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Summary  

Energy generation from salinity gradients with reverse electrodialysis 

Fouling management and process design 

 

Salinity gradient energy is the energy that can be harvested from mixing two solutions with 

different salinities. In the Netherlands, this energy is popularly known as ‘Blue Energy’. 

Reverse electrodialysis (RED) is used to harvest this clean, sustainable and renewable source 

of energy. A RED stack comprises of an alternating series of cation exchange membranes 

(CEMs) and anion exchange membranes (AEMs), with seawater and river water in 

compartments between these membranes. The salinity gradient over each ion exchange 

membrane creates a voltage difference. The membranes allow the selective transport of cations 

(CEM) and anions (AEM) from seawater to river water side. At the electrodes, redox reactions 

are used to convert this ionic transport into electrical transport to power a device.  

 

Fouling on ion exchange membranes and spacers causes a major problem and decreases the 

performance of the RED stack. In Chapter 2, CO2 saturated water has been used as two-phase 

flow antifouling strategy against colloidal fouling for the first time, during a period of 60 days 

using natural feed waters. The CO2 nucleation effect, i.e. the spontaneous formation of bubbles, 

occurring at the spacer filaments due to depressurization of CO2 saturated water improves the 

cleaning process. Moreover, the introduction of CO2 saturated water in the feed water 

introduces a pH decrease in the system (carbonated solution) adding an additional cleaning 

effect in the system. This antifouling strategy, a combination of mechanical and chemical 

cleaning-in-place (CIP), avoids the use of environmentally unwanted cleaning chemicals.  

 

Humic acids are the major cause of fouling on AEMs in RED. The effect of AEM fouling on 

the decrease in total performance in RED is studied in detail using natural river water and 

seawater (chapter 3). The membrane chemistry and the water content of the membranes are key 

parameters defining fouling due to humic acids. Nevertheless, the largest decrease in power 

density does not originate from AEM fouling, as this only counts for 2 - 4% of the total loss. 

The major cause is the occurrence of fouling on the spacers that keep the intermembrane 

distance in the fluid compartments, which disturbs the flow distribution (chapter 2) 
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The presence of multivalent ions (i.e Mg2+) and their associated uphill transport, induces an 

increase in CEM resistance, which significantly reduces the power density output obtainable 

in RED stacks, when using natural feed waters. The application of multivalent ion permeable 

membranes, with a more ‘open’ structure allowing the free movement of both sodium and 

magnesium ions through the membrane, is proven to be the best long-term strategy to harvest 

salinity gradient energy when using RED, especially at high magnesium concentrations 

(chapter 4).  

 

The Breathing cell (chapter 5) is a new design that operates a RED stack by varying the 

intermembrane distance in time. By compressing the river water compartment, the internal 

resistance of the stack decreases and higher net power outputs can be achieved, despite the 

momentarily increase in pressure drop along the compartment. This design introduces a 

paradigm change from a static stack to a dynamic stack. The breathing cell offers the 

possibility to adapt the operation (high or low flow rate or breathing frequency) to the water 

parameters and stack performance characteristics, e.g. fouling. 

 

Scaling-up of reverse electrodialysis is proven to be possible and beneficial to increase the net 

energy efficiency of RED stacks. The influence of stack size on the power density, energy 

efficiency and pumping power density can be directly related to the residence time of the feed 

water in the stack. Membrane characteristics, such as water permeability and permselectivity 

are key parameters when measuring the thermodynamic efficiency. Chapter 6 demonstrates that 

to improve the energy efficiency of the stacks, improved membrane characteristics are a key 

parameter towards achieving the final crucial steps towards commercialization. 

 

The last chapter of this thesis, chapter 7, gives the main conclusions of this work and indicates 

further research directions. Two directions are proposed: First, RED membrane development 

is discussed wherein new ideas are proposed to increase the power density outputs. Second, an 

approach for RED multi-stage is envisaged to increase the energy efficiency of the process 

with a close look towards fouling development.  
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Samenvatting  

Energie opwekking van zout gradiënten met omgekeerde elektrodialyse 

Vervuilingsmanagement en procesontwerp 

 

Zout gradiënt energie is energie die gewonnen kan worden van het mengen van twee 

oplossingen met verschillende zoutgehaltes. In Nederland is deze energie ook bekend onder de 

naam ‘Blauwe Energie’. Reverse Electrodialyse (RED) wordt gebruikt om deze schone, 

duurzame en hernieuwbare bron van energie te oogsten. Een RED stack bestaat uit alternerende 

reeksen van cation exchange membranes (CEMs) en anion exchange membranes (AEMs), met 

zee- en rivierwater in de compartimenten tussen deze membranen. De zoutgradiënt over elk van 

deze ion uitwissel membranen genereert een voltage verschil. De membranen laten slechts 

selectief kationen (voor de CEMs) of anionen (voor de AEMs) door, van de zeewater naar de 

rivierwater kant. Bij de elektroden treden redox reacties op die dit ionisch transport omzetten 

in elektrisch transport, om een apparaat van vermogen te voorzien. 

Vervuiling op ion uitwissel membranen en spacers veroorzaakt een groot probleem en 

vermindert de prestaties van de RED stack. In Hoofdstuk 2, CO2-verzadigd water is gebruikt 

als twee-fase stroom anti-vervuilingsstrategie tegen colloïdale vervuiling voor de eerste keer, 

gedurende een periode van 60 dagen met natuurlijk water. Het CO2 nucleatie-effect, dat wil 

zeggen het spontane ontstaan van bubbels op de spacer filamenten door de drukverlaging van 

het CO2-verzadigd water, verbetert het schoonmaakproces. Bovendien introduceert het CO2-

verzadigde water een pH afname in het systeem (koolzuurhoudende oplossing) waardoor er een 

aanvullend schoonmaakeffect in het systeem plaatsvindt. Deze antivervuilingsstrategie, een 

combinatie van mechanisch en chemische cleaning-in-place (CIP), vermijdt het gebruik van 

chemicaliën met ongewenste milieueffecten. 

Humuszuren zijn de voornaamste oorzaak van vervuiling van AEMs in RED. Het effect van 

AEM vervuiling op de afname van totale prestatie in RED is in detail bestudeerd met natuurlijk 

rivier en zeewater (Hoofdstuk 3). De membraanchemie en waterinhoud van de membranen zijn 

sleutel eigenschappen die de vervuiling als gevolgd van humuszuren dicteren. Desalniettemin, 

de grootste afname in vermogensdichtheid komt niet van AEM vervuiling, gezien dit slechts 

voor 2 – 4% van het totale verlies zorgt. De voornaamste oorzaak is het optreden van vervuiling 
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in de spacers, die de afstand tussen de membranen constant houdt, waardoor de vloeistof 

distributie verstoord wordt (zoals beschreven in Hoofdstuk 2). 

De aanwezigheid van multivalente ionen (bijv. Mg2+) wat gepaard gaat met hun transport 

bergopwaarts en een toename in de CEM weerstand, welke beide een significante afname in 

vermogensdichtheid voor de RED stacks met natuurlijk water veroorzaken. Het gebruik van 

multivalente ion permeabele membranen, met een meer ‘open’ structuur die zowel natrium als 

magnesium ionen vrij laat bewegen door het membraan, is aangetoond als beste lange-termijn 

strategie om zoutgradiënt energie te oogsten met RED, vooral bij hoge magnesium 

concentraties (Hoofdstuk 4). 

De Ademende Cel (Hoofdstuk 5) is een nieuw ontwerp, waarbij de RED stack wordt bedreven 

met een variërende afstand tussen de membranen. Door het samendrukken van het rivierwater 

compartiment neemt de interne weerstand van de stack af, waardoor een hogere 

vermogensdichtheid kan worden bereikt, ondanks de tijdelijke toename in de drukval in het 

compartiment. Dit ontwerp introduceert een verandering van denkkader van een statische stack 

naar een dynamische stack. De ademende cel biedt een mogelijkheid om het bedrijven van de 

stack aan te passen (bijv. hoge of lage doorstroomsnelheid of ademfrequentie) aan de water 

eigenschappen en bijbehorende stack prestaties, ter vermindering van vervuiling bijvoorbeeld. 

Opschalen van reverse electrodialysis is mogelijk bewezen en levert een verbetering in energie 

efficiëntie op van RED stacks. De invloed van stack grootte op vermogensdichtheid, energie 

efficiëntie en vermogensdichtheid van de pompen kan direct gekoppeld worden aan de 

verblijftijd van het voedingswater in de stack. Membraaneigenschappen, zoals de water 

permeabiliteit en permselectiviteit zijn sleuteleigenschappen voor het meten van de 

thermodynamische efficiëntie. Hoofdstuk 6 demonstreert dat, om de energie efficiëntie van 

stacks te verbeteren, membraaneigenschappen de sleutel zijn om de laatste cruciale stappen te 

maken naar commercialisatie. 

Het laatste hoofdstuk van dit proefschrift, Hoofdstuk 7, geeft de belangrijkste conclusie van dit 

werk en geeft richting voor toekomstig onderzoek. Twee richting zijn aangegeven: Als eerste 

wordt membraanontwikkeling voor RED besproken, waarbij nieuwe ideeën worden 

voorgesteld om de vermogensdichtheid te verbeteren. Als tweede wordt een aanpak voor RED 

met meerdere fases beschreven, waarbij de energie efficiëntie van het proces toeneemt met 

een specifieke blik op de ontwikkeling van vervuiling. 
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1. Introduction 

1.1 Background  

Energy is vital for essential day-to-day services, without energy we and our businesses cannot 

function. We rely on fossil fuels to generate this energy, however, these will not last forever. 

Apart, from the non-renewable perspective, they are not sustainable for the environment as 

the emission of CO2 caused by the burning of fossil fuels are one of the major contributors to 

global warming [1]. For this, the use of renewable energy sources is becoming more important 

for daily needs and for the energy production sector worldwide. Energy must be secure, 

affordable and sustainable. The European union with its energy policy and its long-term vision, 

wants to lead the way in renewable energy production and the fight against global warming 

[2]. Renewable energy can be produced from a wide variety of sources including wind, solar, 

hydro, tidal, geothermal, and biomass. However, there are also other, rather new and unknown 

technologies that hold a huge potential for energy generation but remain as untapped sources 

so far. This is for example the case of salinity gradient power.  

Salinity gradient power is the energy that can be obtained from the mixing entropy of two 

solutions with a different salt concentration. It is a potentially large source of sustainable 

energy. Moreover, salinity energy power works during day and night, so does not have 

downtimes and is highly predictable, as rivers always flow to the oceans. The potential power 

obtainable from mixing seawater and river water is large: approximately 2 TW when using the 

global discharge of rivers into the seas [3–5]. The driving force of this energy is the Gibbs free 

energy of mixing available when concentrated and diluted salt solutions mix [6,7]. The 

potential energy that can be obtained when mixing river water and seawater is comparable to 

the potential energy produced from a hydropower dam of 142 meters tall. As it was described 

in the past by Norman et al. [8], ‘The tremendous energy flux available in the natural 

salination of fresh water is graphically illustrated if one imagines that every stream and river 

in the world is terminated at its mouth by a waterfall…’.   

 

Salinity gradient energy was first described by Pattle in an article published in Nature [9] on 

October 2, 1954. Pattle declared ‘There thus exists an untapped source of power which has 

(so far as I know) been unmentioned in literature’. A few years later, interest in salinity 

gradient power brought new research [8,10–13] on the topic and several groups start 
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investigating and discovering new ways to harvest this huge potential source of renewable 

energy. The most successful technologies to harvest this energy currently are pressure retarded 

osmosis (PRO) and reverse electrodialysis (RED). In January 2005, Wetsus, European Centre 

of Excellence for Sustainable Water Technology, started its research on RED (also called Blue 

Energy) with the start of the Blue Energy research theme. A cluster, composed of public 

bodies, private companies and universities, financed a series of PhD projects for research and 

development of RED. So far, 7 PhD students completed their PhD on this topic. Moreover, in 

2014 the world’s first Blue Energy installation was built on the Afsluitdijk in The Netherlands.  

Recently, it has been announced the plans to construct a 1 MW demo-pilot at Katwijk [14]. 

The technology chosen within the Blue energy theme to pursuit the harvesting of this 

technology was reverse electrodialysis (RED), as it was studied to be most suitable for its 

range of application, i.e. sea water and river water, compare to PRO [15].  

1.2 Reverse electrodialysis (RED) 

A RED stack is equipped ion exchange membranes. The stack comprises an alternating series 

of cation exchange membranes (CEM) and anion exchange membranes (AEM). CEMs contain 

fixed negative charges allowing ideally only the passage of positively charged ions and AEMs 

contain fixed positive charges allowing ideally only the passage of negatively charged ions. 

When two feed waters, both with different salinity, are introduced in the stack, an 

electrochemical potential is created. By placing a couple of electrodes on each side of the 

membrane pile, the ionic current can be converted into an electric current through a redox 

reaction with an electrolyte. In this manner an electric device can be powered (Figure 1). 
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Figure 1.1: Principle of RED. In this case, a reversible redox reaction converts the ionic current into 

an electrical current.  

 

The use of ion exchanges membranes in reverse electrodialysis is essential, as it is the core of 

the technology. When separating two electrolyte solutions by a semi permeable membrane, a 

voltage difference between these two solutions exists, as was first described in 1890 by 

Wilhelm Ostwald [16]. Based on Ostwald’s first observations, a few students tried to describe 

the effects they observed resulting in the theories that are important foundations of nowadays 

chemistry. Jacobus Henricus. van’t Hoof (1852-1911) worked in Ostwald´s Laboratory and 

his research on the osmotic pressure of solutions made him the first laureate of the Nobel Prize 

in Chemistry (1901): ‘in recognition of the extraordinary services he has rendered by the 

discovery of the laws of chemical dynamics and osmotic pressure in solutions’ [17]. A couple 

of years later, Svante Arrhenius (1859-1927), working in the same laboratory, was also 

awarded the Nobel Prize in Chemistry (1903) for ‘his advancement in chemistry by his 

electrolytic theory of dissociation’ [17]. Finally, also Ostwald was awarded the Nobel Prize in 

Chemistry in 1909 ‘in recognition of his work on catalysis and for his investigations into the 

fundamental principles governing chemical equilibria and rates of reaction’ [17]. Walther 

Nernst (1864-1941) that worked together with Ostwald and Arrhenius between 1887 and 1890, 
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was also awarded with a Nobel Prize in Chemistry ‘in recognition of his work in 

thermochemistry’ [17]. A few years later (1911), Frederick Donnan (1870-1956), who 

obtained his PhD under the supervision of Wilhem Ostwald, succeeded to introduce fixed 

charges into a semipermeable membrane and elaborated on that in his seminal paper on the 

equilibrium of ions between two phases separated by a semi permeable membrane. This 

developed a few years later in his theory on membrane equilibria [18]. The work of these men 

became very important in the development of and theories to explain the membrane potential 

that arises over biological membranes or artificial ion exchange membranes and are the 

foundations of this research. 

1.3 Technological challenge 

In the recent years, in the laboratory, tremendous advances have been made on the 

development of reverse electrodialysis [19], especially in the development of ion exchange 

membranes and stack developments [20–24]. After several years of research in the laboratory, 

in 2014 the first larger scale REDstack facility was constructed at the Afsluitdijk where the 

water from the IJsselmeer and the Wadden Sea meet each other (Figure 2). The installation 

has a potential capacity of 50 KW.  

 

 

 

Figure 1.2: REDstack research facility located at Afsluitdijk.  
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The use of natural feeds instead of artificial laboratory solutions has brought new challenges 

to the on-going research. Fouling becomes one of the most challenging issues when working 

with real natural waters, as it also is for most aqueous membrane processes. Fouling on ion 

exchange membranes and spacers causes a major problem and decreases the performance of 

the RED stack. The power output is reduced by more than 40% compared to the theoretical 

power output obtainable [25]. Different types of fouling have been observed occurring in RED 

systems, such as scaling, biofouling, adhesion of organic substances, and deposition of 

colloids [25,26].  The different types of fouling also affect the membranes, as these membranes 

are charged due to the ion exchange groups of the membranes. This membrane characteristic 

makes RED fouling essential to study, since knowledge from filtration systems or osmosis 

membrane technologies cannot be used directly for RED technology. Some knowledge on 

fouling in electrodialysis (ED) and electrodialysis reversal (EDR) can be used [27–31], 

although these processes are the reverse of RED, use only one type of feed water and current 

densities and intermembrane distances applied are much larger than in RED.  

As described by previous authors [25,32–34], in general, CEMs are mostly affected by scaling 

whereas AEMs are predominantly affected by organic fouling and colloidal fouling. Colloidal 

fouling and scaling clog the feed water channels and consequently increase the pressure drop 

along the feed compartments and deteriorate the flow distribution. Moreover, fouling on the 

AEMs is mostly due to the presence of organic fouling in real feed waters and understanding 

and control of this type of fouling is essential to improve power output when using real feed 

waters.  

Furthermore, magnesium, calcium and sulfate are widely present into natural water bodies. 

The presence of these ions in the feed water solutions increases the resistance of the ion 

exchanges membranes and lowers the power output. Especially when the ions are present in 

the river water, power densities are reduced, as these are transported up-hill, without energy 

gain [35,36]. Different strategies have been proposed to mitigate the negative effect of the 

presence of multivalent ions, such as the use of monovalent ion selective membranes, highly 

crosslinked ion exchange membranes or membranes coated with an oppositely charged layer. 

Despite that, further understanding and control of multivalent ion transport is important to 

further improve the power output in RED. 

Energy efficiency is a key parameter towards the economic feasibility of a RED installation, 

as the water used needs to be pre-treated at the expenses of energy. Power density and energy 
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efficiency are counteracting, since high power densities are achieved at low energy efficiencies 

and vice versa. Understanding and controlling the process parameters, more and more 

important for the translation of laboratory experiments to large industrial scale stacks and is 

essential for the commercialization of the technology. 

1.4 Aim 

The aim of this research is to understand and control fouling occurring in reverse 

electrodialysis systems when harvesting energy from mixing river water and seawater, while 

also improving the current stack design and process conditions focusing on net power density 

and net energy efficiency outputs.  

 

1.5 Outline of the thesis 

 

This thesis is divided in two sections. In the first section, chapter 2 to 4, fouling phenomena 

and the effect of multivalent ions is RED is discussed and investigated in more detail. In the 

second section, chapter 5 and 6, a new stack design is proposed and the effects of scaling up 

of the technology are discussed.  

Chapter 2 extensively investigates the use of CO2 saturated water as two-phase flow cleaning 

for fouling mitigation in RED using natural feed waters. It especially focuses on colloidal 

deposition.  

In Chapter 3, the role of humic acids in the AEM fouling is investigated. Two different 

membrane chemistries are compared and the effects of humic acids on their fouling are 

thoroughly discussed.  

In Chapter 4, the uphill transport due to the presence of multivalent ions in RED is 

investigated. Next, different strategies to mitigate the negative effect of multivalent ions in 

RED are investigated.  

In Chapter 5, a new cell design in presented, the breathing cell: i.e. a dynamic stack that varies 

in time the intermembrane distance, changing the paradigm from static stacks to dynamic 

stacks. By introducing a tunable movement of the membranes into the stacks a reduction of 

the stack resistance is achieved and offers the ability to adapt the operational conditions to the 

feed water quality. 
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Chapter 6 investigates the influence of stack size and membrane type on power density, 

thermodynamic efficiency and energy efficiency. These considerations are essential for the 

process of scaling up reverse electrodialysis.  

Chapter 7 gives the conclusions of this thesis and presents research directions and 

recommendations for further research and to improve this technology. 
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Chapter 2 

______________________________ 

 

CO2 saturated water as two-phase flow for fouling 

control in reverse electrodialysis 
 

Abstract  

When natural feed waters are used in the operation of a reverse electrodialysis (RED) 

stack, severe fouling on the ion exchange membranes and spacers occurs. Fouling of the 

RED stack has a strong influence on the gross power density output; which can decrease 

up to 50%. Moreover, an increase in the pressure loss occurs between the feed water inlet 

and outlet, increasing the pumping energy and thus decreasing the net power density that 

can be obtained. In this work, we extensively investigated the use of CO2 saturated water 

as two-phase flow cleaning for fouling mitigation in RED using natural feed waters. 

Experiments were performed in the REDstack research facility located at the Afsluitdijk 

(the Netherlands) using natural feed waters for a period of 60 days. Two different gas 

combinations were experimentally investigated, water/air sparging and water/CO2 

(saturated) injection. Air is an inert gas mixture and induces air sparging in the stack. In 

the case of CO2, nucleation, i.e. the spontaneous formation of bubbles, occurs at the spacer 

filaments due to depressurization of CO2 saturated water, inducing cleaning. Results 

showed that stacks equipped with CO2 saturated water can produce an average net power 

density of 0.18 W/m2 under real fouling conditions with minimal pre-treatment and at a 

low outside temperature of only 8 °C, whereas the stacks equipped with air sparging could 

only produce an average net power density of 0.04 W/m2. Electrochemical impedance 

spectroscopy measurements showed that the stacks equipped with air sparging increased 

in stack resistance due to the presence of stagnant bubbles remaining in the stack after 

every air injection. Furthermore, the introduction of CO2 gas in the feed water introduces 

a pH decrease in the system (carbonated solution) adding an additional cleaning effect in 

the system, thus avoiding the use of environmentally unwanted cleaning chemicals. 

 



  

 

This chapter has been published as  

Jordi Moreno, Niels de Hart, Michel Saakes, Kitty Nijmeijer, CO2 saturated water as two-

phase flow for fouling control in reverse electrodialysis, Water research 2017, 125, 23-31 
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2.1 Introduction  

When seawater and river water are mixed, energy can be generated. The Gibb’s Free Energy 

of Mixing calculated via the molar entropy change represents the amount of energy that can 

be harvested [1,2]. Reversed electrodialysis (RED) is a technology to capture this energy, 

consisting of a system with cation exchange membranes (CEMs) and anion exchange 

membranes (AEMs) placed in alternating order. Between the membranes net-spacers are 

placed in order to create flow compartments. The flow compartments are alternately fed with 

waters of high and low salinity. This generates an electrical potential difference over the 

membranes as AEMs only allow the diffusion of anions and CEMs only allow the diffusion 

of cations. The RED stack is closed on both ends with an electrode system; a redox reaction 

converts the ionic transport into an electrical current that can be used to power an electrical 

device.  

When natural feed waters are used, fouling on ion exchange membranes and spacers is a causes 

a major problem and decreases the performance of the RED stack. Different types of fouling 

can occur such as scaling, biofouling, adhesion of organic substances, and deposition of 

colloids [3]. Both CEMs and AEMs are subject to different types of fouling, which is mainly 

related to the difference in charge of the membranes, AEMs are positive and CEMs are 

negative, and oppositely charged species are attracted to their surfaces. In general CEMs are 

mostly affected by scaling whereas AEMs are predominantly affected by organic fouling and 

colloidal fouling [3]. Colloidal fouling and scaling clog the feed water channels and 

consequently increase the pressure drop along the feed compartments and deteriorate the flow 

distribution.  

