for the multistage 75% lower (Figure 3.7a). 
However, in the multistage there is no mutual influence of the different electrode pairs. 

# Operation Stack 
Diluate outlet 
concentration 

[mM] 

 
Current 

[A] 

Energy 
consumption 

[kWh/m3] 

Coulombic 
efficiency 

[-] 

1a Non-uniform current Segmented 37.0 5.75 2.72 0.94 

1b Constant voltage (2V) Segmented 69.9 5.36 1.82 0.85 

1c LCD Segmented 95.0 5.53 4.88 0.80 

2a Non-uniform current Multistage 43.5 5.75 2.62 0.89 

2b Constant voltage (2V) Multistage 110.0 5.00 1.72 0.84 

2c LCD Multistage 11.4 6.09 5.64 0.83 
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This difference in configuration makes the current distribution and utilization in the 
segmented electrode less productive both in desalination degree, energy consumption and 
coulombic efficiency. The largest change in salt concentration was seen after the first 
electrode pair, while operating close to LCD (Figure 3.7b). However, for the overall 
performance of the segmented electrode stack, the current distribution must be more 
gradual, i.e. following the non-uniform current distribution to increase overall stack 
performance. From these findings we can propose to use the segmented electrode stack 
as an energy efficient way for bulk desalination. When full desalination is required an 
electrode separated system such as the multistage system is required.  

Future work should focus on current distribution methods in segmented electrode stack in 
order to increase performance and lower the energy consumption. For this research the 
interactions between the electrode pairs should be measured, potentially the boundary 
layer can be measured using wires [47]. This measurement could give insight in local 
mass transfer and therefore current utilization. 
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3.5 Conclusions 

In this work we experimentally compared segmented electrode ED with multistage ED in 
terms of current utilization and desalination power. For uniform current distribution, the 
segmented electrode stack operates equally well as the multistage for low desalination 
degrees. However, a 10% lower voltage was measured in the segmented electrode stack 
compared to the multistage configuration. Under non-uniform current distribution, there 
was no difference between the segmented electrode stack and the multistage ED 
configuration. At constant voltage operation, the segmented electrode stack established 
higher desalination degrees (up to 8%) at low driving forces (2 V). For higher driving 
forces, i.e. 4 and 6 V, the segmented electrode stack suffered from concentration 
polarization (i.e. limiting current conditions) resulting in lower desalination degrees 
compared to the multiple stack system, which was able to produce a water salinity that 
approaches the WHO standards for drinking water. Limiting current density 
measurements showed that the segmented electrode stack was not able to reach full 
desalination. However, when the current in the segmented electrode was more gradually 
distributed, as in the case for the non-uniform current conditions, a lower diluate 
concentration could be reached in the segmented electrode stack. Therefore, this extreme 
current distribution used under LCD conditions is not suitable for a segmented electrode 
stack. Segmentation could be seen as a tool for bulk desalination. One can think of one 
larger segmented stack followed by a small stage for post-treatment in order to reduce 
water transport by increased feed flow velocity and other membranes could improve the 
process. In addition, the flow distribution is more homogeneous in a segmented electrode 
stack compared to the multistage configuration, because of less entrances. This work 
confirms electrodialysis could be applied in the near future as cost-effective seawater 
desalination technology, though a careful optimization of both configuration design and 
operation parameters is still required.  
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Chapter 4 
Effect of membrane area and membrane properties in 

multistage electrodialysis on seawater desalination 
performance 

 

Abstract  

Energy consumption for seawater desalination by multistage electrodialysis (ED) is 
lowered last decade from 6.6 kWh/m3 to 3.6 kWh/m3. In multistage ED the driving force 
can be adapted to the conditions of that specific desalination stage. In this study however, 
we varied the membrane area, the residence time, and the membrane properties in the 
different stages to investigate the transport mechanisms of salt and osmotic water to 
improve the desalination performance of multistage ED even further. Residence time 
affects both salt fluxes and osmotic transport. We showed that a longer residence time is 
beneficial in the first stages, in combination with a shorter residence time in the later 
stages. The gradient in the later stages between the diluate and concentrate compartments 
is large, and a short residence time decreases the undesired osmotic flow, resulting in 
lower product (diluate) loss. Moreover, the use of membranes with lower water 
permeability in the last three stages results in state-of-the-art energy consumptions of 2.2 
kWh/m3 for the desalination of 510 mM NaCl to 5.4 mM NaCl using multistage ED. This 
obtained diluate salinity more than meets the WHO standard for drinking water of 8.5 
mM NaCl.  

 

  



 

 

This chapter has been published as: 

G.J. Doornbusch, M. Bel, M. Tedesco, J.W. Post, Z. Borneman, K. Nijmeijer, Effect of 
membrane area and membrane properties in multistage electrodialysis on seawater 
desalination performance, J. Memb. Sci. 611 (2020) 118303. 
https://doi.org/10.1016/j.memsci.2020.118303. 



Effect of membrane area and membrane properties in multistage electrodialysis 

 81 

4.1 Introduction 

ED is an electrochemical desalination technology that uses ion exchange membranes to 
desalinate a feed streams under the effect of an applied electric field. Between the 
electrodes, cation exchange membranes (CEM) and anion exchange membranes (AEM) 
are piled in an alternated pattern. Once the electrical potential difference is applied, 
cations migrate through the CEMs in the direction of the cathode and anions migrate 
through the AEMs in the direction of the anode. This results in alternating diluate and 
concentrate compartments [1].  

Electrodialysis (ED) is currently not used for industrial-scale seawater desalination 
because it is considered too energy-intensive [1,2]. However, recent modelling and 
experimental studies show renewed interest in improving conventional ED systems to 
lower the energy consumption of these systems.  

Some recent studies focused on the application of multistage in seawater electrodialysis 
as a method to decrease the energy consumption [3–7]. A multistage ED allows adapting 
the driving force to the conditions of each specific stage. In our earlier work, we showed 
that 510 mM NaCl, representing the salinity of seawater, could be desalinated at an energy 
consumption of 3.6 kWh/m3 using a four-stage ED system [3]. For these saline conditions, 
this is the lowest energy consumption that has been reported in literature for ED. 
Multistage ED with the driving force in each stage adapted to the specific conditions at 
that stage is a similar operation compared to voltage control batch operation [8]; however, 
in the latter, only the voltage is changed over time. A multistage ED system offers more 
degrees of freedom. Besides the driving force, there are other design- and operational-
parameters that can be changed to lower energy consumption, i.e. spacer thickness, the 
number of cell pairs, membrane properties, the path length and the type of mixing 
promotors in each stage can be varied. A thick spacer implies a larger volume of saltwater 
between the membranes; therefore, a higher driving force (electric potential difference) 
can be applied due to the presence of more salts [9]. The number of cell pairs determines 
the flow velocity and, therefore the degree of mixing in the compartments, and it 
determines the residence time in each stage when the stages are hydraulically connected 
in series [10]. The path length determines the residence time, i.e. a longer path length 
allows for longer residence time at a given flow rate [11]. Mixing promotors can be varied 
utilizing profiled membranes, woven, or extruded spacers that depending on the design, 
have a higher or lower degree of mixing. The main operational parameters in ED are the 
driving force (applied voltage or current) and the feed flowrate that determines the feed 
flow velocity. The feed flow velocity influences both the residence time (high flow rates 
give low residence times and vice versa) in the stack and the degree of mixing in the 
compartments (high feed flow rates give better mixing). 
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In a multistage ED system, another way to vary the residence time between the stages is 
by changing the number of cell pairs in each subsequent stage. Shortening the residence 
time in each subsequent stage by reducing the number of cell pairs (and thus the 
membrane area available for ion exchange) leads to higher fluid flow velocities. Therefore 
directly related, the degree of mixing is higher, and a higher limiting current density can 
be measured [12]. Higher current densities increase the salt flux per square meter 
membrane area. An effect of shortening residence time in each subsequent stage is that 
along the desalination degree, where the gradient is increasing over the membranes in 
subsequent stages, the impact of water transport is less pronounced. Water transport 
consists of electro-osmosis and osmosis; the latter is time dependent. Electro-osmosis is 
more pronounced in the first stages, because high diluate concentrations allow for high 
current densities. Subsequent stages have decreasing diluate concentrations, and therefore 
can operate only at reduced current density to avoid overlimiting current conditions. For 
this reason, electro-osmosis is negligible in later stages [3]. Osmosis on the other hand 
strongly depends on the governing concentration gradient over the membranes that 
increases each stage and is also depended on residence time in each stage [11]. Previous 
work showed the severe effect of osmosis in later stages when artificial seawater was 
desalinated from 510 mM to 11 mM [3]. Especially low feed flow velocity experiments 
are affected by severe, unwanted water transport due to osmosis. A decrease in membrane 
cell pairs increases the flow velocity and thus reduces the residence time and with that the 
osmotic water transport. Nevertheless, a consequence of less cell pairs could be that the 
residence time becomes too short to reach the same desalination degree.  

For the first time we investigate experimentally the effect of varying conditions in each 
stage of a multistage ED system on water transport, energy consumption and outlet diluate 
concentration. More specifically, we explore the effect of higher fluid flow velocities in 
the later stages and, therefore, lower residence time in each subsequent stage of a 
multistage ED system. The fluid flow velocity is adjusted by varying the number of cell 
pairs in each stage.  

 

4.2 Experimental setup and procedure 

4.2.1 ED stack characteristics  

The experimental setup was comprised of a multistage ED system with four serially 
connected ED stacks (REDstack B.V., The Netherlands). Each ED stack had an active 
area of 100 x 100 mm2 and was operated in co-current mode for diluate and concentrate. 
The overall layout of the four-stage configuration is presented in Figure 4.1.  
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Figure 4.1: Schematic representation of the multistage ED system with four ED stacks 
hydraulically connected in series.  

Figure 4.1 shows that the electrolyte rinse solution (ERS) flows from the anolyte to the 
catholyte of the first stage and subsequently to the anolyte and catholyte of the next stage. 
The ERS had sufficient length between the stages to prevent shortcut currents. Cartridge 
filters are added to prevent particles from entering the system. Before and after every 
stage the conductivity, temperature, and pressure are monitored. 

The multistage ED system was fed with a 510 mM NaCl solution, representing the salinity 
of seawater in the North Sea. The electrodes were rinsed by recirculating an aqueous 
solution containing 0.5 M FeCl2, 0.5 M FeCl3, and 0.5 M NaCl, using a flow rate of 340 
mL/min by a peristaltic pump (Masterflex, USA). Sodium chloride was added to the 
electrolyte to increase the electrical conductivity and to avoid a large concentration 
gradient for sodium over the shielding membranes. The pH was monitored (Endress & 
Hauser GmbH, Germany) and kept below pH 2 by manual dosing of 37 wt% HCl aqueous 
solution. For every experiment at different membrane configurations, fresh electrode rinse 
solutions were employed. 

Two different high permselective ion exchange membranes (both for AEMs and CEMs) 
were tested (Fujifilm Manufacturing Europe B.V., The Netherlands). Type 10 was chosen 
for its low resistance, where Type 2 was used to lower the osmotic water transport. 
Membrane properties as provided by the manufacturer are listed in Table 1. Both Fujifilm 
membrane types are further in detail discussed by Sarapulova et al. [13].  
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Table 4.1: Properties of ion exchange membranes (data provided by the manufacturer). 

 
a Based on the membrane potential measured over the membrane between 0.05 M and 0.5 M KCl 
solutions at 25°C. 
b Measured in a 0.5 M NaCl solution at 25°C. 

 

Each cell pair was comprised of one AEM, an adjacent gasket integrated woven spacer, 
one CEM, and another adjacent gasket-integrated woven spacer. In addition, extra AEM 
shielding membranes to close the membrane pile. As shielding AEMs Fumasep FAB-PK-
130 membranes (Fumatech GmbH, Germany) were selected because of their proton 
blocking properties in order to maintain the pH of the electrode rinse solution (ERS) 
below pH 2. Gasket integrated woven spacers of 0.155 mm in thickness were used with a 
porosity of 79% (Deukum GmbH, Germany). Further stack details can be found in ref [3].  

4.2.2 Multistage ED systems  

The ED stacks were built using a different number of cell pairs, resulting in different 
amounts of membrane area. Figure 4.2 shows an overview of four different experimental 
multistage ED layouts tested with the number of cell pairs noted in each stage. First, the 
effect of reducing the membrane area was investigated (Figure 4.2A), followed by 
redistributing a fixed number of 40 cell pairs (Figure 4.2B). Figure 4.2C shows the 
investigation of membrane properties by using membranes with lower water permeability 
(provided by the same manufacturer). Finally, we performed a final case study, based on 
the optimal conditions as identified in the first three case studies (Figure 4.2D).  

