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Introduction 

1 

 

Introduction 

 

Electrical energy storage devices allow issues related to the production and the 

demand of electricity to be overcome. Particularly, in the absence of storage devices, 

the electricity generated from power supply must be used at the time of production. 

Therefore, a close match between the time of production and the time of the energy 

consumption is inherently required. Actually, an imbalance between supply and 

demand typically occurs, especially when intermittent energy sources are adopted. 

Moreover, electricity is always produced far from the places in which it is actually 

used. As a consequence, there is the need to build suitable infrastructures to convey 

the electricity through several hundreds of kilometers. Furthermore, the total passage 

towards the production of electricity entirely from renewable sources such as solar 

and wind is one of the corner posts for future development. The increased production 

from these intermittent sources has established the imperative for storage of surplus 

energy, which can then be used when necessary at subsequent times. Moreover, the 

energy storage should be sustainable and should possess characteristics of modularity 

and scalability in order to be integrated easily in local micro-grids. Electrochemical 

batteries are the most suitable devices to this aim. Among them, Acid/Base flow 

batteries are the most innovative and promising ones. This battery is a non-

conventional Electrical Energy Storage (EES) device. The Acid/Base flow battery 

stores electricity in chemical energy, specifically in the form of pH and salinity 

gradients. This technology is based on two membrane processes called Bipolar 

Membrane Electrodialysis (BMED) during the charge phase and its opposite, the 

Bipolar Membrane Reverse Electrodialysis (BMRED), during the discharge phase of 

the battery.  

The present PhD thesis is devoted to exploring the features and the technical 

feasibility of this battery, by investigating this technology in every aspect.  

Particularly, the present PhD thesis is divided in 7 different chapters which are 

briefly described in the following. 

Chapter 1 is devoted to providing a thorough overview of EES devices including 

their main features and challenges. In Chapter 2, a review of bipolar membranes, 

focusing on main production and characterization methods, is reported and critically 

discussed. Chapter 3 deals with Bipolar Membrane Electrodialysis, which is the 

process driving the charge phase of the Acid/Base flow battery. Particularly, a novel 

comprehensive mathematical multi-scale model is there described. This model was 

validated under steady-state tests. Chapter 4 is devoted to Bipolar Membrane Reverse 
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Electrodialysis (BMRED) which represents the discharge phase of the battery. A 

BMRED model is shown in this chapter: this model was developed by adapting the 

BMED model described in Chapter 3. Here too, the model validation was performed 

by steady-state experiments. Chapter 5 focuses on the parasitic phenomenon of ionic 

shortcut currents via manifolds, which affects electro-membrane processes, 

particularly when highly conductive electrolyte solutions are used. More precisely, 

in this chapter this parasitic phenomenon was investigated for four different 

membrane technologies: conventional and bipolar electrodialysis (ED and BMED) 

and their opposite processes (RED and BMRED). In chapter 6, the fundamentals and 

features of the Acid/Base flow battery are described, by assessing its performance 

and the potential in several scenarios. Finally, Chapter 7 reports the optimization 

study performed for the Acid/Base Flow Battery (AB-FB) system, particularly of the 

prototype which will be installed and tested in Pantelleria island (Italy), within the 

framework of the European H2020 project BAoBaB ([1]), which this PhD work is a 

part of.  

A graphical outline of the thesis chapters is depicted in Figure 1. 

 

 

Figure 1. PhD thesis graphical outline 
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1 Energy storage systems  

 

In the last few years, there has been an increasing need for sustainable 

development [2]. This was determined by the continuous threat of climate change. 

Particularly, one of the major problems lies in energy production systems, which 

currently follow production schemes that are no longer sustainable. As a matter of 

fact, electricity production typically takes place in a centralized way. Therefore, the 

electrical energy is produced far from the places in which it is actually used. This is 

made possible by the construction of complex infrastructures which are able to 

convey it even thousands of kilometres away with high environmental impact. This 

also causes the congestion of the grid which leads to an increase of the electricity 

price. One of the solutions most used by electrical companies is to provide electrical 

energy at different tariffs as a function of time, for example using three different 

prices, which are the so called ToU tariffs [3]. On the basis of these tariffs, consumers 

are lead to use electric energy during the cheaper moments of the day. It is clear that 

consumers, particularly the industrial ones, cannot decide a priori the time for 

electricity consumption, thus being compelled to pay more for the energy consumed 

in the peak hours (which may reach even 4 times the cost of the off-peak energy). In 

order to reduce costs but also in the absence of electricity from the grid, industries 

prefer to auto-produce electrical energy by the use of diesel generators with the 

consequent increase of environmental pollution. The sustainable development policy 

may be effective only in the presence of collective action and with focus on long-

term plans [2]. One of the objectives of EU Commission is to cut greenhouse gas 

emissions by 80-95% by the year 2050. This ambitious goal may be reached with the 

technological and social development which aim at a green society. With this respect, 

renewable energies may represent a way to tackle the problem. This scenario is the 

one which was outlined by the Decarbonisation Roadmap 2050, with the objective 

of a gradual passage towards electricity production from renewable sources. The 

major renewable sources, which are solar and wind, have an intermittent nature, 

which is difficult to predict [4]. Renewable sources in fact are practically 

uncontrollable and clearly they may influence the quality of the power grid along 

with its stability and reliability. It is obvious that these energy sources may not 

directly supply the same inertial response as the one provided by the classical power 

generators. Moreover, the supply and demand of renewable energy often do not 

correspond. All of this represents a current limit on moving towards a 100% 

renewable society. In order to pursue this goal, the management of the renewable 

energies with effective storage methods is of crucial importance. Moreover, thanks 

to storage systems, it is possible to deal with the mismatch between electricity 

demand and generation from the renewables. Furthermore, the use of storage 
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technologies may limit the inefficiencies linked to the distribution network and 

transmission of energy. Particularly, the use of local networks or stand-alone 

microgrids may somehow help the efficient use of the renewable energies [5]. 

Microgrids are in simple terms a localized group of electricity sources and storage 

systems which operate in synergy with the main grid. A user which owns an 

accumulation system is the basis of the practice of prosumerism [6]. It is evident that 

a storage system should have particular characteristics, as an electricity network may 

also be damaged depending on the charge/discharge cycles as well as by the used 

electric currents and the operational time. An effective system, should also be able 

to reduce the power peaks by the so called “Peak-shaving” strategy [6]. This refers 

to the discharge of the battery when a certain threshold of the energetic demand is 

reached. When a limit value is detected, the “shave” of the peak is made possible. 

These peaks are common throughout the day [6]. This strategy prevents the peaks of 

demand being transferred to the grid, thus meaning they do not have a negative 

impact on it. This may be made possible using an appropriate energy storage 

capacity, to meet the average electricity demand instead of the peaks.  

Currently, the most used techniques for the energy storage are the Pumped hydro 

storage (PHS) and Compressed air energy storage (CAES). The former consists, in 

simple words, of water reservoirs placed at different heights for producing 

hydroelectric energy when it is needed. Conversely, the latter stores energy by 

compressing air in underground cavities or inside aboveground tanks. These 

electrical energy storage techniques are the most used worldwide as reported in 

Figure 2.  