Fouling of the RED stack has a strong influence on the power density output, which can be 

decreased up to 60% [3]. Moreover, an increase in pressure drop occurs between the feed water 

inlet and outlet, increasing the pumping energy and thus decreasing the net power density that 

can be obtained. The use of environmentally persistent chemical cleaning agents is not an 

option, as next to not being always effective, it also shortens membrane lifetime. In addition, 

RED uses natural water resources and environmentally persistent chemical agents should be 

avoided. As an alternative physical cleaning methods, such as two-phase flow cleaning, are 

often applied in membranes processes. Two-phase flow cleaning for fouling mitigation is 

widely used in e.g.  microfiltration (MF), ultrafiltration (UF), nanofiltration (NF), reverse 

osmosis (RO) and electrodialysis (ED) [5], and has also been investigated for application in 

RED (Vermaas et al., 2013a). In membrane processes, gas/liquid two-phase flow is 
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intentionally used to create hydrodynamic instabilities to disturb concentration polarization, 

to sweep away formed cake layers and to remove biofouling from membrane surfaces or net-

spacers [6]. Air is the most common gas mixture used in two-phase flow as it is omnipresent 

and easy to store and handle. In RED the use of water/air sparging has been studied by 

Vermaas et al., 2013a using profiled membranes that integrate the membrane and spacer 

functionality. During the experiment, the stack with air sparging as the antifouling strategy 

maintained a low pressure drop over the full duration of the experiment (67 days) in 

comparison to the stack without any antifouling strategy. Unfortunately, the authors only 

investigated the effect of two-phase flow using profiled membranes and did not consider the 

effectiveness of this approach in stacks with separate membranes and spacers. Profiled 

membranes are however not yet commercially available and the use of separate membranes 

and spacers in RED is initially foreseen for large-scale applications. Usually, woven net-

spacers are used in RED to keep the membranes separated and create flow channels, since 

these are commercially produced and are in general thinner than extruded spacers. However, 

woven net-spacers are not desirable when using two-phase flow approaches as the gas 

introduction easily breaks the net-spacer structure, thus blocking the feed flow compartments.  

Although the use of air bubbles in net-spacer filled channels with low liquid flow velocities is 

used in other membrane processes, such as NF and RO, one of the major drawbacks is that the 

introduction of air in the system results in the presence of undesired stagnant bubbles [7]. 

These stagnant bubbles reduce the active membrane surface area available for water 

permeation [7] and ion diffusion in RED [8]. Additionally, in RED the presence of stagnant 

bubbles in the stack induces an increase of the stack ohmic resistance, thus reducing the gross 

power density output of the system. In other words, the presence of stagnant bubbles reduces 

the amount of energy that potentially can be harvested [8]. Although air is a very versatile 

choice for two-phase flow, it has a relatively low solubility in water (0.023 g/L at 1 atm at 

25°C, calculated using Henry’s law)[9]. This low solubility does not only limit the 

effectiveness of two-phase flow cleaning, it also increases the formation of stagnant bubbles. 

Carbon dioxide (CO2), which has a solubility in water two orders of magnitude higher than 

that of air in water (1,27 g/L at 1 atm. at 25 °C, calculated using Henry’s law), is considered 

to be much more effective [9–11]. Ngene et al., 2010 investigated the use of CO2 as antifouling 

strategy in reverse osmosis with spacer-filled channels. CO2 was dissolved in water at a 

pressure higher than the working pressure used in the membrane process, meaning that upon 

entrance of the membrane module, the water was supersaturated in CO2. This provokes CO2 
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bubbles to nucleate due to depressurization. This CO2 nucleation effect, i.e. the spontaneous 

formation of bubbles, happens at the spacer filaments due to local pressure differences, similar 

to the effervescence experienced upon opening carbonated drinks. Once the CO2 saturated 

water leaves the spacer-filled channel the CO2 gas is no longer dissolved in water and is 

released into the atmosphere, thus not inducing permanent changes in the natural system. In 

addition, the introduction of CO2 in water (creating a carbonated solution) induces a pH 

decrease in the system and adds a beneficial cleaning effect i.e. a kind of chemical cleaning-

in-place (CIP)[12].  

In the present work, the effectiveness of CO2 saturated water as a method for two-phase flow 

cleaning in RED is investigated and compared to a system with air sparging. For that we 

investigate the use of CO2 saturated water as two-phase flow cleaning in a full scale REDstack 

system located at the Afsluitdijk (The Netherlands) using natural feed waters for a period of 

60 days. Two different gas combinations are experimentally investigated: water/air sparging 

and water/CO2 sparging. The results are compared to those of a stack without any cleaning 

strategy. The pressure drop over the inlet and outlet is measured using pressure meters and the 

gross power density is determined using chronopotentiometry. The net power density is 

subsequently calculated by subtracting the hydraulic resistance, expressed as the pressure drop 

over the inlet and the outlet of the feed water compartments multiplied by their respective flow 

rates, from the gross power density. In order to address the presence of stagnant and trapped 

CO2 bubbles in the system, a separate experiment using the same conditions but artificial river 

and seawater is performed in the laboratory by measuring the ohmic resistance of the stack in 

time using electrochemical impedance spectroscopy (EIS). SEM analysis for fouling 

characterization is performed to visualize the deposited fouling. 

2.2 Experimental setup 

2.2.1 Stack configuration 

A RED stack (Figure 2.1) was built using housing supplied by REDstack BV (The 

Netherlands). The stack was composed of 5 cell pairs with CEM and AEM membranes 

(Neosepta CMX/AMX, Tokuyama Inc., Japan). Extruded polypropylene spacers with a 

thickness of 480 µm (Conwed, USA) were used to maintain the inter-membrane distance and 

to create the feedwater compartments (see Figure 1). The spacers were coated with a dense 

silicon rubber layer as sealing at the sides (Deukum, Germany). An extra CEM was used to 
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shield the electrolyte compartment. Titanium electrodes (mesh 1.7 m2/m2, area 96.04 cm2) 

with a mixed ruthenium/iridium mixed oxide coating (Magneto Special Anodes BV, The 

Netherlands) were placed at both sides of the membrane pile.  

 

 

Figure 1. Schematic illustration of the used cross-flow stack with spacers. For clarity, the figure contains 

only one representative CEM/AEM membrane pair but in the experiments, stacks with 5 cell pairs were 

used. 

 

A solution of 0.05 M K3Fe(CN)6, 0.05 M K4Fe(CN)6 and 0.25 M NaCl in demineralized water 

was circulated through the electrolyte compartments by an adjustable peristaltic pump (Cole-

Parmer, Masterflex L/S Digital drive, USA) with a flow rate of 150 ml/min. The electrolyte 

was kept under a slight overpressure of 0.5 bar to avoid bulging of the feedwater 

compartments. For the fouling experiments with feed waters, five identical stacks were built. 

Pressure drop measurements were performed with a pressure difference transmitter 

(Endress+Hauser, type Deltabar S, Germany). The pressure drop values were recorded every 

60 seconds using a data logger (Endress+Hauser, Ecograph T, Germany). The pH was 

measured at the feed water outlets (river water and seawater) of the stacks using two pH 

sensors (Endress+Hauser, Memo Sens, Germany) and recorded every second using a data 

logger (Endress+Hauser, RSG 30, Germany). 

2.2.2 Feedwater 

To investigate the presence of stagnant and trapped air and CO2 bubbles in the system, a 

separate experiment conducted under laboratory conditions using the same stack configuration 

was performed. For these experiments under laboratory conditions, artificial seawater and 
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river water were used with a concentration of 0.507 M (30 g NaCl per kg water) and 0.017 M 

(1 g NaCl per kg water), respectively. These solutions were made with NaCl (technical grade, 

ESCO, The Netherlands) dissolved in demineralized water. During the experiments in the 

laboratory, the solutions were kept at 25 oC ± 0.5 oC with a heater (Tetratec HT300, Germany) 

and a pump. The artificial solutions were pumped through the stack by using two peristaltic 

pumps (Cole-Parmer, Masterflex L/S Digital drive, USA). Measurements were performed at 

150 ml/min which equals a flow velocity of 1 cm/s.  

 

Fouling experiments with real river and seawater were conducted at the REDstack Blue 

Energy research facility located at the Afsluitdijk, The Netherlands. Seawater intake is located 

at the Wadden Sea (Breezanddijk, The Netherlands) and the river water intake is located at the 

nearby lake (IJsselmeer, The Netherlands). In this paper, the mentioned sources are referred 

to as seawater and river water, respectively. Both feed waters were filtered through drum filters 

with a median diameter of 20 µm. Averaged water quality characteristics during the time of 

the experiment are shown in Table 1. The content of cation and anions was determined by ion 

chromatography (Metrohm Compact IC Flex 930, Schiedam, The Netherlands). The 

determination of total carbon and inorganic carbon was done using a Shimadzu TOC-L TOC 

analyser (Japan). 

 

Table 1. Overview of average natural river and seawater composition (location: Afsluitdijk, The 

Netherlands).  

 
Cations 

(mg/L) 

Anions  

(mg/L) 

Temperature  

(°C) 

Organic compounds*  

(mg/L) 

River 

water 
Na+:   70 ± 3 Cl-:     113 ± 9 8.1 ± 2.3 TC: 35 ± 2 

 Mg2+: 13 ± 1 SO4
2-: 51 ± 12  IC: 29 ± 2 

 Ca2+:  58 ± 2    

Seawater Na+:   6770 ± 1087 Cl-:     11518 ± 1839 8.6 ± 2.4 TC: 44 ± 11 

 Mg2+: 753 ± 115 SO4
2-: 1620 ± 300  IC: 32 ± 2 

 Ca2+:  626 ± 207    

*TC: Total Carbon, IC: Inorganic Carbon. 
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2.2.3 Injection two-phase flow 

Two different gases were used during the experiment, air and CO2. Air was supplied from a 

compressor (Airpress, HLO 215,25, The Netherlands) and CO2 was supplied from a 

pressurized gas cylinder (Premier CO2, Air Products, The Netherlands). Air was introduced 

together (co-flow) with the feed water directly in the stack but the CO2 gas was first dissolved 

in water in a separate vessel, until reaching saturation. To do so, CO2 gas was bubbled for 10 

minutes through a vessel filled with demineralized water to strip other dissolved gases from 

the water while also carbonating the demineralized water. Afterwards, the vessel was 

pressurized at 0.5 bar CO2 overpressure to allow for saturation. The pH of the solution was 

measured using a pH sensor (Endress+Hauser, Memo Sens, Germany) to ensure CO2 gas 

saturation. The CO2 saturated water injection in the stack was done via a Y-joint just before 

the feed inlet (co-flow) and an electronic valve (Bürkert, 0124, Germany) controlled with a 

Raspberry Pi (Raspberry Pi Foundation, United Kingdom), using an open source python code. 

The water/air sparging combination as well as the water/CO2 (saturated) combination were 

introduced into the stack at a slight over pressure of 0.5 bar. All 5 stacks under investigation 

have the same stack configuration but the cleaning protocol is different; two stacks were 

injected with water/CO2 and two stacks were injected with water/air sparging. For each 

injected gas type two injection protocols were investigated; 6 seconds gas injection every 30 

minutes and 3 intervals of 2 seconds (totally 6 seconds) gas injection every 30 minutes. One 

stack was kept without any antifouling strategy and served as a reference stack (blank).   

2.2.4 Electrochemical measurements 

During laboratory experiments, electrochemical impedance spectroscopy (EIS) with an 

alternating sinusoidal signal of 5 kHz was applied to derive the stack ohmic resistance under 

open circuit voltage conditions [13]. About one hundred analyses per second were performed 

and the real component of the impedance was used to extract the ohmic resistance using a 

potentiostat (Ivium Technologies, The Netherlands).  

During the fouling experiments, chronopotentiometry series were applied using the same 

potentiostat connected to a peripheral differential amplifier to measure the open circuit 

voltage, stack resistance and gross power density. The chronopotentiometry series was applied 

in cycles of 30 minutes (Figure 2), however, most of the time a constant current of 2.5 A/m2 

was applied to simulate constant energy production. The constant current was interrupted 
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during 200 seconds for the gas injection and after the gas injection the constant current was 

applied again.  

 

Figure 2.  Experimentally applied current density cycle over a repetitive period of 30 minutes. 

 

The gross power density was derived from the potential at open circuit voltage (EOCV), the 

stack area resistance and the total membrane area according to: 

 

𝑃𝑔𝑟𝑜𝑠𝑠 =  
𝐸𝑂𝐶𝑉

2

4∙𝑅𝑠𝑡𝑎𝑐𝑘∙𝑁𝑚
                                                                                                   (Eq. 1) 

 

In which Pgross is the power density (W/m2), Rstack is the stack area resistance (Ω·m2) and Nm 

is the number of membranes in the stack (-). The stack area resistance was calculated from the 

steady state voltages during open circuit operation and during the stages with electrical current 

(2.5 A/m2, 5.0 A/m2 and 7.5 A/m2), using Ohm’s law [3] 

The net power density was calculated by subtracting the energy consumed by pumping the 

feed waters from the gross power density: 

 

Pnet =  
𝐸OCV

2

4∙Rstack∙𝑁𝑚
 −  

∆𝑝𝑠𝑒𝑎 ∙ Φ𝑠𝑒𝑎 + ∆𝑝𝑟𝑖𝑣𝑒𝑟 ∙ Φ𝑟𝑖𝑣𝑒𝑟

𝑁𝑚 ∙𝐴
                                            (Eq. 2) 

 

In which ∆p is the pressure drop (Pa) over the inlet and outlet of the feedwater,  is the flow 

rate (m3/s) of the feedwater and A is the area of one membrane (m2). 

2.2.5 Fouling experiment using real feed waters 

The fouling experiments are divided in 3 periods. During period I (with a duration 30 days), 

the investigated antifouling strategies were applied to avoid the fouling accumulation into the 

stacks. After 30 days, the antifouling strategies were stopped for a period of 15 days, this is 
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period II. The aim of disconnecting the antifouling strategies is twofold; to compare the results 

with period I and to investigate if the stacks could recover from a period without antifouling 

measures. During period III, the investigated antifouling strategies were re-started at day 45 

and last until day 60 (15 days). During fouling experiments, an automatic backpressure valve 

was used to increase the pressure of the stacks subject to water/air sparging (see supporting 

information S1). 

At the end of the fouling experiments, an autopsy of the stacks was performed. A visual and 

microscopic inspection of the fouled ion exchange membranes and spacer samples was 

performed using scanning electron microscopy (SEM; JEOL JSM-6480 LV, USA) and energy 

dispersive X-ray spectroscopy (EDX) (Oxford Instruments x-act SDD, UK). 

 

2.3 Results 

2.3.1 Two-phase flow injection under laboratory conditions 

To investigate the possible presence of stagnant bubbles in the stacks, first laboratory 

experiments were performed using artificial river and seawater. The stack ohmic resistance 

was measured for the stacks with gas injection. The stack ohmic resistance includes the 

resistance of the feed water compartments, the membrane resistances and the spacer shadow 

effect of the spacers and the resistances of the electrode compartments. The ohmic resistance 

of the stack was measured before and after gas injection and the difference in ohmic resistance 

was attributed to the effect of gas bubbles inside the stack. In Figure 3 the experimentally 

measured ohmic resistance at time intervals of 0.01 seconds for the different stack 

configurations is plotted against the time. As a reference starting point, first the stationary 

ohmic resistance is measured during 60 seconds. Gas injection is performed at time 60 s.  
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Figure 3. Stack ohmic resistance as a function of time for a) water/air sparging injection 3x 2 seconds, 

b) water/air sparging injection 1x 6 seconds, c) water/CO2 (saturated) injection 3x 2 seconds, d) 

water/CO2 (saturated) injection 1x 6 seconds. Gas injection was performed at t= 60 seconds (vertical 

dashed line). 

 

In Figure 3a, corresponding with the stack with 3x 2 seconds water/air sparging injection, a 

permanent increase in ohmic resistance after gas injection in the stack is visible. The same 

response is observed in Figure 3b for the stack with 1x 6 seconds water/air sparging. Even 

after a certain recovery time, the final stack ohmic resistances of these air-sparged stacks 

remain higher than the resistances measured at the start of the experiment. This increase in 

stack ohmic resistance is attributed to the presence of stagnant air bubbles remaining in the 

system, decreasing the conductivity of the feed water compartments, since air is less 

conductive than water. By increasing the stack backpressure up to 400 mbar during 2 seconds, 

air bubbles were observed to leave the stack at the exit of the feed water streams (see 

Supporting Information) resulting in a stack ohmic resistance decrease in again. This confirms 

that the increase in stack ohmic resistance is due the presence of stagnant air bubbles [8]. 

In Figure 3c and Figure 3d, corresponding with the injection of 3x 2 seconds water/CO2 

(saturated) and 1x 6 seconds water/ CO2 (saturated), respectively, a momentarily increase of 
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the ohmic resistance to 10 Ω is observed during 130 seconds after gas injection. After this 

increase in stack ohmic resistance, the values return to the initial stack ohmic resistance values 

before the gas injection. This behaviour is opposite to what is observed in stacks with air 

sparging, indicating that CO2 bubbles do not remain trapped in the stack as compared to the 

stacks with air sparging injection. Consequently, the increase in stack ohmic resistance after 

CO2 injection is not permanent. However, the initial stack ohmic resistance increase after 

water/CO2 (saturated) injection is higher than the one observed for water/air sparging 

injection. The reason is that demineralized water (which has a lower conductivity) was used 

to prepare the water/CO2 solution used for injection. Once the feed compartments are refreshed 

with river and seawater (residence time is 10 s.), the stack ohmic resistance values is recovered 

towards the original value before the gas injection. 

Furthermore, after the injection of water/CO2 (saturated), an additional effect is observed: i.e. 

a pH decrease. This is due the dissolution of CO2 gas. In Figure 3c, corresponding to 3x 2 

seconds water/CO2 (saturated) injection, the pH drop lasts longer than for the stack with 1x 6 

seconds water/CO2 (saturated) injection. This is particularly interesting since the chemical 

cleaning effect can be more effective due to the change in pH and at higher residence times of 

the water/CO2 (saturated) inside the stack. The stacks with water/air sparging injection did not 

experience a decrease in pH during the gas injection and the pH kept a constant value of 5.2 

±0.4.  

2.3.2 Fouling experiments using real feed water 

Pressure drop  

Experiments with real river and seawater at the Afsluitdijk were performed using four stacks 

with gas sparging (two with air, two with CO2) and one reference stack without any cleaning 

measures. The feed spacer channel pressure drop, i.e. the pressure drop between the inlet and 

the outlet of the feed water compartments, gives information about the accumulated fouling in 

the feed compartment. An increase in pressure drop means increased hydraulic losses, 

therefore increasing the pumping energy needed to pump the feed waters. The occurrence of 

fouling induces an increase in pressure drop and is an undesired effect as it is a prerequisite to 

keep the pumping energy as low as possible. Time series for the average pressure drop over 

the feed water compartments for all stack configurations are presented in Figure 4. 
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Figure 4. Average pressure drop over the feed water compartments plotted against the time after the 

start of the experiment for all stacks. The symbols indicate (●): CO2 1x 6s; (○): CO2 3x 2s; (▲): Air 

1x 6s; (∆): Air 3x 2s and (x): Blank.   

 

 

During period I (30 days with water/air or water/CO2 (saturated) injection), the stacks with 

water/CO2 (saturated) injection showed a slightly lower average pressure drop than the stacks 

with air injection. For both stacks with water/CO2 (saturated) injection, the values are below 

20 mbar. The stack with 1x 6s water/air sparging always shows a higher average pressure drop 

than the stack with 3x 2s water/air sparging. The blank stack (reference stack without 

antifouling strategy) gives the highest pressure drop during this period. Especially during the 

first 20 days, differences are small as fouling needs a certain induction time. However, after 

that, the stack without gas sparging clearly shows a strong increase in pressure drop and 

consequently fouling. 

In the second period (II), all antifouling strategies were terminated for a period of 15 days. 

During this period the effect of fouling is clearly visible in all stacks; however, the stacks with 

water/CO2 (saturated) injection during the first stage, maintain low average pressure drop 

values. On the other hand, both the stack with water/air sparging injection of 1x 6 seconds and 

the blank stack clearly show a strong increase in pressure drop from 100 mbar to 1000 mbar 

in only 15 days. This results in pressure drops (and thus pumping power losses) that are an 
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order of magnitude higher for the blank and for the water/air sparging of 1x 6 seconds than 

those of the stacks with the other antifouling strategies. Due to the introduction of air in the 

stack, stagnant air bubbles remain in the stack as was proven with the laboratory experiments. 

Membrane autopsy using SEM revealed a dry fouling layer in the corners of these stacks (see 

Supporting Information). The stack with 3x 2 seconds of water/air sparging also showed some 

of these dried residues in the corners, but these were not as severe as the ones in the stack with 

1x 6 seconds of water/air sparging. These dry residues result in the formation of a dry cake 

layer on top of the membrane, thus reducing the compartment volume and severely increasing 

the pressure drop over the inlet and the outlet of the stack. The stacks injected with CO2 

saturated water did not show dried deposits, most likely because the gas is first dissolved in 

water and subsequently injected, preventing the formation of stagnant air bubbles. The 

pressure drop in the blank stack continued to increase, as expected, since no antifouling 

strategy was implemented. The pressure drop of all stacks immediately started to increase as 

soon as the antifouling strategies were stopped, implying that during stack operation anti-

fouling strategies need to be continuous and permanent. 

During the last period (III), the different antifouling strategies were started again. Only the 

stacks with a pulsed injection of 3x 2 seconds (for both air and CO2), recovered to the initial 

performance values in terms of pressure drop. Most probably, the pulsation adds an extra shear 

force and pushes out the deposited fouling. The stack with air sparging at a frequency of 1x 6 

seconds was stopped as the high pressure drop in the flow water compartments resulted in 

heavy leakage of electrolyte solution. Also, the stack without any sparging was stopped due 

to the high and continuously increasing pressure drop.  

Gross power density 

In Figure 5 the gross power density as a function of time for all stack configurations is 

presented. During the first period (I), the blank stack shows the lowest gross power density 

values, since no antifouling strategies are applied. These low gross power densities are the 

consequence of fouling inside the flow compartments. The stacks with the water/CO2 

(saturated) antifouling strategy show higher gross power density values than the stacks with 

water/air sparging. An increase in stack resistance decreases the gross power density output, 

as resistance represents loss. This increase in resistance can have two causes; the deposition 

of fouling and the presence of stagnant bubbles. 
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Figure 5. Gross power density plotted against the time after the start of the experiment for all stacks. 

The symbols indicate (●): CO2 1x 6s; (○): CO2 3x 2s; (▲): Air 1x 6s; (∆): Air 3x 2s and (x): Blank. 

 

The four stacks with antifouling strategies all show a different gross power density, whereas 

the pressure drop is almost equal in all cases (Figure 4). This indicates that lower gross power 

densities for the stacks with air sparging are mostly the consequence of stagnant bubbles in 

the stack, as confirmed by the laboratory experiments and in the Supporting Information. The 

slightly lower pressure drop values of the water/CO2 (saturated) stacks and the absence of 

bubbles and dried fouling residues combined with CO2 nucleation and the effect of pH 

decrease make this cleaning strategy more effective compared with water/air sparging. This is 

in agreement of other authors [12].  

During the second period (II) all stacks give lower gross power density values than during the 

first period (I), except for the blank stack. Especially the stack with water/air sparging with an 

injection protocol of 1x 6 seconds has a low performance, as expected, because of the 

aforementioned presence of dry residues in the feed compartments and stagnant bubbles. The 

rest of the stacks showed a gradual decrease in gross power output due to increasing pressure 

drops with time, indicating the need of antifouling strategies in order to harvest energy form 

the salinity gradient. 
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During the last period (III), initially during the first 5 days (day 45 to day 50) a slight increase 

in power outputs was observed for all stacks, but after those days the values drop again. This 

general increase in power density during the first five days is not related to the anti-fouling 

strategies applied, but the consequence of a temporary episode of strong winds at the research 

facility location. These strong North-Western winds bring highly saline waters from the North 

Sea to the Wadden Sea, and thus temporarily increase the salinity gradient. After that, the stack 

with 1x 6s air sparging and the stack without any sparging show a strong decrease in power 

output with time, while all other stacks show a slight decrease in power density with time. CO2 

sparging thus shows to be effective in reducing fouling, although it cannot be avoided 

completely. Also, 3x 2s is more effective than 1x 6s.   

Net power density 

In Figure 6 the net power density as function of time is presented for all stack configurations. 

The net power density is the resulting energy from subtracting the pumping energy from the 

obtained gross power density. The measured net power output values are low in comparison 

to earlier work. However, this is the consequence of the low temperatures of the waters (~8-

8.5C) at this time of the year and the thick feed water compartments resulting in higher ohmic 

resistances when compared to previous work. 