 

 

 

 

Membrane type 
Permselectivitya 

[%] 
Water permeability 

[mL/m2∙h∙bar] 
Resistanceb 

[Ω∙cm2] 
Thickness (dry) 

[µm] 

Fujifilm AEM Type 10 95 6.5 1.7 125 

Fujifilm CEM Type 10 99 6.5 2.0 135 

Fujifilm AEM Type 2 95 3.0 5.0 160 

Fujifilm CEM Type 2 96 3.5 8.0 160 

Fumasep AEM FAB-PK-130 > 95 n/a < 4  130 
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Figure 4.2: 
Experimental settings 
displayed within the left 
column a schematic 
overview of the layouts 
and in the right column 
the theoretical feed flow 
velocity per stage (no 
water transport and 2.2 
l/h). Each box in the 
schematic represents an 
ED stage with the 
number of cell pairs 
noted in each stage, 
thinly lined boxes 
represent ED stages with 
Fujifilm Type 10 and 
thick-lined boxes 
represent ED stages with 
Fujifilm Type 2. The 
following experiments 
were carried out; set A: 
reducing membrane 
area; set B: 
redistributing 40 cell 
pairs; set C: varying 
membrane types, 
implementation of 
Fujifilm Type 2 
membranes; set D: 
optimization with 
Fujifilm Type 2 
membranes. The lines 
are offset by 2% each, to 
discriminate between 
layouts.   
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Figure 4.2A shows the number of cell pairs starting with 40 cell pairs (active area 0.8 m2) 
and reducing with 5 cell pairs (0.1 m2) in each subsequent configuration tested by starting 
with the reduction from the last stage. These configurations are tested to investigate the 
desalination behaviour at enhanced feed flow velocities in later stages, from 2.5 mm/s to 
10 mm/s. Two feed flowrates were investigated: 1.1 l/h and 2.2 l/h. In Figure 4.2B the 
desalination behaviour is also investigated at enhanced feed flow velocities, however, 
here the number of cell pairs is kept constant. Also, here, two feed flowrates were 
investigated: 1.1 l/h and 2.2 l/h. Figure 4.2C shows the implementation of membranes 
with less water permeation. Here only 2.2 l/h was investigated. In Figure 4.2D the best 
membrane distribution was investigated using less water-permeable membranes. Also 
here, only 2.2 l/h was investigated. The experimental settings: A1, B1, and C1 are the 
same, therefore the results originate from the same experiment.  

4.2.3 Experimental procedure 

To investigate the maximum salt flux that can be achieved for each stage the maximum 
driving force in the ohmic region was determined by investigating the limiting current 
density (LCD). The current found was applied at a level of 95% LCD to that specific stage 
and subsequently, the LCD was investigated in the subsequent stacks [3,9]. Once all 
stacks are operated at 95% LCD the performance indicators were obtained. The 
performance indicators are: LCD, diluate outlet concentration, diluate water recovery, salt 
flux, coulombic efficiency, and energy consumption. The diluate water recovery was 
calculated based on the measured outlet flow rates for both diluate and concentrate at the 
outlet of the last stage. The corresponding water flux through the membranes was 
calculated from the flowrate measurements. The effective salt flux was calculated from 
the concentration change in the diluate compartments and the volumetric change. The 
coulombic efficiency is defined as the charge transferred by ions through each membrane 
from diluate to concentrate divided by the electric charge transferred by the electrodes. 
The energy consumption was calculated by the voltage times applied current, divided by 
the flowrate. For all experiments the voltage reading is corrected for the blank resistance 
which accounts for the resistance of the electrodes, rinse solution, single shielding 
membrane, and electrical connections. In this case, the voltage refers only to the electric 
potential applied to the membrane pile. This corrected voltage is used together with the 
current applied and the measured diluate outlet flowrate to calculate the energy 
consumption. Reproducibility of the LCD experiments showed for at least duplicate 
experiments identical behaviour. However, reproducibility includes variances introduced 
by stage rebuilding and this encompasses more than duplicating the LCD experiments. It 
was shown that the percentual error of the standard deviation was 2.3%.  
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4.3 Results and discussion   

We investigated in 4.3.1 the multistage ED performance when the membrane area in terms 
of number of membrane cell pairs per stage was gradually decreased going from the first 
to the last stage. This experiment was performed to investigate if the amount of diluate 
product (drinking water) per m2 membrane area could be increased.  

In 4.3.2 a total fixed amount of membrane cell pairs was redistributed over the four stages 
and the system performance was evaluated. In this set of experiments, we investigated the 
salt and water flux as a tool to increase the performance. 

In 4.3.3 the effect of membranes with different membrane properties in different stages 
was investigated. We used membranes with a lower water permeability in the later stage, 
thus decreasing the water transport rate (loss of product), increasing the water recovery. 

In 4.3.4 an optimization step was performed where the best layout in terms of membrane 
cell pair distribution and the membrane properties is used. 

The effect of reducing the number of cell pairs, i.e. the available membrane area per 
stages, the effect of redistribution of the membranes within the multistage ED and the 
effect of membrane properties are investigated and discussed per paragraph. In a 
concluding paragraph, the optimization study is discussed, where the combined effect of 
redistributing membranes and membrane properties is investigated.  

4.3.1 Effect of reducing membrane area in multistage ED on desalination performance   

The effect of membrane area on the desalination performance is investigated 
experimentally by determining the limiting current density at each stage. Figure 4.3 shows 
the LCD per stage for multistage ED systems with different amounts of membrane area 
and for different feed flowrate conditions. The first configuration (A1) represents the 
reference case, which is a multistage ED system with 4 identical ED stacks of 10 cell pairs 
each (i.e. a total active membrane area of 0.8 m2). In the other layouts (A2-A4), the 
number of cell pairs is progressively reduced by 5 cell pairs (0.1 m2) from the last stage 
on.  
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Figure 4.3: Effect of reducing membrane area on LCD at each ED stage at different feed flowrates: 
a) 1.1 l/h and b) 2.2 l/h. Dashed lines are added to guide the eye.  

Independent of the flow rate, the same behaviour is observed when similar cell pair 
configurations are considered. Figure 4.3a and 4.3b show similar decreasing trends for 
the LCD per stage for both investigated feed flowrates (corresponding to feed flow 
velocities in the first stage of respectively 2.5 mm/s and 5 mm/s). These trends are due to 
the decreasing concentration in the diluate compartments along the stages, since the LCD 
is proportional to the (average) bulk concentration in the diluate [12,14,15]. The LCD is 
also influenced by the fluid dynamic conditions in the stacks. At high salt concentrations, 
the LCD values at 2.2 l/h are approximately double the values obtained at 1.1 l/h. At 2.2 
l/h, the incoming flowrate is twice the flowrate at 1.1 l/h and consequently, the salt flux 
is double. Due to the double flowrate, also double the amount of salt enter the system. 
The salt flux is double, because the LCD is reached at comparable bulk concentrations.  

The differences between the different cell pair layouts at one flow rate (Figure 4.3a or 
4.3b) can be explained by the feed flow velocity. Due to a decreasing number of 
membrane cell pairs in a stack the feed flow velocity in that stack increases at similar feed 
flow rate. Higher feed flow velocities give a higher degree of mixing and therefore a 
higher LCD value and less desalination [16]. Consequently, for each ED stage, 
configuration A4 has higher LCD values than configuration A1.  

In addition, there are a few other effects that play a role. Configuration A1 and A2 are 
similar, except for the last stage. However, due to the reduced number of cell pairs in A2, 
the internal pressure in previous stages is slightly higher, causing a better flow distribution 
in previous stages in A2, which explains the slightly higher LCD values found in stage 1 
to 3 of A2. Also, the fourth stage in A2 has an LCD value of 7.7 A/m2 versus 5.8 A/m2 in 
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A1. If the cell pairs in stage 3 are reduced (A3), the LCD is very similar to stage 2, because 
of the higher degree of mixing at higher feed flow velocities in stage 3 where the residence 
time is shortened. In A4 the LCD decreases almost linearly due to the higher feed flow 
velocities after stage 1. Figure 4.3 confirms that with decreasing amounts of cell pairs in 
later stacks and subsequently increased feed flowrates, and associated increased mixing, 
higher LCD values are achieved.  

The increased feed flowrates led to higher LCD values, but at the expense of the residence 
time in a specific stage. Decreased residence time implies, shorter time for desalination, 
which is a disadvantage, but also a shorter time for osmosis and electro-osmosis, which 
is beneficial. Figure 4.4a shows the corresponding salt concentrations of diluate and 
concentrate per stage using the LCD values found in Figure 4.3b at 2.2 l/h for the different 
layouts. Figure 4.4b and 4.4c show a detailed view of the concentrate and diluate outlet 
concentrations.  

 
Figure 4.4: Effect of reducing membrane area on outlet concentrations at each ED stage for feed 
flow velocity of 2.2 l/h a) Diluate and concentrate outlet concentrations; b) Outlet concentration 
for concentrate after stage 1; c) Outlet concentration for diluate after stage 1. Dashed lines are 
added to guide the eye.  

Figure 4.4 shows the corresponding outlet concentration of the diluate and the concentrate 
at each ED stage for a feed flowrate of 2.2 l/h. Figure 4.4a shows similar general trends 
for all layouts, however, the zooms in Figure 4.4b and 4.4c give more insight in the 
differences between the different layouts. Figure 4.4b shows a clear trend with reducing 
number of cell pairs, from layout A1 to A4. Especially in layout 4A, the residence time is 
shortened (due to the lower number of cell pairs), and therefore less time for undesired 
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water transport is available. This results in higher concentrate concentrations for layouts 
with less cell pairs. Figure 4.4c shows that the reduction of cell pairs leads only in A2 to 
a lower diluate concentration, in subsequent layouts (A3 and A4) the diluate outlet 
concentration is higher. In A3 and A4 the time for desalination becomes too short to reach 
drinking water values.  

Figure 4.5 shows the two major performance indicators (a) diluate outlet concentration 
and b) energy consumption) obtained when operating at a current of 95% of the governing 
LCD value for both feed flow velocities of 1.1 l/h and 2.2 l/h. Data of the other 
performance indicators, i.e. salt flux, diluate water recovery, coulombic efficiency and 
average current density can be found in the Supporting Information (SI) Section A. 

 
Figure 4.5: Effect of reducing membrane area for feed flow velocities of 1.1 l/h and 2.2 l/h on: a) 
Diluate outlet concentration; b) Energy consumption. Dashed lines are added to guide the eye. 

Figure 4.5a shows a minimum diluate outlet concentration for both flowrates. When more 
cell pairs are removed, i.e. layout A3 and A4, the decreased residence time in the system 
does not allow to reach drinking water concentrations in single-pass mode. Also, a 
flowrate of 2.2 l/h is needed to reach diluate outlet concentrations that meet the WHO 
drinking water concentrations (i.e. sodium concentration not exceeding 200 mg/l or 8.5 
mM NaCl) [17]. The energy consumption (Figure 4.5b) necessary to reach drinking water 
concentrations is 3.16 kWh/m3 (layout A2, 2.2 l/h). Previous lowest reported energy 
consumption for multistage ED systems was 3.6 kWh/m3 [3]. 
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4.3.2 Effect of membrane area redistribution in multistage ED on desalination 
performance   

In the previous section, the number of membrane cell pairs per stage was decreased to 
increase the feed flowrate in later stages and thus decrease the water transport (SI Section 
B) and reach lower diluate concentrations. However, this also decreases the desalination 
capacity because of the decreased number of membrane area available for desalination. 
In this section, the same number of membrane cell pairs is redistributed in different ways 
over the four stages, so the membrane area is kept constant but the distribution is varied. 
By doing so we induce different residence times and feed flow velocities along the 
desalination path, see Figure 4.2B. In Figure 4.6 the effect of this redistribution of the 
membranes on the corresponding LCD per stage for 1.1 l/h and 2.2 l/h is presented.   

 
Figure 4.6: Effect of redistributing membranes on LCD at each ED stage at different feed 
flowrates: a) 1.1 l/h and b) 2.2 l/h. Dashed lines are added to guide the eye.    

Figure 4.6a and 4.6b show the same trends for the LCD as reported in Figure 4.3. 
Moreover, Figure 4.6 shows that the higher the amount of cell pairs in stage 1, the lower 
the LCD, due to the longer residence time (higher degree of desalination). In addition, due 
to the low feed flow velocities at high numbers of cell pairs, mixing is less efficient, giving 
lower LCD values as well. Stack B3 pushes the limits and has a very uneven distribution 
of membrane cell pairs with by far the highest number of all cell pairs in the first stage, 
with every subsequent stack 50% less cell pairs and the last two stages the same. In that 
case the LCD decreases almost linearly, scaling with the number of cell pairs.  
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Figure 4.7 shows the corresponding concentrations for Figure 4.6 per stage at 2.2 l/h. 
Figure 4.7b and 4.7c show a detailed view of the concentrate and diluate outlet 
concentrations.  

 
Figure 4.7: Effect of redistributing membranes on outlet concentrations at each ED stage for feed 
flow velocity of 2.2 l/h a) Outlet concentrations; b) Outlet concentration for concentrate after stage 
1; c) Outlet concentration for diluate after stage 1. Dashed lines are added to guide the eye. 

In Figure 4.7 similar trends for all layouts are visible comparable to those observed in 
Figure 4.4. When we compare the concentration of the concentrate at the outlet of stage 4 
for the different layouts (Figure 4.7b) it is clear that layout B1 is affected by water 
transport: its concentration is lower than that of the two other layouts, while layout B2 
and B3 reach the same end value, roughly 15 mM higher. When we compare the diluate 
at the outlet of stage 4 (Figure 4.7c), we see the same effect: layout B2 and B3 reach the 
same end value and layout B1 generates a higher outlet diluate concentrations. This can 
be explained by the equal flow velocity in each stage in B1 giving more time for water 
transport. For the other layouts, the flow velocity is increased along the desalination path, 
thus reducing the residence time and consequently the time for osmosis. The effect of 
water transport on salt concentration is most pronounced in the concentrate compartment 
(Figure 4.7b) and only minor in the diluate compartment (Figure 4.7c). This phenomenon 
is explained by making the concentration balance and decribed by Veerman et al. [18]. 

Figure 4.8 shows the corresponding performance indicators diluate outlet concentration 
and energy consumption for the three layouts B1, B2 and B3 operating at a current density 
of 95% the respective LCD values in each stage for feed flow velocities of 1.1 l/h and 2.2 
l/h. The performance indicators diluate outlet concentration and energy consumption are 
respectively plotted in Figure 4.8a and 4.8b. Other performance indicators: salt flux, 
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diluate water recovery, coulombic efficiency and averaged current density are added in 
the SI Section B.   

 
Figure 4.8: Effect of redistributing membranes for feed flow velocities of 1.1 l/h and 2.2 l/h on: a) 
Diluate outlet concentration; b) Energy consumption. Dashed lines are added to guide the eye. 