 

Figure 2.Electrical energy storage capacity installed worldwide for d ifferent technologies (From 

[7]).  

Due to their nature, these storage methods have important geographic 

constraints which lead to difficulties in using these technologies in decentralized 
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places, unless we have infrastructures characterized by complex electricity 

distribution networks. In fact, in the case of PHS it is necessary that the plant sites 

contain standing or dammed-up water reservoirs. Conversely, CAES needs large 

underground cavities as natural aquifers or also depleted natural gas reservoirs. In 

addition, these technologies have some limitations in terms of discharge time and 

they are suitable for large scale electrical production. However, in the scenario 

outlined by European Commission about the passage towards the total production of 

electricity from renewable sources, there is a widespread revival of interest in 

decentralized accumulation systems based on electrochemical technologies.  

1.1 Electrochemical storage devices 

The electrochemical storage devices are typically made up of two or more cells 

in a series or parallel fashion depending on the required voltage and current. There 

are many batteries of this type. In the following, an overview of the four main 

commercialized categories is reported.  

Lead-acid batteries represent a mature, cost-competitive and robust technology. 

They date back to 1859, the year in which these batteries were invented [8]. They 

represent the most used rechargeable battery worldwide. A typical lead-acid battery 

consists of metallic lead and lead oxide electrodes, with the electrolyte based on a 

sulphuric acid solution at a high concentration. In the case of overcharging, there is 

a risk of hydrogen evolution, possible explosions and acid release [9]. Moreover, the 

presence of lead, which is known to be toxic for humans and is also an environmental 

pollutant, is one of its major drawbacks.  

Nickel-Cadmium batteries represent a mature and cost-competitive technology 

as well [10]. These batteries contain cadmium, which is highly toxic for humans and 

ecosystems [11]. As concerns performances, Nickel-Cadmium batteries are 

characterized by a low cell electrical potential of about 1.3V and a limited lifespan. 

Finally, the “self-discharged” phenomenon is quite significant meaning that these 

batteries may discharge over the course of a month [12].  

Molten salt batteries is another category. Among the batteries of this type, 

sodium and sulfur one (NaS) is the most adopted [12]. It exhibits many advantages 

such as the high cyclability, powerful modularity and a very limited self-discharge. 

The latter is very important for steady-state applications for which a constant power 

is necessary and particularly in the time frame of hours. This battery operates at high 

temperatures in the region of 300°C, therefore it needs an extra operating time for 

the pre-heating process. Moreover, it contains corrosive materials that, together with 

the high temperatures, imply severe safety issues.  
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Li-ion batteries are based on the lithium ion transfer from the anode to the 

cathode during the charge and the opposite process during the discharge [13]. The 

positive electrode consists of lithium metal oxides, while the negative electrode is 

based on graphitic carbon. The electrolyte is made up of lithium salts dissolved in 

alkyl-carbonates. Li-ion batteries represent the most popular battery worldwide. 

Since the use of lithium in electronics as well as in hybrid vehicles is rapidly 

increasing, the production of large scale electrical devices may be potentially very 

expensive. Moreover, Li-ion batteries present some safety limits due to the risk of 

possible fires and explosions. For these reasons, lithium ion batteries need at least a 

temperature control, which is also used to increase the efficiency of these devices.  

1.2 Flow Batteries  

Flow batteries are typically divided in two different types: redox and hybrid [8]. 

Among the redox flow batteries, Vanadium Redox Flow Battery (VRFB) is the most 

popular [14]. It makes use of two tanks containing the electrolyte reserves. The 

electrolytes are then conveyed towards special electrochemical cells which include 

the electrodes (i.e. anode and cathode) and a membrane separator. Even though 

VRFB is generally perceived as safe, the vanadium may lead to dramatic 

environmental issues if accidentally released [15]. Furthermore, the electrolyte in the 

VRFBs is expensive [16]. Conversely, hybrid flow batteries are equipped with a 

single external reservoir because the second electrolyte is maintained inside the 

electrochemical device. Zinc Bromine is the most common example of hybrid flow 

batteries [17]. The potential toxicity of the bromine is one of the Zinc Bromine 

battery drawbacks [18]. Overall, flow batteries are very versatile and guarantee a 

high level of scalability. In fact, since they store energy in a chemical form in the 

electrolytes [17], their energetic capacity depends on the size, composition, and 

concentration of the electrolytes, while the nominal power that they may provide 

depends directly on the dimensions of the electrochemical conversion unit.  

1.3 Performance metrics of the energy storage systems 

The energy storage technologies are characterized as functions of many 

parameters and figures of merit [19]. The most used are summarized below.  

The energy density is typically expressed in kWh m-3 and it represents the 

nominal energy stored per m3 of electrolyte solution or total electrolytes. The energy 

storage capacity (in kWh) is the total quantity of energy which can be stored by the 

system. Power density (in W l-1 or W kg-1) is, in the language of accumulation 

systems, the maximum power available per unit volume (or mass). The charge and 
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discharge cycle duration is simply the time necessary for a complete battery cycle. 

The typical power output (MW) is the power which is discharged on average by the 

battery. The response time is a parameter linked to the inertia of the system and its 

capacity to start and reach the nominal power. Lifetime is expressed in terms of 

number of cycles or the total operational time of the battery. A very important figure 

of merit is the Round Trip Efficiency (RTE) which is the ratio between the discharge 

energy over the charge energy for a single charge/discharge cycle. Finally, to have a 

cost estimation, typically capital costs are reported per unit of discharge power ($ 

kW-1) or per unit of energetic capacity ($ kWh-1). Another cost parameter is the 

Levelized Cost of Storage (LCOS), which is defined as the discounted cost per unit 

of discharged electrical energy [20].  

In the following, a comparative table of the main electrical storage devices is 

shown. This table reports the main performance parameters as well as the figures of 

merit.  
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Table 1. List of the main performance metrics of the studied electrical energy storage systems.  Euro-to-dollar conversion rate 1.18 as of 09/09/2020. 