 

Figure 6. Net power density plotted against time after the start of the experiment for all stacks. The 

symbols indicate (●): CO2 1x 6s; (○): CO2 3x 2s; (▲): Air 1x 6s; (∆): Air 3x 2s and (x): Blank. 
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During the first period (I), the stacks equipped with water/CO2 (saturated) as antifouling 

strategy give higher net power density values than the other stacks. The combination of a 

bubble-free stack, the additional effect of the CO2 nucleation and pH drop and the low 

pumping energy consumed yields a reasonable net power density value. In contrast, the stacks 

equipped with water/air sparging as antifouling strategy, perform worse. The effect of air 

bubbles remaining in the stacks and the low efficiency of the antifouling strategy contribute 

to this low net power density. The blank stack always consumes more pumping energy than it 

produces by salinity gradient energy, thus already in the first period resulting in a negative net 

power density.  

During the second period (II), when no cleaning measures are applied, none of the stacks 

produces power, indicating the necessity of antifouling strategies at these feed water 

conditions (low temperatures and presence of divalent ions) and stack configurations (ca. 500 

µm thick feed water compartments resulting in high ohmic stack resistances).  

During the last period (III), only the stacks with pulsed injection (3x 2 seconds) could recover 

and produce positive values for the net power density. The use of a pulsed injection turns out 

to be a more efficient way of removing fouling, due to the pulsating forces imposed on possible 

fouling deposits. The stack with 3x 2 seconds of water/CO2 (saturated) injection gives the 

highest net power density, followed by the stack with 3x 2 seconds of water/air sparging. 

Opposite to this, the stack with 1x 6 seconds of water/CO2 (saturated) injection cannot recover 

from the period without cleaning measures. Even though the gross power density is slightly 

positive, the high pressure drop values counteract this, resulting in a negative net power 

production. The stack with 1x 6 seconds of water/air sparging recovers to a certain extent when 

the antifouling strategy is restarted, mainly due to the decrease in pressure drop. The blank 

stack shows the lowest net power density values as fouling deposition continues.  

After the fouling experiment (60 days) stacks were opened and examined visually and 

investigated by SEM and energy dispersive x-ray spectroscopy (EDX) to identify the chemical 

composition of the foulants. Figure 8 shows photographic images of a representative spacer, 

an anion and a cation exchange membrane.  
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Figure 7. Representative images from a) the seawater compartment net-spacer, b) the anion exchange 

membrane in contact with river water and c) the cation exchange membrane that was in contact with 

seawater with dry fouling residues in the corner. 

 

All stacks were fouled in a comparable way. Fouling was observed mostly in the seawater 

compartments and less in the river water compartments. Also, most of the foulants were 

observed on the AEMs while the CEMs were less fouled. Similar observations were made by 

previous authors (Vermaas et al., 2013a) The seawater compartment net-spacers were fouled 

in an uneven form; the first part (0 to 2 cm out of 10 cm) of the net-spacers, corresponding to 

the entrance/inlet of the flow compartments, retained most of the deposited foulants (figure 

8a). EDX measurements show that the deposited material is a mixture of clay (alumina 

silicates) and sand (silica oxides), which was not retained by the pre-treatment (i.e. 20 µm 

filter). The deposition of this material, just at the entrance, affects the stacks in two ways; 

firstly, the flow distribution of the water through the compartments is disturbed (not-uniform 

flow velocity), thus decreasing the obtainable gross power density. Secondly, blocking of the 

entrance contributes to an increase in pressure drop and thus pumping energy needed to flow 

the feed waters. This results in a lower net power density. The river compartment net-spacers 

were less fouled and fouling was hardly visible by the naked eye. The order of fouling of the 

different stacks matches very well with the order of the average pressure drop increase during 

the third operational period (III) (shown in the supporting information). The blank stack shows 

the strongest fouling, followed by the stack with 1x 6s water/air sparging with dried residues 

in the corners (Figure 8c), the 1x 6s water/CO2 (saturated) stack, then the 3x 2s water/air 

sparging stack and finally the 3x 2s water/CO2 (saturated) stack, which shows the least amount 

of fouling. This order is in agreement with the order found for the increase in pressure drop 
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and consequently, the change in pressure drop is a clear measure for the amount of fouling 

[14].  

SEM images of ion exchange membranes a clearly shows the place where the spacers were 

positioned (Figure 8a). Furthermore, in Figure 8b is also clearly visible that fouling 

predominantly accumulates around the spacer filaments. SEM images confirm that AEMs are 

indeed more fouling sensitive than CEMs. The brownish colour observed in Figure 7b suggests 

that foulants like humic acids are adsorbed on and absorbed in the membrane material [3]. The 

EDX analysis of the ion exchange membranes showed a mixture of foulants on the membrane 

surfaces, like clay, sand, diatoms remnants (silica-based skeletons), precipitated calcium 

carbonates (CaCO3) and magnesium carbonates (MgCO3). Calcium carbonates and 

magnesium carbonates were only observed inside stacks equipped with water/air sparging and 

the blank (Figure 8d). The stacks with water/CO2 (saturated) did not have any calcium 

carbonate nor magnesium carbonate crystals precipitates (Figure 8c). This is a consequence of 

the pH drop of the feed due to the injection of CO2 saturated water injection. The low pH value 

(ca. ~4.5) achieved every 30 minutes upon CO2 injection is apparently sufficient to dissolve 

these carbonated residues, resulting in a more effective cleaning of the membranes [12].  

 

Figure 8. SEM images of cation and anion exchange membranes (CEMs and AEMs) and net spacers 

in contact with seawater. a) and c) images are obtained from stack with 3x 2 seconds water/CO2 

(saturated) strategy; b) and d) are obtained from the stack with 3x 2 seconds water/air sparging 

strategy. 
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2.4 Conclusions 

 

CO2 saturated water has been used successfully as two-phase flow cleaning and fouling control 

in reverse electrodialysis. The results show that the stacks equipped with CO2 saturated water 

can produce an average net power density of 0.18 W/m2 under real fouling conditions at a low 

feed water temperature of only ~8-8.5 °C and with very thick feed water compartments and 

thus high resistances, whereas the stacks equipped with air sparging could only produce an 

average net power density of 0.04 W/m2 under the same conditions. There are two main 

reasons for the more effective fouling control of the stack with water/CO2 (saturated) injection; 

EIS measurements show that the stacks equipped with air sparging increase in stack resistance 

due to the presence of stagnant bubbles remaining in the stack after every air sparging 

injection. This does not occur in the case were water/CO2 (saturated) is injected. In addition, 

the introduction of saturated water/CO2 in the stack causes a nucleation effect and a significant 

decrease in feed water pH. Consequently, periodic pulsating injection of CO2 is an effective 

method to decrease the effect of fouling, resulting in higher power densities compared to stacks 

without any anti-fouling measures or with air sparging as cleaning strategy.  
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Supporting information 

S1. Effect of back pressure 

The effect of an applied back pressure was studied using the same conditions of the two-phase 

flow injection experiment for the stack with 1x 6 seconds of air injection. As expected, the 

stack ohmic resistance did not reach its original value and remained higher after gas injection. 

However, when, 240 seconds after the injection a 3x 2 seconds back pressure is applied, the 

stack ohmic resistance decreases with every back-pressure pulse. This indicates that air 

bubbles are trapped in the stack and can be removed by back pressurization. During the 

appliance of the 3x 2 seconds back pressure, the release of air bubbles was also visual at the 

exits of the feed waters. 

 

Figure S1. Stack ohmic resistance as a function of time. Gas injection is indicated with the vertical 

dashed line. Just after 300 seconds, three back pressure pulses were applied.  

S2. Stack autopsy 

After the experiment, stack autopsies were performed. Figure S2 shows the images of the 

seawater and river water compartment net-spacers after the experiment. From top to bottom 

an increase in fouling is observed, which is in agreement with the increase in pressure drop 

over the inlet and the outlet of the stacks as observed during the experiments.    
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Figure S2. Images of seawater and river water compartment net-spacers from a) stack with 3x 2 

seconds water/CO2 (saturated) injection, b) stack with 3x 2 seconds water/air injection, c) stack with 

1x 6 seconds water/CO2 (saturated) injection, d) stack with 1x 6 seconds water/air injection and e) 

blank stack without any antifouling strategy. 

 



 

  



 

Chapter 3 

______________________________ 

Role of anion exchange membrane fouling in reverse 

electrodialysis using natural feed waters 

 

Abstract 

Reverse electrodialysis (RED) is a process to harvest renewable energy from salinity gradients. 

Under lab conditions with artificial salt solutions, promising results have been achieved in 

recent years. However, in large scale industrial applications, natural waters are used and that 

poses challenges such as fouling. Fouling of anion exchange membranes (AEMs) by organic 

matter (e.g. humic acids) has been identified as a possible cause that lowers RED performance 

with natural waters. In this work, natural river and seawater at the Afsluitdijk (The 

Netherlands) are used to study the RED performance of six different AEMs. These AEMs are 

characterized before and after RED experiments with natural waters. The effect of natural 

fouling is found to be specific for each AEM and highly dependent on their respective 

chemistries. Firstly, aromatic AEMs with a low swelling degree showed a permselectivity 

decrease as well as membrane resistance increase. Secondly, aliphatic AEMs with a medium 

swelling degree experienced only a membrane resistance increase. Finally, only a decrease in 

permselectivity was observed for aliphatic AEMs with large swelling degrees. Subsequently, 

the effect of AEM fouling is compared to the observed decrease in RED performance and this 

shows that AEM fouling can only explain a minor part of the losses in OCV. The RED power 

densities dropped by 15 – 20% over 12 days, independent of the AEMs selected, while the 

reduced AEM performance could only explain 2 – 4% of this reduction in power density. This 

demonstrates that next to AEM fouling, also other factors, such as spacer fouling, are expected 

to be the dominant fouling mechanism, reducing the performance to a much larger extent. 
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3.1 Introduction 

Reverse electrodialysis (RED) is a membrane-based process to harvest renewable energy from 

natural salinity gradients. For RED, a membrane stack with alternating cation (CEMs) and 

anion exchange membranes (AEMs) is used. Feed waters with a difference in salinity (river 

and seawater for example) are fed to alternating stack compartments. In these RED systems, 

the salinity gradient between the two water sources generates an electromotive force (the open 

circuit voltage; OCV) and the charge-selective ion exchange membranes facilitate ionic 

transport (ionic current). In this way, the natural salinity gradient can be converted into 

electrical energy. Anticipated feed streams for this process are natural water sources with a 

salinity difference (e.g. river and seawater). In this case, this process uses renewable salinity 

gradient sources and can be part of the natural water cycle. In lab experiments, where artificial 

river and seawater were prepared using NaCl only, promising results have been obtained [1, 

2].  

However, the use of real, natural water sources introduces challenges, such as the presence of 

divalent ions [3-5] as well as membrane fouling [6, 7], that decrease RED performance. In a 

RED pilot study in Harlingen, The Netherlands, Vermaas et al. investigated the effect of 

natural fouling using stacks with spacers or ridge-profiled membranes [7]. The study showed 

that the open circuit voltage decreased and the resistance increased, possibly due to organic 

matter fouling of the AEM. In addition, a substantial pressure drop, especially for the spacer-

based stack, was observed, indicating fouling of the spacers. Another study [8], performed in 

North Carolina, studied the effects of natural organic matter on RED performance in several 

natural salinity gradients. Their main conclusion was that natural organic matter in the river 

water decreased permselectivity, most likely, of the AEMs. 

The interaction between organic matter and AEMs was studied before using humic acids. 

Kobus and Heertjes [9] showed, using humic acid sorption experiments, a stoichiometric 

sorption of multivalent humic acids to the fixed charged groups in AEMs (shown 

schematically in Fig. 1), which they attributed mostly to the low-molecular weight fraction of 

humic acids.  
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Figure 1. Schematic mechanism of humic acid fouling of AEMs, with in this case aromatic backbone 

chemistry. Humic acids act as (large) multivalent anions, exchanging with counter ions (Cl- in this 

case) and occupying fixed charged groups of the AEM [9].  

 

Moreover, they found a clear increase in the specific membrane resistance due to the sorption 

of humic acids, with more sorption leading to a higher resistance. This experimental 

relationship is approximately linear with a slope of 1000 to 2000 Ω∙cm per fraction of total 

fixed charged groups in the AEM occupied by humic acids (i.e. how much of the Cl- at the 

fixed charged groups are exchanged by humic acid), with the exact number depending on the 

type of membrane. In other words, there appears to be a stoichiometric occupation of the 

negative multivalent humic acids with the positive fixed charged groups in the AEM. This 

causes a decrease in accessible charged groups for ion exchange, which increases the 

resistance of the membrane. For permselectivity, Kobus and Heertjes observed a small 

decrease upon HA adsorption, although the dependency is limited and values decreases from 

97% to 85 and 95% for Ionac and Neosepta AEMs respectively.  

Although very helpful, these results cannot be directly translated to natural fouling, as these 

fouling studies are accelerated by increasing the concentration of foulants to unrealistically 

high levels (1000 mg/L [9, 10]), whereas in natural river water the dissolved organic carbon 

concentrations are usually only around 6 mg/L [8, 11]. Moreover, many other types of fouling 

can occur in RED with natural waters, ranging from biofouling, to scaling and organic fouling 

by other organic compounds than humic acids. 
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Clearly, natural fouling in RED and the role of AEMs is not fully understood yet. Hence, in 

this work, the role of AEM fouling and the contribution of AEM fouling to the decrease in 

performance in RED is studied in detail using natural river and seawaters at the Afsluitdijk 

(NL). To this end, a systematic study is performed where the RED performance of six AEMs 

differing in chemistry and characteristics is investigated simultaneously for an extended period 

of 12 days. The AEMs are characterized before and after the experiments in natural waters are 

performed, to elucidate the contribution of AEM properties in relation to fouling. Finally, the 

effect of fouling on RED is compared at stack level (OCV, stack resistance and power density) 

and at AEM level (permselectivity and membrane resistance) to determine the role of AEM 

fouling under natural fouling conditions to the overall decrease in stack RED performance in 

natural waters.  

3.3 Materials and methods 

3.3.1 Membranes and chemicals 

Homogeneous ion exchange membranes – Neosepta CMX and AMX (obtained from Eurodia, 

France), Selemion AMV (obtained from Asahi Glass, Japan), Fuji V1, V2, V3A and V3B 

AEMs (received from FUJIFILM, The Netherlands) – were used. Humic acid sodium salt was 

purchased from Sigma-Aldrich. Sodium chloride (pharmaceutical grade) was kindly supplied 

by AkzoNobel (Hengelo, The Netherlands). Magnesium chloride hexahydrate and anhydrous 

calcium chloride were purchased from Sigma-Aldrich. Sodium sulfate (pro analysis) was 

purchased from Merck. Potassium hexacyanoferrate (III) and potassium hexacyanoferrate (II) 

trihydrate were purchased from VWR Chemicals. 

Anion exchange membranes used in this study can be categorized in three different groups 

based on their polymer backbone chemistry and ion exchange capacity (IEC), as well as 

(estimated) thickness and porosity of the support. For clarity, Table 1 summarizes this in a 

qualitative way. In the results section, the experimentally determined qualitative values of the 

native membranes are given and discussed in relation to the change in these values upon 

fouling. All anion exchange membranes in this study are homogeneous membranes. Neosepta 

AMX and Selemion AMV are based on aromatic polymer backbones, while the other AEMs 

(Fuji) are based on aliphatic ones. Fujifilm V1 and V2 AEMs are prepared with the same 
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recipe but on a different support, where the support of V2 is thinner and has a lower porosity 

than V1. Fuji V3A and V3B AEMs, however, share a recipe with a higher ion exchange 

capacity compared to recipe of V1 and V2. The difference between V3A and V3B is again the 

membrane support, where the support of V3B is thicker and has a lower porosity compared to 

the support of V3A. 

Table 1. Quantitative description of AEMs and their supports used in this study.   

AEM Quantitative description 

AMX 

Aromatic chemistry*, high charge density and high membrane thickness. 

AMV 

V1 
Aliphatic chemistry* and medium charge density. V1 has a thick support 

with a high porosity; V2 has a thin support with a medium porosity. 
V2 

V3A 
Aliphatic chemistry* and high charge density. V3A has a thin support 

with a medium porosity; V3B has a thicker support with a low porosity. 
V3B 

*Exact chemistries used for the membranes are not provided by the manufacturers. 

3.3.2 Membrane characterization 

Before each experiment, membranes were soaked for at least 24 h in 0.5 M NaCl to equilibrate 

them. The water content was measured by weighing the AEMs (~200 mg) after wetting in 0.5 

M NaCl and after subsequent drying (in a vacuum oven at 30 °C overnight). The water content 

was calculated as the mass of sorbed water over the dry membrane weight. Membranes were 

characterized for resistance and permselectivity, according to procedures described earlier [5, 

12, 13]. For area and specific membrane resistance measurements, a six-compartment cell was 

used with 0.5 M NaCl. For the membrane permselectivity, solutions of 0.1/0.5 M NaCl were 

used to measure the membrane potential. The measured potential, relative to the theoretical 

one as obtained from the Nernst equation, is reported as the membrane permselectivity. After 

RED operation with natural waters during 12 days, the same characterizations were performed 

again. For this, the fouled AEMs were immersed in 0.5 M NaCl for 24 h before the 

characterization measurements. Photographs of the fouled AEMs are shown in the 

Supplementary Information (SI 1). 
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The ion exchange capacity of clean AEMs (~200 mg) was determined by first exchanging the 

membranes to Cl- form by soaking them twice in 100 mL of 3.0 M NaCl overnight. Then, after 

soaking thoroughly for 3-4 hours with milliQ water to remove excess NaCl, the AEMs were 

placed in 100 mL of 1.0 M Na2SO4. The sulfate solution was replaced twice and, after the 

AEMs were removed, the Cl- content of the combined sulfate solutions was determined by 

AgNO3 titration. The ion exchange capacity was calculated from the Cl- content (in meq) over 

the dry AEM mass.  

To determine the humic acid sorption of the different AEMs, clean AEMs were exposed to 

solutions containing humic acids. The AEMs (circles with diameter of 1.2 cm, weight 15 to 

35 mg) were soaked for over 48 h in 30 ml artificial natural river water (6 mg/L (or ppm) 

humic acid, 30 mM NaCl, 5 mM MgCl2, 15 mM CaCl2 [11]). Samples of the water were taken 

in duplicate before and after the experiment to determine the sorbed quantity of humic acids 

in the AEMs with UV-Vis at 254 nm [8]. Control samples without AEMs were added to 

exclude (non-specific) sorption of humic acid on the petri dish.  

 

3.3.3 RED performance evaluation with natural water 

Six cross-flow RED stacks (10×10 cm²) supplied by REDstack BV (The Netherlands), were 

used in this experiment. Each stack was composed of 3 cell pairs, with 3 AEMs and 4 CEMs. 

In all cases, Neosepta CMX (Tokuyama Inc., Japan) was used as CEM. Woven spacers of 485 

µm (Sefar 06-700/53, Switzerland) with coated silicon rubber at the sides (Deukum, Germany) 

were used to keep the inter-membrane distance and to create the feed water compartments. 

Two titanium electrodes (mesh 1.7 m2/m2, area 96.04 cm2) with a ruthenium/iridium mixed 

metal oxide coating (Magneto Special Anodes BV, The Netherlands) were placed at both sides 

of the membrane pile. A solution of 0.05 M K3Fe(CN)6, 0.05 M K4Fe(CN)6 and 0.25 M NaCl 

in demineralized water was circulated through the electrolyte compartments by an adjustable 

peristaltic pump (Cole-Parmer, Masterflex L/S Digital drive, USA) with a flow rate of 150 

ml/min. The electrolyte was kept under a slight overpressure of 0.3 bar to avoid bulging of the 

feed water compartments. Measurements were performed at 150 ml/min, which equals a linear 

flow velocity of 1.0 cm/s. 
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RED experiments were conducted at the REDstack Blue Energy research facility located at 

the Afsluitdijk, The Netherlands. This research facility uses natural feed waters, where a 

seawater intake is located at the Wadden Sea (Breezanddijk, The Netherlands) and a river 

water intake is located at the nearby fresh water lake (IJsselmeer, The Netherlands). For the 

RED experiments, both feed waters were pre-filtered through drum filters with a median pore 

diameter of 20 µm and, before the stacks, with an extra 5 µm filtration step to exclude fouling 

by larger particles. The ionic composition of the feed water was determined by ion 

chromatography (Compact IC Flex 930, Metrohm, The Netherlands). The conductivity and 

temperature of the influent were monitored and logged continuously during the experiment 

(Endress+Hauser Smartec-T, Germany). River and seawater ionic compositions, 

conductivities and temperatures are shown in Table 2, detailed values of conductivity and 

temperature over time are shown in SI 2. The experiment started on April 5, 2017 (day 0) and 

stopped on April 17, 2017 (day 12). 

Table 2. Overview of averaged natural river water (RW) and seawater (SW) temperature, conductivity and ionic 

composition for the most common ions. 

 
Temperature 

(°C) 

Conductivity 

(mS/cm) 

Cations 

(mg/L) 

 Anions 

(mg/L) 

 

RW 15.4 ± 1.8 0.55 ± 0.05 Na+ 81 ± 4 Cl- 121 ± 12 

   Mg2+ 21 ± 2 SO4
2- 55 ± 8 

   Ca2+ 59 ± 1   

SW 15.5 ± 1.9 21.4 ± 7.7 Na+ 6856 ± 975 Cl- 11725 ± 1698 

   Mg2+ 764 ± 105 SO4
2- 1531 ± 245 

   Ca2+ 637 ± 156   

 

3.3.4 Electrochemical RED stack characterization 

A chronopotentiometric series was applied using a potentiostat (Ivium Technologies, The 

Netherlands) every 30 minutes comprising of two stages. The first stage with current density 

steps of 1.5 A/m2, 2.5 A/m2 and 3.5 A/m2 established for 60 seconds to reach a constant voltage 

value. In between every step the current was set to zero for 60 seconds to measure the OCV. 
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The stack area resistance was calculated from the steady state voltage during open circuit 

operation and during the stages with electrical current (1.5 A/m2, 2.5 A/m2 and 3.5 A/m2) using 

Ohm’s law [1]. The second stage was composed of a constant current density of 2.5 A/m2 for 

1380 seconds. The gross power density was derived from the open circuit voltage (OCV), the 

stack area resistance and the total number of membranes according to: 

Pgross = 
OCV2

4 ∙ Rstack ∙ Nm

         (Eq. 1) 

In which Pgross is the gross power density (W/m2), Rstack is the stack area resistance (Ω·m2) and 

Nm is the number of membranes in the stack (-). Data are compared with calculations based 

on the model from Veerman et al. with the specifications of the used stacks and membranes 

[14].  

3.4 Results  

3.4.1 AEM characterization 

Prior to RED measurements, all AEMs are characterized to determine the differences between 

AEMs and to examine the effect of fouling after the RED experiments. Details regarding 

chemistries and supports are given in table 1. The native AEM characteristics are shown in 

Table 3. 

Table 3. Properties of studied AEMs. Duplicate (at least) measurements are performed for each 

membrane. Typical repeat errors for permselectivity are below 0.01. 