Figure 4.8a shows that for the uniformly distributed cell pairs (B1) a higher diluate 
concentration is obtained. For the other layouts with the membrane cell pairs redistributed 
over the different stack (B2 and B3), significantly lower diluate concentrations can be 
obtained with at 2.2 l/h easily reaching the WHO drinking water standard due to the 
increased mixing and reduced back diffusion of salt ions at this flow rate due to the 
reduced residence time. Figure 4.8b shows decreasing energy consumptions as well, as 
low as 2.4 kWh/m3 to reach drinking water concentrations (layout B3, 2.2 l/h).   

4.3.3 Effect of varying membrane types  

Besides decreasing the number of cell pairs and redistributing the same total number of 
cell pairs over the different stages of the multistage ED, also the type of membrane in 
each stage can be varied. As especially undesired water transport is a major issue at longer 
residence times, membranes with lower water permeability are selected and combined 
with the standard membranes applied in the previous experiments. Figure 4.9 shows the 
effect of these membranes with low water permeation on the LCD, while keeping the 
amount of membrane area and therefore the total number of cell pairs constant at a value 
of 10 per stage (total amount of 40 cell pairs in the complete ED system corresponding to 
0.8 m2 of total membrane area). Figure 4.9a shows the LCD values for the different 
configurations at a feed flow rate of 2.2 l/h. Figure 4.9b, 4.9c, and 4.9d show respectively 
an overview, and a detailed view on the concentrate and the diluate outlet concentrations.  
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Figure 4.9: Effect of less permeable membranes for a feed flow velocity of 2.2 l/h on: a) LCD at 
each ED stage; b) Outlet concentrations; c) Outlet concentration for concentrate after stage; d) 
Outlet concentration for diluate after stage 1. Dashed lines are added to guide the eye. 

Figure 4.9a and 4.9b show similar trends as before for the different layouts for 
respectively LCD and outlet concentrations. However, Figure 4.9c shows that when less 
water-permeable membranes are applied, higher concentrate concentrations can be 
obtained. This is an indication for less water transport from diluate to concentrate making 
the concentrate less diluted with water from the diluate compartments. However, similar 
to the explanation for Figure 4.7c, this difference is not notably seen in Figure 4.9d.  

Figure 4.10 shows the performance indicators diluate outlet concentration and energy 
consumption obtained operating at 95% of the corresponding LCD values for a feed flow 
velocity of 2.2 l/h. Other performance indicators, i.e. salt flux, diluate water recovery, 
coulombic efficiency and average current density can be found in the SI Section C. 

 
Figure 4.10: Effect of less permeable membranes for a feed flow velocity of 2.2 l/h on: a) Diluate 
outlet concentration; b) Energy consumption. Dashed lines are added to guide the eye. 
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Clearly, Figure 4.10 shows that the WHO drinking water standard can be easily reached 
with this configuration, already after the second stage. The reason for that is because of 
the low water permeability of the membranes, more water is retained in the diluate 
compartment (Figure S.3), thus lowering the diluate concentration. The energy 
consumption is somewhat compromised and values in the range of 3 kWh/m3 are 
obtained. The reason for that is the higher electrical resistance of the thicker but less water 
permeable membrane type.  

4.3.4 Experimental optimization of membrane area, distribution and membrane 
properties  

Based on the experiments, the best performing layout from the membrane area reduction 
and distribution experiments (layout B3) is selected for further optimization. With this 
layout, we further investigated the possibilities to improve energy consumption and water 
recovery by implementing low water permeable membranes. Stage 1 has 20 cell pairs, 
stage 2 has 10 cell pairs and stage 3 and 4 both have 5 cell pairs. In layout D1 all stages 
contain the standard reference membranes. In layout D2, the membranes in stage 4 are 
replaced by low water permeable membranes and in layout D3 the membranes in both 
stage 3 and 4 are replaced by their low water permeable counterparts. The experimental 
results of this optimization are presented in Figure 4.11a (diluate outlet concentration) and 
Figure 4.11b) energy consumption. Data of the other performance indicators, i.e. salt flux, 
diluate water recovery, coulombic efficiency and average current density can be found in 
the SI Section D.  

 
Figure 4.11: Effect of less permeable membranes for a feed flow velocity of 2.2 l/h in an optimized 
membrane redistribution layout on: a) Diluate outlet concentration; b) Energy consumption. 
Dashed lines are added to guide the eye. 
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Figure 4.11a shows clearly that for all layouts, diluate concentrations well below the 
WHO standard are reached. Moreover, also the energy consumption is significantly 
reduced compared to earlier work [3] to values of 2.2 kWh/m3. To the best of our 
knowledge, this is among the lowest energy consumption values reported in literature for 
desalination of 510 mM NaCl by ED. Although these experiments are conducted with 
NaCl at 510 mM, this energy consumption comes close to the state-of-the-art energy 
consumption of 1.8 kWh/m3 in pilot-scale RO units [19]. Until now, NaCl solutions were 
used, further research using ED for seawater desalination should focus on the influence 
of multivalent ions in ratio’s that are present in natural seawater.  

Notably, despite their higher thickness, the less water permeable membranes do not 
significantly add to the resistance of the stacks, but the membranes do reduce water 
transport from diluate to concentrate. Hence, increasing the water recovery, which lowers 
the energy consumption per m3 water produced.  
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4.4 Conclusions 

The aim of this work was to experimentally investigate the effects of reducing membrane 
area in consecutive stages, redistributing membranes over stages, and testing membranes 
with different properties on the desalination performance of multistage ED. In addition, 
based on the obtained results, an optimization of the best strategy was carried out using 
the best performing membrane distribution and replacing the standard grade membranes 
for membranes with lower water transport.  

A reduction in membrane area led to increased feed flow velocities and therefore lower 
osmotic flow and higher diluate water recoveries and coulombic efficiencies. However, 
when the residence time becomes too short, the available amount of membrane area limits 
salt transport making the desalination insufficient to reach the WHO drinking water target.  

Redistributing the total amount of membrane area over the four stages of the multistage 
ED led also to an increase of diluate water recoveries and coulombic efficiencies. The 
decreased flowrate in the first stages combined with the increased flowrate in the latter 
stages enhances the desalination performance. Due to the long residence time at the 
beginning of the desalination path and shorter residence times at the end of the 
desalination path, a 20% lower energy consumption could be obtained. For the 
desalination of 510 mM NaCl to 6.2 mM NaCl, the energy consumption was only 2.4 
kWh/m3.  

Applying membranes with lower water permeation enhances the desalination 
performance even further. In that case, the diluate water recovery increased by 4% 
resulting in both a decreased diluate outlet concentration and a lower energy consumption. 
For the desalination of 510 mM NaCl to 6.3 mM NaCl the energy consumption was 3 
kWh/m3. 

Optimizing the energy consumption showed even lower values down to 2.2 kWh/m3 for 
desalination using multistage ED, mainly by using an increased flow velocity in later 
stages, and the implementation of less water permeable membranes in the two latter 
stages.  

In the optimized layout, the consumption for the desalination of 510 mM NaCl solution 
using multistage ED using four stages is reduced to 2.2 kWh/m3. To the best of our 
knowledge, this is among the lowest energy consumption values reported in literature for 
desalination of 510 mM NaCl by ED.  
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Appendix 4. Supplementary material 

A. Effect of membrane area in multistage ED on desalination performance   

 
Figure S.1: Effect of reducing membrane area for feed flow velocities of 1.1 l/h and 2.2 l/h on: 
salt transfer, diluate water recovery, coulombic efficiency and average current density. Dashed 
lines are added to guide the eye. 

Figure S.1a shows a slightly increasing trend for salt transfer when in each subsequent 
layout 5 cell pairs are removed. In Figure S.1b the diluate water recovery is increased 
because the residence time, the time for osmosis and electro-osmosis is gradually 
shortened. Figure S.1c shows an increased coulombic efficiency, which is related to the 
increased water recovery, when more water is recovered the coulombic efficiency is 
higher. However, in A4 the coulombic efficiency is lowering, this can be caused by the 
increased average current density, shown in Figure S.1d. 
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B. Effect of membrane redistribution in multistage ED on desalination performance   

 
Figure S.2: Effect of redistributing membranes for feed flow velocities of 1.1 l/h and 2.2 l/h on: a) 
salt transfer; b) diluate water recovery; c) coulombic efficiency and d) averaged current density. 
Dashed lines are added to guide the eye. 

Figure S.2a shows an increasing trend for salt transfer when more cell pairs are placed in 
the first stage and only 5 cell pairs in the latter stages. This increase can be attributed to 
the shorter residence time, leading to less time for parasitic phenomena such as water 
transport and back diffusion. In Figure S.2b the effect of shorter residence time on diluate 
water recovery is even more pronounced. As a consequence, for the decreased amount of 
cell pairs in the latter stages, the first stage is containing more cell pairs. Additionally, the 
gradient in the first stage is relatively small, which induces a small osmotic force. In 
subsequent stages, the gradient is larger, and then a shorter residence time result in a lower 
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diluate concentration. Figure S.2c shows increased coulombic efficiencies once the 
residence time in later stages is increased. Figure S.2d shows a decreased average current, 
from Figure 4.6 it was seen that the first stage exhibits a lower LCD value in the first 
stage, due to longer residence time and less mixing. This has a strong effect on average 
current, as the first stage has the highest current density. This result, together with the 
higher diluate water recovery comes back when the energy consumption is calculated. 

 

C. Effect of varying membrane types  

 
Figure S.3: Effect of less permeable membranes for a feed flow velocity of 2.2 l/h on: a) salt 
transfer; b) diluate water recovery; c) coulombic efficiency and d) averaged current density. 
Dashed lines are added to guide the eye. 
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Figure S.3a shows a steeper increase in salt transfer compared to what was obtained by 
changing the amount of cell pairs in Figure S.2. As a consequence of the less permeable 
membranes, Figure S.3b shows an increased diluate water recovery, and the coulombic 
efficiency increases in Figure S.3c. 

The average current density shown in Figure S.3d is equal for all scenarios, this can be 
explained by what was seen in Figure 4.9a, where the LCD values were similar for the 
different scenarios, as are the concentrations in Figure 4.9b. 

 

D. Experimental optimization of membrane area, distribution and membrane 
properties  

 
Figure S.4: Effect of less permeable membranes for a feed flow velocity of 2.2 l/h in an optimized 
membrane redistribution layout on: a) LCD at each ED stage; b) Outlet concentrations; c) Outlet 
concentration for concentrate after stage; d) Outlet concentration for diluate after stage 1. Dashed 
lines are added to guide the eye. 

Figure S.4a shows a linear decrease in LCD for all layouts tested. Implementation of a 
membrane with less water permeation does not affect the LCD. Figure S.4b-d show the 
concentration over the ED stages. The effect of the membranes with low water permeation 
is most pronounced in lay-out D3. Due to less water transport from the diluate to the 
concentrate, the concentration in the concentrate concentration remains not diluted, thus 
high. 
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Figure S.5: Effect of less permeable membranes for a feed flow velocity of 2.2 l/h in an optimized 
membrane redistribution layout on: a) salt transfer; b) diluate water recovery; c) coulombic 
efficiency and d) averaged current density. Dashed lines are added to guide the eye. 

Figure S.5 shows minor improvements for salt transfer, diluate water recovery, coulombic 
efficiency and average current. 
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Chapter 5 
Multistage electrodialysis for desalination of natural 

seawater 
 

Abstract 

Desalination technologies to produce continuously safe drinking water from seawater are 
nowadays highly efficient. Recently electrodialysis (ED) receives increasing attention in 
this context. Multivalent ions, present in natural seawater sources, cause scaling and/or 
increased membrane resistance. In this paper, we advance the existing work on seawater 
ED and investigated the influence of multivalent ions in seawater on the desalination 
performance of multistage ED. Two strategies to remove preferentially multivalent ions 
were compared: 1) operation at low current density using standard cation exchange 
membranes (CEMs, Fujifilm Type 10) and 2) deployment of CEMs that selectively 
remove multivalent ions over monovalent ions (Fujifilm Type T1). Natural seawater was 
used as feed.  

For both CEMs we found that the removal of calcium and magnesium was higher 
compared to that of sodium and no effect due to operation at low current density was 
observed. CEM Type T1 removed more magnesium compared to CEM Type 10. Starting 
from ~27 g/l (i.e. inlet concentration of the natural seawater source), the upscaled 
multistage ED system produced a continuous diluate concentration of 1.9 g/l. The system 
performance was stable over 18 days, with an average energy consumption of 3 kWh/m3, 
demonstrating the potential of multistage ED seawater desalination.   

  



 

 

This chapter has been submitted as:  
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5.1. Introduction 

Desalination technologies have been optimized extensively over the past decades, 
resulting in energy consumptions for seawater desalination ranging between 3-4 kWh/m3 
[1]. Electrodialysis (ED) is nowadays mostly used for selective removal of ions from 
industrial solutions and for brackish water desalination [2,3], but is generally considered 
to be too energy-intensive for seawater desalination [4]. In our previous studies we 
experimentally evaluated different ED configurations for seawater desalination using a 
single-stage ED, an electrically segmented ED configuration and a hydraulically staged 
(i.e. multistage) ED configuration [5–7]. In particular with the multistage ED we were 
able to achieve desalination of a 510 mM NaCl solution (representing the salinity of 
seawater) at a water recovery of 41% and an energy consumption of 2.2 kWh/m3 [7].  
Besides experimental studies, also some modelling work on multistage ED has been 
recently reported [8,9]. These efforts contributed to renewed interest in ED to produce 
drinking water from seawater. Although the performance of ED using artificial seawaters 
is already reported by some authors [10], an experimental investigation of (multistage) 
ED using real, natural seawater is still lacking. 