 Energy density 

kWh m-3 

Energy 

capacity 

MWh 

Power 

density 

W l-1 

Typical 

power output 

MW 

RTE Lifetime 

cycles 

Cycle 

duration 

Response 

time 

Capital 

cost 

$ kWh-1 

PHS 0.13-2 [12] <8 k [12,19] 0.01-1.5 [12]  1-5 k [12] 65-85% 

[12] 

>10 k 

[12,19] 

Hours [19] Seconds-

minutes 

[12,19] 

5-250 

[12,19] 

CAES 0.4-20 [12] 0.01-1 k 

[12,19] 

0.04-10 [12] 3-400 [12] 42-89% 

[12] 

>8 k 

[12,19] 

Hours [19] Minutes [12] 2-265 [12] 

Lead 

acid 

25-90 [12] 0-40 [12] 10-400 [12] 0-100 

[12,19] 

63-90% 

[12] 

200-2 k 

[12] 

Hours [19] < seconds 

[12,19] 

50-640 

[12] 

NiCd 15-150 [12] ≈6.75 [12] 38-600 [12] 0-40 [12] 60-90 [12] 1.5 k-3.5 k 

[12] 

Minutes – 

day [17] 

milliseconds 

[12] 

425-2.55 k 

[12] 

NaS 150-345 [12] 0.4-245 [12] 1.3-180 [12] 0.05-34 [12] 75-92% 

[12] 

1 k-40 k 

[12,19] 

Hours [19] Milliseconds 

[12] 

125-570 

[12,19] 

Li-ion 94-500 [12] 0.004-10 [12] 56-10 k [12] 0-100 [12] 75-≈100% 

[12] 

1 k-20 k 

[12] 

Minutes-

Hours [19] 

<Seconds 

[12,19] 

240-4 k 

[12] 

VRFB 16-90 [12] <60 [12] 0-33.4 [12] 0.03-100 

[12] 

65-85% 

[12] 

>1.5 k 

[12,19] 

2-8 h [19] < seconds 

[12,19] 

160-1060 

[12] 

Zinc 

Bromine 

5.2-70 [12] 0.1-4 [12] 0-25 [12] 0.05-10 [12] 65-75% 

[12] 

1.5 k-3.5 k 

[12] 

-hours-

month [17] 

Milliseconds 

[12]  

160-1060 

[12] 

*k refers to 1000.  
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1.4 Modelling of the energy storage devices 

The modelling of a battery is a very important way to evaluate and predict its 

performance and potential. Moreover, simulation tools allow us to investigate, by the 

use of software, the response of a battery to several different operating conditions 

during the battery phases, i.e. charge and discharge, as well as the effect of system 

parameters such as the temperature. It is clear that different design features lead to 

performance variation. As a matter of fact, wrong design and operating choices may 

negatively affect the efficiency of the system by exacerbating the detrimental 

phenomena. The performance evaluation as well as the simulation of the battery 

operations is a matter of interest especially where batteries are installed in microgrids 

[21]. The modelling tools may be simple mathematical systems of equations which 

aim to simulate simplified electrical circuits. However, such tools could only 

simulate the qualitative trends of the main performance parameters. A more complex 

electrochemical-model is needed in order to simulate more accurately the behaviour 

of the battery both qualitatively and quantitatively.   
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2 Bipolar Membranes: fundamentals 

 

Bipolar membranes belong to the class of special Ion Exchange Membranes 

(IEMs). They consist of a layered ion-exchange structure which is, in simple terms, 

made of one Anion Exchange Layer (AEL) and one Cation Exchange Layer (CEL) 

stacked together. The zone between the CEL and AEL is referred to as interlayer. 

Bipolar membranes are typically produced via casting method and are used 

especially in electrodialysis processes to perform the dissociation reaction of water, 

thus producing inorganic and organic acid and base solutions.  The BPM-layers are 

typically manufactured with added catalyst to promote the water dissociation. 

Bipolar membranes may also be used for performing the opposite reaction, which is 

the acid/base neutralization with the conversion of chemical energy into electricity. 

The discovery of these special membranes is comparable in importance with the 

invention of semi-conductor p-n junctions because the bipolar membranes have led 

to new separation processes, especially in chemical and biochemical industries as 

well as in environmental protection. In this chapter, the bipolar membranes will be 

described in detail. Particularly, the possible reaction mechanisms will be shown 

both in reverse and forward current bias. The main preparation techniques will be 

discussed as well as the major properties and characterization methods.  

2.1 Bipolar membranes: historical developments and working principle 

A bipolar membrane comprises a cation- and an anion-exchange layer, one on 

top of the other [22]. The possibility to have layered membranes dates back to the 

work of Sollner et al. [23]. Later on, Frilette et al. [24] were the first who referred to 

these layered membranes as bipolar membranes. Later, a few patents about BPMs 

production were published and the first industrial use involved nitric and 

hydrofluoric acid regeneration from pickling liquor [25].  

The functioning of a bipolar membrane may be compared with the p-n junctions. 

Specifically, under reversal current bias the water dissociation reaction occurs, while 

under forward current bias the acid/base neutralization reaction takes place [26].  

2.2 Water dissociation in bipolar membranes 

Under the reversal current bias the water dissociation reaction occurs in the so-

called bipolar junction or transition region. This process is typically promoted by the 

presence of a catalyst in the BPM-layers.  
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By applying an electric field to a bipolar membrane, a current-voltage curve is 

obtained. The current-voltage curve presents the well-known shape illustrated in 

Figure 3.  

  

Figure 3. Graph of a typical bipolar membrane voltage-current curve under reverse bias. 

Particularly, starting with an equal NaCl concentration in both the channels right 

next to the two sides of the membrane, the operating current falls within the Salt 

transport region (Figure 3) and it reaches a plateau by increasing the applied voltage. 

This first limiting current density (𝑖𝑙𝑖𝑚,𝑠) is related to the NaCl transport from the 

interlayer to the feed-water channels. Once all the sodium and chloride ions are 

depleted from the BPM-interlayer, the water dissociation starts and the operating 

current enters the Water dissociation region. The I-V curve (Figure 3) shows a rapid 

growth of the slope, which delineates the beginning of the proton and hydroxide ions 

production. Eventually, a second limit current density (𝑖𝑙𝑖𝑚,𝑤) is reached due to a 

limitation in the water supply towards the BPM-interlayer, and at that point, the 

operating current enters the Water diffusion limitation region.  

The BPM-interlayer has the key-role in the auto-ionization of water. The most 

proposed structures of the BPM-interlayer are based on the neutral-layer [27] and the 

abrupt junction [28] approaches (Figure 4).  

C
u

rr
e

n
t 

d
e

n
si

ty
 (

A
 m

-2
)

Bipolar membrane voltage (V)

Water diffusion limitation region

Water dissociation region

Salt transport region



 Bipolar Membranes: fundamentals 

12 

 

 

Figure 4. Scheme of the neutral layer a) and the abrupt junction b) models. Blue lines represent the 

AEL and CEL physical boundaries. Dashed black lines refer to the transition region.  

The former assumes the presence of a water meatus between the BPM-layers, 

while the latter places the transition region in the membrane phase within an area 

next to the contact-surface between the CEL and AEL.  