AEM 

type 

Charge density 

(meq/g H2O) 

Ion exchange 

capacity  

(meq/g dry AEM) 

Perm-

selectivity 

 (-) 

Area resistance 

(Ω∙cm²) 

Water content 

(g H2O/g dry 

AEM) 

Wet 

thickness 

(µm) 

AMX 6.1 ± 0.0 1.4 ± 0.0 0.94 2.77 ± 0.07 0.23 ± 0.02 141 ± 6 

AMV 10.1 ± 1.3 2.2 ± 0.3 0.95 2.44 ± 0.03 0.21 ± 0.03 110 ± 1 

V1 3.3 ± 0.0 1.8 ± 0.0 0.90 1.05 ± 0.06 0.56 ± 0.09 139 ± 1 

V2 3.4 ± 0.1 1.6 ± 0.1 0.86 0.67 ± 0.06 0.48 ± 0.11 53 ± 1 

V3A 3.0 ± 0.2 2.2 ± 0.2 0.82 0.87 ± 0.02 0.71 ± 0.14 66 ± 1 

V3B 2.9 ± 0.1 1.7 ± 0.0 0.87 1.36 ± 0.03 0.61 ± 0.10 84 ± 2 
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The most striking difference between the aliphatic (Fuji) and aromatic (AMX and AMV) 

membranes is their respective water content. Aromatic AEMs have a low water content and 

therefore high charge densities, resulting in high permselectivities. A downside is that this also 

leads to high area resistances for these membranes. On the other hand, the aliphatic Fuji 

membranes have higher water contents and therefore lower charge densities, which decreases 

their permselectivities. Moreover, these high water contents enable ion transport at relatively 

low membrane resistances. The differences between V1 and V2 are due to a different support, 

and causes V2, with a thinner support, to have a lower resistance as well as permselectivity. 

V3A has the same support as V2, but a chemistry with a higher IEC, which leads to a very 

high water content. The increase in resistance and permselectivity due to the thickness of the 

support is also visible when comparing V3A (thinner support) and V3B (thicker support), The 

recipe of V3A, with high IEC, is coated on a thicker and less porous support for AEM V3B.  

3.4.2 RED stack experiment 

The characterized AEMs were investigated on their RED performance in membrane stacks at 

the Afsluitdijk using natural waters. In Fig. 2, the gross power density for each stack equipped 

with one of the six different AEMs is plotted against time. OCV and stack resistance graphs 

are shown in SI 3. During the first days of the experiment (day 1 to day 7), the highest power 

density (~0.18 W/m²) was achieved by the stack equipped with the Selemion AMV membrane, 

followed by FUJI V3B, V3A, V1 and V2. Similar values (0.17 W/m²) have been found with 

natural water and similar spacer thicknesses using SK and SA membranes from PCA [8]. 

Membranes with the same chemistry, such as the V3A/V3B AEMs and the V1/V2 AEMs, 

perform almost identically in terms of gross power density, especially after longer operation 

times. The results will be further explained in section 3.5, after addressing the effects of 

fouling on AEMs. 
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Figure 2. Power densities (gross) as function of time for stacks equipped with studied AEMs. Lines are 

added to guide the eye. 

3.4.3 Fouled AEM characterization after RED fouling experiment 

In Fig. 3, the membrane area resistance and permselectivities for all AEMs before and after 

RED operation are shown. Photographs of the fouled AEMs after RED measurements are 

shown in SI 1. 

  

Figure 3. Permselectivity (in 0.1/0.5 M NaCl) and membrane area resistance (in 0.5 M NaCl) for 

studied AEMs in clean and fouled state.  
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The effects of membrane fouling on the characteristics of the six different membranes can be 

subdivided into three groups (Fig. 3). Firstly, the aromatic AMX and AMV experience both a 

decrease in permselectivity (of 0.04) as well as an increase in resistance (of 0.5 Ω∙cm²) due to 

fouling. These AEMs have an aromatic polymer backbone and a low water content (20 - 25%). 

Secondly, also V1 and V2 AEMs show similar behavior, namely a significant increase in 

resistance (of 0.4 – 0.6 Ω∙cm²) while permselectivity is hardly affected. These membranes 

have a medium water content (40 - 60%). Thirdly, the membranes with a very high water 

content (over 60%), FUJI V3A and V3B AEMs, show similar behavior upon fouling as well. 

These membranes only show a small decrease in permselectivity (of 0.02 - 0.04) while the 

resistance of these membranes does not change.  

From these experiments, one can conclude that the chemistry and hydration of the membrane 

material is dominating the fouling behavior. Decreases in permselectivity due to organic 

matter in the river water have been observed in a previous study as well, where the use of 

natural river and seawater resulted in a permselectivity loss of ~0.12 for PC-SK/SA 

membranes [8]. This loss is however much higher than the loss observed in this study (0 up to 

0.04 loss in permselectivity). These PCA membranes have a very low water content of 14 and 

9% for the cation (SK) and anion (SA) exchange membrane respectively [15]. Although 

natural fouling is of course very much dependent on the specific feed water sources, this also 

confirms that the effect of natural fouling on permselectivity is highly dependent on the 

membrane chemistry and especially the water content of the membrane.  

 

1.1. Humic acid sorption study  

To discuss the effect of natural fouling on membrane resistance, we need to include the 

sorption of model humic acids by these AEMs into account as well, since in previous work it 

was found that especially humic acid sorption plays a crucial role in natural fouling of AEMs 

[9]. To study the humic acid sorption systematically, a model humic acid river water solution 

is used (with humic acid concentration of 6 mg/L and cation concentrations representative for 

the Afsluitdijk [11]). From previous work, it is known that humic acids (as well as negative 

surfactants) can ion exchange with the Cl- occupying the positive fixed charged groups in the 

AEM [9, 16]. Moreover, there was a direct correlation between the quantity of humic acid 

occupying the fixed charged groups and an increase in membrane resistance [9]. In previous 
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work, a very high concentration in the order of 1000 mg/L humic acids was used and, 

therefore, a high fraction (20 up to 95%) of the fixed charges of the membrane were occupied. 

In this study, we chose to use natural concentrations of 6 mg/L and - if one assumes an 

exchange capacity of humic acid of 3 eq/kg [17] - this results in an occupation of only 0.2 to 

1.3% of the fixed charges of the AEMs. Despite that, we find similar values for the resistance 

increase per humic acid occupied fixed charge (~1000 Ωcm/eq HA) for AMV and AMX (see 

Fig. 4a). Fuji V1 and V2 have a resistance increase of ~500 Ωcm/eq HA, and both membrane 

V3A and V3B do not experience any membrane resistance increase. Also in this case the effect 

of membrane chemistry and water contents is clearly visible and distinguishes the three 

different types of behavior. 

 

Figure 4. Change in membrane resistance (a) as function of humic acid occupation of the fixed 

membrane charges. Sorption of humic acid (b) in AEMs measured by UV-Vis (at 254 nm) versus water 

content of the AEM. Errors bars are standard deviations for sorption and water content (measurements 

performed in duplicate). The linear dashed line through the origin is meant to guide the eye. 

The amount of humic acid occupying the fixed membrane charges is different for the different 

AEMs. This is probably related to the accessibility of these fixed charges. If the AEM has a 

high water content, humic acids are able to diffuse into the AEM more easily and can thus 

occupy a larger fraction of the fixed charges . This is confirmed in Fig. 4b, which shows the 

weight of sorbed humic acid per gram of membrane as a function of water content. There is a 

clear correlation between water content in the membrane and the adsorption of humic acids, 

where AEMs with a large water content are able to sorb substantially more humic acids per 

gram of membrane. A high water content in the AEM facilitates humic acid sorption. 
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3.4.4 AEM fouling influence on stack performance 

The decrease in RED performance due to the occurrence of natural fouling between clean (day 

1) and fouled (day 12) membranes, investigated in section 3.2, is visible as a decrease in OCV. 

Simultaneously, the change in permselectivity (before and after the RED experiment) of the 

membranes used in this experiment during 12 days can also be used to calculate the losses in 

RED performance specifically due to membrane fouling. In other words, the OCV loss of the 

stack includes all possible fouling occurring and leading to a reduction in performance, while 

calculation of the OCV loss based on the change in membrane permselectivity isolates the 

contribution of the change in membrane properties to the fouling from the other possible 

contributions. The model of Veerman et al., which was validated for earlier experiments, is 

used to calculate the contribution of the change in properties of the AEMs upon fouling [14]. 

In Fig. 5a, the calculated effect of permselectivity of the AEM on stack OCV is shown, 

compared to the OCV data obtained from fouling experiments with the RED stacks.  

The decrease in measured OCVs at the stack level is always significantly higher (5 – 9%) than 

the calculated values (1 – 2%) based on a change in AEM properties only. These data suggest 

that about only 20% of the total stack OCV loss is caused by changes in AEM properties. The 

remaining 80% of the OCV loss stems from other effects of fouling. As the feed water 

composition (tidal dynamics and presence of divalent ions) as well as the water temperature 

do not change significantly over time (shown in SI 2), examples of such foulants are organic 

matter as well as particles that can pass the pretreatment. Both cause fouling on the 

membranes, but especially on the spacers as well [18]. Fouling of spacers can cause decreased 

flow distributions and local stagnant zones in channels, which lead to decreased OCVs due to 

lack of replenishment of solution at the membrane surface [19]. Therefore, the effective 

salinity gradient is decreased. Based on our results, this seems the dominant effect for the 

reduced OCV, while the effect of a change in AEM properties due to fouling [8, 9] is less 

significant. 
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Figure 5. Measured and calculated change from the average of day 12 compared to day 1, relative to 

day 1, for all AEMs in OCV (a), stack resistance (b) and power densities (c). Measured values are 

based on stack data at day 1 and day 12, calculated values are based on RED calculations with AEM 

permselectivity and resistance before and after RED experiments. * indicates resistances and power 

density measurements affected by bubbles in the spacers, these are therefore not representative. 

In Fig. 5b, the resistance change on stack level is shown and compared with the calculated 

effect of the change in AEM properties due to fouling. The calculated stack resistances based 

on the AEM resistances show no (V3A and V3B) or only a slight increase (AMV, AMX, V1 

and V2). This is caused by the fact that the river water compartment comprises 90% of the 

total stack resistance, whereas the resistance of the AEM is of minor importance and comprises 

only 3 – 4%. The experimentally determined changes in resistance match the calculated values 

reasonably well, taking into account the error bars, except for the measurements marked with 

* in Fig. 5 (AMX, V1, V2). In these cases, experimental resistances strongly decrease over 
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time, which may seem counter-intuitive. This decrease is however, the consequence of air 

bubbles present in the stack and trapped in the spacer filaments that slowly disappear over 

time [11]. For this reason, the resistance and subsequent power density data are not 

representative. However, the membrane fouling data, as discussed in section 3.3, are not 

affected since the membranes were still in contact with natural waters (see SI 1 for fouled 

AEM photographs). The OCVs are not affected as well, since these are not surface area 

dependent and bubbles do not decrease the salinity gradient [11]. Hence, OCVs and membrane 

fouling data are considered relevant, but stack resistance and power density data for the stacks 

equipped with AMX, V1 and V2 are less representative.  

Finally, the experimental and theoretical effect of fouling on power densities is shown in Fig. 

5c. The calculated power densities based on a change in AEM properties due to fouling, show 

only minor decreases of 2 – 4%. For the measured power densities, however, a clear decrease 

of 15 – 20% is observed for all stacks (excluding membrane stacks marked with *). These 

decreases are independent of the studied AEM, showing the minor contribution of AEM 

fouling to the decrease in stack performance. This again suggests severe fouling elsewhere in 

the stacks, i.e. in the spacers, as discussed before [20]. Alternatively, fouling of CEMs could 

contribute to a decrease in power density, however, it was shown that CEMs foul less 

compared to AEMs [7, 10].  

3.5 Conclusions 

In this study the role of AEM fouling and the specific contribution of this AEM fouling to the 

decrease in total performance in RED is studied in detail using natural river and seawaters at 

the Afsluitdijk (NL). Depending on the membrane chemistry and the water contents, aromatic 

AEMs with low water content are affected negatively on both their permselectivity as well as 

their resistance. For the aliphatic AEMs with medium water content only membrane resistance 

decreases whereas for aliphatic AEMs with high water content mostly permselectivity is 

decreased. 

The largest decrease in RED power density does not come from AEM fouling, which causes 

only a loss of 2 - 4% of a total loss of 15 - 20% during the operational period of 12 days. The 

major cause for fouling is fouling of the spacers in the fluid compartments, which disturbs 
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flow distributions leading to lower OCVs. At the same time, stack resistances are hardly 

affected.  
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Supporting information 

S1. AEM autopsy pictures 

After RED experiments at the Afsluitdijk, AEMs were collected from the stacks. Photographs 

(Fig. S1.1) are taken after the AEMs are soaked in 0.5 M NaCl for characterization 

experiments. The upper and lower edges of the AEMs show the original color of the native 

membranes, since these were not in contact with natural water. Especially the river water inlets 

(left and right) of the Fuji AEMs have an intense dark brown color due to organic matter 

sorption. For the membrane characterization data presented in Fig. 3 the middle section was 

used to measure changes in permselectivity and resistance. 

Neosepta AMX 

 

Selemion AMV 

 

Fuji V1 

 

Fuji V2 

 

Fuji V3A 

 

Fuji V3B 

 

Figure S1.1. Pictures of fouled AEMs after the RED experiments at the Afsluitdijk.  
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S2. Temperature and conductivity data of river and seawater 

In Fig. S2.1, the river and seawater temperature and conductivities are shown for the duration 

of the experiment. The temperature shows a clear but small increase during daytime while it 

decreases again during the night. Conductivity of the river water is very stable over the 

duration of the experiment and changes less than 10%. This is very important as the river water 

compartment determines over 90% of the stack resistance in this system. Moreover, it 

determines the OCV to a large extent as well. The seawater conductivity experiences more 

fluctuations (~35%). This is due to natural changes in the amount of fresh water discharge in 

the Waddensea (and not related to our system). It resembles the actual situations. 

  

Figure S2.1. Temperature and conductivity of river and seawater over time.  
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S3. OCV and resistance of all RED stacks 

In Fig. S3.1, the OCV as well as stack ohmic resistances are shown for all stacks during the 

time of the experiment at the Afsluitdijk. The OCVs are related to the membrane 

permselectivities. A clear difference in OCV is seen between AMV and AMX, with 

permselectivities of over 0.90, while the Fuji membranes have permselectivities between 0.80 

and 0.90 and therefore generate a lower OCV. For the stack ohmic resistance, a very high 

resistance is observed for AMX that indicates bubbles and problems in flow distribution in the 

stack. Stacks with V1 and V2 also experience a large decrease in stack resistance, which is 

caused by bubbles as well. Other than bubble issues, stack resistances hardly change for the 

duration of 12 days for the stacks with AMV, V3A and V3b, as was discussed earlier (Fig. 

5b). 

   

Figure S3.1. OCV and stack ohmic resistance data for all studied RED stacks over time. 

 

  



 

 

 



 

 

 

 

  



Chapter 4 

______________________________ 

Mitigation of the effects of multivalent ion transport in 

reverse electrodialysis 

 

Abstract 

Reverse electrodialysis (RED) is a sustainable method to harvest energy using the salinity 

gradient between fresh and seawater. RED technology is developing but efficiencies are still 

limited when using natural feed water sources. One significant constraint is induced by the 

presence of multivalent ions in sea and river water (i.e. Mg2+, Ca2+, SO4
2-). Uphill transport 

and an increase in membrane resistance in the presence of magnesium ions significantly reduce 

the power density output obtainable. The choice of cation exchange membrane determines the 

magnesium transport and as such the power density. Here we investigate four cation exchange 

membrane types and relate their properties to the stack performance using three different 

magnesium concentrations on either river and/or seawater side: 1) a highly cross-linked 

styrene-divinyl benzene monovalent selective cation exchange membrane (Neosepta CMS); 

2) a monovalent selective cation exchange membrane that contains a thin polyethyleneimine 

(PEI) anion exchange layer (Selemion CSO); 3) a multivalent ion (e.g. magnesium) permeable 

cation exchange membrane with an engineered molecularly open structure facilitating the 

transport of multivalent ions as recently developed (T1 Fujifilm); 4) a standard cation 

exchange membrane (Type I Fujifilm (reference)). The first two membranes both retain 

magnesium ions, while the other two membranes are considered permeable for magnesium 

ions. 

The results show that power density strongly depends on the composition of both river and 

seawater. Power density decreases in the presence of magnesium, an effect being strongest 

with magnesium at both river and seawater side, followed by the river water side and the 

seawater side. The negative effect of multivalent ion transport against the concentration 

gradient, so called uphill transport, in RED can be significantly minimized when monovalent 



selective membranes such as the highly cross-linked Neosepta CMS membrane or the AEM 

coated Selemion CSO membrane are used. However, the use of such membranes directly 

results in a strong increase in membrane resistance due to the lower ion mobility of magnesium 

ions inside these membranes. As a consequence, power densities in RED are not improved. 

Especially at high magnesium concentrations, this effect is very strong at higher 

concentrations, the membranes are no longer able to retain magnesium ions effectively. 

More beneficial is the application of multivalent permeable membranes with a more ‘open’ 

structure that allow the free movement of both sodium and magnesium ions through the 

membrane. Maybe somewhat counter intuitively, such membranes (especially the Fujifilm 

multivalent permeable T1 membrane) have low resistance values combined with reasonable 

OCV values leading to high power densities under almost all magnesium concentrations, 

especially at long term applications. Highest power densities well exceeding 0.3 W/m2 are still 

obtained when only sodium is present. However, when magnesium ions are present power 

densities in the order of 0.2-0.25 W/m2 can still be obtained for these membranes. 
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4.1 Introduction 

Reverse electrodialysis (RED) is a sustainable method to harvest energy using the salinity 

gradient between fresh and sea water [1–3]. Ion exchange membranes (IEMs) separate the 

concentrated salt solution (sea water) from the diluted salt solution (river water) in RED. 

Anion exchange membranes (AEMs) are alternated with cation exchange membranes (CEMs) 

and river and seawater flow alternatively on either side of the membranes. The chemical 

potential difference created across the membranes is the driving force for this process: ions 

permeate through the membranes in accordance with their charge. At the electrodes, the ionic 

current is converted into an electrical current through redox reactions generating electricity 

when closing the external electric circuit. Ion exchange membranes are non-porous dense 

structures, composed of a polymer matrix containing ionic groups, either negatively charged 

(CEMs) or positively charged (AEMs). Ion exchange membranes transport ions with the 

opposite charge as the membrane charge, the so-called counter ion transport. So cation 

exchange membranes are negatively charged and transport cations (e.g. Na+, Mg2+, Ca2+), 

while anion exchange membranes are positively charged and transport anions (e.g. Cl-, SO4
2). 

CEMs normally contain sulfonic or carboxylic acid groups, whereas AEMs contain quaternary 

amine groups. As the membranes are never 100% selective, also limited transport of ions with 

the same charge as the membrane occurs, the so-called co-ion transport. The ratio of the 

amount of charge transported by the counter-ions and by the co-ions is called the membrane 

permselectivity. 

RED technology is developing but energy efficiencies are still limited when using natural feed 

water sources [4]. One significant constraint is due to the presence of multivalent ions in sea 

and river water (i.e. Mg2+, Ca2+, SO4
2-). The presence of these multivalent ions in river water 

causes uphill ion transport in IEMs [5,6]. Uphill transport refers to the process of ion transport 

in the direction opposite to the concentration gradient, i.e. from low to high concentration 

(Figure 1). 
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Figure 1. Uphill transport of one multivalent Mg2+ ion to replace two monovalent Na+ ions in a cation 

exchange membrane 

 

In uphill transport, counter-ions are transported in both directions until the electromotive 

forces of the ionic species are balanced (equilibrium) and a net flux of electrical charges no 

longer exists. Donnan dialysis uses uphill ion transport phenomena as driving force of the 

process [7]. In the system under study, using artificial river and sea water, 2 Na+ ions (downhill 

transport in the direction of the concentration gradient) are exchanged by 1 Mg2+ or 1 Ca2+ ion 

(uphill transport opposite the direction of the concentration gradient). In RED, uphill transport 

leads to significant energy efficiency losses. Vermaas et al. [6] reported a loss in power density 

up to 50% at laboratory scale using standard membranes and synthetic feed waters containing 

10% MgSO4 in a RED stack. This power density loss was basically attributed to a loss in OCV 

and barely to an increase in electrical resistance of the membrane. Post et al. [5] studied the 

RED stack voltage response, the electrical resistance and the effluent ionic concentration when 

multivalent ions are present. Post et al. [5] concluded that monovalent ion selective membranes 

could be a good alternative for reverse electrodialysis and particularly if high multivalent ion 

concentrations are present in the diluted side. However, the improvement on power density 

might not be as high as expected, due to a loss in monovalent permselectivity and increase on 

stack resistance in time.  

Uphill ion transport causes a reduction in the stack voltage, but also an increase in membrane 

electrical resistance due to lower diffusion coefficients of Mg2+ and SO4
2- compared to Na+ 

and Cl-. Also multivalent ions get bonded to ion exchange groups inside the membrane. 

Therefore, a significant decrease in the obtained power density is observed [8]. The influence 
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of multivalent ions on IEMs has been reported to be more significant in CEMs than in AEMs 

due to the larger voltage drop [6]. 

Recently the research on membrane development to minimize the effect of multivalent ions in 

RED by modifying ion selective membranes has intensified. For instance Guler et al. [9] 

increased the monovalent ion selectivity through the formation of a highly cross-linked CEM 

layer on top of an AEM by photo-polymerization (UV). Monovalent ion selectivity was 

improved by implementing a CEM layer on the top of an AEM, in order to increase the 

electrostatic repulsion between multivalent ions and membrane surface charge. Higher gross 

power density was not obtained, however, an improvement on antifouling properties was 

achieved. Rijnaarts et al [10] presented a new strategy to overcome the unwanted effects of 

multivalent ions in RED, by ordering the CEM negative charged groups and providing 

pathways for ion transport. This so-called multivalent ion permeable membrane has a low 

membrane electrical resistance and binding of multivalent ions to the charged groups of the 

membrane was reduced [11]. As a continuation of this research, we here investigate and 

compare systematically three different membrane strategies to mitigate the effect of 

multivalent ions in RED (Figure 2).  

 

Figure 2. Illustration of different membrane strategies to mitigate the effect of multivalent ions in RED.  
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The first strategy relies on the use of a highly cross-linked CEM that blocks the transport of 

multivalent ions and allows the transport of monovalent ions only. Such a membrane acts as 

an ion sieve when differences in hydrated ionic radii are present [6]. The effective membrane 

pore size (i.e. membrane ion pathaway) decreases with increasing cross-linker agent 

concentration (i.e. phenol, divinylbenzene) and so the permeation of multivalent ions 

decreases [22]. This increase in cross-links increases the permselectivity for monovalent ions 

over multivalent ions. However, electrical resistance and concentration polarization increase 

with the content of cross-linker.  

The second strategy relies on the application of an oppositely charged top layer on the 

membrane surface (i.e. a layer with a charge opposite to the membrane charge). Sata et al. 

[12,13] investigated this strategy by forming a cationic charged layer on the CEM surface to 

increase the electrostatic repulsion of multivalent ions. A layer of polyethyleneimine (PEI) 

was formed by acid-amide bonding or adsorption (ion exchange or monolayer adsorption) and 

creates multivalent ion rejection due to the higher charge density of the multivalent ions. The 

third, novel strategy, is a multivalent ion permeable membrane i.e. no rejection towards 

multivalent ions but facilitation of multivalent transport. This approach has only recently been 

developed especially for application in RED [10]. Till now, almost all IEM membranes used 

in RED were designed or optimized for other applications (such as desalination or 

electrodialysis (salt production or acid recovery)). The multivalent ion permeable membrane 

is an IEM intentionally designed to overcome the challenges of using real feed waters in RED. 

For this purpose, the membrane is designed such that multivalent ion transport across the 

membrane is facilitated by fabricating a membrane with a more open structure not increasing 

the electrical membrane resistance when multivalent ions are transported.  

The effect of these three approaches on open circuit voltage, stack resistance and RED power 

density are investigated. All data are compared to the reference case using a standard CEM. 

Also, to provide insight in the mass transport mechanisms and consequences of the presence 

of multivalent ions, measurements were performed with NaCl solutions only on both river and 

seawater side, 1) with MgCl2 on both sides; 2) with MgCl2 on the river water side and NaCl 

on the sea water side and 3) with MgCl2 on the seawater side and NaCl on the river water side. 