Seawater consists of a complex matrix of organic and inorganic substances [11]. The 
presence of multivalent ions in seawater increases the electrical resistance of the ion 
exchange membranes (IEMs). Due to their higher valence, multivalent ions ‘bridge’ 
multiple fixed charges in the IEMs resulting in an increase in electrical resistance [12]. 
Besides this, multivalent ions bring the risk of scaling, i.e. precipitation and deposition of 
their salts, due to the low solubility limits of multivalent ions in water. 

So far, only one experimental study mimicking natural seawater exists for the production 
of drinking water [10]. In that experimental study, artificial seawater (containing 
multivalent ions) was used in a two-stage multistage ED configuration at a relatively high 
energy consumption of 6.6 kWh/m3. Moreover, the emphasis was on salt removal in 
general and not on understanding the influence of multivalent ions on the desalination 
performance specifically. Studies to understand the importance of multivalent ions are 
conducted at single stack level in batch operated systems rather than in multistage systems 
[13–15]. Moreover, authors often use equimolar concentrations of mono- and multivalent 
ions, i.e. ion mixtures that do not represent natural seawater concentrations. The few 
studies that do exist on the effect of multivalent ions on ED performance focus on cation 
exchange membranes (CEMs), since CEMs are affected most by the presence of 
multivalent ions [16–20].  

The presence of multivalent ions causes an increase in resistance of the IEMs and induces 
scaling. A possible scenario to prevent these phenomena is pre-treatment of the feed 
stream to remove multivalent ions before the feed stream is further desalinated. However, 
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implementing additional pre-treatment steps to remove multivalent ions is undesired from 
an economical perspective.  

Removal of specifically multivalent ions can however potentially be performed in a 
dedicated ED system that is placed before the actual ED system that removes the core 
constituent of seawater, i.e. sodium chloride. In this way we perform two-stage ED 
desalination with each stage having a specific targeted removal of multivalent ions (stage 
1) and monovalent ions (stage 2). Building on our previous work on multistage ED [5–7], 
we theorize that the selection of IEMs combined with the individually optimized operation 
of stages in a multistage system provides flexibility to mitigate the difficulties associated 
with the presence of multivalent ions in the desalination of natural seawater. By using a 
multistage ED system, the type of membranes as well as the driving force (electric 
potential difference) and flow velocity can be tuned virtually independently for every 
single stage. Literature describes that preferential removal of specific ions may be 
achieved by operation at low current densities [21,22] and/or low applied voltage [13–
15,23]. Preferential removal of multivalent ions can also be achieved by using membranes 
that preferentially permeate multivalent ions [12,24]. Such so called ‘multivalent ion 
permeable’ IEMs have been previously tested for reverse electrodialysis applications 
[16,18,25], but are not considered yet for application in desalination using ED.  

Here we investigate an optimized ED multistage membrane system for seawater 
desalination on pilot scale using natural seawater to align our work with industrial 
application to show the industrial viability. We investigate the effect of multivalent ion 
removal in the first ED stage and the use of low water permeable membranes in the last 
ED stage to mitigate the effect of osmosis and increase the desalination performance of 
the multistage system. 

First, we investigate the effect of current density on multivalent ion removal by either 
using a multivalent permeable CEM or a standard commercial CEM (reference) in the 
first ED stage, both membranes supplied by Fujifilm. Second, we test the effect of feed 
solution composition on the limiting current density and desalination performance for 
these two ED stacks equipped with Fujifilm membranes. A third stack is equipped with 
Neosepta IEMs, these membranes are extensively described in literature as well as their 
interactions with multivalent ions [2,21,22,26]. We continue this investigation by testing 
the ED performance using natural seawater for five days. Based on the outcomes of these 
experiments, the most suitable membranes are selected and an upscaled multistage ED 
configuration using natural seawater is built and operated for 18 days. On a daily basis, 
we determine the limiting current density per stage to find the maximum desalination rate 
of the system and to evaluate the potential of multistage ED for seawater desalination.  



Multistage electrodialysis for desalination of natural seawater 

 111 

5.2 Experimental setup and procedure 

5.2.1 First stage membrane comparison from artificial to natural seawater 

5.2.1.1 Stack configuration first stage membrane comparison 

Three stacks of the same size were built and assembled using different membrane types. 
In particular, the first stack was equipped with Fujifilm Type 10 CEMs, a second stack 
was equipped with Fujifilm Type T1 CEMs (multivalent permeable membranes). Both 
stacks were equipped with the same type of AEMs (Type 10, Fujifilm Manufacturing 
Europe B.V., the Netherlands). Moreover, a third stack was built for further comparison 
using membranes from a different manufacturer (Neosepta CSE/ASE, Astom-
Corporation, Japan). The three stacks were operated in parallel under the same feed 
conditions, i.e. each representing a first stage in a multistage configuration. Each stack 
had an active area of 100 x 100 mm2 per membrane. All conventional ED stacks 
(REDstack B.V., the Netherlands) were equipped with 10 cell pairs and 0.260 mm gasket 
integrated spacers (Deukum GmbH, Germany). The stacks were fed in cross-flow. Each 
cell pair consisted of one anion exchange membrane (AEM) and one cation exchange 
membrane (CEM). Moreover, an additional CEMs (Neosepta CSE, Astom-Corporation, 
Japan) were placed as shielding membranes adjacent to each electrode compartment to 
prevent leakage of electrode rinse solution into the feed compartments.  

The endplates of the stacks contained titanium electrodes (mesh size 1.8 m2/m2) coated 
with Ru/Ir mixed metal oxide (MAGNETO Special Anodes B.V., the Netherlands) with 
an area of 98 x 98 mm2. The shielding membrane and the endplate were separated using 
a 1 mm silicon gasket (Eriks B.V., the Netherlands), while the electrode compartments 
were filled with a woven PETEX 07-670/52 spacer (Sefar AG, Switzerland). 

5.2.1.2 Feedwater first stage membrane comparison 

Experiments in the laboratory were performed by using a NaCl solution and artificial 
seawater with the same total equivalent concentration (Ct=388 meq/l). Firstly, the ED 
stacks were tested using a 388 mM NaCl solution using technical-grade NaCl (Regenit, 
Frisia Zout B.V., the Netherlands). Secondly, an artificial seawater solution representing 
the ion composition of the natural seawater source (Wadden Sea, the Netherlands) was 
tested. The solution contained a mixture of monovalent (Na+, Cl-) and multivalent (Mg2+, 
Ca2+, SO4

2-) ions, with the same equivalent concentration as in natural seawater source 
(Wadden Sea, the Netherlands) (Table 5.1). Such ions represent > 99.8% of the ionic 
composition of seawater [11], while other ions with concentration < 5 meq/l (e.g., K+) 
have been neglected. The solution was prepared using the following salt concentrations: 
258 mM NaCl, 3 mM NaHCO3, 17 mM Na2SO4, 16 mM CaCl2.2H2O, 31 mM 
MgCl2.6H2O (all salts > 99% purity, VWR chemicals). Table 5.2 shows the properties of 
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cations that influence migration through the compartments and through the membranes. 
Contrary to experiments with artificial seawater, in the natural feed water experiments, 
where the aim is to desalinate to drinking water concentrations, potassium concentrations 
are measured.  Potassium contributes to the TDS of drinking water, but from the point of 
health-based guidelines there is no guideline value defined for potassium in drinking 
water [27].  

The ED stacks were finally tested by feeding natural seawater in real environment at the 
REDstack Blue Energy testing facility (Afsluitdijk, the Netherlands). At the testing 
facility seawater was first pumped to a filtration section including 20 μm drum filters, 
followed by 75-25 μm and 25-1 μm cartridge filters, and by a granular activated carbon 
filter to prevent fouling by larger particles and to remove organics substances.  

 

Table 5.1: Typical seawater (Wadden Sea) composition at the REDstack Blue Energy testing 
facility (Afsluitdijk, The Netherlands). Data provided by REDstack B.V.  

 
 

Table 5.2: Physical properties of cations normally present in seawater.  

 
 

In the laboratory experiments feed water was pumped through the ED stacks with the 
same feed flow velocity for both the diluate and the concentrate streams by using 
diaphragm pumps (Grundfos DDA220, Denmark). The feed flow velocity was set to 1 

  Cations    Anions  

 [mmol/l] [mg/l] [meq/l]  [mmol/l] [mg/l] [meq/l] 

Na+ 294 6770 294 Cl- 351 12449 351 

Ca2+ 16 626 32 HCO3- 3 168 3 

Mg2+ 31 753 62 SO42- 17 1620 34 

Total 341 8149 388  371 14238 388 

 

Properties K+ Na+ Ca2+ Mg2+ 

Diffusion coefficient ·105[cm2/sec] [28] 1.96 1.33 0.79 0.71 

Crystal radius [Å] [29] 1.33 0.95 0.99 0.65 

Hydrated radius [Å] [30] 3.15 3.60 3.48 3.95 

Hydration number [-][30] 2.69 4.03 3.64 5.33 

Charge density [C/mm3] [31] 11 24 52 120 
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cm/s for all experiments. The pulsation of the pumps was leveled out using a pulsation 
damper (PDS250 PVC/FKM, Prominent GmbH, Germany).  

In the pilot testing facility, stacks were operated continuously to observe the behaviour 
over five days; for this purpose, the diluate and concentrate streams were fed with 
peristaltic pumps (Masterflex, USA). For all experiments, an aqueous solution of 0.15 M 
Na2SO4, was used as electrode rinse solution with a flow rate of 200 ml/min per electrode 
compartment (~ 3 cm/s) by using a peristaltic pump (Masterflex, USA).  

5.2.1.3 Experimental procedure first stage membrane comparison 

Firstly, the effect of current density on multivalent ion removal was investigated using 
two stacks with different types of CEM (Fujifilm Type 10 and Fujifilm T1, respectively), 
while using the same type of AEM (Fujifilm AEM Type 10). A power source (SM70-
AR24, Delta Elektronika, the Netherlands) was used to apply different current densities 
to the stacks fed with artificial seawater solutions (composition in Table 1). The outlet 
composition of the diluate and concentrate was determined by ion chromatography 
(Metrohm Compact IC Flex 930, the Netherlands). The conductivity was measured using 
a conductivity meter (Multimeter 3320 + TetraCon 325, WTW-Xylem).  

Secondly, the effect of feed solution composition on limiting current density (LCD) was 
investigated for three different stacks. Thirdly, experiments with natural seawater were 
performed for a period of 5 days. During this period on daily basis, a current-voltage (I-
V) curve was measured and during the remaining time (23 h/d) the stacks were operated 
at a constant current density of 100 A/m2 (i.e. in the under-limiting current regime) and in 
electrodialysis reversal (EDR) mode, i.e. by switching the electrodes polarity every 30 
minutes. Results for ion composition of the 5-day experiment were averaged.  

For all LCD measurements, the LCD value was found using the Cowan and Brown 
method [32,33]. During all experiments, the voltage was measured using Ag/AgCl 
reference electrodes (QM711X, ProSense, the Netherlands) at the inlet of the electrode 
compartments. The reference electrodes were connected to a high impedance pre-
amplifier (EX06, Ext-Ins Technologies, the Netherlands) and a digital multimeter 
(34461A, Keysight Technologies, USA). From the measured voltage, the voltage per cell 
pair was calculated, assuming the contribution of the extra shielding membrane is 
negligible from 10 cell pairs onwards.    

The resulting outlet flow rates were measured for both diluate and concentrate at the outlet 
of the last stage. From the diluate outlet flowrate and the corrected voltage of the 
membrane pile (excluding electrode reactions), the energy consumption was calculated. 
Pumping energy was considered not significant in these small-scale stacks, i.e. below 1% 



Chapter 5 

 114 

of the total energy consumption, thanks to the relatively low pressure drops at the feed 
flow velocities [6]. 

5.2.2 Upscaled multistage ED configuration using natural seawater 

Multistage configuration. After previous experiments on the first ED stage, membranes 
were selected to be installed in the first stage of the upscaled multistage ED configuration. 
In this multistage configuration, we used three serially connected stacks each with an 
active area of 220 x 220 mm2 per membrane. The overall layout of the configuration is 
presented in Figure 5.1. 

 
Figure 5.1: Schematic representation of the upscaled multistage ED experimental setup at the pilot 
testing facility, the diluate (blue) and concentrate (red). The electrolyte rinse solution (yellow) 
flows from the anolyte to the catholyte of the first electrode pair and subsequently to the anolyte 
and catholyte of the next electrode pairs.  

The ED cross-flow stacks (REDstack B.V., the Netherlands) were built by using a 
decreasing amount of cell pairs (N1=100, N2=50, N3=25), resulting in corresponding feed 
flow velocities of v = 0.5, 1.0, and 2 cm/s in the stages (deviations due to water transport 
through the membranes are not taken into account). The increased feed flow velocity in 
later stages is beneficial since it allows also higher limiting current densities in later stages 
and the water recovery is increased by the lower the water diffusion from diluate to 
concentrate due to shorter residence times [7,32,34,35].  

In the first stack Fujifilm Type 10 AEMs and Type T1 CEMs were installed. The Fujifilm 
Type T1 membranes were selected because of their high transport for more multivalent 
ions over monovalent ions which prevents the increase of electrical resistance in 
subsequent stages. In the second stack, Fujifilm Type 10 CEMs were installed because of 
their low resistance and high permselectivity which make them very suitable to transfer 
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large amounts of monovalent ions. In the third stage, where osmotic water transport 
through the membranes may become a significant factor, Type 2 AEMs and Type 2 CEMs 
(Fujifilm Manufacturing Europe B.V., the Netherlands) were installed because of their 
low water permeability properties. In previous work we proved the benefit of installing 
Type 2 membranes in the last stage(s) [7]. As shielding membranes, Type 10 CEMs 
(Fujifilm Manufacturing Europe B.V., the Netherlands) were installed. The membrane 
properties for each type, as provided by the manufacturer, are listed in Table 5.3. The 
distance between adjacent membranes was fixed by gasket integrated woven spacers with 
a thickness of 0.260 mm and a porosity of 79% (Deukum GmbH, Germany). Endplate 
assemblies as described in section 5.2.1 were also used in the upscaled multistage 
configuration. Electrodes with the same specifications were used for the upscaled 
multistage, but in this case with a larger active area of 215 x 215 mm2. 