The water dissociation mechanism is explained by two main currents of thought: 

the Second Wien Effect (SWE) and the Chemical Reaction Model (CHR). The 

Second Wien Effect (SWE) explains the acceleration of the water dissociation 

reaction due to the enhancing effect of the electric field on the forward kinetic 

constant of the self-ionization reaction of water [29]. Particularly, this theory 

explains the rapid growth of the proton and hydroxide productions with a high rate 

constant for water dissociation, i.e. 7-fold higher than the one obtainable in free 

solution [30]. Conversely, Simons [31] proposed that the water dissociation is due to 

protonation-deprotonation reactions between the fixed charge included in the BPM-

layers and the water molecules. This mechanism is also known as the Chemical 

Reaction Model (CHR) [32]. A possible reaction mechanism of the water 

dissociation in the BPM transition region was developed by Strathmann et al. [33] 

by utilizing the results of Simons. In particular, the water dissociation is caused by 

protonation-deprotonation reactions of weak basic groups in AEL (Eq.1-2) and of 

weak acidic groups in CEL (Eqs. 3-4), as follows,  

𝐵 + 𝐻2𝑂 ↔ 𝐵𝐻+ + 𝑂𝐻−  (1) 

AEL CEL AEL CEL

Abrupt junctionNeutral layer

a) b)



Bipolar Membranes: fundamentals 

13 

 

𝐵𝐻+ + 𝐻2𝑂 ↔ 𝐵 + 𝐻3𝑂+  (2) 

𝐴− + 𝐻2𝑂 ↔ 𝐴𝐻 + 𝑂𝐻−  (3) 

𝐴𝐻 + 𝐻2𝑂 ↔ 𝐴− + 𝐻3𝑂+  (4) 

in which B is the weak base and AH a weak acid.  

The production of H3O+ and OH- originate in the membrane phase as follows 

from the reactions reported in Eqs. 1 and 2, in which water reacts with amino groups, 

and reactions reported in Eqs. 3 and 4, in which AH is a neutral acid, in the case of 

phenol, as in the scheme reported by Simons [31].  

Afterwards, others [33] adopted a hybrid approach combining the Second Wien 

Effect and the protonation-deprotonation mechanism.  

The nature of the fixed groups of the BPM-layers affects the water dissociation 

reaction kinetics. Indeed, the formation rate of proton and hydroxide ions may vary 

with the functional groups. This hypothesis was first proposed by Greben [34] and 

then by Simons. It was observed that the pKa value of the functional groups and the 

voltage difference over the bipolar membrane are related to each other. Moreover, 

the functional ionic groups may be of two types: weak or strong groups. Depending 

on which of them is present, different proton and hydroxide ion fluxes can be 

obtained. Furthermore, the performance of bipolar membranes may be improved by 

including a catalyst in the BPM-layers. Up to now, several different catalysts have 

been studied [35]. The catalysts investigated in the literature have been divided into 

two groups: catalysts with organic and inorganic chemistry. Organic catalysts are 

mainly made of polymeric materials [36], while the inorganic catalysts are typically 

made of metal compounds [37]. The presence of metallic ions such as magnesium 

and calcium allows an increase of the proton and hydroxide formation rates. 

Additionally, Simons studied the effect of metal salts for their catalytic ability to 

enhance the rate of the water dissociation reaction [38]. The most promising catalysts 

have been developed recently and are based on graphene [39], ionic liquids [40] or 

silica [41].  

2.3 Acid/Base neutralization in bipolar membranes 

By reversing the electric field over the bipolar membrane, i.e. under forward 

current bias, the opposite process occurs, thus performing the acid/base 

neutralization in the interlayer of the bipolar membrane. This process is similar to 

the one occurring in the p-n junctions when electrons and holes are directed towards 

the n-type and p-type materials respectively. This may happen in two ways: by 
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inverting the electrodes polarity (with respect to the reversal bias mode) or by 

assembling the stack with the CELs and AELs facing the anode and cathode 

respectively. Compared to the reversal bias, the bipolar membrane has lower 

electrical resistance in the forward mode [35], due to the higher ion concentrations 

at the BPM-junction. Unlike the I-V curve under reversal current bias, under forward 

current bias the voltage over the BPM shows a linear trend when varying the electric 

current as in Figure 5 (dotted line).  

 

 

Figure 5. Graph of a typical bipolar membrane voltage-current curve under reverse and forward 

bias. 

The electric current under forward bias has limitations due to the possible 

delamination of the CEL and AEL, which leads the membrane to irreversible 

damage: during the acid/base neutralization process, particularly at high electric 

currents, high amounts of water molecules are generated at the bipolar junction. 
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These formed water molecules should be able to diffuse out of the junction fast 

enough to avoid water accumulation at the junction and the consequent delamination 

of the bipolar membrane layers. Therefore, the formed water molecules should be 

drained through the CEL and AEL towards their respective adjacent channels. When 

using commercial bipolar membranes, the electric current under forward bias is 

limited by this phenomenon, in order to prevent from the detachment between the 

ion exchange layers.   

Moreover, even in ideal process conditions, large quantities of water fluxes 

occur. Moreover, even disregarding the presence of the neutralization reaction, it is 

necessary to consider the water fluxes due to osmosis and electro-osmosis. The 

former occurs when an osmotic pressure difference exists between the two solutions 

straddling a BPM-layer, and the latter is dependent on the ion migration through CEL 

and AEL and, particularly, it is caused by the water molecules that are dragged along 

with the solvation shells of the ions. Therefore, the direction of the water flux across 

the BPM-layers is mainly dependent on the solution composition and concentrations, 

as well as the direction of the electric field. Moreover, the bipolar membrane and in 

particular their layers are in direct contact with acidic and alkaline solutions. 

Therefore, even in the absence of current, the acid/base neutralization may occur 

because of diffusion of acid and base molecules through the CEL and AEL. 

Therefore, in order to operate under forward current bias, bipolar membranes need 

increased mechanical properties, e.g. high adhesion between CEL and AEL. This 

may reduce the probability of the delamination phenomenon. However, the bipolar 

membranes so far available on the market have been designed specifically for the 

sole reverse current bias mode, to perform the Bipolar Membrane Electrodialysis 

Process (BMRED). The forward bias mode may be used e.g. for controlling the 

reaction of acid/base neutralization for industrial applications. Recently, the use of 

the bipolar membrane was proposed for energy storage purposes and in particular for 

the construction of innovative flow batteries which store energy in the form of pH 

gradients. Specifically, BPMs may be used under reversal bias during the charge 

phase, while the forward bias during the discharge phase. The driving force during 

the discharge is the neutralization reaction. 

𝐻3𝑂+ + 𝑂𝐻− = 2 𝐻2𝑂  (5) 

By assuming that the whole chemical energy is converted into electrical work, 

the Gibbs enthalpy (∆𝐺) is given by, 

∆𝐺 = 𝑧𝑒  ×  𝐹 ×  𝐸𝑀𝐹  (6) 

in which 𝑧𝑒 is electron charge, 𝐹 is Faraday’s constant (96485 C mol-1) and 

𝐸𝑀𝐹 (V) is electromotive force.  
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The electromotive force over the BPM may be assessed as 

𝐸𝑀𝐹 =
𝑅𝑔 𝑇

 𝑧𝐹
𝑙𝑛

𝐶
𝐻+ |𝑎𝑐  × 𝐶𝑂𝐻− |𝑏𝑎

𝐾𝑤
  (7) 

where C is ion activity, Rg is universal gas constant (8.314 J mol-1 K-1), T is 

temperature, z is ion oxidation number, 𝐾𝑤 is the self-ionization constant of water 

and ac and ba refer to the acidic solution/CEL interface, and the alkaline 

solution/AEL interface, respectively (Figure 6). The ionization constant of water 𝐾𝑤 

can be calculated by solving the following equations [42].  