MgCl2 concentrations of 10, 25 and 50% were used in all cases. Additionally, for the 25% 

MgCl2 case the mass transfer of sodium ions and magnesium ions is monitored in time to 

unravel the ion transport directions.  
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4.3 Materials and methods 

4.3.1 Stack configuration 

Four similar RED stacks (REDstack BV, the Netherlands) each equipped with a different CEM 

type (depending on the strategy) were evaluated. Each stack contained the specific targeted 

CEM, while the AEM was the same in all cases. The following CEMs were evaluated (each 

in a different stack): I) T1 (multivalent ion permeable membrane, Fujifilm BV); II) CMS 

(highly cross-linked membrane, Neosepta); III) CSO (thin AEM one-side-coated membrane, 

Selemion) and IV) Type I (standard-grade CEM membrane (as the reference case), Fujifilm 

BV). In all cases, a Fujifilm AEM Type I membrane was used as anion exchange membrane 

and a Neosepta CMX was used as shielding membrane at the final ends of the stack next to 

the electrodes. The specifications of the membranes are listed in Table 1.   

Table 1: Membrane properties of the cation exchange and anion exchange membranes used. 

Membrane Manufacturer Characteristics Thickness Electrical resistance Permselectivity 

T1  Fujifilm 
Magnesium 
permeable 

115 µm 1.7 Ω·cm2* (0.5M NaCl) 
87-91% 0.05-0.5M 

NaCl* 

CMS Neosepta Highly cross-linked 150 µm 
1.8 Ω·cm2*/4.7 Ω·cm2** 

(0.5M NaCl) 
97% 0.05-0.5M NaCl* 

CSO Selemion 
One side AEM coated 

layer 
100 µm 2.9 Ω·cm2* 96% 0.05-0.5M NaCl* 

TYPE I CEM Fujifilm Standard membrane 115 µm 2.7 Ω·cm2* (0.5M NaCl) 
91.9% 0.1-0.5M 

NaCl* 

TYPE I  AEM Fujifilm Standard membrane 115 µm 1.3 Ωcm2* (0.5M NaCl) 
91.9% 0.1-0.5M 

NaCl* 

CMX Neosepta Closing membrane 155 µm 3.0 Ωcm2*(0.5M NaCl) 98% 0.1-0.5M KCl* 

*Given by the manufacturer  

**Rijnaarts et al [10] 

 

Each stack was composed of 5 AEMs, 4 of the investigated CEMs and 2 additional shielding 

CEMs to close the membrane pile at the sides and keep the electrolyte solution in the 

electrolyte compartment. The length and width of the membrane compartments is 10 x 10 cm, 
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yielding a total membrane area per stack of 0.1 m2. Woven spacers of 485 µm (Sefar 06-

700/53, Switzerland) were introduced between the membranes to accommodate the feed 

waters. Silicone rubber gaskets were also placed between the closing membranes and the end 

plates to seal the electrolyte compartment. Titanium electrodes (mesh 1.7 m2/m2, area 96.04 

cm2) with a mixed ruthenium/iridium metal oxide coating (Magneto Special Anodes BV, The 

Netherlands) were used as anode and cathode and connected to a potentiostat (Ivium 

Technologies, The Netherlands). A solution of 0.05 M K3Fe(CN)6, 0.05 M K4Fe(CN)6 and 

0.25 M NaCl in demineralized water was used as electrolyte solution and recirculated through 

the electrolyte compartments by an adjustable peristaltic pump (Cole-Parmer, Masterflex L/S 

Digital drive, USA) at a flow rate of 150 ml/min. The electrolyte was kept under a slight 

overpressure of 0.5 bar to avoid bulging of the feedwater compartments. 

4.3.2 Feed water 

Artificial river water and seawater were used during the experiments. Solutions were 

composed of a mixture of dissolved NaCl (99.5% purity, ESCO, The Netherlands) and MgCl2 

(BDH, Prolabo©, Belgium). The total salt concentration of the artificial seawater was 0.508 M 

and that of the river water was 0.017M. When considering mixtures of NaCl and MgCl2, a 

molar percentage of 10%, 25% and 50% of the total dissolved salt was accounted for by MgCl2 

and the remaining amount of dissolved salt was NaCl in order to maintain the molarity of the 

feed waters. The experiment was performed at 23.0 ± 0.5 ⁰C. Both temperature and 

conductivity were checked at the beginning of each experiment. The flow velocity of the feed 

water was 1 cm/s in all cases, which is equivalent to a flow of 145 ml/min. The effluent was 

not re-used, i.e. fresh feed water was supplied continuously. 

4.3.3 Experimental design 

A fixed sequence of inflowing feed waters was followed (Table 2) in order to create three 

different scenarios (I) MgCl2 at both sides; ii) MgCl2 at the river water side only; III) MgCl2 

at the seawater side only). 
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Table 2: Sequence of inflowing water followed during the experiments. 

 Scenario 1  Scenario 2  Scenario 3  

NaCl 

100% 

MgCl2 

x% 

NaCl 

100% 

MgCl2 

x% 

NaCl 

100% 

MgCl2 

x% 

NaCl 

100% 

Both sides Both sides Both sides 
River water 

side 
Both sides Seawater side Both sides 

1 h 1.5 h 1 h 1.5 h 1 h 1.5 h 1 h 

 

The molar percentage of MgCl2 was varied from 10%, 25% to 50%. In between the three 

different scenarios a 100% molar NaCl solution was fed to the compartments during 1 hour. 

Experiments were done in duplicate and some in triplicate. Effluent sampling was performed 

on the experiments with 25% MgCl2 solutions in order to quantify mass transfer and confirm 

multivalent (Mg2+) uphill ion transport in the membranes. Sampling was performed only 

during the constant current (25 A/m2) stage every 15 minutes. The content of sodium ions and 

magnesium ions was determined by ion chromatography (Metrohm Compact IC Flex 930, 

Schiedam, The Netherlands). 

4.3.4 Electrochemical RED stack characterization 

A chronopotentiometric series was applied using a potentiostat (Ivium Technologies, The 

Netherlands) every 15 minutes comprising of two stages. The first stage with current density 

steps of 2.5 A/m2, 5.0 A/m2, 7.5 A/m2 and 10 A/m2 established during 60 seconds to reach a 

constant voltage value. In between every step the current was stopped for 30 seconds and the 

OCV was measured. The sudden jump in voltage when the current is interrupted between 

every step reveals the stack ohmic resistance, whereas the remaining change in voltage (time-

dependent) is attributed to the non-ohmic resistances. The sum of the ohmic and non-ohmic 

resistance equals the internal resistance of the stack (Rstack). The second stage was composed 

of a constant current density of 2.5 A/m2 during 450 seconds. The gross power density was 

derived from the open circuit voltage (OCV), the stack area resistance (Rstack) and the total 

membrane area according to [14,15]:  

𝑃𝑔𝑟𝑜𝑠𝑠 =  
𝑂𝐶𝑉2

4·𝑅𝑠𝑡𝑎𝑐𝑘 ∙ 𝑁𝑚

                                                                                                   (Eq. 1) 
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In which Pgross is the power density (W/m2), Rstack is the stack area resistance (Ω·m2) and Nm 

is the number of membranes in the stack (-). The stack area resistance was calculated from the 

steady state voltage during open circuit operation and during the stages with electrical current 

density (2.5 A/m2, 5.0 A/m2 and 7.5 A/m2) using Ohm’s law [4]. 

4.4 Results and discussion 

The effect of MgCl2 addition in the feed waters at different concentrations on a RED stack is 

studied by the following electrical measurements: open circuit voltage (OCV), total resistance 

and gross power density.  

4.4.1 OCV 

Open circuit voltage (OCV) is an appropriate measurement to visualize the effect of 

multivalent ions on the membrane potential. In Figure 3, the OCV values as a function of time 

are presented for the four investigated CEMs and for three different concentrations of MgCl2, 

i.e. 10%, 25% and 50% (top to bottom, respectively). Figure 3 (top), corresponding to the 

experiment with 10% MgCl2, shows that highest OCV values are obtained with NaCl only. In 

that case, OCV values follow the same order as the permselectivities of the different 

membranes as presented in Table 1. As soon as MgCl2 is added to both or a single water type, 

OCV values are reduced. This effect is stronger at higher MgCl2 fractions. The lower the 

membrane permselectivity, the higher the effect and the membrane potential drop. Also, it is 

clear that OCV values are most impacted when MgCl2 is added to both water types (scenario 

1) followed by addition to the river water (scenario 2), whereas the effect of MgCl2 addition 

to the seawater side (scenario 3) has less impact on OCV. This can be explained because during 

the first scenario, Mg2+ ions are present at both sides and the electromotive potential  over the 

membrane, according to the Nerst equation, is lower than when Mg2+ ions are only present at 

the river water side [6]. Switching back from MgCl2 to 100% NaCl results in an almost 

immediate, full recovery of the original OCV values with NaCl only. 
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Figure 3. OCV values for three different scenarios (1) MgCl2 in the feed at both sides, 1h-2.5h, (2) 

MgCl2 in the feed at the river water side only, 3.5h-5h and (3) MgCl2 in the feed at the seawater side 

only, 6h-7.5h. Each graph represents a different concentration: (a) 10%, (b) 25% and (c) 50% MgCl2 

for all membranes under study: highly cross-linked Neosepta CMS, AEM coated Selemion CSO, 

multivalent ion permeable Fujifilm T1 and standard-grade Fujifilm Type I. 
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The highly cross-linked Neosepta CMS membrane is less affected by the addition of MgCl2 

and an almost constant voltage is maintained during the whole experiment. The high degree 

of cross-linking of the CMS membrane with a Na+/Mg2+selectivity of 34 clearly mitigates the 

effect of uphill and downhill transport of magnesium on the membrane potential under no 

current conditions [10]. 

The other three membranes show a clear OCV drop during all three scenarios. The magnesium 

permeable Fujifilm T1 membrane experiences the largest voltage drop because it is 

intentionally designed to allow the transport of divalent ions and a Na+/Mg2+ selectivity of 

only 2 ,[10]. Because of its low permselectivity, the ultimate membrane potential under open 

circuit conditions is low. Fujifilm Type I is a standard-grade membrane without any specific 

strategy to allow or avoid the transport of multivalent ions. It has a comparable Na+/Mg2+ 

selectivity of only 2.9 and consequently shows equal effects of the presence of MgCl2 as the 

multivalent ion permeable membrane [10]. The Selemion CSO membrane is one-side coated 

with a layer of the positively charged polymer polyethylenimine (PEI) that partially rejects 

magnesium ions by charge repulsion [9]. Magnesium transport is minimized by this AEM 

coating layer and the negative effect of the presence of Mg2+ on the OCV is reduced.  

4.4.2 Total Resistance 

In Figure 4 the total stack resistance is plotted against time for each CEM investigated and for 

three different mixture concentrations, 10%, 25% and 50% MgCl2.  
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Figure 4: Total resistance values for three different scenarios (1) MgCl2 in the feed at both sides, 1h-

2.5h, (2) MgCl2 in the feed at the river water side only, 3.5h-5h and (3) MgCl2 in the feed at the 

seawater side only, 6h-7.5h. Each graph represents a different concentration: (a) 10%, (b) 25% and 

(c) 50% MgCl2 for the membranes under study: highly cross-linked Neosepta CMS, AEM coated 

Selemion CSO, multivalent ion permeable Fujifilm T1 and standard-grade Fujifilm Type I. 
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In Figure 4 significant differences in the total stack resistance can be observed between the 

different membranes. In general, Fujifilm T1, the magnesium permeable membrane, shows 

the lowest electrical resistance, followed by Fujifilm Type I (standard grade reference CEM), 

Neosepta CMS (highly cross-linked) and Selemion CSO (AEM coated). Since the AEM 

membranes, electrodes and electrolyte solutions are equal for all stack configurations the 

differences can be attributed to the type of cation exchange membrane. The stack resistance 

values are in accordance with the membrane resistance values reported in Table 1, except for 

the Neosepta CMS (highly cross-linked) membrane, which has a higher area resistance than 

expected. This is in accordance to other authors [16,17].  

Also, it is clear that the introduction of MgCl2 in the feed waters introduces an increase in 

stack resistance, except for the two Fujifilm membranes at 50% MgCl2 in the feed waters (as 

will be discussed later). In general, the increase is most pronounced for the case MgCl2 is 

introduced in both the river and the seawater compartment. This is because for this case, the 

absolute concentration of magnesium ions in the system is higher than when MgCl2 is 

introduced at only one side of the membranes.  

When MgCl2 is only present at the river water side, uphill transport occurs and resistances 

show comparable behaviour as when it is introduced on both sides. Once MgCl2 is introduced 

at the seawater side, downhill transport of magnesium ions in accordance with the 

concentration gradient occurs. Especially at 10% MgCl2, the two Fujifilm membranes show 

the consequence of the lower magnesium mobility and an increase in membrane resistance is 

visible [10]. On the other hand, the two monovalent selective membranes, the AEM coated 

Selemion CSO membrane and the highly cross-linked Neosepta CMS membrane, are very 

well able to retain magnesium at a low magnesium concentration of only 10% and they are 

less affected when MgCl2 is added to the seawater side.  

The increase in resistance when MgCl2 is introduced to the feed waters is not instantaneous, 

but gradual and the increase is delayed. Also, the recovery of the resistance back to its original 

value requires some time once the feed solutions are switched back to 100% NaCl. This is 

especially visible for the highly cross-linked Neosepta CMS membrane, but less clear for the 

‘open’ multivalent ion permeable Fujifilm T1 membrane. Magnesium ions are bigger and have 

a lower ion mobility than sodium ions [18]. As a consequence, penetration of magnesium ions 

into the membrane is delayed in the case of magnesium compared to sodium. This is visualized 

in Figure 4 as the delayed increase in resistance. Once inside the membrane, both the lower 
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mobility as well as the shielding of the fixed ionic charges of the membrane by the magnesium 

ions enhance the increase in resistance. Also,  the shielding of the fixed ionic membrane 

charges is more effective in the case of magnesium than sodium, and thus the resistance is 

stronger pronounced when magnesium is present in the feed [16]. 

Especially when the 10, 25 and 50% cases are compared, two different types of behaviour of 

the different membranes can be distinguished. The more ‘open’ Fujifilm membranes Type I 

(standard grade reference) and T1 (multivalent permeable membrane) show faster responses 

while switching from NaCl to MgCl2 solutions and back. This is especially true at higher 

magnesium concentrations. Also, the relative increase in resistance is less pronounced, also 

especially at higher MgCl2 concentrations. This is because these membranes are more open, 

thus less hindering the transport of magnesium in and out of the membrane. Compared to the 

other two types of membranes, magnesium transport through these ‘open’ membranes is 

easier. This is especially true for the magnesium permeable membrane T1. The two other 

membranes are especially designed to retain magnesium by a high degree of crosslinking of 

the membrane polymer (Neosepta CMS) or by coating an AEM layer on top of the CEM 

(Selemion CSO). As these two membranes are in essence designed to retain magnesium, the 

transport of magnesium into the membrane is significantly delayed and hindered, thus showing 

a more delayed but also more strong response in resistance. Once inside the membrane, it is 

also more difficult for magnesium ions to diffuse out of these membranes and this is visible 

as a delayed decrease in resistance once MgCl2 is replaced for NaCl again. Moreover, 

especially at the 50% case during the second half of the measurement time, original NaCl 

resistance values are not fully recovered anymore and a shift upwards in resistance is observed 

for the highly cross-linked CMS membrane.  

At higher concentrations of MgCl2, not only the effect of magnesium on membrane resistance 

is a factor that plays a role, but also the effect of addition charges and thus an increase in 

conductivity of especially the river water compartment when adding MgCl2 should be taken 

into account. This effect especially is pronounced at higher MgCl2 concentrations at the river 

water side (25% MgCl2 and most dominant at 50% MgCl2). At the river water side, this relative 

increase in conductivity is high when additional ions are added to the solution. As the river 

water conductivity is the dominant resistance in the stack, a little variation of this parameter 

influences the whole stack resistance [15,19]. So at higher MgCl2 concentrations, the balance 
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between the increase in membrane resistance and the increase in river water conductivity 

determines the ultimate stack resistance reported in Figure 4. 

This is most clearly visible when 50% magnesium is added and these values are compared to 

the 10% case. The two Fujifilm membranes allow the transport of magnesium and the relative 

increase in their resistances due to the presence of magnesium is limited. At the same time, 

when 50% MgCl2 is added, the effect on the feed water (and especially the river water) 

conductivity is very significant and dominates over the increase in membrane resistance. This 

is visible as a decrease in stack resistance for these membranes in scenario 1 and 2. For the 

two other membranes, the membrane resistance increase dominates as these are much more 

sensitive to the lower magnesium ion mobility and charge shielding by magnesium ions. For 

the highly cross-linked Neosepta CMS membrane, it was also clear that magnesium ions once 

inside the membrane, it is much more difficult to remove: only after feeding a highly 

concentrated NaCl solution (above seawater concentrations) during 1 hour under 50 A/m2 

current density it was possible to reach the original membrane resistance measured in 100% 

NaCl. 

4.4.3 Gross power density 

In Figure 5 the gross power density as a function of time is reported for the different CEMs 

and for three different concentrations of 10%, 25% and 50% MgCl2. Gross power density 

values are the result of a combination of OCV and stack resistance.  
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Figure 5: Gross power density values for three different scenarios (1) MgCl2 in the feed at both sides, 

1h-2.5h, (2) MgCl2 in the feed at the river water side only, 3.5h-5h and (3) MgCl2 in the feed at the 

seawater side only, 6h-7.5h. Each graph represents a different concentration: (a) 10%, (b) 25% and 

(c) 50% MgCl2 for the membranes under study: highly cross-linked Neosepta CMS, AEM coated 

Selemion CSO, multivalent ion permeable Fujifilm T1 and standard-grade Fujifilm Type I. 
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As expected the highest gross power densities are achieved with 100% NaCl solutions as feed. 

The multivalent ion permeable Fujifilm T1 membrane outperforms all other membrane types 

under all conditions due to its low membrane resistance that more than compensates for the 

low OCV values of this membrane. The highest power density value for this membrane is 0.32 

W/m2, measured during the first hour of the experiment with only NaCl as feed solution.  

Despite the reasonable performance at low MgCl2 concentrations, the other Fujifilm 

membrane, the standard grade Type I reference membrane, showed the lowest performance at 

25 and 50% MgCl2. At these cases, the low OCV values combined with a relatively high 

resistance result in low gross power densities. At low MgCl2 concentrations, also the reference 

CEM, Fujifilm Type I shows very reasonable gross power densities, especially during scenario 

2 and 3. This membrane has a reasonable low resistance and a relatively high magnesium ion 

transfer rate. These compensate the low OCV values. However, at high MgCl2 concentrations, 

it does not maintain its good performance and the gross power density shows a strong decrease 

to the lowest values measured for the different membranes. The two monovalent ion selective 

membranes, the highly cross-linked Neosepta CMS and the AEM coated Selemion CSO both 

show low performances over the full concentration and scenario range investigated. Their high 

resistances (especially at longer operational times and higher concentrations for the highly 

cross-linked membrane) dominate the OCV values. 

4.4.3 Mass transfer balance 

Both sodium and magnesium influent and effluent concentrations of the river water 

compartment were continuously monitored. Figure 6 shows these concentrations during the 

time of the measurement for the case with 25% MgCl2 added. The difference between inlet 

and outlet river water concentrations represents the amount of ions transferred from river water 

to seawater compartment and vice versa.  
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Figure 6. (a) Sodium concentration and (b) magnesium concentration in the influent (unbroken line 

without symbols) and in the effluent (lines with symbols) of the river water compartment for the three 

different scenarios (1) MgCl2 in the feed at both sides, 1h-2.5h, (2) MgCl2 in the feed at the river water 

side, 3.5h-5h and (3) MgCl2 in the feed at the seawater side, 6h-7.5h. Data for the case with 25% 

MgCl2 added to the feed waters for all membranes under study: highly cross-linked Neosepta CMS, 

AEM coated Selemion CSO, multivalent ion permeable Fujifilm T1 and standard-grade Fujifilm Type 

I. 
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Figure 6 reflects the transport of sodium and magnesium from river water to seawater side and 

vice versa. In all cases, it is clear that as soon as MgCl2 is introduced in the system, also 

influent concentrations of sodium decrease. In all cases, sodium effluent concentrations are 

higher than sodium influent concentrations, clearly depicting the transport of sodium ions from 

seawater to river water side, in accordance with the sodium concentration gradient. In figure 

6, the effects of uphill and downhill transport are clearly depicted. In the case that MgCl2 is 

fed to both feed water compartments, also for these two magnesium permeable membranes, 

magnesium concentrations in the river water effluent match those of the influent as magnesium 

transport occurs in both uphill and downhill direction. When MgCl2 is only added to the river 

water side, effluent magnesium ion concentrations are clearly lower than influent 

concentrations, an effect being strongest for the ‘open’ multivalent ion permeable Fujifilm T1 

membrane. This is the direct consequence of uphill transport of magnesium ions from river 

water to seawater compartment against the salt concentration gradient. A response time is 

observed between the moment magnesium is introduced in the influent and the moment a 

steady concentration of magnesium is reached in the effluent. This may be explained because 

of magnesium ions sorption inside the membranes, in contraposition when MgCl2 is not added 

in the inlets a release of Mg ions towards the effluent could be observed. 

In case MgCl2 is only added to the seawater side, the opposite is observed and the magnesium 

concentrations in the river water effluent exceed those of the influent: the direct consequence 

of downhill transport. 

Two different types of behaviour can be distinguished, depending on the type of membrane 

applied. In general, the two monovalent selective membranes, the highly cross-linked 

Neosepta CMS membrane and the AEM coated Selemion CSO membrane are ‘impermeable’ 

for the multivalent ion magnesium. So, magnesium transport is restricted. This is clearly 

visible in the figure above where the concentrations of magnesium in the river water effluent 

for both monovalent selective membranes follow the magnesium influent concentrations. 

Transport of charges comes fully on the account of sodium transport for the two membranes. 

The two other membranes (the Fujifilm multivalent ion permeable T1 and standard grade 

reference Type I membranes) both allow the transport of magnesium, especially the 

multivalent permeable membrane. This is clearly visible in Figure 6, where the effluent 

magnesium concentrations deviate from its influent values. As these membranes have a more 

‘open’ structure, also sodium transport is higher for these two membranes. 
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During the first hour of the experiment, when 100% NaCl solution are introduced into the 

stacks, the highly cross-linked Neosepta CMS membrane shows the highest sodium 

concentration in the effluent, followed by magnesium permeable Fujifilm T1, standard-grade 

Fujifilm Type I and AEM coated Selemion CSO. The highly cross-linked Neosepta CMS 

experiment presented a strong variation during the first hour of experiment, this is due to the 

release of sodium ions due to regeneration process with NaCl brine after experiment at 50% 

MgCl2 concentration.   

4.5 Conclusions 

The negative effect of multivalent ion transport against the concentration gradient, so called 

uphill transport, in RED can be significantly minimized when monovalent selective 

membranes such as the highly cross-linked Neosepta CMS membrane or the AEM coated 

Selemion CSO membrane are used. However, the use of such membranes directly results in a 

strong increase in membrane resistance due to the lower ion mobility of magnesium ions inside 

these membranes. As a consequence, power densities in RED are not improved. Especially at 

high magnesium concentrations, this effect is very strong as at higher concentrations, the 

membranes are no longer able to retain magnesium ions effectively. 

The application of multivalent permeable membranes with a more ‘open’ structure that allow 

the free movement of both sodium and magnesium ions through the membrane. Maybe 

somewhat counter intuitively, such membranes (especially the Fujifilm multivalent permeable 

T1 membrane) have low resistance values combined with reasonable OCV values leading to 

high power densities under almost all magnesium concentrations. 