 

Table 5.3: Properties of ion exchange membranes used in the multistage ED applied for 
desalination of natural seawater (data provided by the manufacturer). 

 
a Based on the membrane potential measured over the membrane between 0.05 M and 0.5 M KCl 
solutions at 25°C. 
b Measured in a 0.5 M NaCl solution at 25°C. 

 

5.2.2.1 Feedwater upscaled multistage ED 

 The ED configuration was fed with pre-treated natural seawater from the Wadden Sea, 
as described in section 5.2.1. The feed water was pumped through the ED stacks with the 
same feed flow velocity at both the diluate side and the concentrate side using diaphragm 
pumps (Grundfos DDA220, Denmark). The pulsation of the pumps was levelled out by 
using a pulsation damper (PDS250 PVC/FKM, Prominent GmbH, Germany).  

The electrodes were rinsed by recirculating an aqueous solution containing 0.15 M 
Na2SO4 using a flow rate of 600 mL/min (~ 4 cm/s) by a diaphragm pump (Grundfos 

 
Permselectivitya 

[%] 

Water permeability 

 [mL/m2∙h∙bar] 

Resistanceb 

[Ω∙cm2] 

Dry thickness  

 [µm] 

Fujifilm CEM Type T1 [18] 90 15 1.7 120 

Fujifilm CEM Type 10 99 6.5 2.0 135 

Fujifilm AEM Type 10 95 6.5 1.7 125 

Fujifilm CEM Type 2 96 3.5 8 160 

Fujifilm AEM Type 2 95 3.0 5 160 
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DDA220, Denmark). For every experiment at different operational conditions, new 
electrode rinse solutions were employed. 

The conductivity was measured with an inline conductivity meter (Type 8228, Burkert, 
Germany) at the inflow of the diluate and concentrate stream of the first stage and at the 
outflow of the diluate and concentrate stream of consecutive stage. The pressure was 
measured with a pressure sensor (MIDAS SW, JUMO GmbH, Germany) at the same 
location as the conductivity. The electrical potential or current was applied and measured 
using individual power sources for every stage (stage 1 and 2 SM70-AR24, stage 3: 
SM100-AR75, Delta Elektronika B.V., the Netherlands). 

5.2.2.2 Experimental procedure Upscaled multistage ED 

The upscaled multistage ED system was investigated using natural seawater as inflow. 
Due to the variable salinity of the natural seawater source in time, once per day, an LCD 
experiment per stage was carried out. The LCD experiment was carried out every time 
with a switched electrode polarity, also referred to as reversed-LCD (r-LCD). After 
determining the LCD of the first stage, the first stage was operated at 90% of the 
determined LCD. Subsequently, after the LCD was determined for the second stage also 
the second stage was operated at 90% of the determined LCD value. Finally, the same 
was done for the third stage, so that all stages were operated at 90% of their respective 
LCDs, which may be considered as the operation at which the maximum desalination 
degree is obtained. Once all stages were operated at this level, samples were taken to 
determine the outlet ion composition of each stage. The ion composition was measured 
using ion chromatography (Metrohm Compact IC Flex 930, the Netherlands). After the 
daily LCD measurements per stage and operation at 90% LCD for the measurement of 
the maximum desalination degree, the stacks were operated at 50% of the LCD for the 
remainder of the day (i.e. ~20 hours of continuous operation) with a polarity switch every 
30 minutes. This relatively low constant current per stage was chosen to guarantee safe 
operation and continuous production of a desalinated water at any inlet fluctuation 
possible. 

 

5.3 Results and discussion  

5.3.1 Effect of current density on multivalent ion removal 

The effect of current density on multivalent cation removal was investigated for two lab-
scale stacks with different CEMs, i.e. Type 10 (standard) and Type T1 (multivalent 
permeable). Figure 5.2 shows the desalination behaviour of the different stacks as function 
of the current density for the removal of cations (Figure 5.2a) and anions (Figure 5.2b) 
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from the diluate. Figure 5.2c shows the corresponding conductivity of the diluate and 
concentrate compartments and Figure 5.2d shows the corresponding voltage per cell pair.   

 
Figure 5.2: Effect of current density for two different types of CEMs on: a) cation removal from 
diluate outlet; b) anion removal from diluate outlet; c) corresponding conductivity in both 
concentrate and diluate outlet; d) corresponding voltage per cell pair. AEMs are similar for both 
stacks. The dotted lines are added to guide the eye. 

Figure 5.2a shows the highest relative removal for calcium, followed by magnesium and 
finally sodium for any tested current density. The slope for calcium decreases at the higher 
current densities. This indicates that calcium, due to its lower initial concentration, is 
depleted faster in the boundary layer compared to the other cations. Figure 5.2a also shows 
that at higher current densities the sodium removal accelerates when the calcium removal 
rate decreases, indicating a surplus of sodium ions present in the boundary layer. This 
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means that preferential removal of calcium can be achieved especially when the systems 
are operated at lower current densities, up to 200 A/m2. The magnesium removal increases 
linearly with current density. This means that for the tested conditions (current density, 
feed flow velocity, and ion concentrations), there is no transport limitation nor 
enhancement of magnesium transport. Cation removal is the highest for calcium followed 
by magnesium and the lowest for sodium, which is similar to the findings of Sosa et al. 
[22] who used different membranes. The removal of magnesium scales linearly with the 
current density, contrary what was found by others [13–15,21,22,36]. This is explained 
by the fact that our experiments are carried out in a continuous way rather than in 
recirculation mode in a batch configuration. In continuous operation, the desalination 
degree, i.e. the concentration gradient between the diluate and the concentrate 
compartments, stays small when compared to batch experiments. Figure 5.2c shows a 
maximum desalination degree of 32% (based on conductivity). At such low desalination 
degrees, there are only little transport limitations due to the abundant availability of salt 
ions in the bulk of the feed solutions. In batch experiments [21,22], the solutions are 
recirculated until the desired desalination degree is obtained. That means that the 
concentration gradient over the membrane is progressing over time and the diluate 
solution is further depleted in the boundary layer. This depletion, especially that of the 
larger multivalent ions, causes transport limitations at higher desalination degrees.  

When we compare the behaviour of the different CEMs used in our study, we observe 
similar removal rates for both CEMs for calcium and sodium, independent of the type of 
membrane. For magnesium this is different and membrane Type T1 (multivalent 
permeable membrane) shows on average a 15% higher magnesium removal rate 
compared to the standard Type 10 membrane. The type of CEM thus makes it possible to 
tune magnesium removal rates.  

The standard CEM (Type 10) can transfer cations with a smaller hydrated radius, i.e. 
sodium and calcium, but once an ion with a larger hydrated radius and a higher charge 
density (e.g. magnesium, see Table 5.2 for cation properties) migrates through the 
membrane, this ion bridges and shields the fixed charges of the membrane, thus increasing 
the resistance of this standard CEM. 

The multivalent ion permeable membrane (Type T1) is constructed such that large, high 
charge density divalent cations can only interact weakly with the fixed negative charges 
in the CEM [16]. This limits strong interactions between the mobile counter ion and the 
fixed charged groups of the membrane, thus preventing an increase in membrane 
resistance. The CEM Type T1 has a relatively open polymer membrane matrix with larger 
free volume elements [15], especially impacting and enhancing the transport of especially 
magnesium. The transport of calcium, although also a larger divalent cation, is hardly 
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influenced because calcium has a much lower charge density than magnesium. Sodium, 
clearly smaller and a lower charge density than magnesium and calcium, also show 
comparable transport rates through both membranes. Clearly, a less dense membrane 
structure especially promotes the transport rate of the inherently slower ion while it hardly 
impacts the transport of ions that are anyway faster already. As a result of this lower 
electric resistance of the Type T1 CEM and improved migration rate of magnesium, a 
lower voltage is measured for the stacks containing these multivalent-ion permeable 
membranes (Figure 5.2d).  

Figure 5.2c shows that both stacks (equipped with Type 10 and Type T1 CEMs) show for 
the same current density the same outlet conductivity for both diluate and concentrate (i.e. 
same desalination degree).  

From these experiments it can be concluded that the current density has no significant 
effect on the preferential multivalent ion removal using a single pass system. To enhance 
preferential multivalent ion removal, in particular magnesium, a tailored membrane like 
Type T1 should be used. These multivalent permeable membranes remove not only about 
15% more magnesium, but also use up to 20% lower voltage compared to the standard 
Type 10 membranes, thus proportionally reducing the energy consumption. Permeation 
of Mg2+ ions instead of binding in the CEM in combination with a slightly more open 
membrane structure result in a 15% lower membrane resistance of Type T1. As a 
consequence, a lower voltage can be used to establish the same level of desalination 
resulting in a 20% decrease in energy consumption. Although equal current densities are 
applied for both membranes (Figure 5.2), Type T1 yields a lower voltage. The produced 
volume of diluate depends on electro-osmosis, i.e. water transported in the hydration shell 
of migrating ions, which is for both stacks the same in the first stage since they show the 
same desalination degree. Osmosis, i.e. water transport induced by osmotic pressure 
difference over the membrane is small in the first stage because of the limited 
concentration difference over the membranes between the diluate and the concentrate 
compartment, as already shown in our previous work [5]. From this we can conclude that 
the denominator in the energy consumption calculation is the same and that the 20% lower 
voltage translates directly to an energy saving of 20% using Type T1 membranes.  

Figure 2b shows that the corresponding anion removal in the diluate is similar for both 
stacks, independent on the CEM type. Since the same AEMs are used in both stacks, the 
removal of anions is not impacted by the type of CEM used. 

5.3.2 Effect of feed solution on limiting current density   

We further investigated the effect of the origin of the feed solution on the limiting current 
density for stacks equipped with different membrane types. Feed solutions tested were 
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artificial NaCl solution, artificial seawater, and natural seawater and experiments with 
stacks equipped with CEMs commercially available Type 10, sample Type T1 or 
commercial Neosepta IEMs were investigated. First, the LCD was determined to 
determine the maximum desalination degree of each stack. Afterwards, the ion removal 
was investigated at an equal current density for all stacks at 100 A/m2 (i.e. well below the 
LCD). Figure 5.3 shows for each stack the I-V curve and the corresponding LCD value.   

 
Figure 5.3: Effect of type of feed solution (NaCl solution, A-SW (artificial seawater), and N-SW 
(natural seawater) on limiting current density for ED stacks equipped with: a) Type 10; b) Type 
T1; c) Neosepta membranes; d) LCD values per membrane and feed type. The dotted lines are 
added to guide the eye. The horizontal dotted line indicates the LCD value.  

In agreement with literature Figure 5.3 shows that all investigated membranes give the 
highest LCD value for the NaCl solution [37,38]. The tests with artificial seawater show 
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for all membranes lower LCD values due to the presence of multivalent ions. As we used 
the same total equivalent concentration in all feed solutions (Table 5.1), which implies 
that the molar concentration from the ion mixtures and seawater solutions is somewhat 
lower compared to the NaCl solution with monovalent ions only. Hence, the conductivity 
for the NaCl solution (37 mS/cm) is slightly higher for the seawater solutions (~35 
mS/cm). That implies that once multivalent ions are used and the same equivalent amount 
of charge is transported, there is a lower ion concentration in the bulk of the solution with 
artificial seawater compared to a solution with NaCl ions only. This implies that ion 
depletion at the membrane interface is stronger in a solution with multivalent ions. Since 
Type 1 CEMs are capable to transport magnesium at a higher rate, the LCD is in this case 
less affected by the presence of these multivalent ions.  

Natural seawater experiments show slightly higher LCD values than artificial seawater 
solution experiments, except for membrane Type T1 where the LCD value for seawater 
is considerably lower. This is attributed to the variation in salinity and composition of the 
natural seawater source which varies over time and was at the time of the experiments 
higher than the originally anticipated salinity on which the artificial seawater solution was 
based on. The salinity of the natural seawater source was in the range of 404 ± 42 mM 
during these experiments only.  

Figure 5.4 shows the relative cation removal at a constant current density of 100 A/m2, 
which was chosen as it is clearly in the under-limiting regime for all membranes and feed 
solution types investigated.  

 
Figure 5.4: Relative cation removal at a current density of 100 A/m2 and a feed flow velocity of 1 
cm/s, measured as the difference between inlet and outlet concentration for three stacks with three 
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different membrane types. Cation removal is measured every day over five days; the average values 
(and associated standard deviations) are displayed.  

Figure 5.4 shows for all stacks similar calcium removal, while the magnesium removal 
for the stack with Type T1 membranes seems to be slightly higher than for the other two 
stacks. Instead, less potassium is removed by Type T1 membranes, because the available 
charge is preferentially used to selectively transport magnesium. In previous experiments, 
using artificial seawater, potassium was neglected due to its small contribution. For the 
experiments with natural seawater potassium is measured, where in previous experiments 
sodium was the cation with the highest diffusion coefficient, in this experiment potassium 
has the smallest hydrated diameter and thus the highest diffusion coefficient (Table 5.2), 
therefore relatively more potassium is transported compared to sodium. The removal of 
sodium is similar for all stacks. From the voltage measured during these experiments (data 
not shown), again a decrease in voltage of 14% was measured when using the Type T1 
membranes compared to the Type 10 membranes. Compared to Neosepta membranes the 
Type T1 membranes even showed a 26% lower voltage.  

These both findings: the advantage of removing more magnesium ions in the first stage, 
and the lower voltage in the Type T1 stack again confirm that Type T1 membranes are 
very suitable to be installed in a first stage of a multistage to increase the desalination 
performance meanwhile lowering the energy consumption.  