p𝐾𝑤 = −2𝑛𝑐 [log10(1 + 𝑄) −
𝑄

𝑄+1
𝜌(𝛽0 + 𝛽1𝑇−1 + 𝛽2𝜌)] +

p𝐾𝑤
𝐺 + 2 log10

𝑚0 𝑀𝑤

𝐺
  

(8) 

𝑄 =
𝜌

𝜌0 𝑒𝑥𝑝 (𝛼0 + 𝛼1𝑇−1 + 𝛼2𝑇−2𝜌
2

3 )  (9) 

p𝐾𝑤
𝐺 = 𝛾0 + 𝛾1𝑇−1 + 𝛾2𝑇−2 + 𝛾3𝑇−3  (10) 

where 𝑀𝑤 is the molar mass of water (g mol-1), 𝑚0 is the standard molality (= 

1 mol kg-1), 𝑛𝑐 is the ion coordination number (= 6), 𝐺 is a constant (= 1000 g kg-1), 

𝛼0 , 𝛼1, 𝛼2 , 𝛽0 , 𝛽1, 𝛽2 , 𝛾0 , 𝛾1 , 𝛾2 , 𝛾3  are empirical parameters reported in [42].  

 

 

Figure 6. Scheme of the bipolar membrane and the adjacent channels 
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In Eq. 7 the temperature dependence is both explicitly present in the first fraction, 

but it is also included in 𝐾𝑤.  

By way of example, Figure 7 shows the effect of concentration of protons (fixed 

equal to the hydroxide ions concentration) and temperature on the 𝐸𝑀𝐹.  

  

Figure 7. Electromotive force as a function of protons concentration at different process 

temperatures.  

Figure 7 shows that, regardless of the protons concentration, by increasing the 

temperature from 20°C to 100°C, the average relative difference between the EMF 

curves is ≈11%. This suggests that the process may be made more efficient by using 

increased process temperatures, eventually increasing the electromotive force of the 

bipolar membrane. In this respect, the recovery of waste heat for this purpose might 

be a very interesting option. 

From Eq.7, the energy density (𝐺𝐸𝐷) can be evaluated as  

𝐺𝐸𝐷 = 𝐹 ∫ 𝐸𝑀𝐹 𝑑𝐶𝐻
𝐶𝐻

10−7   (11) 

in which 𝐶𝐻 is the proton ion concentration (equal to the hydroxide ion 

concentration). From Eq.11 it follows that the energy density may be very promising, 

even at low concentrations. For example, by using 1M of HCl and NaOH electrolyte 

solutions in the two compartments adjacent to the bipolar membrane, an energy 

density of 24 kWh m-3 of acid solution may theoretically be obtained. It is possible 

to use bipolar membranes under forward bias in combination with the homopolar 
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membranes, thus performing the Bipolar Membrane Reverse Electrodialysis process. 

This technology will be discussed thoroughly in Chapter 4.  

2.4 Thickness of the transition region of a Bipolar Membrane 

Regarding the electrical behaviour of bipolar membranes, it may be considered 

as represented by three resistances in series, which are related to the cation-exchange 

layer (CEL), the anion-exchange layer (AEL) and the transition region. The CEL and 

AEL may be considered as homopolar ion exchange membranes, so their electric 

resistance may be estimated in the range of 0.5-5 ohm cm2. The estimation of the 

electrical resistance of the transition region follows from the measured resistance of 

the whole bipolar membrane minus the resistances of CEL and AEL. Thus, the 

transition region has been determined to be in the order of ≈5 ohm cm2 [33].  

The thickness of the transition region may be calculated by adopting the 

Strathmann approach [33]. Therefore, regardless of the theoretical structure (i.e. 

neutral layer or abrupt junction), the thickness may be estimated starting from the 

expected solution conductivity in the transition region. The solution conductivity can 

be calculated once the composition of the electrolyte solution has been noted. Indeed, 

the solution conductivity is a function of the ion mobilities. These are, in turn, 

function of the ion concentrations. During the BPM operation in reversal current bias 

and particularly during the water dissociation, it is assumed that the transition region 

is depleted of the salt ions. Therefore, the only ions that are present in the transition 

region are the proton and hydroxide ions, as follows from the water dissociation 

equilibrium. From this estimation, the transition region is believed to be in the order 

of a few nanometres [33].  

2.5 Preparation of bipolar membranes  

In recent decades, many different methods have been developed to produce 

bipolar membranes [43,44]. For instance, it is possible to differentially functionalize 

the two faces of a polymeric material sheet, to make one side selective to cations and 

the other selective to anions. Other methods are based on the adhesion of the two 

membranes (selectively functionalized) through applying heat and pressure. 

Eventually, a binder component can be used to improve the adhesion between the 

two layers. Casting process is the method mostly used. However, while using this 

method, the interpenetration of the two layers must be avoided because it may result 

in worse performance of the BPM, e.g. increased electrical resistance of the bipolar 

membrane, which can then lead to a consequent high voltage drop in forward bias or 

large applied electric potential in reverse bias. Bauer et al.  [22] prepared bipolar 
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membranes by using mono-sheets through the casting process. The BPMs thereby 

produced showed improved properties when compared with the commercial 

membranes produced by lamination, thus resulting in better performance such as, 

among other things, lower electrical resistances. Chlanda et al. [45] developed 

bipolar membranes in which the anion exchange layer included a specific cross-

linked reaction product, thus obtaining lower interpenetration grades and, as a result, 

better process performance. Other lesser-used preparation methods are radiation-

induced grafting [46] and electro-spinning [47].  

2.6 Properties of bipolar membranes and how to assess them 

Hereafter, the main properties of the bipolar membranes are reported.  

Selectivity 

Selectivity refers to the membrane’s ability to selectively permeate cations or 

anions through the CEM/CEL or AEM/AEL respectively. Consequently, the 

performance of membranes strongly depends on their capability to exclude co-ions 

and allow the passage of counter-ions [48]. 

Specifically, perm-selectivity is a property that is linked to the affinity between 

cations or anions and their corresponding membranes [49]. Furthermore, it is 

associated with the variation in migration speed that the ions have in the membrane 

phase. A membrane is said to be perfectly permselective if it allows the passage of 

counter-ions only [48]. The transport of the co-ions through the IEMs can occur by 

diffusion of the ions from the compartments with a higher concentration towards 

those with a lower concentration, or the transport can occur by migration [48]. Some 

works have shown how perm-selectivity decreases as the bonding affinity between 

counter-ion and fixed charges of the membrane increases [50]. Unlike with counter-

ions, the relationship between co-ion properties and perm-selectivity is less clear. In 

particular, the relationship between co-ions and perm-selectivity has been associated 

with co-ion hydrated radius, co-ion polarizability, co-ion Stokes radius as well as the 

Gibbs free energy of hydration [50], but there are few general conclusions. The perm-

selectivity of a membrane is given by the transport numbers of the ions in the 

membrane phase [51]. 