Highest power densities are still obtained when only sodium is present and is well exceeding 

0.3 W/m2. However, when magnesium ions are present power densities in the order of 0.2-

0.25 W/m2 can still be obtained for these membranes. 

The use of multivalent ion permeable membranes could be potentially more beneficial 

compared to monovalent selective membranes when using during a long term and especially 

at high magnesium concentrations. 
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Chapter 5 

______________________________ 

The Breathing cell: cyclic intermembrane distance 

variation in reverse electrodialysis  

 

Abstract 

The breathing cell is a new concept design that operates a reverse electrodialysis stack by 

varying in time the intermembrane distance. Reverse electrodialysis is used to harvest salinity 

gradient energy; a rather unknown renewable energy source from controlled mixing of river 

water and seawater. Traditionally, both river water and seawater compartments have a fixed 

intermembrane distance. Especially the river water compartment thickness contributes to a 

large extent to the resistance of the stack due to its low conductivity. In our cyclic approach, 

two stages define the principle of the breathing concept; the initial stage, where both 

compartments (seawater and river water) have the same thickness and the compressed stage, 

where river water compartments are compressed by expanding the seawater compartments. 

This movement at a tunable frequency allows reducing stack resistance by decreasing the 

thickness of the river water compartment without increasing permanently the pumping losses. 

The breathing stacks clearly benefit from the lower resistance values and low pumping power 

required, obtaining high net power densities over a much broader flow rate range. The high 

frequency breathing stack (15 cycles/min) shows a maximum net power density of 1.3 W/m2. 

Although the maximum gross and net power density ever registered (2.9 W/m2 and 1.5 W/m2, 

respectively) is achieved for a fixed 120 µm intermembrane distance stack (without movement 

of the membranes), it is only obtained at a very narrow flow rate range due to the high pressure 

drops at small intermembrane distance. The breathing cell concept offers a unique feature, 

namely physical movement of the membranes, and thus the ability to adapt to the operational 

conditions and water quality. 
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5.1 Introduction 

The world’s increasing demand for energy associated with CO2-emission and fossil fuel 

depletion has raised the interest in renewable and sustainable energy. Cleaner alternatives need 

to be found to reduce the emission of greenhouse gases [1],[2]. Currently, solar-, wind-, 

biomass- and hydro-energy are well-known and used as sustainable energy sources. A rather 

new and unknown energy source is salinity gradient energy. Salinity gradient energy is a 

potentially large source for electricity generation. The Gibbs free energy of mixing is available 

when concentrated and diluted salt solutions mix. The potential power obtainable from mixing 

seawater and river water is large: approximately 2 TW when using the global discharge of 

rivers into the seas [3,4]. Reverse electrodialysis (RED) is used to harvest this energy. Other  

technologies to harvest salinity gradient power (SGP) are pressure retarded osmosis 

(PRO)[5,6] and capacitive mixing (CAPMIX)[7,8]. A RED stack comprises an alternating 

series of cation exchange membranes (CEM) and anion exchange membranes (AEM). CEMs 

contain fixed negative charges allowing ideally only the passage of positively charged ions 

and AEMs contain fixed positive charges allowing ideally only the passage of negatively 

charged ions. The membranes are traditionally kept at a fixed distance using non-conductive 

net-spacers. The resulting potential difference over the membranes can be used to power an 

electrical device.  

Despite of the good prospects for this renewable energy source[9], RED technology is not yet 

commercially attractive because of the relatively low gross power densities obtained until 

now; a net power density of 2 W/m2 is the target to be commercially attractive[10–12]. To 

achieve a high net power density, the internal resistance of the RED stack and the hydraulic 

friction of the feedwater should be as low as possible[13].  

The internal resistance consists of the ohmic resistance and the non-ohmic resistance. The 

ohmic resistance is determined by three components: the resistance of the membranes, that of 

the net-spacers and that of the two feedwater compartments. The non-ohmic resistance 

includes the boundary layer resistance (also known as concentration polarization) and the 

effects due to the change in concentration of the bulk solution along the length of the channel. 

By reducing the intermembrane distance of the feedwater compartments the ohmic resistance 

can be reduced[13]. The dominant resistance is the river water resistance due to its low salt 
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concentration and a reduced intermembrane distance immediately induces a lower ohmic 

resistance[13]. At the same time, the use of thin intermembrane distances increases the 

hydraulic friction and consequently increases the pumping power. This effect is even stronger 

when net-spacers are used to keep adjacent membranes at the same inter-mutual distance. 

Vermaas et al.[13] achieved, when using 0.507 M (30 g NaCl per kg water) as seawater and 

0.017 M (1 g NaCl per kg water) as river water, a gross power density of 2.2 W/m2, but a net 

power density of only 1.2 W/m2 using a fixed intermembrane distance of 100 µm[13]. Kim et 

al.[14] achieved a slighty higher gross power density of 2.4 W/m2 but used much higher salt 

concentrations than the previous authors, i.e. 0.58 M as seawater and 0.017 M as river water, 

at the same fixed intermembrane distance (i.e. 100 µm).  

The use of net-spacers also increases the fouling behaviour of the stack when using natural 

feed waters[15,16]. The high pumping power required at low intermembrane distances 

narrows the flow rate range where the optimal net power output is achieved. Thin 

intermembrane distances (<100 µm) become challenging when using natural feed waters since 

the pumping energy consumed to flow the feed waters through the fouled compartments is 

higher that the energy harvested[13]. This limits the commercial application and also makes 

the technology less robust for feed waters with high fouling potential.  

Alternative strategies were investigated in order to minimise the ohmic resistance, for instance, 

the use of ion conductive spacers to replace the non-conductive net-spacers thus reducing the 

internal resistance, but this did not reduce the hydraulic friction of the feed waters[17–20]. 

Also a spacer-less RED stack using profiled membranes in which the membrane and spacer 

functionality are integrated in the membrane was investigated[21,22]. Results show that a 

stack with profiled membranes exhibits drastically reduced hydraulic friction and achieved 

10% higher net power densities than a stack equipped with net-spacers. Hot pressed 

commercial heterogeneous ion exchange membranes were used in this case. The resistance of 

these membranes is relatively high compared to that of homogeneous ion exchange 

membranes and provokes that the net energy values are roughly half of that ones achieved by 

homogenous ion exchange membranes.  Homogenous ion exchange membranes that allow 

hot-pressing of the microstructure on the membrane are not commercially available yet and 

consequently, the use of non-conductive net-spacers is still necessary.   

The above shows one of the main bottlenecks of the current RED stacks: the high resistance 

of the river water compartment due to the low conductivity of the water and the large pressure 
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drops when using thin river water compartments. Decreasing the intermembrane distance 

directly decreases the resistance, but at the same time increases the pressure drop, resulting in 

an optimum in terms of net power density.  

In order to overcome this limitation, we present a radically novel stack design, i.e. “the 

breathing cell”. In this breathing cell concept[23], the intermembrane distance of the river 

water compartment is not fixed, but varies over time by continuous expansion and contraction 

of the seawater compartment. This variation allows significant reduction of the ohmic 

resistance of the stack without increasing the pumping energy resulting in a higher net power 

production over a broader flow rate range. Also, the associated membrane movement, i.e. the 

breathing frequencies, influences the mixing and thus the boundary layer effects occurring at 

the membrane-sea or river water interface in the “breathing cell”. Here we explain the concept 

and we experimentally prove its value, investigating stack ohmic resistance, gross power 

density, net power density and hydraulic friction of the novel stack design. Results are 

benchmarked with performances of a conventional stack with a fixed intermembrane distance.    

 5.2 Concept 

A conventional reverse electrodialysis stack is usually composed of an alternating series of 

cation exchange membranes and anion exchange membranes with in between these 

membranes the net-spacers to keep the membranes at the same distance and to create the 

seawater compartments and the river water compartments. Normally these net-spacers all have 

the same thickness, creating two equally thick compartments for both sea and river water. 

However, in the breathing cell concept as proposed here, the central part of the net-spacers in 

the river water compartments is cut and replaced by thinner net-spacers (i.e. 120 µm) 

compared to those in the seawater compartment (480 µm). Consequently, the in and out flow 

and the sides of the compartments still have a thickness of 480 µm, while the inner 10x10 cm 

part of the river water compartments has a thickness of 120 µm only, allowing the breathing 

of these compartments. This replacement creates a void space allowing the seawater 

compartment to expand in that void. Polymeric ion exchange membranes are, to a certain 

extend, flexible and the breathing cell concept uses this characteristic. The spacer parts at the 

inlet and outlet of the river water compartment remain the same thickness as those of the 

seawater compartment (480 µm). Figure 1 presents a schematic picture of the breathing cell 

concept. 
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Figure 1. Principle of the breathing cell: In stage 1 (a) both seawater and river water flow through the 

compartments that are equal in thickness. In stage 2 (b), the seawater outlet is closed, leading to a 

pressure build-up in the compartment and a subsequent expansion of the seawater compartment. 

Simultaneously, because of this expansion, the river water compartment is compressed, leading to a 

smaller intermembrane distance. 

 

In Figure 1a the inlet and outlet thickness of the net-spacers determine the thickness of the 

seawater and river water compartments, and both compartments have the same thickness and 

pressure drop along the length of the feed channel. In Figure 1b, the seawater outlet is closed 

with an electronic valve. When this valve is closed, the pressure inside the seawater 

compartments increases and the intermembrane distance starts to expand. This expansion, 

consequently, compresses the river water compartments thus reducing the ionic resistance of 

the river water compartments. The thickness of the seawater compartments increases and 

consequently the ionic resistance of the seawater compartments increases. However, this 

contributes only very little to the total internal stack resistance due to the high salinity of the 

seawater[13]. At this stage, the river water compartments are compressed to the minimum 

intermembrane distance, as determined by the thickness of river water net-spacers (120 µm) 

and the seawater compartments are expanded to the maximum intermembrane distance (840 

µm). When the hydraulic pressure on the seawater compartment is released again by opening 
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the electronic valve, the membranes move towards their initial position, with equal hydraulic 

pressures and distances between the membranes in all compartments, as determined again by 

the thickness of the spacers near the inlet and outlet of the compartments (see Figure 1Figurea). 

When the river water compartments are totally compressed (120 µm), the stack internal 

resistance decreases, mainly because the ohmic resistance is reduced. At this moment the 

maximum gross power density can be harvested. However, as a consequence of compressing 

the river water compartments, the hydraulic resistance will increase momentarily. For this 

reason the average pressure drop values (rather than a single pressure drop at a certain time) 

during the compression and decompression of the feed water compartments must be taken into 

account when evaluating the advantages of the breathing cell concept. 

5.3 Materials and methods 

5.3.1 Stack configuration 

Three cross-flow (seawater and river water flow perpendicular to each other) reverse 

electrodialysis stacks (REDstack BV, The Netherlands) with 10 cells stacked in series each 

were used (membrane sheets of 10 x 10 cm2, 0.2 m2 membrane area per stack). Each single 

cell consisted of a cation exchange membrane, an anion exchange membrane, a seawater 

compartment and a river compartment, both membranes separated by net-spacers. At the end 

sides of the stack, next to the electrodes, a CEM Nafion N115 (DuPont, USA) shielding 

membrane was placed to close the electrolyte compartments and to prevent leakage of the 

electrolyte to the feed water compartments. For the breathing cell stack, the seawater 

compartment was created using a 480 µm poly propylene extruded spacer (Conwed, USA). 

The river water compartments had the same spacer of 480 µm near the in- and outlet of the 

feed waters and a thinner spacer of 120 µm (IEM 07-750/83, Sefar, Switzerland) in the centre 

of the compartment. The spacers had an integrated silicon gasket of 480 µm. The two other 

stacks had a fixed intermembrane distance using the same net-spacers in both compartments; 

one with 120 µm spacers and the second one with 480 µm spacers (see Figure 2). 
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Figure 2. Illustration of (a) breathing cell stack set-up; (b) top-view river water compartment net-

spacer with integrated gasket, inlet, outlet and sides with a thickness of 480 µm and a central part of 

120 µm. 

State-of-the-art homogenous ion exchange membranes FKS-10 as CEM and FAS-10 as AEM 

(Fumatech, Germany) were used. These membranes had a thickness of only 10 µm (in dry 

form). These membranes were chosen because of the high perm-selectivity values (> 99% 

according to the manufacturer) and because of their much higher flexibility compared to that 

of thicker membranes. Also, these membranes have a low ionic resistance of 0.94 Ω·cm2 for 

the CEM and 0.34 Ω·cm2 for the AEM measured in Cl- form in 0.5 M NaCl at 25 °C. 

Two titanium electrodes (mesh size 1.7 m2/m2) with 50 g/m2 galvanic platinum coating and 

with an active area of 10x10 cm2 were used as the anode and cathode (Magneto Special Anodes 

B.V., The Netherlands). The electrode rinse solution used to facilitate the redox reactions at 

the electrodes was composed of 0.3 M K3Fe(CN)6 , K4Fe(CN)6 and 0.5 M NaCl in 

demineralized water. The electrode rinse solution was circulated at 3 cm3/s along the 

electrodes by using a peristaltic pump (Cole-Parmer, Masterflex L/S Digital drive USA). The 

electrode rinse solution compartment was created by placing a silicon rubber gasket with a 

thickness of 300 ± 5 µm. The compartment was kept at an over pressure of 30 ± 10 kPa with 

the help of a needle valve in order to avoid undesired bulging of the feed water compartments. 

To introduce the ‘breathing’ of the cell, an electronic one-way valve (Bürkert, Germany) was 

positioned at the outlet of the seawater compartments. This valve was automatically controlled 

by a Raspberry Pi (Raspberry Pi Foundation, United Kingdom), using an open source python 

code. The breathing was operated at two different on/off frequencies of 5 cycles/min and 15 

cycles/min. 
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5.3.2 Feed water 

Artificial seawater and river water were used with a concentration of 0.507 M (30 g NaCl per 

kg water) and 0.017 M (1 g NaCl per kg water), respectively. These solutions were made with 

NaCl (technical grade, ESCO, The Netherlands) dissolved in demineralized water. The 

solutions were kept at 25 oC ± 0.5 oC with a heater (Tetratec HT300, Germany) and a pump. 

The artificial solutions were pumped continuously through the stack by using two peristaltic 

pumps (Cole-Parmer, Masterflex L/S Digital drive, USA). Measurements were performed in 

duplicate during 360 seconds per flow rate at 0.8, 1.6, 2.5, 3.3, 4.1, 5 and 5.8 cm3/s in random 

order to avoid history effects. Flow velocities ranged from 0.69 cm/s to 5.55 cm/s for the 120 

µm stack and 0.17 cm/s to 1.38 cm/s for the 480 µm stack. The Reynolds number (Re) is 

calculated being defined as the Reynolds number for a wide empty channel (not corrected for 

the spacer porosity).  

                 𝑅𝑒 =
𝑢∙̅𝐷ℎ∙𝜌

𝜇
≈

2𝛷∙𝜌

𝑏∙𝜇
                                                                                                   (eq.1)  

in which �̅� is the average flow velocity (m/s), Dh is the hydraulic diameter (m), 𝜌 is the density 

of water (kg/m3), 𝜇 is the (dynamic) viscosity of water (kg/(m·s)), 𝛷 is the flow rate per 

feedwater compartment (m3/s) and b is the width of the feedwater compartment (m). 

5.3.3 Pressure drop measuarements 

At the inlet and the outlet of the feed waters, pressure meters (Endress+Hauser Cerabar T, 

Germany) were placed to measure the pressure drop over the seawater and river water 

compartments. The pressure meters were connected to a data logger (Endress+Hauser 

Ecograph T, Germany) to obtain the data. The data logger measured the pressure every second. 

Before every experiment, air bubbles were removed from the tubes connected to the pressure 

meters, to ensure an accurate measurement. The pressure drop values used to calculate the 

consumed pumping energy are average pressure drop values measured during the full duration 

of the experiment (300 seconds). 

5.3.4 Electrochemical measurements 

A chronopotentiometric series was applied using a potentiostat (Ivium Technologies, The 

Netherlands) every 15 minutes comprising of two stages. The first stage with current density 

steps of 2.5 A/m2, 5.0 A/m2, 7.5 A/m2 and 10 A/m2 established during 60 seconds to reach a 
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constant voltage value. In between every step the current was stopped for 30 seconds and the 

OCV was measured. The sudden jump in voltage when the current is interrupted between 

every step reveals the stack ohmic resistance, whereas the remaining change in voltage (time-

dependent) is attributed to the non-ohmic resistances. The sum of the ohmic and non-ohmic 

resistance equals the internal resistance of the stack (Rstack). The second stage was composed 

of a constant current density of 2.5 A/m2 during 450 seconds. The gross power density was 

derived from the open circuit voltage (OCV), the stack area resistance (Rstack) and the total 

membrane area according to [13,24]:  

𝑃𝑔𝑟𝑜𝑠𝑠 =  
𝑂𝐶𝑉2

4·𝑅𝑠𝑡𝑎𝑐𝑘 ∙ 𝑁𝑚

                                                                                                   (Eq. 1) 

In which Pgross is the power density (W/m2), Rstack is the stack area resistance (Ω·m2) and Nm 

is the number of membranes in the stack (-). The stack area resistance was calculated from the 

steady state voltage during open circuit operation and during the stages with electrical current 

density (2.5 A/m2, 5.0 A/m2 and 7.5 A/m2) using Ohm’s law [15]. 

5.3.5 Gross power density 

The gross power density can be calculated as follows: 

 𝑃𝑔𝑟𝑜𝑠𝑠 =
𝑉∙𝐼

𝐴𝑠𝑡𝑎𝑐𝑘
                                                                                                                     (eq.2) 

where P is the gross power density (W/m2), V is the voltage (V), I is the current (A) and Astack 

is the membrane stack area (0.2 m2). 

5.3.6 Pumping energy 

The power density required to pump the feed waters is determined from the measured pressure 

drop over the feed water compartments (hydraulic losses). The pumping power per membrane 

area (W/m2 membrane) can be calculated as [25],[21]: 

             𝑃𝑝𝑢𝑚𝑝 =
∆𝑝𝑟·Φ𝑟+∆𝑝𝑠·Φ𝑠

𝐴𝑠𝑡𝑎𝑐𝑘
                                                                                                       (eq.3)  

where Φ𝑟 and Φ𝑠 are the flow rates of river and seawater (m3/s) and ∆𝑝𝑟 and ∆𝑝𝑠 are the 

pressure drops (Pa) over the river and seawater compartments. 
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5.3.7 Net power density 

The net power density, Pnet (W/m2), is calculated as the difference between the gross power 

density, Pgross (W/m2), and the power density consumed for pumping the feed waters, Ppump 

(W/m2): 

             𝑃𝑛𝑒𝑡 = 𝑃𝑔𝑟𝑜𝑠𝑠 − 𝑃𝑝𝑢𝑚𝑝                                                                                             (eq.4) 

5.4 Results  

5.4.1 Stack Ohmic Resistance 

In order to predict individual contributions to the stack ohmic resistance, the ohmic resistance 

per cell was calculated and compared with the experimentally measured values. In figure 3 the 

calculated ohmic resistance per cell for the two stages of the breathing stack configuration is 

presented. The resistance attributed to the membranes, the seawater compartment and the river 

water compartment is calculated using the experimental membrane specifications and the 

conductivity of the feed waters. To determine the contribution of the spacers (spacer shadow 

effect [20,26,27]) in Figure 3, the total ohmic resistance was measured experimentally both 

for the 120 µm and the 480 µm stacks and the difference between the calculated value and the 

measured value is attributed to the effect of the spacers [13]. To account for this effect in the 

breathing stack, the average value of this spacer effect of the 120 µm stack and that of the 480 

µm stack is taken. The membrane resistance is considered independent of the thickness of the 

two feed water compartments, and consequently has the same resistance in both stages. 
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Figure 3.  Calculated area resistance per cell (in Ω cm2) originating from the spacers, the river water, 

the seawater and the membranes for a breathing cell at the initial stage and the compressed stage. 

Experimental data for membrane resistance and conductivity of the feed waters are used as input 

values. The thickness of the expanded seawater compartment (840 µm) originates from subtracting 

120 µm (thickness of a totally compressed river water compartment) from the sum of the thickness of 

the two feed water compartments together at the initial stage (480 µm each = 960 µm). 

 

One of the most beneficial aspects of the breathing cell concept is the inter-membrane distance 

variation in time of the feed water compartments, especially for that of the river water 

compartment. The calculated values suggest a 47% lower ohmic resistance between the initial 

stage of the breathing cell (480 µm in both compartments) and the compressed stage (120 µm 

for the compressed river water compartment and 840 µm for the expanded seawater 

compartment). The thickness of the expanded seawater compartment (840 µm) originates from 

subtracting 120 µm (thickness of a totally compressed river water compartment) from the sum 

of the thickness of the two feed water compartments together at the initial stage (480 µm each 

= 960 µm). The expansion of the sea water compartment results in  an increase in resistance 

when the initial stage and the breathing stage are compared. However, this increase is minor 

compared to the decrease in resistance of the river water compartment upon compression. The 
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dominance of the river water resistance, having a low electric conductivity due to the low salt 

concentration, provokes that any variation of the intermembrane distance in the river water 

compartment influences the overall stack performance [13]. 

In order to validate and demonstrate experimentally the expansion of the seawater 

compartments and thus the compression of the river water compartments in time, 

electrochemical impedance spectroscopy measurements were conducted. In Figure 4 the 

experimentally measured ohmic resistance at time intervals of 0.01 s (in-phase component of 

impedance at 5 KHz) for different stack configurations is plotted against the time.  

 

Figure 4. Ohmic resistance per cell as a function of the time measured for every stack configuration. 

All configurations were operated at the same flow rate per cell (5 cm3/s). Dashed lines correspond to 

the calculated values of the initial stage (480 m/480 m) and the compressed stage (120 m/840 m) 

of the breathing cell. The straight lines at the bottom (120 m) and at the top (480 m) of the graph, 

represent the reference stacks, i.e, a stack with 120 m spacers in both seawater and river water 

compartment and a stack with 480 m spacers in both seawater and river water compartment, 

respectively (standard stack, no breathing).  The time interval is 0.01 s for the impedance 

measurements at 5000Hz i.e. 100 analyses per second. 
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The ohmic resistance of the reference stacks without the breathing movement (lower and upper 

line, 120 µm and 480 µm) remains constant during the measurement time, as expected because 

these stacks do not have any breathing movement. The 480 µm line lies above the theoretical 

480 µm line as calculated for the breathing stack. The reason for this is the spacer shadow 

effect. In the breathing configuration the spacer shadow effect is diminished as the inner part 

of the spacer is only 120 µm (only the inlet and outlet are 480 µm) and thus the spacer does 

not completely touches the membrane area.  

The stacks with breathing movement (5 cycles/min and 15 cycles/min) present a strong cyclic 

variation of the ohmic resistance in time, demonstrating the movement of the membranes. The 

membrane movement of the breathing stack at a frequency of 5 cycles/min reduces the ohmic 

resistance by 30% in the compressed stage compared to the initial stage. At a frequency of 15 

cycles/min the reduction in ohmic resistance is only 15% in the compressed stage compared 

to the initial stage. Although one would expect that the resistances of the breathing stacks lay 

in between the resistance lines of the calculated values for the initial stage and that of the 

compressed stage, this is not the case, because the calculated values for the non breathing 

stacks include the spacer shadow effect. During expansion of the seawater compartments, free 

space is created in the seawater compartment (which has a spacer of only 480 µm thick, while 

the compartment expands to 840 µm), thus eliminating momentarily the spacer coverage of 

the membrane (spacer shadow effect), thus decreasing the ohmic resistance of the stack further 

more than the expected with the theoretical calculations [20,28],[27],[29]. This is probably the 

main reason why the ohmic resistance values of the breathing cell stacks (cyclic lines) are 

lower than the calculated values of the compressed stage (dashed line).  

Moreover, we expect that the river water compartment remains somewhat compressed after 

the compressed stage and does not return completely to the initial stage of 480 µm/480 µm 

stack, resulting in an overall reduction in ohmic resistance. This could be a consequence of 

keeping the electrode rinse solutions under a slight overpressure to avoid uncontrolled bulging 

of the membranes, leading to a slight compression of the whole stack [16]. This compression 

of the river water compartment also explains the difference in ohmic resistance values between 

the breathing stacks. The breathing stack with 15 cycles/min, remains more compressed than 

the 5 cycles/min breathing stack. Due to the high breathing frequency, the compartments do 

not return completely to their original position after each cycle.  However, this relatively small 
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effect is not visible in the pressure drop measurements for both compartments as a significant 

part of the pressure drop comes from the in- and outflows of the compartments. 