5.3.3 Upscaled multistage ED using natural seawater, a long-term experiment 

An upscaled multistage ED was built using stacks with an active area of 200 x 200 mm2 
with respectively 100, 50, 25 cell pairs in subsequent stages, giving a scale-up factor of 
40 for the first stage and respectively 20 and 10 times for the second and third stage, 
respectively. Based on previous experiments, each stage was equipped with the best 
performing membranes for its desalination conditions. The first stage was equipped with 
Type T1 to remove multivalent ions and because of its low energy consumption. Type 10 
was installed in stage two to account for the gross desalination. Type 2 was installed in 
stage three to increase the water recovery by limiting water transport due to osmosis from 
the diluate to the concentrate. The upscaled multistage ED system was evaluated during 
18 days using natural seawater. Figure 5.5 shows the removal of different cations with 
each stage operated at 90% of its corresponding LCD value (which slightly varies over 
the days due to fluctuations in the composition of the natural seawater).  
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Figure 5.5: Relative removal of different cations during a long-run test performed at 90% LCD 
for each stage: a) sodium; b) magnesium; c) potassium; d) calcium. The dotted lines are added to 
guide the eye. The arrows indicate the contribution of each stage to the removal of cations from 
the initial feed concentration.  

Figure 5.5 shows a large variation in removal efficiency for all cations, especially in the 
first stage. This is explained by the daily changing inlet conditions and concentrations of 
the natural sea water. Because of this, also the limiting current density and thus the TDS 
changes per day, which is depicted in Figure 5.7. A higher TDS allows for a higher 
limiting current density and vice versa. Figure 5.5a shows a relatively low relative 
removal of sodium ions in all stages stage compared to the other cations in Figure 5.5b-
d. This is similar to our earlier finding in Figure 5.4. Magnesium, potassium and calcium 
represent only approximately 15% of the total amount of cations in seawater, the 85% 
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remaining is sodium. As a consequence, relative changes in these small contributors are 
larger than those for sodium. Magnesium and potassium are after the first stage on average 
removed by respectively 70 and 65%. The average calcium removal is 80%. To produce 
drinking water the sodium content in the outlet, after stage 3 is still somewhat too high. 
To meet the WHO guidelines up to a five times higher sodium desalination is required 
(200 mg/l of sodium [39]). The guideline for calcium is met (100-300 mg/l) [39]. 
Magnesium and potassium are not mentioned in the guidelines. The outlet content for all 
cations was relatively stable; this confirms the reliability of the system, and the flexibility 
to cope with variable inlet conditions.   

Figure 5.6 shows the corresponding removal of anions at 90% LCD for each stage 
measured during a long-run test of 18 days.  

 
Figure 5.6: Removal of different anions during a long-run test performed at 90% LCD for each 
stage: a) chloride; b) sulphate. The dotted lines are added to guide the eye. 

Figure 5.6a shows that chloride has a similar removal compared to sodium in Figure 5a. 
Chloride, as monovalent counter-ion will therefore show similar desalination behaviour. 
The removal of chloride is between 90 – 95%, i.e. still above concentration threshold for 
drinking water composition according to WHO guidelines (200-300 mg/l of chloride 
[39]). To meet the WHO guidelines, the current outlet concentrations need to be lowered 
3-4 times. Figure 5.6b shows the sulphate removal, which outlet concentration meet the 
WHO guidelines (250 mg/l of sulphate [39]). Besides the presence of sulphate in 
seawater, sulphate was also present in the electrode rinse solution. These data confirm 
that sulphate did not leak from the electrode rinse solution to the membrane pile, because 
no strong or sudden decrease in removal is shown. The peak shown at day 6 can be caused 
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by a decrease in the inflow concentrations. However, desalination of natural seawater 
implies uncertainty and many parameters that cannot be controlled, making a very 
systematic explanation not possible. Although the performance of the first stage is not 
constant, stage 2 and 3 together assure a constant outlet composition for both anions, 
which makes the desalination system reliable.  

Figure 5.7 shows all the main measured output parameters, i.e. LCD both standard 
operation and EDR mode (“r-LCD”), inlet and outlet total dissolved solids (TDS, 
calculated from IC measurements), and finally the energy consumption per stage.  

 
Figure 5.7: Operational parameters overtime for a multistage with 3 stages: a) Limiting current 
density over time per stage; b) Limiting current density during polarity switch (EDR mode) over 
time; c) Total dissolved solids (TDS) in g/l over time; d) Cumulative energy consumption, 
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contribution expressed per stage and stage 3 gives total desalination energy consumption. The 
dotted lines are added to guide the eye. 

In Figure 5.7a, stage 1 shows initially a decreasing LCD that increases after day 11. This 
minimum in LCD cannot be attributed to the low amount of salts present (Figure 5.7c). 
Due to the complexity of natural water, many interconnected parameters play a role, 
making it impossible to give a single explanation. Many different factors can influence 
the membrane performance, i.e. colloidal-fouling, bio-fouling, increased membrane 
resistance due to multivalent ions, etc. The decreased LCD in stage 1 causes less 
desalination in stage 1 (Figure 5.7c) and as a consequence the inflow concentration in 
stage 2 increases. Due to the higher salinity pumped into stage 2 and later also into stage 
3, these stages increase in LCD and thereby compensate the underperformance of stage 
1. Figure 5.7b shows the same behaviour in the r-LCD mode.  

Figure 5.7c shows a varying feed concentration over the measuring days. The TDS of 
stage 1 is varying over time due to the daily changing LCD values, while stage 2 and 3 
give a relatively constant outflow of respectively 4.8 g/l and 1.9 g/l. Figure 5.7d shows 
that initially stage 1 takes a large share in the energy consumption. When the LCD of 
stage 1 lowers also the stage 1 energy consumption lowers and stage 2 and 3 are 
compensating this underperforming of stage 1. On system level the multistage ED system 
is able to produce a relatively constant outflow TDS of 1.9 g/l, while the WHO guidelines 
advice a concentration below 0.6 g/l [39]. The energy consumption to desalinate until 1.9 
g/l was around 3 kWh/m3.  

  



Multistage electrodialysis for desalination of natural seawater 

 127 

5.4 Conclusions 

The aim of this work was to investigate the desalination performance of multistage 
electrodialysis system using natural seawater. Therefore, we systematically investigated 
the performance using NaCl solutions, artificial ion mixtures and natural seawater on a 
pilot scale in real environment.  

Firstly, the effect of current density on multivalent ion removal was investigated. Both 
membrane types (Type 10 and Type T1) showed preferential removal of calcium and 
magnesium for all current densities tested (0-300 A/m2). There was no additional effect 
of preferential removal at low current densities (0-50 A/m2) which may have been 
expected from results by others. The Type T1 membranes, that have weaker interactions 
with multivalent ions, were able to remove 15% more magnesium compared to Type 10 
membranes. The removal of calcium and sodium was similar for both membrane types. 
Due to the smaller hydrated radius and somewhat higher charge density relatively two 
times more calcium compared to sodium was removed. In addition to the voltage, and 
thereby the energy consumption for the two membranes was compared.  Here the Type 
T1 membranes outperformed, due to a lower resistance, with a 20% lower energy 
consumption the Type 10 membranes.  

Secondly, we investigated the effect of feed solution on limiting current density. The 
highest LCD values were measured for NaCl solution, while the tests with artificial 
seawater showed a lower limiting current density. We operated the three stacks for five 
days using natural seawater, and also in this case the stack with Type T1 membranes 
removed more magnesium compared to Type 10 membranes.  

For the reasons mentioned above, we installed Type T1 membranes in the first stage of 
the multistage tested in the next investigation, to preferentially remove multivalent ions 
to prevent electrical resistance increase and/or scaling onto the membranes 

Finally, an upscaled multistage ED system was tested under real conditions using natural 
seawater for 18 days of operation, showing stable diluate outlet concentration during the 
whole testing period (1.9 g/l), and an overall energy consumption of ~ 3 kWh/m3. Further 
studies should focus on four-stage multistage, in combination with different hydraulic 
configurations, is expected to further reduce the energy consumption of the system.  
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6.1 Introduction 

The present thesis provides scientific insight into the development of electrodialysis (ED) 
as a cost-effective and energy efficient technology for seawater desalination. ED for 
seawater desalination contributes to a greater availability of safe drinking water. 
Electrochemical desalination technologies, like ED, are especially suitable to apply 
staging. In a staged process, the energy consumption is lower, as each stage can be 
designed and operated using its optimized process conditions. In the previous chapters, 
the different methods of staging as well as design and operational parameters have already 
been discussed. This chapter offers a general discussion on the parameters that need to be 
considered when designing and operating an ED-plant for seawater desalination. Firstly, 
different methods of staging are discussed, followed by a parametric study of the energy 
consumption of the desalination process. Based on the gained insights this chapter ends 
with the evaluation of promising ED applications. 

 

6.2 Methods of staging  

From the different methods of staging, i.e. electrically, hydraulically or both methods 
combined, this thesis investigated only the first two methods, which showed that only 
hydraulically staged ED, i.e. multistage ED is able to reach drinking water conditions. 
This section will discuss some of the abundant layouts that are possible in multistage ED. 
In previous chapters, a serial flow layout over the multistage was extensively tested. A 
serial flow is the simplest flow scheme, where no ancillary control and interstage pumps 
are required. To gain understanding of salt and water transport such simple serial flow is 
the best configuration to start with. For these experiments under lab-conditions only two 
pumps are required to feed the diluate and the concentrate compartments, given the 
condition the pressure drop of each stage is small. When the sum of the pressure drops of 
each stage exceeds roughly 1.5 bar, leakage becomes unavoidable. One can imagine that 
well designed lab-scale stacks operated at low feed flow velocities have very low pressure 
drops. However, upscaling stacks both in active electrode area and in number of cell pairs 
[1] will lead to increased pressured drops especially at high feed flow velocities. Also, 
when pressures could increase by (bio)fouling that can occur using natural feed water, an 
interstage pump per one or per two stages becomes unavoidable. However, moving from 
lab-scale to pilot scale, such additional infrastructure features at pilot scale, like interstage 
pumps, open a wide range of possibilities for different multistage layouts. Figure 6.1 
shows a selection of possible layouts.  
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Figure 6.1: Four different multistage layouts with on the right a sketch of the concentration 
profiles: a) counter-flow multistage ED; b) concentrate refreshment multistage ED; c) diluate split 
in co-flow multistage ED; d) diluate split in co-flow with feedback loop.  

For the sake of clarity, the different multistage layouts that are discussed have a fixed 
drink water yield of 100 m3/h and a water recovery of 50%. In these example calculations, 
we assume 100% permselective membranes and do not take into account water transport 
nor co-ion transport. Figure 6.1a shows a counter-flow layout, this layout has the benefit 
that the concentration gradient is constant over all ED stages. A constant gradient is 
beneficial to limit the water transport out of the diluate compartments. This is opposite to 
a co-flow multistage or serial multistage where the concentration gradient increases with 
each successive ED stage. Therefore, in a serial multistage system, the latter two stages 
suffer from severe water transport due to the huge osmotic differences, more than 50 bar, 
between the concentrate, two times the seawater concentration, and dilute stream, 
drinking water concentration. The counter-flow layout evaluated on lab-scale, but as the 
diluate was fed from stage one and the concentrate from stage four large hydrostatic 

c) Diluate split multistage ED

d) Concentrate feedback loop with diluate split 

b) Concentrate refreshment multistage ED 

a) Counter-flow multistage ED
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pressure differences over the membranes were measured in each stage making the system 
very sensitive to internal leakage. In an ED stack, the pressure difference over a membrane 
shouldn’t be more than 250 mbar [2]. This layout should therefore be equipped with 
interstage pumps and pressure regulators to prevent high transmembrane pressures and 
undesired leakage.  

Figure 6.1b shows a system layout with concentrate refreshment to decrease the 
concentration gradient over the membranes. Operating at a diluate flowrate of 100 m3/h 
and maintaining a water recovery of 50%, the concentrate compartments are refreshed 
with new seawater in each stage at a flowrate of 25 m3/h. According to the Bernoulli 
equation the pressure drop is proportional to the flow velocity squared, a four times lower 
flow results in a 16 times lower transmembrane pressure. To counteract the high-pressure 
difference, different sized spacers can be used, i.e. thick spacers in the diluate, and thin 
spacers in the concentrate. This approach overcomes the transmembrane pressure but 
makes it impossible to carry out a polarity switch (ED-reversal) to clean the membranes, 
since this requires a symmetric stack design. However, in the scenario of using spacers 
with different thickness it is very challenging to balance out the transmembrane pressure 
difference when using liquid fluid velocities that differ by a factor of four. Therefore, the 
best method to keep the pressure similar, would be the use of interstage pumps with 
pressure regulators. To require less equipment, one could apply concentrate refreshment 
only after stage 2, where water transport becomes more severe in a serial flow layout 
(chapter 2 and 4 of this thesis).  

Figure 6.1c is a serial flow layout shown in where the concentrate stream is discarded 
after stage 2 and on top of that the diluate stream is split into two streams to feed 
subsequent stages 3 and 4. This layout is more beneficial compared to previous layouts, 
because the concentration gradient over the membranes remains relatively small 
especially in the last two stages. In addition, stage 3 and 4 are operating in the range of 
brackish water desalination. For brackish water, ED is more often applied because less 
energy is required for ion removal to reach drinking water standards. [3–7]. 