The transport numbers of the ions in the membrane are generally calculated 

following two approaches: the Hittorf's method and the ElectroMotive Force (EMF) 

method [52]. The EMF method is based on the measure of a membrane’s potential, 

with an electrolyte solution used on either side of the membrane. Particularly, the 

same electrolyte is used on both sides of the membranes, but it has a different 
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concentration [53]. Regarding the Hittorf’s method, it would allow a reliable 

evaluation of transport numbers as it is based on the measurement of ion fluxes in a 

channel formed by two membranes: one auxiliary and one under investigation [51]. 

However, Hittorf's method, as well as its modifications, are rather laborious and, 

thus, the EMF method is the most commonly used [54]. Nevertheless, a single 

measurement of the membrane potential allows the calculation of the transport 

number in binary electrolyte solutions. In the presence of ternary electrolyte 

solutions, an experimental procedure involving multiple measurements would be 

needed. Even so, including for non-binary solutions, an apparent potentiometric 

transport number is obtained, with the system being assumed to behave like a binary 

electrolyte solution [54]. Compared to the monopolar membranes, the bipolar 

membranes present a higher apparent perm-selectivity since the proton and 

hydroxide ions transport numbers are within the range of 0.90-0.96 at a definite 

interval of current density [55]. Moreover, it was found that the perm-selectivity of 

the BPM diminishes at higher product concentrations [56]. 

A possible mathematical approach for calculating transport numbers in multi-

ion systems will be described in chapters 3 and 4 for both monopolar and bipolar 

membranes.  

Electrical resistance 

Several different methods may be used to evaluate the electrical resistance of 

the bipolar membranes. One of them, which is the most commonly used, is 

conductivity measurements in a two-chambered cell with stirrers. Particularly, the 

membrane resistance is evaluable by subtracting the electrolyte resistance of the cell 

without the membrane from the electrolyte resistance with it.  [22]. Another way to 

obtain the electrical resistance of the membrane is by using the Electrochemical 

Impedance Spectroscopy (EIS) [35]. This method consists of the recording of the 

electrochemical impedance spectra of the membrane, typically on AC (Alternating 

Current) at a particular frequency. The obtained spectra from this method provides a 

graph of the imaginary part of the impedance as a function of its real part. 

Particularly, when the frequency is taut to infinite, the bipolar membrane resistance 

corresponds to the real part of the impedance [57].  

BPM water splitting capacity 

The water splitting capacity of the bipolar membrane can be evaluated by using 

a 6-compartment electrodialytic cell. At a fixed applied current density, the pH 

variation from the inlet to the outlet of the acid and base compartments is measured 

by titration of the electrolyte solutions [22]. In such a system, the BPM water splitting 
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capacity is determined as the ratio between the measured pH and the total current 

passing through the cell.  

Solute and solvent permeability 

Another important characteristic is the permeability to the solvent and the 

solutes. The water permeability is an important property both in reverse and forward 

bias mode. As previously stated, under reverse bias, the water permeability should 

be high enough to increase the second limiting current of Figure 3. In fact, when the 

dissociation rate of water is too high with respect to the capacity of the water to 

diffuse towards the transition region, the dissociation rate becomes approximately 

constant even when increasing the applied voltage. On the other hand, under forward 

bias, the permeability should be high to allow the diffusion of water molecules from 

the interlayer to the acid and base compartments, thus avoiding the risk of membrane 

layers delamination (irreversible damage).  

To assess the permeability to the salt, a simple diffusion cell, with two stirred 

compartments and with no electrical potential applied across it, may be employed 

(Figure 8).  

 

Figure 8. Experimental set-up for the determination of the ion permeabilities of a bipolar membrane.  

In this way, the ions have the ability to diffuse through the membrane. 

Importantly, in order to easily observe the diffusion process, two different solution 

concentrations must be used on the two sides of the membrane. Before each test, the 

membrane should be properly conditioned with the solutions to be tested [58].  

A simple diffusive permeability (i.e. an apparent diffusivity, whose 

concentration gradient refers to the solution phase and not to the membrane phase)  

may be obtained. However, for a more specific estimation of the ion diffusivity in 

the membrane phase for multi-electrolyte solutions, more complex calculations are 

Ion exchange membrane

Low concentration High concentration

Magnetic stirrer
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required. These calculations should adopt a multi-ion model approach, taking into 

consideration the presence of all the ions in the solutions. An example of a multi-

ionic mathematical approach involving such ion membrane diffusivities will be 

shown in Chapter 4 for the bipolar membrane.  

Chemical and thermal stability 

Thermal and chemical stability is another important property of the bipolar 

membranes. This property is very important because of the demanding operating 

conditions that the bipolar membrane may be exposed to. In fact, high acid and base 

concentrations may be used on both sides of the membrane and, additionally, high 

process temperatures may be applied to enhance the electromotive force.  

Moreover, the stability of the membrane also depends on the solvent being used. 

By way of example, by using alcohol instead of water, the lifetime of the bipolar 

membrane is limited to only three days [59]. Some measurements of membrane 

stability with water as solvent were performed in the work of Bauer [22].  

Ion-exchange capacity 

The ion-exchange capacity (IEC) is directly related to the concentration of fixed 

groups of the anion and cation exchange layers of the BPM. As reported in [60], IEC 

is obtained by exchange of ionic species. Particularly, the tested membrane is brought 

in equilibrium with a first ionic species, rinsed with demineralized water, and then 

leached with another salt solution. The amount of ion exchanged are measured by 

titration: specifically, a solution of NaOH is used for the negatively charged layer 

and HCl for the positively charged layer. IEC is typically expressed in meq per gram 

or cm3 of dried membrane.  

Swelling degree 

The swelling degree is an important membrane property which can be evaluated 

as the relative difference between the weight of the wet and dried bipolar membrane 

[61,62]. This parameter may have some influence on the membrane electrical 

resistance and ion selectivities. Furthermore, it is a measure of the physical stability 

of the membrane. In this regard, the most significant mechanical properties are the 

tensile and bursting strengths measured by the Schopper’s tension and Mullen testers 

respectively [63].  

One of the most important aspects of a bipolar membrane is the voltage profile 

as a function of the current (I-V curves), namely the polarization curve, or the voltage 

profile as function of time, called chronopotentiometry. Both refer to the electric 

potential over the whole bipolar membrane, without distinguishing between the two 

BPM-layers. The polarization curve has already been shown and discussed in section 
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2.2 for the sole reverse bias and in section 2.3 for both the process modes. The 

chronopotentiometry instead refers to the measurements of the electric potential over 

time by applying a fixed electric current for a certain time interval: a typical 

chronopotentiometry graph is depicted in Figure 9.  

 

Figure 9. a) Imposed electric current and voltage response as functions of time for a typical 

chronopotentiometry of a bipolar membrane in b) sub-limiting region and c) over-limiting region. 

Adapted from [64].  