5.4.3 Gross power density 

Figure 5 shows the time-averaged gross power density calculated following equation 2 

(standard deviation is shown as error bar) and plotted against the flow rate for the different 

stack configurations.  

 

Figure 5. Gross power density as a function of the flow rate for the different stack configurations. 

Trend lines are added to guide the eye. 

For all stack configurations the gross power density output increases when the flow rate per 

cell is increased. At higher flow rates there is better re-supply of feedwater (i.e., keeping the 

maximum concentration gradient along the compartment) and better mixing (decreased 

boundary layer resistance) [13,30]. The breathing cell with a breathing frequency of 5 

cycles/min shows a gross power density decay at higher flow rates. This is due to the closing 

of the valve in the seawater compartment that provokes internal leakage. Seawater is 

transferred to the river water compartment through internal leakage and thus reduces the 

salinity gradient. This is an undesired effect, but the consequence of the concept at certain 

specific conditions. The breathing stacks show gross power density values between those of 

the two stacks with a fixed intermembrane distance of 120 µm and 480 µm. A maximum value 
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of 1.8 W/m2 for the gross power density was achieved for the breathing stack with a breathing 

frequency of 15 cycles/min and a maximum value of 1.6 W/m2 was achieved for the stack 

operating at a frequency of 5 cycles/min. The values achieved for the stack operated at 15 

cycles/min are higher than those obtained for the stack with 5 cycles/min. This again suggests 

that the river water compartments do not completely return to their initial stage position after 

the compression stage, and the river water compartments remain slightly compressed. 

Therefore, higher flow velocities inside the feed water compartments are achieved, although 

at the same flow rate. This results in a higher gross power density output. At the same time, 

the high flow velocities and the movement of the membranes of the breathing stacks disturb 

the diffusion boundary layer and improve the mixing of the feed waters near the membrane 

surface, especially in the river water compartment [27].  The highest gross power density value 

was achieved for the 120 µm fixed intermembrane distance stack. This stack, that  also benefits 

from the high flow velocities in both compartments, results in a gross power density of 2.9 

W/m2, exceeding the previously reported value for gross power density of 2.2 W/m2, [13] for 

the same feed water concentrations and establishes a new maximum value for the gross power 

density in RED. The 480 µm fixed intermembrane distance stack achieved a maximum gross 

power density value of only 0.5 W/m2, especially due to the thick river water compartment 

resulting in a high resistance. This value is comparable with a previous research [13].. 

5.4.3 Pumping power 

In Figure 6 the consumed pumping power density against the flow rate is presented. Pumping 

power was calculated from experimentally measured values following equation 3 (standard 

deviation is shown as error bar). The pumping power increases with increasing flow rate for 

all stack configurations. The pumping power is significantly pronounced when using the stack 

with a fixed intermembrane distance of 120 µm, as expected. All stacks have an inlet net-

spacer of 480 µm but the stack with an intermembrane distance of 120 µm has in both the 

seawater and the river water compartment an inlet net-spacer of only 120 µm. Consequently, 

the pressure drop and thus the pumping power in this stack configuration is much higher than 

in the other configurations. As observed before [13,31,32], the pressure drop is strongly 

dependent on the spacer thickness. 
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Figure 6. Pumping power density plotted against the flow rate for every stack configuration. Trend 

lines are added to guide the eye. 

 

The major part of the energy consumed for pumping the feeds, and thus the pressure drop, 

predominantly comes from the friction at the inlet and outlets of the stacks. Consequently, as 

both the breathing stacks and the stack with a fixed membrane distance of 480 µm have a 

much wider inflow slit than the 120 µm stack, the three 480 µm stacks experience less friction 

and have a much lower pressure drop than the narrower stack. Still the lowest pressure drop 

values are achieved for the stack with a fixed intermembrane distance of 480 µm, due to the 

wide stack compartments and consequently low friction inside the compartments. During a 

small fraction of time, the breathing stacks, are in the compressed state, resulting in a 

temporary, short reduction of the intermembrane distance and consequently a slight increase 

in pressure drop (which is relatively minor compared to the pressure drop due to inflow 

effects). Since the pressure drop values are averaged over one complete cycle, the average 

additional pressure drop due to compression is also low. This demonstrates that the 

intermembrane distance variation in time contributes to minimize the pumping power while 

keeping high gross power densities.  
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5.4.4 Net power density 

In Figure 7 the net power density values, calculated as the difference between the gross power 

density and the power consumed for pumping of the feed waters following equation 4 

(standard deviation is shown as error bar), are shown as function of the flow rate for every 

stack configuration.  

 

Figure 7. Net power density plotted against the flow rate for every stack configuration. Trend lines are 

added to guide the eye. 

 

The breathing stacks clearly benefit from the low pumping power values obtaining high net 

power densities over a broader flow rate range. The optimal flow rate giving the highest net 

power density is between 2 cm3/s and 4 cm3/s in the breathing stack configurations. The high 

frequency breathing stack with 15 cycles/min shows a maximum value of 1.3 W/m2 and the 

stack with a low breathing frequency of 5 cycles/min has a maximum net power density of 1.1 

W/m2.  

The stack with a fixed intermembrane distance of 120 µm registers a maximum net power 

density value of 1.5 W/m2. This is currently the highest net power density measured 

experimentally known to the authors. To the best of our knowledge, the maximum net power 

density reported in literature was 1.2 W/m2 using the same feed water concentrations [13]. At 
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slighty higher flow rates, the pumping power increases tremendously (Figure 6), directly 

resulting in a significantly lower net power density as well.  

The stack with the wide compartments (a fixed membrane distance of 480 µm) shows the 

lowest net power density due to the low gross power densities as a consequence of the 

dominance of the high resistance of the river water compartment.   

5.5 Outlook 

The breathing cell concept offers a unique feature, namely physical movement of the 

membranes. By compressing the river water compartment, the internal resistance of the stack 

decreases and higher net power outputs can be achieved, despite the momentarily increase in 

pressure drop along the compartment. This concept increases the robustness towards 

commercial applications using real feed waters where stacks can be operated at a wide range 

of different flow rate regimes if needed (e.g. adapting high or low flow rate or breathing 

frequency to the water parameters and characteristics). However, new challenges concerning 

the (mechanical) lifetime and integrity of the membranes have risen with this new stack 

concept and emphasizes the need of more research about ion exchange membrane resistance 

towards continuous expansion and stretching movements. 

As the concentration of river water increases along the length of the stack, the effect of the 

breathing will be more pronounced at the first stages of the stack than at the end of the stack, 

where the salt concentration in the river water is significantly higher in real large-scale 

operation. Earlier studies with sea and river water however, clearly showed the strong 

dominance of the low conductivity of the river water on the power output in that case. As such 

for the seawater-river water case, the breathing concept is an interesting option. When other 

feed waters with higher conductivities are applied (e.g. seawater and water from the dead sea), 

this can be different, but this needs to be considered for each specific case. 
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Chapter 6 

______________________________ 

Up-scaling reverse electrodialysis 

 

Abstract 

Salinity gradient energy is a sustainable, renewable and clean energy source. When mixing 

waters with different salinities, the change in Gibbs free energy can be harvested as energy 

and only brackish water remains. Reverse electrodialysis (RED) is one of the technologies 

able to harvest this sustainable energy source. High power densities have been obtained in 

small lab-scale systems, but the translation to large industrial scale stacks is essential for 

commercialization of the technology. Moreover, not only power density is an important 

parameter, also efficiency, i.e. the amount of energy harvested compared to the amount of 

energy available in the feed waters, is critical for commercial processes. In the present work, 

we systematically investigate the influence of stack size and membrane type on power density, 

thermodynamic efficiency and energy efficiency. Results show that, the residence time is an 

excellent parameter to compare differently sized stacks and to translate lab scale experimental 

results to larger pilot stacks. Also, the influence of undesired water permeability and co-ion 

diffusion (as reflected in permselectivity) is clearly visible when measuring the 

thermodynamic efficiency. An averaged thermodynamic efficiency of 44.9% is measured 

when using Fujifilm Type 10 AEM and CEM membranes which have low water permeability 

and high permselectivity. This value comes close to the thermodynamic maximum of 50% 
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6.1 Introduction 

Salinity gradient energy is a sustainable and renewable, clean energy source. When mixing 

waters with different salinities, the change in Gibbs free energy can be harvested as salinity 

gradient energy and only brackish water remains. The theoretical potential of salinity gradient 

energy is huge [1,2] and the technologies to harvest this salinity gradient energy are developing 

towards commercial market introduction [3–6]. Reverse electrodialysis (RED) is one of the 

technologies able to harvest this sustainable energy source. A RED stack consists of repeating 

cells comprised of alternating cation (CEM) and anion exchange membranes (AEM). Feed 

waters, i.e. seawater and river water, flow alternatingly through the feed compartments 

between the membranes. The ion exchange membranes (IEMs) are selective for cations 

(CEMs) or anions (AEMs) respectively. The salinity gradient over each ion exchange 

membrane creates a voltage difference (the Donnan potential) and this is the driving force for 

the process. When stacking alternating CEMs and AEMs this voltage difference accumulates. 

When the RED stack is connected to an external load, this driving force results in a flux of 

ions through the membranes. To allow the ionic flux, both ends of the pile of membranes are 

in contact with an electrode and a redox couple re-circulating between the electrodes to 

transform the ionic flux into an electrical current. This process in which solutions with 

different salinities are mixed in a controlled way, can be used to harvest the change in Gibbs 

energy as renewable energy  to power an external load [7].  

Most research on RED is performed using small laboratory stacks with 0.2 m2 of active 

membrane area, i.e. a flow compartment of 10 x 10 cm2 and 10 membrane cell pairs. Promising 

results have been obtained with such small stacks [8–10]. A series of first experiments 

investigating the performance of a scaled up RED stack was done by Veerman et al. [11] using 

a stack of 25 x75 cm2 equipped with 50 cell pairs and an active membrane area of 18.75 m2. 

The authors concluded that the design of the stack, especially the flow direction and the inlet 

manifolds, was the key parameter determining the power density output when increasing the 

size of the stack. Tedesco et al. [12] used RED technology to harvest energy from brackish 

water and brine (in contrast to river and seawater). A RED stack equipped with a compartment 

area of 44 x 44 cm2, 125 cell pairs and a total active membrane area of 48 m2 was investigated. 

Using natural sources, i.e. brackish and brine, a power output of 40 W (0.83 W/m2) was 

obtained. The authors also observed a constant performance during a five-month operation 
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when using natural feed waters and changing operational conditions. In a follow-up paper [13], 

the same system was scaled-up from 125 cell pairs to 500 cell pairs, achieving an active 

membrane are of 194 m2 and they concluded that the scaling up process did not lead to any 

reduction of specific performance indicators. A power density of 0.84 W/m2 was achieved 

when using natural sources. 

Vermaas et al. [14]  theoretically investigated the energy efficiency in RED using different 

stack configurations (flow directions) with single and multiple electrode pairs. An analytical 

model was used for this purpose, maximizing the gross energy efficiency output. The model 

assumed ideal IEMs and no concentration polarization effects. Results showed that by means 

of optimizing the mixing ratio of seawater and river water and by using a single electrode 

segment, efficiencies up to 95% could be obtained theoretically. The limitations of the model 

of Vermaas et al. were partially solved in a follow-up paper [15], where IEM imperfections 

were included into the model. Co-ion transport, osmotic water transport and electro-osmosis 

were analysed and after a careful selection of the operating conditions and stack parameters, 

an energy efficiency up to 37% could be predicted. Most of the available energy was dissipated 

by the internal stack resistance and losses from uncontrolled mixing of the feed waters due to 

imperfections in the IEM. 

Laboratory scale experiments are easy to perform and give valuable information in the 

research phase. Although high power densities have been obtained in such small lab-scale 

systems, the translation to large industrial scale stacks is essential for commercialization of 

the technology. Moreover, not only power density is an important parameter, also efficiency, 

i.e. the amount of energy harvested compared to the amount of energy available in the feed 

waters, is critical for commercial processes. So far, all described experiments were performed 

under different conditions, therefore performances cannot be compared, nor is it possible to 

draw conclusions about the effect of stack size on performance and possible consequences for 

upscaling. In the present work, we systematically investigate the translation of small lab scale 

stacks to larger systems. For that, four stacks with a different active area per membrane are 

used: 6 x 6 cm2, 10 x 10 cm2, 22 x 22 cm2 and 44 x 44 cm2. Each stack contains 50 cell pairs, 

corresponding to a total active membrane area of 0.36 m2, 1.00 m2, 4.84 m2 and 19.36 m2 per 

stack, respectively. Stacks are compared in terms of power density and efficiency and the 

influence of membrane type and stack size on the performance is discussed.   
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6.3 Materials and methods 

6.3.1 Stack configuration 

Effect of stack size 

To investigate the effect of stack size, four cross-flow reverse electrodialysis stacks (REDstack 

BV, the Netherlands) with different dimensions were used. Details on the design of the stacks 

can be found elsewhere [7,8,10]. The stacks had dimensions of respectively 6 x 6 cm2, 10 x 

10 cm2, 22 x 22 cm2 and 44 x 44 cm2. Each stack contained 50 cell pairs, corresponding to a 

total active membrane area of respectively 0.36 m2, 1.00 m2, 4.84 m2 and 19.36 m2 per stack. 

Each single membrane cell pair consisted of a CEM and an AEM. As CEM, a new type of 

homogenous profiled membrane was used (T1 CEM P150) while a reference standard grade 

homogenous Type I membrane was used as AEM. All membranes were separated by 155 m 

woven net-spacers (Deukum GmbH, Germany), unless using T1 CEM P150 profiled 

membranes, which integrate the membrane and spacer functionality. All membranes in this 

research were supplied by Fujifilm Manufacturing Europe BV, the Netherlands. 

Effect of stack configuration and membrane properties 

To investigate the effect of membrane type on RED performance, three cross-flow stacks all 

with dimensions 22 x 22 cm2 (total active area of 4.84 m2) were used. Each stack contained 50 

cell pairs but different membrane types. The reference stack was equipped with a standard 

grade Type I AEM and a multivalent-permeable T1 CEM. These membranes are commonly 

used for RED experiments[16]. The second stack was equipped with a standard grade Type I 

AEM and a new type of profiled homogenous multivalent-permeable CEM (T1 CEM P150). 

The use of a profiled membrane with an integrated spacer functionality allowed to operate the 

stack without net-spacers, as the integrated profile maintains the intermembrane distance in 

the feed water compartment. In this research the profiled membrane was only used in the river 

water compartment, while the seawater compartment contained the standard reference AEM 

(Type I AEM). The third stack was equipped with a Type 10 CEM and a Type 10 AEM. These 

membranes were chosen because of their low water permeability and high permselectivity 

compared to the other membranes. Also, all these membranes were supplied by Fujifilm 

Manufacturing Europe BV, the Netherlands. 

Relevant properties of all membranes used in this study are summarized in Table 1.  

Table 1: Membrane types and characteristics. * 
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Membrane Description 
Membrane thickness 

(m) 

Electrical resistance 

(Ω cm2) 

Permselectivity 

(0.1-0.5M NaCl) 

Water permeability 

(ml/bar h m2) 

TYPE I  AEM Reference 115 µm 1.3 91.9% 15 

TYPE 10 AEM Low water permeability 125 µm 1.5 94.5% 8 

T1 CEM P150 
Multivalent- permeable 

profiled  
115 µm/150 µm** 2.2 92%  15 

T1 CEM  Multivalent-permeable  115 µm 1.7 89.5% 15 

TYPE 10 CEM Low water permeability 125 µm 2.3 94.7% 9 

*Data provided by the manufacturer (Fujifilm Manufacturing Europe BV, the Netherlands). 

** Profile height. 

 

 

Details of the RED stacks are summarized in table 2.  

Table 2: Specifications of the three RED stacks with different configurations. 

 Stack 1 Stack 2 Stack 3  

Membrane 

material 
Type I AEM /  T1 CEM Type I AEM / T1 CEM P150 Type 10 AEM / Type 10 CEM 

Membrane 

characteristics   
Reference  Profiled Low water permeability 

Membrane surface Flat Profiled Flat 

Intermembrane 

distance 
155 µm 150±5 µm 155 µm 

Compartment 

support   
Woven spacer 155 µm  

Membrane profile RW / 

Woven spacer 155 µm SW 
Woven spacer 155 µm 

 

All stacks used titanium electrodes (mesh 1.7 m2 
active surface area/m

2 
electrode) with a mixed 

ruthenium/iridium mixed metal oxide coating as the anode and cathode (Magneto Special 

Anodes BV, the Netherlands), placed at both sides of the membrane pile. The electrode rinse 

solution used to facilitate the redox reactions at the electrodes was composed of 0.2 M 

K3Fe(CN)6, 0.2 M K4Fe(CN)6 and 0.25 M NaCl in demineralized water. The electrode rinse 

solution was re-circulated at selected flow rates along the electrodes by using a peristaltic 
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pump (Cole-Parmer, Masterflex L/S Digital drive USA). At both ends of the membrane pile, 

next to the electrodes, a double shielding cation exchange membrane (Type 10) was placed to 

close the electrolyte compartments and to prevent leakage of the electrolyte to the feed water 

compartments. 

6.3.3 Feed waters 

Artificial seawater and river water were used with a concentration of 0.507 M (30 g NaCl per 

kg water) and 0.017 M (1 g NaCl per kg water), respectively. These solutions were made with 

NaCl (technical grade, ESCO, the Netherlands) dissolved in water. The solutions were kept 

at 25 oC ± 0.5 oC with a heater (2000 W standard immersion heather, IHP , Sweden). 

Measurements were performed during 360 seconds per flow velocity, at flow velocities of 

0.25, 0.50, 1.00, 1.50 and 2.00 cm/s in random order to avoid history effects. This corresponds 

to flow rates ranging from 70 ml/min to 557 ml/min for the 6 x 6 cm2 stack, 116 ml/min to 

9308 ml/min for the 10 x 10 cm2 stack, 256 ml/min to 2048 ml/min for the 22 x 22 cm2 stack 

and 512 ml/min to 4096 ml/min for the 44 x 44 cm2 stack. The artificial solutions were 

pumped continuously through the stack by using two peristaltic pumps (Cole-Parmer, 

Masterflex L/S Digital drive, USA). 

Two differential pressure transmitters (Vegadif 65, Vega BV, the Netherlands) were placed 

to measure the pressure drop over the seawater and river water compartments. Data were 

collected using a data logger (Symex MultiCon CMC 99 PS3, Poland). The pressure drop 

values used to calculate the consumed pumping energy were the averaged pressure drop 

values per flow velocity during the full duration of the measurement (360 seconds).  

Effluent sampling was performed during the experiments in order to quantify the changes in 

salinity gradient and volume. Sampling was performed only during the constant current stage. 

The salinity and conductivity was measured by a conductivity meter (Cond 3110 + TetraCon 

325, WTW-Xylem, United States) and the sample volume was measured by using a precision 

balance (Kern, Germany).. 

6.3.4 Electrochemical measurements 

A chrono-amperometric series was applied using a potentiostat (Ivium Technologies, the 

Netherlands). It involves an initial stage of 60 seconds without any current for the 

determination of the open circuit voltage (OCV), followed by a stage of 300 seconds 
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measuring the current at a constant voltage equal to half of the OCV, i.e. at maximum power 

density [17]. The gross power can be calculated as follows [8,12]: 

 𝑃𝑔𝑟𝑜𝑠𝑠 = 𝑉 ·  𝐼                                                                                                               (eq.1) 

where Pgross is the gross power (W), V is the voltage (V), I is the current (A). The power 

required to pump the feed waters is determined from the measured pressure drop over the 

stack (hydraulic losses). The pumping power (W) can be calculated as [11,18]: 

 𝑃𝑝𝑢𝑚𝑝 = ∆𝑝𝑟 · Φ𝑟+∆𝑝𝑠 · Φ𝑠                                                                                        (eq.2)  

where Φ𝑟 and Φ𝑠 are the flow rates of river and seawater (m3/s) and ∆𝑝𝑟 and ∆𝑝𝑠 are the 

pressure drops (Pa) over the river and seawater compartments.  

The net power, Pnet (W), is calculated as the difference between the gross power, Pgross (W), 

and the power consumed for pumping the feed waters, Ppump (W): 

 𝑃𝑛𝑒𝑡 = 𝑃𝑔𝑟𝑜𝑠𝑠 − 𝑃𝑝𝑢𝑚𝑝                                                                                                    (eq.3) 

Dividing Eqs. (1,2 and 3) by the total active membrane area, Astack (m2), the gross power 

density, the pumping power density and the net power density are obtained. 

6.3.5 Efficiency calculations 

The gross energy efficiency and thermodynamic efficiency calculations are based on exergy 

[19], which is the amount of available energy that can be extracted from a system getting into 

equilibrium. The most accepted way of calculating exergy (the energy available to do useful 

work) in RED is by the Gibb’s free energy of mixing (ΔGmix) [14,17,20]. The gross energy 

efficiency of a RED stack is defined as the ratio of extracted useful electrical energy over the 

total chemical energy supplied to the stack in the form of the salinity gradient (Exergyin). 

Instead of using the amount of moles to calculate the Gibb’s free energy, in this work the molar 

flow rate (mol/s) is used. Therefore, the Gibb’s free energy of mixing, is expressed as a power 

(W), which for efficiency calculations can be combined with the power produced by the RED 

stack (Pgross). The gross energy efficiency (ηgross) of a RED system can then be calculated using 

the expression: 

𝜂𝑔𝑟𝑜𝑠𝑠 =
𝑃𝑔𝑟𝑜𝑠𝑠

𝐸𝑥𝑒𝑟𝑔𝑦𝑖𝑛
                                                                                   (eq.4) 

Where Pgross is the (maximum) gross power produced (W), and Exergyin is the available 

chemical energy supplied to the stack per second (W). 
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If the pumping power, Ppumping (W), is subtracted from gross power, Pgross (W), then the net 

energy efficiency of the process can be calculated using the expression: 

𝜂𝑛𝑒𝑡 =
𝑃𝑛𝑒𝑡

𝐸𝑥𝑒𝑟𝑔𝑦𝑖𝑛
                                                                                              (eq.5) 

Where Pnet is the net power produced (W). Moreover, when both outlet concentrations of a 

RED stack (i.e. the river and seawater streams exiting the stack) are not fully mixed, still some 

salinity gradient energy is available to be extracted. For this, when the flow rates and outlet 

concentrations are known, the thermodynamic efficiency (ηthermodynamic) of a RED stack can be 

calculated using the following expression: 

𝜂𝑡ℎ𝑒𝑟𝑚𝑜𝑑𝑦𝑛𝑎𝑚𝑖𝑐 =
𝑃𝑔𝑟𝑜𝑠𝑠

𝐸𝑥𝑒𝑟𝑔𝑦𝑖𝑛−𝐸𝑥𝑒𝑟𝑔𝑦𝑜𝑢𝑡
                                                            (eq.6) 

where Pgross is the gross power (W), and Exergyout (W) is the unused exergy exiting the stack 

per second.  

The exergy dissipated, i.e. irreversible loss, in the stack can be calculated by subtracting the 

useful work obtained (Pgross) and the unused energy (Exergyout) from the total chemical energy 

supplied to the stack (Exergyin);  

𝐸𝑥𝑒𝑟𝑔𝑦𝑑𝑖𝑠 = 𝐸𝑥𝑒𝑟𝑔𝑦𝑖𝑛 − 𝑃𝑔𝑟𝑜𝑠𝑠 − 𝐸𝑥𝑒𝑟𝑔𝑦𝑜𝑢𝑡                                                      (eq.7) 

6.4 Results  

In this section, the influence of stack size and membrane type on power density and energy 

efficiency is evaluated and discussed. 