To yield 100 m3/h at the outlet of stage 4 in the diluate of Figure 6.1c, and maintaining a 
water recovery of 50%, concentrate flow of 50 m3/h in stage one and two is required. Also 
after the diluate split in stage three and four the concentrate flow is 50 m3/h. This results 
in a ratio between the diluate flowrate and the concentrate flowrate in the first two stages 
of 50:150, and in the third and fourth stage, the ratio is 50:100. When the ratio is small, 
i.e. 50:100, a-symmetric spacers could help to operate at similar pressures, but when the 
ratio is larger i.e. 1:3 and higher an interstage pump and pressure regulator are advised. 
However, for larger ED installations these items are anyhow required.   
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Figure 6.1d shows a possible solution, to improve performance of the layout presented in 
Figure 6.1c even further, when the assumption for water recovery is neglected. Figure 
6.1d, uses a feedback loop to increase the water recovery. When the flowrates of Figure 
1c are used, then the water recovery is not 50% in the layout of Figure 6.1d, but the water 
recovery is 67%. This feedback loop is possible because the outlet concentration of stage 
four approaches the inlet conditions of stage one (see concentration profile in Figure 
6.1d). Therefore, this layout has the advantage of a high(er) water recovery, and of a low 
concentration gradient over the membranes in all stages of the multistage. In the end it’s 
all about “fighting” the concentration gradient over the membranes. Another advantage is 
that this layout requires up to 25% less pre-treatment, which contributes to lower the 
energy consumption for producing drinking water and is beneficial to lower the cost price 
of water produced.  

After studying the different layouts of staging, the parameters that dictate the energy 
consumption are discussed in the next section.  

 

6.3 Parameters dictating the energy consumption 

The energy consumption 𝐸!'!#* for industrial size electrodialysis plants is the (optimized) 
sum of energy required for ion transfer, i.e. desalination (𝐸)(%#*+$#!+'$) and the energy 
required for pumping (𝐸&,.&+$/) the solutions through the electrodialysis stacks [3].  

𝐸!'!#* = 𝐸)(%#*+$#!+'$ + 𝐸&,.&+$/	 Eq. 6.1 

The energy consumption required for desalination is calculated from the electrical 
desalination power (𝑃)(%#*+$#!+'$) and the amount of diluate water produced (𝑄)+*) : 

𝐸)(%#*+$#!+'$ =
𝑃)(%#*+$#!+'$

𝑄)+*
	 Eq. 6.2 

The energy consumption for pumping is mainly determined by the pressure drop per stage, 
and accumulates in a multistage with the number of stages and therefore also the pumping 
energy increases.  

The energy for pumping is calculated from the pressure drop and the flowrate per stage 
[8–10].  

𝐸&,.& =	;
∆𝑝)+*,1 ∙ 𝑄)+*,1 + ∆𝑝-'$-,1 ∙ 𝑄-'$-,1

𝜂&,.& ∗ 𝑄)+*,1
	

2

134

 Eq. 6.3 
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Where  ∆𝑝)+*,1	is the differential pressure in the diluate compartment in [Pa], 𝑄)+*,1 is the 
flowrate in the diluate compartments [m3/s], ∆𝑝-'$-,1 is the differential pressure in the 
concentrate compartment in [Pa], 𝑄-'$-,1 is the flowrate in the concentrate compartments 
[m3/s], and ηpump the pump efficiency. This section discusses the influence of different 
design and operational parameters on the elements that contribute to the total energy 
consumption for desalination.  

6.3.1 Desalination power 

First, the element desalination power is discussed. The electrical power is calculated from 
the voltage and the current.  

𝑃)(%#*+$#!+'$ = 𝑈%!#-5 ∙ 𝐼&'6("%',"-( 	 Eq. 6.4 

Where 𝑈%!#-5 	is the potential difference over the stack, and 𝐼&'6("%',"-( is the current 
applied to the stack. 

The current, or current density relates directly to the ion removal, however not all current 
that is supplied to the system relates directly to desalination. The loss between current 
supplied, and desalination degree is expressed as coulombic efficiency. In practice the 
coulombic efficiency of state-of-the-art ED stacks ranges between 80-90% [11,12]. The 
voltage is obtained from Ohms law (equation 6.1),  

𝑈%!#-5 = 𝐼&'6("%',"-( ∙ 𝑅!'!#* 		 Eq. 6.5 

Where 𝑅!'!#* is the sum of the resistances of all components in the stack. 

𝑅!'!#* = 𝑅789 + 𝑅:89 + 𝑅-'$-($!"#!( + 𝑅)+*,#!( Eq. 6.6 

Where 𝑅789 is the electrical resistance (ER) of the AEM membranes (Ohm), 𝑅:89 is the 
ER of the CEM membranes (Ohm), 𝑅-'$-($!"#!( is the resistance of the concentrate 
compartments (Ohm), and 𝑅)+*,#!( is the resistance of the diluate compartments (Ohm).  

The resistances are estimated for the multistage desalination layout presented in Chapter 
4 (layout D3). This desalination layout showed the highest desalination performance and 
the lowest energy consumption. In this layout of four stages in serial co-flow, in the first 
and second stage low resistance Type 10 membranes (Fujifilm) were installed, and in the 
third and fourth stage low water permeable Type 2 membranes (Fujifilm) were installed. 
In addition, the number of cell pairs was varied from stage one to stage four, respectively: 
20, 10, 5, 5 cell pairs were installed. The resistance of each component is shown in Figure 
6.2. The resistance of the CEMs and AEMs is calculated based on the electrical resistance 
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data from Fujifilm (Table 2.1, 3.2, 4.1). It is assumed that the membranes have a constant 
resistance, and that the resistance of the IEMs is not changing with the concentration or 
gradient over the membranes. This assumption is valid, since according to literature the 
ER is not very affected by changes in concentration [13,14]. This is also confirmed by 
experimental results in all chapters, because the electrical data does not change an order 
of magnitude at low diluate concentrations. The resistance of the diluate and concentrate 
compartments are calculated based on the bulk conductivity of the solutions.  

 
Figure 6.2: Cumulative resistance one cell pair: diluate and concentrate compartments (spacer 
thickness: 155 µm) and the CEM and AEM membrane resistance per ED stage. Type 10 (Fujifilm) 
was installed in the first and second stage (lower resistance), and Type 2 (Fujifilm) was installed 
in the third and fourth stage (lower water transport and higher resistance).  

The resistance in the diluate compartments increases strongly in subsequent ED stages as 
the electrical resistance increases proportional with the desalination degree. The 
concentrate compartments play a minor role in the stack resistance as the conductivity 
increases in each subsequent ED stage. In the first stage the diluate compartment 
contributes for 20% to the total stack resistance, while the AEM and CEM are responsible 
a resistance contribution for respectively 40 and 35%. The remaining 5% can be attributed 
to concentrate compartment and more and more decreases in subsequent stages. This 
makes the total membrane contribution (both AEM and CEM) to the stack resistance is 
almost four times larger than that of the diluate compartment. In the second stage, the 
resistance of the diluate compartment increases to a value that is comparable to the total 
membrane resistance, AEM and CEM together. Stage three and four are equipped with 
Type 2 (Fujifilm) AEM and CEM membranes, to lower the osmotic water transport. The 
electrical resistance of the Type 2 membranes is 3-4 times larger compared to Type 10 
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membranes. However, due to the increased resistance of the diluate compartment, the 
contribution to the total resistance of the diluate and the total membrane resistance are of 
comparable size. Only in stage four, where the resistance of the diluate compartment 
further increases, the contribution of the diluate to the total resistance is very significant 
and contributes to >70% to the total stack resistance.  

These findings show that the total membrane resistance, in this specific case of seawater 
desalination to drinking water, contributes to about 50% of the total stack resistance. And 
since the resistance of drinking water cannot be changed future research should focus on 
lowering the membrane resistance without scarifying the other properties such as a high 
permselectivity and low water permeability. A possible research direction could be to 
make the IEMs thinner, by exploring different membrane supports to keep the mechanical 
strength.   

In the desalination-case as described above, a NaCl model solution was used. When using 
real natural feed water the resistance of the membrane might increase further, due to the 
presence of multivalent ions [15]. In Chapter 5 membranes were used which allow better 
multivalent cations passage, resulting in less strong increase in resistance due to t 
multivalent ions and thus in a lower energy consumption. Optimization of this membrane, 
to increase the transport of multivalent cations even further also will lead to a further 
reduction of energy consumption in applications using natural and more complex water 
sources.  

Besides resistance, the desalination degree for energy efficient electrodialysis is 
determined by the limiting current density (LCD), or more specific by the current density 
between 80-95% of the LCD to avoid local instabilities [16]. Interestingly, due to LCD 
conditions that are reached earlier in later stages, the energy consumption per ED stage 
(Figure 3) appears to be the inverse profile of the resistance of the diluate compartments 
(Figure 2). The energy consumption is calculated from the corresponding data of the 
optimized scenario D3 as presented in Chapter 4. To calculate the energy consumption an 
overall system approach is used, rather than a stage level approach, because the system is 
intended to produce drinking water from seawater, and not an intermediate product. 
Therefore, the energy consumption is calculated based on system output parameters, the 
sum of the power of each stage and the diluate outlet flowrate measured at stage 4, rather 
than the interstage flowrate. Also, measuring the interstage flowrate was not practically 
possible. By using the diluate outlet flowrate of stage 4 the energy consumption for stage 
one, two and three is overestimated, because in theses stages water transport is lower due 
to the absence of a high osmotic pressure difference over the membranes. Especially in 
stage one, comparing to the stage level approach, the overestimation of water transport is 
estimated to be maximum 15%. In subsequent stages the overestimation is smaller due to 
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increased osmotic pressure difference and therefore increased water transport. However, 
to study the trends it is accepted to plot the energy consumption this way. Figure 6.3 
shows the diluate concentration and the cumulative energy consumption of each stage.  

 
Figure 6.3: Diluate concentration in mM NaCl and cumulative energy consumption for each ED 
stage. These results are deduced from the experimental layout D3 as depicted in Chapter 4. The 
energy consumption is calculated using the multistage outlet diluate quantity, and is therefore 
slightly overestimated. Dashed lines are added to guide the eye.   

In Figure 6.3, the largest decrease in diluate concentration is shown for stage one. Since 
salt removal is proportional to the current applied, stage 1 also measured the highest LCD, 
and therefore energy consumption. In subsequent stages smaller changes in diluate 
concentration are observed, and as explained before in the thesis, a lower LCD was 
measured. This leads to a smaller contribution to the energy consumption in later stages. 
Interestingly, Figure 6.2 showed that the electrical resistance is the highest in ED stage 4, 
but due to the low LCD allowed at these low diluate concentrations, the current density is 
low, which results in a low contribution of stage 4 to the total energy consumption of the 
multistage.  

In Figure 6.2 it was shown that the resistance in the first stage is mainly caused by the 
AEMs and CEMs, up to 75%. In combination with the high energy consumption shown 
in Figure 6.3, future research should focus on developing membranes with lower electrical 
resistance to be installed in the first stage. This thesis proves that desalination to drinking 
water conditions is possible using multistage ED, but to desalinate more efficient future 
work should, besides the membrane improvements, focus on the distribution of the current 
(driving force) and therewith distribute the desalination work performed over multiple 
stages.  
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6.3.2 Water recovery  

Second, we discuss the element diluate water produced, also referred to as ‘water 
recovery’ (WR). Higher salt gradients across the membranes result in higher undesired 
water transport from the diluate to the concentrate compartments, this ends up in lower 
water recoveries. Future research should focus on minimizing this effect of water 
transport by changing operational parameters, i.e. larger differences in flow rate of the 
various stages (i.e. less time for water transport in the later stages, while reaching the 
desired water quality), or by changing design parameters by means of exploring 
membranes with less water transport than the currently available and tested membranes. 
Another approach is to explore different layouts as discussed in paragraph 6.2, where 
feedback loops might increase the water recovery of the system. Currently a realistic water 
recovery of an ED system lies between 40 and 45%, where each percent increase in WR 
results in a 2-3% reduction in desalination energy consumption.  

6.3.3 Pumping energy  

The third element to be discussed is the required pump energy. It is known that the 
pressure drop of a stage is for 50-70% caused by the manifolds [17]. That means that from 
the point of energy for pumping, it is beneficial to do the desalination work with as few 
stages as possible. But when we calculate the energy consumption for pumping required 
for a multistage ED comprised of 4 stages the contribution to the total energy consumption 
of ED is < 1% for lab-scale systems. That allows to conclude that the energy for pumping 
can be neglected and is not decisive in the choice of the final design.  

Summarizing the insights on energy consumption, the future research effort should focus 
on improving the multistage layout, its operation with current distribution over multiple 
stages and developing membranes with lower electric resistance especially for the initial 
stages.  

 

6.4 Economic perspective 

The future of multistage ED for seawater desalination mainly depends on the economic 
perspective. This paragraph estimates the economic perspective for multistage ED for 
seawater desalination and makes a comparison to state-of-the-art technologies. In 
addition, three other applications and possible markets that could benefit from multistage 
ED are discussed.  

6.4.1 Seawater desalination application 

First, the applicability of multistage ED for seawater desalination to produce drinking 
water is discussed. The applicability depends on the cost-effectiveness. The cost-
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effectiveness of seawater desalination using multistage ED process is compared with 
seawater desalination using reverse osmosis (SWRO), the state-of-the-art technology with 
a market share of 75% [18]. 

ED and SWRO desalination technologies apply different desalination mechanisms. In ED 
the salts are separated from the drinking water, while in RO the drinking water is separated 
from the salts. Before this thesis, ED was not applied for seawater desalination, while 
SWRO proved itself throughout the year to be robust desalination technology. That means 
that to be competitive, there must be a significant advantage for ED compared to RO. 
Therefore, first the desalination process is compared. This comparison is based on the 
water flux and the membrane costs, the parameters used for the calculation are listed in 
Table 6.1. Although in ED salt is transported through the membranes, in this discussion 
water flux is also used for ED to express the amount of drinking water produced per 
membrane area per hour. The installed membrane area that multistage ED requires for 
seawater desalination is 8-14x higher compared to SWRO. That should not be a problem 
for ED, if the membrane costs would be in the same order of magnitude lower. However, 
the membrane cost for ED is roughly five times higher. That implies that the lifetime of 
ED membranes must be at least five times longer to compensate for the membrane costs. 
Considering a lifetime of a SWRO module of maximum five years [19], an IEM in ED is 
not expected to reach a lifetime of 25 years. Besides the cost for membranes, the water 
flux remains an order of magnitude off. This difference is not going to be compensated 
by lower costs for pre-treatment, chemicals nor energy. In addition, has SWRO proven 
itself to be reliable over many years.   