Therefore, the time evolution of the electric potential gives important insights 

into the response of the bipolar membrane, in both the so-called “sub-limiting” and 

“over-limiting” regions [64]. Sub-limiting (Figure 9b) and over-limiting (Figure 9c) 

regions refer to the operation of the bipolar membrane at current densities below or 

above the salt limiting current density respectively. When the electric current is 

switched on, the voltage difference values are directly related to the ohmic energy 

loss and, in turn to the electrical resistances. In addition, the discharge time is 

associated with the selectivity of the bipolar membrane. Finally, the composition and 

concentrations of the solutions surrounding the bipolar membrane influence the 

electromotive force and, thus, the voltage curves. Therefore, these voltage curves 

represent an important performance indicator, not only giving information regarding 
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the nature of the bipolar membrane itself, but also demonstrating the outcomes when 

varying the operating conditions. 

2.7 Modelling of the bipolar membranes  

Due to the complexity of simulating a bipolar membrane, the first modelling attempts 

tried to focus only on the qualitative mechanisms of solvent transport and water 

dissociation [65]. The application of the Nernst-Planck equation to describe the ion-

transport in the bipolar membrane [66] has been generally accepted, despite being 

strictly valid in infinite dilution condition [67]. Besides the Nernst-Planck equation, 

a rigorous approach should also take into account the Poisson’s equation to describe 

the potential profile across the BPM [68]. However, it is not a trivial task to resolve 

the Poisson's equation without applying any simplifying assumptions [69]. The salt 

limiting current density is mainly related to bipolar membrane parameters such as 

the perm-selectivity (or specifically ion transport numbers) and the salt diffusivity. 

Interestingly, Strathmann et al. [33] shows qualitatively the influence of membrane 

features, such as the fixed charge density of the first limiting current (in reverse bias 

mode), as well as the effect of the solution bulk concentration. Particularly, the first 

limiting current density was found to increase with both salt diffusivity and salt 

concentration in solution [33]. On the other hand, the limiting current decreases with 

the fixed charge density of the BPM-layers (assumed equal for the AEL and CEL). 

Moreover, the calculated limiting currents may reach up to 50 A m-2, in their 

investigated conditions, thus resulting non-negligible [33]. Furthermore, Wilhelm et 

al. [70] found an inverse dependence of the limiting current on the BPM-layers 

thicknesses, thus also geometrical features may play an important role on the limiting 

current. In particular, they found that the lower the BPM-layers thicknesses, the 

higher the first limiting current density. Specifically, with thicknesses lower than 100 

µm, the limiting current showed an exponential increase [70]. Although some 

evidence of the co-ion leakage through the BPM-layers is mostly attributed to the 

cationic leakage through AELs [71], with dilute solutions this contribution is small 

enough to be neglected [72]. Conversely, with highly concentrated solutions the salt 

flux contribution increases [70]. When the over-limiting current is reached, it is noted 

that the ion current associated with salt flux is proportional to the proton and 

hydroxide ion currents [73]. The proportionality constant was found to be a function 

of the layer selectivity with respect to the co-ions, which, in turn, was found to be 

dependent on the solution concentrations and the fixed charge density [73]. Water 

flow modelling is a problem mostly at high current densities in reverse bias, when 

there is a risk of BPM-junction drying [26]. The experimentally observed 

enhancement of water dissociation with temperature has been, at least qualitatively, 
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mathematically described by the work of Ramirez et al. [32], assuming an Arrhenius 

relationship for the reaction rate constants.  
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3 Bipolar Membrane Electrodialysis processes 

 

Bipolar membrane electrodialysis is a technology combining solute and solvent 

dissociation [74], thus leading to the production of chemicals. In recent decades, 

bipolar membrane electrodialysis has been studied for many purposes, e.g. for the 

production of valuable acid and base solutions by using salty streams. Despite many 

works having carried out experimental investigations, so far only a few efforts have 

been devoted to process modelling. In the present chapter, the development of a 

Bipolar Membrane Electrodialysis mathematical model based on a multi-scale 

approach with distributed parameters is presented. Five models related to four 

different dimensional scales were fully integrated to form a comprehensive tool. 

Indeed, the integrated model was developed using the process simulator gPROMS 

Model builder, and is based on a semi-empirical approach combining high simulating 

accuracy and low computational burden. Once validated across a wide range of 

experimental data, a sensitivity analysis was performed to assess the effectiveness of 

this technology for industrial-scale applications. Interestingly, results suggest that an 

average Specific Energy Consumption of 0.8 kWh kg-1 HCl can be reached. 

Moreover, under the operating conditions investigated here, higher current density 

values led to poorer stack performance. 

3.1 Conventional Electrodialysis: General overview and working principle 

ElectroDialysis (ED) or Conventional ElectroDialysis (CED) is an electro-

membrane process that dates back to Maigrot and Sabates' conceptualisation of the 

idea in 1890 [75]. Since then, ED has been employed across different fields; for 

example, the most important application at industrial scale is the desalination of 

brackish water [76]. Moreover, electrodialysis has been used for investigating 

industrial waste treatments [77,78], municipal water [78,79] and the chemical and 

biochemical industries [80–82]. The success of ED has mainly been due to its 

versatility and its low environmental impact; indeed, it can be used in many processes 

and has an almost null utilization of chemical compounds. Conventional 

electrodialysis (CED) is a unit operation whereby, when a potential difference is 

applied, salts are removed from saline solutions. As a result,  two streams, each with 

a different concentration of the solute (i.e. one dilute and one concentrated)  are 

produced [83]. The CED unit is a stack including many repetitive units called cell 

pairs or cells, and the conventional ED cell is made up of Cation- and Anion- 

Exchange Membranes (CEM and AEM, respectively) with interposed channels 

(Figure 10), which are typically created by separating the membranes by net spacers.  
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Figure 10. Schematic of a CED unit. 

Within this setup, the Ion-Exchange Membranes (IEMs) act as barriers that 

selectively allow the passage of counter-ions while rejecting co-ions, due to the effect 

of the so-called “Donnan exclusion” [84]. The CED equipment is commonly made 

using a plate-and-frame configuration, thus the repetitive units are arranged between 

two end-plates containing the electrodes. Furthermore, an external DC electric 

generator establishes an electron flux through the electric circuit. Particularly, the 

end-plates are in contact with the Electrode Rinse Solution (ERS), thus allowing 

electron charge transfer from the electrodes to the ionic species in solution by redox 

reactions. Therefore, the applied electric field drives the ionic current through the 

stack; in this way, cations migrate towards the cathode whilst anions migrate towards 

the anode. The result is the production of  two streams, one being dilute and one 

being concentrated.  

3.2 Bipolar Membrane Electrodialysis 

Bipolar membrane electrodialysis is an efficient method for the production acid 

and base solutions [74]. It is distinguished by its eco-friendly qualities, which have 

led to it receiving increasing attention from both academia and industry [85]. A 

BMED device is characterized by the presence of bipolar membranes that allow the 

water dissociation reaction, which separates proton and hydroxide ions, and thus 

produces acid and base solutions. A scheme of the BMED process with three-

chamber units is depicted in Figure 11. 
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Figure 11. Schematic of a Bipolar Membrane ElectroDialysis (BMED) unit.  