6.4.1 Influence of stack size on power density and energy efficiency  

The gross power density and the gross energy efficiency against the residence time of the feed 

water are plotted in figure 1A and 1B. 
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Figure 1. RED performance indicators for all stack sizes at different flow velocities (0.25, 0.5, 1.0, 1.5 

and 2.0 cm/s): A) Gross power density, B) gross energy efficiency and C) pumping power density 

against residence time; net power density (D) against net energy efficiency. 

 

Figure 1A shows that stacks with different sizes and different flow velocities, but equipped 

with the same membranes and spacers, have an equal gross power density at equal residence 

times. The bigger stack shows a slightly higher gross power density at the same residence 

compared to the smaller stack. This is due to the fact that the bigger stack needs a higher flow 

velocity to achieve the same residence time in the feed water compartments, and thus 

concentration polarization effects are less. This higher velocity comes at the expense of an 

increased pumping energy (as presented later in figure 1C). At low residence times (high 

velocities), only operation of the smaller stacks is possible as such high flow rates cannot be 

obtained in the larger stacks due to limitations in the pumping capacity. Consequently, the 

highest gross power density is achieved by the smallest stack (6 x 6 cm2) at a residence time 

of 3 seconds (flow velocity of 2 cm/s). This is as expected, as at high flow velocities, the 

salinity gradient along the flow compartments and thus the voltage difference (the driving 

force) over the membranes for ion transport is high and maintained. At the other extreme, at 

high residence times (i.e. low flow velocities), the lowest gross power density is achieved by 
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the biggest stack (44 x 44 cm2) at a residence time of 176 seconds (flow velocity of 0.25 cm/s). 

The gross energy efficiency on the other hand, is highest at high residence times, i.e. for big 

stacks at low flow velocities (figure 1B). At fixed conditions, the residence time inside the 

stack determines to a large extend the amount of energy that can be extracted, but at the same 

time also increases the amount of losses due to irreversible dissipation because of the internal 

resistance, concentration polarization, ionic shortcut currents and osmotic transport [21].  

In figure 1C, the consumed pumping power density against the residence time is plotted. In 

general, the pumping power density decreases with increasing residence time, i.e. decreasing 

flow velocity. Higher flow velocities result in higher friction and increased losses and 

consequently higher pumping power density. Also, the smallest stack requires a higher 

pumping power density to flow the water through the compartments at the same flow velocity 

compared to the bigger stacks. The reason is that the major contribution to the hydrodynamic 

losses is located in the inlet of the stack and not along the feed water compartment [8]. 

Therefore, smaller stacks have relatively  higher hydrodynamic losses. However, also 

membrane areas are smaller in smaller stacks and consequently the impact of stack size on 

pumping power density is marginal.    

Figure 1D reports the net power density versus the net energy efficiency. The smaller stacks 

have high pumping energy densities at high velocities and therefore the power density is highly 

affected when substracting the pumping power density needed to flow the solutions through 

the compartments from the gross power density to calculate the net power density. The big 

stacks on the other hand have lower pumping energy densities and are less affected by these 

losses. Remarkably, the above results show that the stack design is highly scalable. 

Independent of the size of the stack, all performance indicators overlap. So when stacks with 

differents sizes but equal conditions are investigated, the residence time of the feed waters is 

a perfect indicator for comparison [11]. 

 

6.4.2 Influence of stack size on energy efficiency at equal flow velocity 

The total chemical energy supplied by the influent (Exergyin) can be split into power obtained 

as useful work (Pgross), the exergy dissipated or lost in the stack (Exergydis), and the unused 

exergy (Exergyout). The relative contribution of each of these terms is presented in Figure 2A 

for all stack sizes. The percentages mentioned in the bars in Figure 2A are the gross power, 
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the exergy dissipated and the exergy out relative to the total exergy in. In figure 2B, the gross 

energy efficiency and the thermodynamic energy efficiency are plotted for all stack sizes. 

Stacks are all operated at the same flow velocity of 1 cm/s corresponding to a residence time 

of 6, 10, 22, 44 seconds for the 6 x 6, 10 x 10, 22 x 22 and 44 x 44 cm2 stacks respectively. 

 

Figure 2. (A) Available exergy in the influent split in gross power, exergy dissipated and exergy out 

and (B) the associated gross energy efficiency (ηgross) and thermodynamic energy efficiency 

(ηthermodynamic) for all stack sizes at a flow velocity of 1 cm/s. 

 

Figure 2 shows that the amount of chemical energy supplied to each stack increases with 

increasing stack size. As the flow velocity is the same for all stacks and the flow area for the 

larger stacks is larger than for the smaller stacks, the amount of chemical energy supplied to 

the larger stacks is higher. Moreover, the exergy supplied to the system is directly proportional 

to the absolute flow rate (and at equal flow velocity to the inflow area) in each stack. The 6 x 

6 cm2 stack is the least efficient stack with only 6% gross energy efficiency. Most of the exergy 

supplied is not dissipated nor obtained but remains in the effluent as unused exergy. With 

increasing stack size, the gross power or useful energy extracted from the system significantly 

increases and also the exergy dissipated increases, both at the expense of the percentage of 

unused energy (exergy out), which decreases with stack size. For the stack with a membrane 

area of 44 x 44 cm2 and the largest residence time, the gross energy efficiency is already 24%, 

while the exergy dissipated is 55% and thus only 21% of the exergy supplied at the inlet is 
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still available in the effluent as unused exergy. This gross energy efficiency increase with 

increasing stack size is clearly visible in Figure 2.  

The exergy dissipated includes for example the losses due to the use of non-ideal membranes 

that exhibit significant co-ion diffusion and water permeation. Both co-ion diffusion and water 

permeation obviously increase with increasing residence times. The ratio of Pgross (due to 

desired controlled mixing) and dissipated exergy (due to undesired co-ion diffusion and water 

permeation) is equal for all the stack sizes. This suggests that the ratio of controlled (to 

generate useful power) and uncontrolled (co-ion diffusion and water permeation) mixing is 

independent of the residence time and stack size.  

During the experiments, RED stacks are operated by applying an external load maximizing 

the power output. At this condition, a maximum of 50% of the total exergy supplied to the 

stacks at the influent can be harvested theoretically [21–24]. Therefore, the maximum 

thermodynamic efficiency that a stack can achieve is 50%. When operating at maximum 

power density, the other 50% of the exergy will be dissipated by the stack internal resistances 

as irreversible loss. Increasing the thermodynamic efficiency is possible by increasing the 

stack load relative to the stack internal resistance, but this will reduce the power density and 

therefore a bigger membrane area will be needed to achieve the same amount of power output.  

The stacks presented in Figure 2B show an average thermodynamic efficiency of 31%. This 

thermodynamic efficiency is also the maximum gross energy efficiency that the stacks can 

achieve. The thermodynamic efficiency can be increased by minimizing all irreversible losses 

in the stacks. This is possible by using better membranes that are less sensitive to co-ion 

transport (i.e. have a higher permselectivity) and undesired water permeation. Moreover, at 

longer residence times, the thermodynamic efficiency can be increased by balancing the 

internal and external resistance along the path length of the stack. Although this last aspect is 

not investigated in this study, previous work showed that segmented electrodes with adjustable 

external resistances indeed allow optimization for maximal gross energy efficiency leading to 

a 15% increase in gross energy efficiency [23]. 

6.4.3 Influence of stack configuration and membrane type 

Continuing on reducing internal losses and increasing thermodynamic efficiency, the 

influence of membrane type and corresponding membrane properties (electrical resistance, 

permselectivity and water permeability) and stack configuration (standard flat membranes and 
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profiled membranes) is investigated. Three equally sized stacks (22 x 22 cm2) but equipped 

with different ion exchange membranes were used (see Table 2). Figure 3 reports the gross 

power density (A) and the thermodynamic efficiency (B) versus the flow velocity for the 

reference system, the system with profiled membranes instead of spacers (Profiled) and the 

systems equipped with membranes with low water permeabilities (Low water permeability). 

 

 

Figure 3. (A) Gross power density and (B) thermodynamic efficiency against gross power density for 

all stack configurations.  

  

The gross power density (figure 3A) increases with flow rate for all membrane combinations 

investigated. At higher flow rates there is better resupply of feedwater, which keeps the 

concentration gradient along the length of the compartments high. Higher flow rates also 

improve the mixing and reduce concentration polarization. The highest gross power density 

measured is achieved with the stack with profiled cation exchange membranes. The reason for 

that is the lower ohmic resistance of the stack with profiled membranes. In such a stack, the 

membrane and the non-conductive net spacer together are replaced by an ion conductive 

profiled membrane integrating the membrane and spacer functionality [18]. As no non-

conductive net-spacers are used in such a system, less non-ion conductive material is used in 

the stack and therefore a lower internal stack resistance is obtained[25]. Consequently, the use 

of profiled membranes improves the gross power density output.  

The stack equipped with membranes with a lower water permeability and a higher 

permselectivity (Type 10 AEM and CEM) has comparable gross power densities as the stack 

with profiled CEMs but significantly higher power densities than the values obtained for the 

stack equipped with the reference membranes (Type I AEM and T1 CEM). The higher 

membrane resistance of these low water permeability membranes apparently is 
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counterbalanced by the increased voltage difference over the membranes due to the lower 

water permeability and higher permselectivity, especially at low flow rates. Unfortunately, 

low water permeability Type 10 profiled membranes are not available, but if these would exist, 

an even stronger increase in gross power energy output would be expected due to the reduction 

in stack resistance. 

In terms of thermodynamic efficiency on the other hand, the behaviour changes drastically 

(Figure 3B). The thermodynamic efficiency is rather independent of the flow velocity, as the 

thermodynamic efficiency is based on the chemical energy supplied to the stack (exergy in-

exergy out), see eq. 6. The stack equipped with membranes with a low water permeability has 

a much higher thermodynamic efficiency than the other two stacks equipped with standard 

membranes. This high thermodynamic efficiency is a result of the improved membrane 

properties, that reduce water permeation and co-ion diffusion. Consequently, the salinity 

gradient is not irreversibly lost due to unwanted mixing by co-ion diffusion and water 

permeation. With an average thermodynamic efficiency of 44.9%, the stack with the low water 

permeability membranes operates close to the maximum of 50% achievable when operating 

at maximum power. 

The undesired mixing due to water permeation and co-ion diffusion is shown in more detail 

in figure 4. In this figure, the change in concentration over the inlet and outlet of the stack 

compartments, i. e river water (RW) and seawater (SW), under open circuit conditions (Y-

axis) is plotted at different flow velocities (X-axis) for all stack configurations (stack size: 22 

x 22 cm2). Under open circuit conditions, there is no desired ion transport from seawater to 

river water as there is no current. So, the change in concentration over the length of the stack 

due to desired ion transport is zero. In that situation, only undesired, uncontrolled water 

permeation and co-ion transport occur, resulting in a change in concentration in both the 

seawater and the river water compartment over the length of the stack, indicated as undesired 

losses. As such, figure 4 thus quantifies the net effect of undesired water permeation and co-

ion diffusion and thus the undesired losses in the three stacks at different flow rates. 
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Figure 4. Concentration difference between the inlet and the outlet of both the river water (RW) and 

the seawater (SW) compartment under open circuit conditions against the flow velocity for all stack 

configurations and flow. Stack size: 22 x 22 cm2. 

 

In an ideal situation with perfect, 100% selective non-water permeable membranes, this 

change in concentration over the length of the stack would be zero (no losses). However, when 

using non-ideal membranes, the concentrations will change due to water permeation because 

of osmosis and co-ion diffusion [26]. When the change in concentration is due to co-ion 

diffusion the change in concentration will be symmetrical for both compartments, because in 

that case only ions will be transported. As such, the decrease in concentration difference 

between the inlet and the outlet of one feed compartment will be exactly equal to the increase 

in concentration difference between the inlet and the outlet of the other feed compartment. On 

the other hand, when the change in concentration between the inlet and the outlet is a result of 

osmotic water permeation, the change between both compartments is asymmetrical. The 

reason for this is that the impact of water transport is higher in the seawater compartment (due 

to its higher concentration) than in the river water compartment (which has a low 

concentration).  

From figure 4 all membranes suffer from undesired water permeation and co-ion diffusion 

(i.e. undesired losses), as the concentration change under open circuit conditions is not equal 

to zero. Obviously, this effect is less when a membrane with low water permeability and high 

ion selectivity (i.e. low co-ion diffusion) is used. Also, in all cases, an increase in flow velocity 

decreases the losses due to the reduced residence times at higher flow velocities. As for the 

reference membranes and the profiled membranes, the change in concentration with flow rate 
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is non-symmetrical, losses predominantly stem from undesired water permeation. For the 

stack equipped with optimized membranes with low water permeation and low co-ion 

diffusion, the change in concentration for both water compartments is much more 

symmetrical, suggesting that losses mainly stem from co-ion diffusion.   

5.5 Outlook 

In this study the effect of stack size and membrane type on performance indicators in RED is 

studied. The influence of stack size on the power density, energy efficiency and pumping 

power density can be directly related to the residence time of the feed water in the stack. At 

equal residence times, data of all stacks with different sizes overlap. As such, the residence 

time is an excellent parameter to compare differently sized stacks and to translate lab scale 

experimental results to larger pilot stacks. Also, the influence of water permeability and 

permselectivity is clearly visible when measuring the thermodynamic efficiency. An averaged 

thermodynamic efficiency of 44.9% is measured using Fujifilm Type 10 AEM and CEM 

membranes which have low water permeability and high permselectivity. This value comes 

close to the thermodynamic maximum of 50%. 
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7.1 Introduction 

 

This chapter summarizes the general conclusions of this research on reverse electrodialysis 

(RED) and presents an outlook with suggested research directions and recommendations for 

further development of this technology towards commercialization. 

7.2 General conclusions 

 

In chapter 2 the use of CO2 saturated water as two-phase flow cleaning and fouling control in 

reverse electrodialysis has been investigated. During a period of 60 days, the performance of 

a RED stack under real fouling conditions and low feed water temperatures, has been 

successfully tested for the first time. Stacks equipped with CO2 saturated water produced a 

higher power output compare with stacks equipped with air sparging. The use of water/CO2 

(saturated) also proved to be beneficial compared to the use of water/air sparging, as 

water/CO2 (saturated) significantly prevents the presence of stagnant bubbles in the stack. The 

presence of stagnant bubbles increases the stack internal resistance and because of this the 

power density output decreases.  

The CO2 nucleation effect, i.e. the spontaneous formation of bubbles, occurring at the spacer 

filaments due to depressurization of CO2 saturated water improves the cleaning process. 

Furthermore, the introduction of CO2 saturated water in the feed water introduces a pH 

decrease in the system (carbonated solution) adding an additional cleaning effect in the system. 

This antifouling strategy, a combination of mechanical and chemical cleaning-in-place (CIP), 

avoids the use of environmentally unwanted cleaning chemicals.  

 

In Chapter 3 the role of anion exchange membrane (AEM) fouling and the specific 

contribution of this AEM fouling to the decrease in total performance in RED is studied in 

detail using natural river water and seawater.  

The results show that the membrane chemistry and the water content of the membranes are 

key parameters towards fouling for humic acids. Aromatic AEMs with low water content are 

negatively affected on their permselectivity and membrane resistance. Aliphatic AEMs with a 

medium content of water only experience an increase in membrane resistance whereas 

aliphatic AEMs with high water content show a decrease in permselectivity. Nevertheless, the 
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largest decrease in power density does not originate from AEM fouling as this only counts for 

2 - 4% of the total loss. The major cause stems from fouling occurring at the spacers that keep 

the intermembrane distance in the fluid compartments, which disturbs the flow distribution. 

 

In Chapter 4, the negative effect of multivalent ion transport against the concentration 

gradient, so called uphill transport in cation exchange membranes (CEM) is investigated. 

Different CEM strategies against the undesired effect of multivalent ions are compared. 

Results show that the transport of multivalent ions can be significantly minimized when 

monovalent ion selective membranes are used. However, the use of such membranes directly 

results in a strong increase in membrane resistance due to the lower ion mobility of magnesium 

ions inside these membranes.  

Therefore, power densities in RED stacks equipped with monovalent ion selective membranes 

are not improved. Especially at high magnesium concentrations the membranes are no longer 

able to retain magnesium ions effectively. Therefore, the application of multivalent permeable 

membranes, with a more ‘open’ structure allowing the free movement of both sodium and 

magnesium ions through the membrane, is proven to be the best long-term strategy to harvest 

salinity gradient energy when using RED, especially at high magnesium concentrations.  The 

benefit of maintaining a low resistance value under almost all magnesium concentrations 

combined with a reasonable OCV of the Fujifilm multivalent permeable T1 membrane lead to 

the highest power densities.  

 

Chapter 5 presents a breathing cell design. The breathing cell is a new concept that offers a 

unique feature, namely physical movement of the membranes. By compressing the river water 

compartment, the internal resistance of the stack decreases and higher net power outputs can 

be achieved, despite the momentarily increase in pressure drop along the compartment.  

This design introduces a change of paradigm; from a static stack to a dynamic stack. A 

dynamic stack offers the possibility to adapt the operation (flow rate or breathing frequency) 

to the water parameters and stack performance, e.g. fouling. This concept increases the 

robustness towards commercial applications using real feed waters. At the same time, new 

challenges concerning the (mechanical) lifetime and integrity of the membranes have risen 

with this new stack concept, which emphasizes the need for more research about ion exchange 

membrane resistance towards continuous expansion and stretching movements. Early studies 

clearly showed the strong dominance of the low conductivity of the river water on the power 
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output. As such for the seawater-river water case, the breathing concept is an interesting 

option.  

 

Chapter 6 discusses the effects of scaling up RED. In this study the effect of stack size and 

membrane type on power density, thermodynamic efficiency and energy efficiency is 

investigated experimentally. The influence of stack size on the power density, energy 

efficiency and pumping power density can be directly related to the residence time of the feed 

water in the stack. At equal residence times, data of all stacks overlap. As such, the residence 

time is an excellent parameter to compare differently sized stacks and to translate lab scale 

experimental results to larger pilot stacks. Also, the influence of water permeability and 

permselectivity is clearly visible when measuring the thermodynamic efficiency. This 

experiment demonstrates that to improve the energy efficiency of the stacks, improved 

membrane characteristics are a key parameter towards achieving the final crucial steps towards 

commercialization. When using Fujifilm Type 10 AEM and CEM membranes which have a 

low water permeability and high permselectivity, an average thermodynamic efficiency of 

44.9% is measured. This value comes close to the thermodynamic maximum of 50% 

achievable when operating at maximum power conditions.  
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7.3 Outlook 

7.3.2 RED membrane development 

 

Introduction 

Reverse electrodialysis uses ion exchange membranes until recently designed for 

electrodialysis. To finally boost RED technology towards commercialization, researchers and 

membrane designers should develop tailor made ion exchange membranes for RED, focusing 

on the interactions and consequences of fouling in real feed waters. Previous authors already 

suggested that to make this technology commercially attractive higher power densities needed 

to be obtained, although at that time, the consequences of fouling when using real feed waters 

was only marginally taken into account and the focus was mostly on higher power densities 

by decreasing the membrane electrical resistance and increasing the membrane 

permselectivity [1–3].  

Unfortunately, when the electrical membrane resistance was decreased the water permeability 

of the membrane was also increased [Chapter 6]. An alternative way to achieve high power 

densities, without increasing the water permeability, was by reducing the total thickness of the 

membranes. By reducing the thickness of the membrane, the electrical membrane resistance 

can potentially be halved [4]. However, reducing the thickness of non-supported, free standing 

ion exchange membranes affects the mechanical strength and challenges the overall integrity 

of the membrane, as well as the handling of such membranes. This is especially relevant when 

dynamic stacks, such as the breathing cell (chapter 5) would be used in RED. To avoid this 

loss in mechanical strength, a solution is to reduce the thickness of the support. The same 

result is achieved, i.e. a decrease in membrane electrical resistance, but the mechanical 

strength and maneuverability remains.  

Anion exchange membrane (AEM) 

Fouling on ion exchange membranes plays an important role towards the feasibility of RED. 

In chapter 3, it was observed that humic acids contribute to a decrease of 2 - 4% in power 

output in RED. Humic acids removal from feed water is normally performed using ion 

exchange resins or active carbon. Apart from being an expensive pretreatment, this cannot be 

used for RED as it will as well affect the salinity from the solutions. Several antifouling 
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strategies were proposed by Vermaas et al. [5], who performed brine cleaning experiments 

with RED stacks using 5M NaCl brine. Removal of some irreversible fouling was however 

not possible and affected the permselectivity and power density of the stacks.  

For these reasons, preventive actions, because this type of foulants is difficult to remove once 

attached to the membrane, rather than remediation actions is a better strategy for future 

research directions. Also, the use of functional layers in AEMs, to avoid and prevent the 

adhesion of organic pollutants on the membrane, affecting the ion exchange capacity, can be 

a solution to prevent irreversible fouling by this type of foulants on the AEMs.  

Cation exchange membrane (CEM) 

The multivalent ion permeable Fujifilm T1 membrane demonstrated to be a good membrane 

to perform RED, with its ‘open’ structure allowing the free movement of sodium and 

magnesium ions through the membrane [6], as its membrane electrical resistance remains low 

due to the ion exchange of magnesium ions [chapter 4], although, the permselectivity values 

of the multivalent ion permeable membrane are not as high as the ones of the highly 

crosslinked CMS monovalent ion selective membrane. For these reasons, further development 

of the multivalent permeable membrane is recommended, focusing on increasing the 

selectivity Na+/Mg2+ selectivity and reducing the water permeability to increase the power 

density and energy efficiency. 

 

Profiled membranes 

Colloidal fouling is the major cause of fouling occurring at the spacers. This fouling increases 

the pressure drop over the inlet and outlet of the feedwater compartment, increasing the 

pumping energy needed to flow the solutions. The spacers are placed between membranes to 

maintain the intermembrane distance and thus create the channels to flow the feed waters. 

Spacers are non-conductive materials that increase the stack resistance and cover active 

membrane area reducing the capacity to perform ion exchange [chapter 5]. As previously 

shown [7], the use of profiled homogeneous ion exchange membranes with integrated spacer 

functionality increases the (net) power density output due to reduced fouling and reduction of 

the spacer shadow effect [5,7,8].With a proper design of inlet and outlet and with proper 

engineered shapes and geometries [9], profiled membranes will boost RED towards higher 

(net) power outputs and (net) energy efficiencies. For these reasons, future research should go 
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in the direction of removing the spacers from the stacks and to further investigate geometries 

for profiled homogenous ions exchange membranes. 

 

7.3.2 Multi-stage RED 

 

Higher power densities are always intended, but the efficient use of the feedwaters pumped 

into the RED stacks needs more attention. As presented in chapter 6, some of the salinity 

gradient energy (unused exergy) is still present at the outlet. This energy could be potentially 

harvested if the residence time of the waters inside the stack is increased.  

There are two ways to increase the residence time, either larger stacks are used or flow 

velocities are reduced. Preferably larger stacks are used, as for the same amount of installed 

membrane less stacks are needed, of course, when using the same amount of cell pairs.  

Based on the results obtained in chapter 6, a stack of 30 x 30 cm2 operated at a flow rate of 

1cm/s is proposed to be used. If stacks of 30 x 30 cm2 are used, the use of segmented electrodes 

may be not necessary, as low flow velocities are not needed and the electrode voltage loss is 

minimal [10]. Instead, a multi-stage approach can be used as well. The use of the multi-stage 

approach allows to use different external loads per stack and allows the use of different mixing 

ratios of the feedwaters. Seawater can be re-used from stage to stage and river water can be 

resupplied to maintain the salinity gradient and exhaust the salt in the concentrate 

compartment. At the same time, the fouling caused by colloidal fouling will be less relevant, 

as most fouling problems arise from the seawater. The lead stack will be the most affected by 

the fouling but the following stacks will be less affected. This is comparable to the situation 

in reverse osmosis desalination plants [11]. Both configurations need more study in future 

experiments, since an optimization of the process can be achieved leading to maximizing the 

energy efficiency of the installation and proper control of the fouling problem. 
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