 

Table 6.1: Membrane parameters SWRO and multistage ED.  

 
a Dupont Filmtec module SW30-4040 
b Non-published results from upscaled pre-pilot REDstack, personal communication. 
c Feo-García et al. [20] 
d Own estimated indicative costs 

 

Based on this simplified estimation, where ancillary equipment is assumed to be 
subordinate to that of the membrane contribution in the total CAPEX costs, it shows that 
ED is not (yet) competitive compared to RO for the desalination of seawater to drinking 
water conditions. ED has the potential to be competitive with RO for brackish water 

SWRO Multistage ED

Average water flux [l/m2.h] 35-40 a 2.5-5 b

Membrane cost [$/m2] 15-20 c 100 d
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desalination [21], but that was beyond the scope of this thesis, nor it is possible to adapt 
the data from this thesis to extrapolate possibilities for brackish water desalination by ED. 
However, in the next two sections two approaches are discussed where ED can contribute 
to increase the performance and/or the sustainability of SWRO. In addition, in the last 
section a potential market is discussed for an application of ED where only the gross 
amount of salts needs to be removed, and where desalination to drinking water levels is 
not required.  

6.4.2 Multistage ED to increase water recovery of RO  

Currently, the water recovery of SWRO plants ranges between 35 and 45% [22]. That 
implies that more than half of the pre-treated water is discarded as brine. To increase the 
water recovery inside the existing SWRO installation is not desirable as increased 
pressures are required and the scaling potential increases. To increase the water recovery, 
one can better select a technology that is capable of desalinating highly saline waters. 
Electrodialysis is such technology, capable of desalinating highly saline waters. Combing 
SWRO results in a hybrid technology, in where SWRO is used for the desalination for 
drinking water from seawater, and ED is used to desalinate the produced brined from the 
SWRO to seawater concentrations, see Figure 6.4. Considering a scenario of a SWRO 
plant where space is limited and the SWRO plant is operating at its maximum capacity an 
ED installation treating the brine could increase the water production. This, while no 
additional CAPEX and OPEX costs are required for pre-treatment. However, installation 
and operation of the ED system will involve costs. The mass-balance is made for the 
SWRO-ED installation with recirculation presented in Figure 6.4. The parameters used 
for the calculation are listed in Table 6.2.  
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Table 6.2: List with SWRO and ED parameters.  

 
 

The mass balance is made using one SWRO pressure vessel containing 6 elements. The 
coulombic efficiency and cell pair resistance are experimental data (not published) from 
a 44 x 44 cm2 REDstack tube-stack using 70 g/l NaCl feed solution.  

 
Figure 6.4: Schematic of a hybrid SWRO with ED brine recovery installation. The dashed line 
indicates the concentrate recirculation loop to further increase the water recovery.  SWRO = 
seawater RO, PX= pressure exchanger, LP = low pressure booster pump, HP = high pressure pump, 
ED = electrodialysis.   

SWRO ED

Retention [%] 99.4 Cell pairs [-] 1024

Recovery [%] 41 W [cm] 44

Flux [l/m2h] 20 L [cm] 44

Aelement [m2] 35 δ [µm] 260

Elements 6 A [m2] 396

V [m/s] 1.4

Recovery [%] 80

Coulombic efficiency 80

Rcell pair [W . cm2/cp] 7.5

SWRO

PX

ED

HP

LP

Feed
9.5 m3/h
32 g/l TDS

Permeate
7.4 m3/h
0.19 g/l TDS

Diluate
8.5 m3/h
32 g/l TDS

Concentrate 
2.1 m3/h
142 g/l TDS

Feed ED
10.6 m3/h
54 g/l TDS

Concentrate recycle
6.3 m3/h
142 g/l TDS
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The ED installation in Figure 6.4 desalinates the SWRO brine stream, after the pressure 
exchanger of 54 g/l to 32 g/l in one stage. In ED the water recovery is between 40 and 
45%, but by using a recirculation loop (dashed line in Figure 6.4) the water recovery of 
the ED system can be increased up to 80%. The values shown in Figure 6.4 are calculated 
using the recirculation loop. From the mass balance the overall water recovery of the 
hybrid SWRO-ED plant is 78%. That implies that by installing an ED installation to treat 
the SWRO brine stream, the overall water recovery can be doubled. The energy 
consumption for the ED system is calculated from the required current (60 A), accounting 
for coulombic efficiency, to desalinate from 54 to 32 g/l and the cell pair resistance, 
resulting in an energy consumption for the ED system of 3 kWh/m3. Therefore, the total 
energy consumption (SWRO+ED) becomes 5-6 kWh/m3 at a water recovery of 78%. Case 
dependent it needs to be evaluated if it is more beneficial to install an ED installation 
treating the brine stream, or expanding the RO including the pre-treatment installation.  

6.4.3 Recovery of antiscalants in RO by ED  

SWRO is limited by its water recovery due to scaling. The concentrated brine, or reject, 
is highly prone to scaling. To prevent scaling at the membrane interface and in the 
compartments, antiscalants are added to the feed, even at water recoveries between 35 and 
45%. Antiscalants are generally organic compounds containing sulphate, phosphonate or 
carboxylic acid functional groups and chelating agents, like carbon, aluminium, and 
zeolites that remove and neutralize a particular ion that may be formed [23]. The 
phosphorus-based antiscalants are hardly biodegradable and persist for many years after 
their disposal [24]. Once disposed to the environment these phosphorus-based antiscalants 
cause eutrophication problems [24]. Therefore, recovery of antiscalants could be way to 
prevent eutrophication problems in the environment around the brine disposal. Figure 6.5 
shows a schematic of a classic SWRO installation, and a SWRO with antiscalants 
recovery using ED.  
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Figure 6.5: Schematic of a) classic SWRO; and b) SWRO with antiscalants recovery. SWRO = 
seawater RO, PX= pressure exchanger, LP = low pressure booster pump, HP = high pressure pump, 
ED = electrodialysis, a.s.= antiscalant.   

Figure 6.5a shows that the concentrate stream contains all the antiscalants, Figure 6.5b 
shows an ED unit to desalinate the SWRO brine and maintain the antiscalants in the loop. 
The concentrate stream contains 0 mg/l charged antiscalants, such as the phosphorus-
based antiscalants. Here, ED retains the antiscalants, but at a cost of pre-treated seawater, 
the water recovery of the SWRO system remains the same.  

One way to increase the SWRO and retain most of the antiscalants is by reconsidering the 
before mentioned scheme presented in Figure 6.4.  Now in the context of recovery of 
antiscalants, allows the recirculation loop not only for an increase of water recovery up to 
78% as was calculated in previous paragraph, but it also recovers up to the same 
percentage of antiscalants. When the antiscalants are recovered up to 78%, the emission 
of antiscalants is only 22%. That implies that the pollution of the environment, and 
therefore eutrophication is significantly reduced.   

We can conclude that ED could be a suitable technology to recover the antiscalants. 
However, for both increase in water recovery of the SWRO, and recovery of up to 78% 
of the antiscalants it is advised to use the process layout presented in Figure 6.4.  

6.4.4 Produced water desalination by multistage ED for polymer recovery  

This thesis learned that ED is performs the best when no deep desalination is required, 
down to five to ten times the salination of drinking water. An application where deep 
desalination is not required, but only reduction of the salt content is required is the 
treatment of produced water. Therefore, desalination of produced water streams by use of 

SWRO

PX

ED

HP

LP

Concentrate
50 m3/h
64 g/l TDS
0 mg/l a.s.

Permeate
50 m3/h
0 g/l TDS
0 mg/l a.s.

Feed
50 m3/h
32 g/l TDS
0 mg/l a.s.

SWRO

PX

HP

LP

Permeate
50 m3/h
0 g/l TDS
0 mg/l a.s.

Feed
50 m3/h
32 g/l TDS
5 mg/l a.s.

Feed
50 m3/h
32 g/l TDS
5 mg/l a.s.

Concentrate
50 m3/h
32 g/l TDS
10 mg/l a.s.

a) Classic SWRO

b) SWRO with antiscalant recovery using ED 
Feed
50 m3/h
32 g/l TDS
0 mg/l a.s.

Diluate
50 m3/h
32 g/l TDS
10 mg/l a.s.
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multistage ED to recover flooding polymers is subjected to an economic analysis using 
the data of previous chapters.  

In enhanced oil recovery long chain polymer molecules are together with injection water 
pumped into an existing oil well to increase the water viscosity [25]. Increasing water 
viscosity leads to efficient extraction of the remaining oil. Once the substances are 
pumped out of the well, and the oil is extracted, polymer-flooding produced water 
remains. Disposal of this polymer-flooding produced water is complex and costly, for this 
reason re-using this water is a better option. Treatment of polymer-flooding produced 
water includes oil-water separation, induced-air flotation and media filtration (Figure 6.6). 
After these treatment steps the recovered polymer containing injection water can be re-
injected with replenishment of new polymer to the desired strength.  

 
Figure 6.6: Schematic of polymer-flooding produced water treatment.  

However, Shell describes that replacing seawater/injection water with low salinity water 
in polymer flooding can reduce polymer consumption in the range of 5 and 10 times. In 
adapted data from Sosa et al. [26], presented in Figure 6.7 is the targeted viscosity shown 
for seawater and for brackish water. When a desalination technology would desalinate 
seawater to brackish water concentration, to reach the targeted viscosity, roughly 1 kg/m3 
polymer, i.e. HPAM, less is required for the process. 

 

IP EP

Oil well Polymer Polymer + oil

Oil-water separator

Induced-air flotation

Media filtration

Oil production
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Figure 6.7: HPAM concentration as function of viscosity, with a targeted viscosity for optimal oil 
extraction. Data adapted from Sosa et al. [26].   

Therefore, desalination of injection water could be beneficial to lower polymer 
consumption to reach the desired viscosity. State-of-the-art technologies are thermal-
driven technologies such as: multistage flash evaporation (MSF), multiple effect 
distillation (MED) or vapor compression evaporation. Also, pressure-driven technologies 
are used to desalinate produced water, i.e. RO and nanofiltration. However, these 
technologies remove almost all the salts and leave a high concentrate brine stream 
containing high concentrations of organic matter behind. While in the application of 
enhanced oil recovery only a reduction of the salt concentration of the injection water is 
sufficient, therefore a tuneable technology such as ED could be beneficial. Another 
advantage of a tuneable technology is that not only the product water can be set, but 
directly linked is the concentrated stream also less concentrated compared to other 
technologies. Therefore, the changes compared to the feedwater are relatively small and 
that makes discharge easier. Sosa et al. showed that electrodialysis can be effectively used 
to desalinate polymer-flooding produced water [27].  

Using ED for desalination of polymer-flooding produced water pre-treatment using an 
ultrafiltration (UF) system is preferential (Figure 6.8) [28]. The UF reduces oil, HPAM, 
and suspended solids concentrations, and therewith helps reducing the fouling potential 
in the ED system [28].  
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Figure 6.8: schematic of oil production process, with injection pump (IP), and extraction pump 
(EP), treatment steps including UF and ED to reduce the salinity of the produced water.  

The desalination degree that is required to lower the fresh polymer addition to the 
injection water is reached in Chapter 2 of this thesis. Similar to the seawater desalination 
from 32 g/l to 5 g/l (Figure 6.7), Chapter 2 showed desalination from 29.8 g/l NaCl (or 
500 mM NaCl) to 2.4 g/l (or 40 mM NaCl), which was achieved by using only two ED 
stages. Based on the data presented in Chapter 2 an economic analysis is made in where 
1 kg/m3 HPAM is saved. The energy consumption for the ED system, was calculated by 
neglecting the water transport through the membranes.  At a feed flowrate of 6.61 L/h (i.e. 
1.5 cm/s) the energy consumption was 6 kWh/m3. Based on the parameters listed in Table 
6.3 for an oil field with a polymer injection rate of approximately 10,530 m3/day an 
economic analysis is carried out that is presented in Table 6.4.  
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Table 6.3: Parameters used for the economic analysis.  

 
 

Table 6.4: Economic analysis for UF and ED to treat produced water and recover polymer.  

 
 

Parameter Value

IEM cost 100 €/m2

IEM installation factor 1.5

Apparent flux with current ED stack 16.5 L/m2h

Water recovery UF 95%

Annual utilization 8,000 h

Membrane lifetime (ED and UF) 6 years

Electricity cost 0.05 €/kWh

Amount of HPAM saved 1.0 kg/m3

Price of HPAM 1.5 €/kg 

Installed membrane cost UF 100 €/(m3.d)

Staff (per ED and per UF) 80 k€/y 

Chemicals (per ED and per UF) 100 k€/y 

UF+ED

Membrane area ED (m2) 25,253

Energy consumption ED (kWh/m3) 6

Energy consumption UF (kWh/m3) 0.1

Investment ED 3,787k

Investment UF 1,000k

Total Investment 4,787k

CAPEX ED (6y) 631k

CAPEX UF (6y) 166k

OPEX ED (Energy, personnel, chemicals) 1,170k

OPEX UF (Energy, personnel, chemicals) 196k

Annual polymer saving 4,999k

Total annual benefit 2,835k

RoI (%) 59%
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From the economic analysis we can conclude that the return on investment of 59% is very 
high. For this reason, enhanced oil recovery is a very sustainable and beneficial ED 
application, in which produced water is re-used and desalinated resulting in less usage of 
fresh flooding polymer.  
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