In principle, fresh water enters the acid and base channels while salt water enters 

the salt channel (inlet streams Figure 11). In the interlayer of the bipolar membrane, 

the water dissociation occurs, thus producing proton ions on one side and hydroxide 

ions on the other side of the bipolar membrane (Figure 11). The salt ions in the salt 

channel are forced to move towards opposite directions depending on their charge 

and the applied electric field. Therefore, the production of the acid and base 

molecules is achieved.  

BMED can be applied to many processes, such as the production of several 

organic and inorganic acids, as well as base compounds. Common BMED modules 

can operate with very high current densities within the range 250-1000 A/m2 [86]. 

However, depending on the BPM characteristics, BMED stacks may even reach 2000 

A/m2 [33]. Currents as high as this make BMED applications well-suited to meeting 

the needs of industrial plants. For this reason, BMED may be used for synthesis 

processes, e.g. in the food industry [87], chemical and biochemical productions [80] 

and wastewater treatment [88].  

In the last few decades, several studies have focused on the development and 

characterization of BMED processes. Particularly, several cell configurations have 

been proposed for a wide range of applications. 
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3.2.1 Configurations of BMED units  

A BMED module is usually composed of several repetitive units stacked 

together. Many different configurations of the repetitive units have been investigated 

so far, and they can be grouped based on the number of channels. The number of 

channels also identifies the number of membranes. However, the same number of 

channels/membranes can be used with different combinations of membrane types. 

Particularly, besides the bipolar membrane, there may be cation-, anion- or both ion-

exchange membranes in different configurations. For example, 2-channel 

configurations may be of two types: BPM-AEM and BPM-CEM. The typical 

applications for these types of configurations are organic and inorganic acid and base 

production, as well as treatments of acid neutralisation for controlling pH levels. 2-

channel configurations allow better performance in terms of energy consumption 

[89] due to their lower internal resistance. On the contrary, they offer worse product 

yields compared with the 3- or 4-channel arrangements. This has been shown by the 

work of Kravtsov et al. [89], which compared the demineralization yield obtained 

with BPM-AEM-CEM and BPM-AEM configurations. The latter results in lower 

yields because of the presence of salt-cations in the streams, whereas the presence of 

the CEM would allow higher product quality. Consequently, the BPM-AEM 

configuration may be justified only when a high product purity is not required [90]. 

Furthermore, the 2-channels configurations showed lower current utilization [91] 

(i.e. the efficiency with which the applied current is turned into the desired transport 

of ions). Despite the use of a 3-compartment cell leads to better current utilization, it 

is lower than 100%. This is due to both the diffusion of sodium and chloride ions 

through the BPM and the protons and hydroxyl ions leakage through the monopolar 

membranes (AEM and CEM) [92]. In this regard, the current density should be 

higher than the “first” BPM limiting current density in order to have water 

dissociation. Moreover, the feed concentration tends to limit the acid and base 

leakage. In particular, the higher the salt feed concentration, the lower the co-ion 

leakage carried by proton and hydroxide ions [92]. Moreover, it was observed that, 

when the concentration of proton and hydroxide ions increase, their leakage through 

the IEMs increase [93]. This fact leads to the deterioration of the BMED 

performance.  

In addition, for deacidification processes, when compared to the conventional 

ED, the use of 2-channel BMED avoids the consumption of the basic solution, thus 

reducing the economic costs [94]. On the other hand, despite the higher costs, four 

channel membrane configurations are suitable to achieve higher purities of the 

product(s) [95]. The most common configuration is the three channels-membranes 
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constituted by BPM-CEM-AEM, as it represents a trade-off between economic costs 

and product yields.  

3.3 Modelling of the Bipolar membrane electrodialysis: state of the art 

Although BMED has been widely investigated by experimental works, further 

studies are required in order to develop effective simulation tools that are able to 

predict the functioning, to optimise the systems, and eventually to drive the scale-up 

to the industrial level [96]. Table 2 gives an overview of different BMED modelling 

approaches, highlighting some of their relevant characteristics.  

Table 2. List of the main characteristics of BMED models presented in literature.  

Ref Domain 

Mass 

balances 

Mass transport Non-ideal effects 

 lumped distributed N-P NET 
Diffusion 

Shunt 
currents water solutes 

[97] ✓  X ✓  X  X  X  ✓  X  

[72] ✓  X  ✓  X  X  ✓  ✓  X  

[86] ✓  X  X  ✓  X  X  ✓  X  

[98] ✓  X  X  X  X  X  X  X  

[99] ✓  X  X  ✓  X  X  ✓  X  

[100] ✓  X  X  X  X  X  X  X  

[101] ✓  X  ✓  X  X  X  ✓  X  

[102] ✓  X  ✓  ✓  X  X  ✓  X  

[103] ✓  X  ✓  X  ✓  ✓  ✓  X  

 

The models presented so far in the literature are simplified lumped tools with at 

least three empirical parameters [104], with an average of six to eight constants [97]. 

Mass balances are commonly included to predict the outlet concentrations from the 

unit [72,105]. However, to the best of the author’s knowledge, there are no models 

taking into account the local mass balances in the stack along the flow direction 

(models with distributed parameters) [106]. 

Regarding the trans-membrane flux calculations, the Nernst-Planck (N-P) 

approach is generally used [86,98,102], but in some cases the membrane fluxes are 
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described by the non-equilibrium thermodynamic (NET) approach [103]. The 

concentrations at the membrane side of the solution-membrane interface are 

evaluated by applying the Donnan equilibrium equations [99,102]. The interface 

concentration at the solution side is different from the bulk concentration because of 

the effects of the boundary-layer (concentration polarization). Although generally 

not considered for the sake of simplicity, the boundary layer may have a considerable 

impact, especially in the salt compartment [99]. In other cases, this phenomenon is 

related to the diffusion-limited current at the monopolar membranes in the salt 

channel [103] (not to be confused with the first bipolar limiting current, which is 

discussed in chapter 2). Indeed, the diffusion-limited current is obtained when the 

electrolyte concentrations at the interface become zero [107]. Interestingly, some 

studies have demonstrated the electro-convection phenomenon at the monopolar 

membranes, which enhances the mass transfer at over-limiting electric currents 

[108,109]. 

Modelling tools for BMED systems are often limited to the computation of 

migrative flux, while the ion diffusion is taken into account in only a few cases 

[97,101,103]. However, the diffusive flux is important for a more complete 

prediction of the proton leakage through the AEMs [72,101], as well as, in general, 

for predicting the leakage of all co-ions. Moreover, the water flux, i.e. the osmotic 

and electro-osmotic contributions, has been modelled only on a few occasions 

[72,103]. 

Regarding the voltage-current behaviour, the electromotive-force is calculated 

by using the Nernst equation [98]. In this sense, the electromotive-force is always 

considered to be the open circuit voltage of the stack, thus ignoring the effect of the 

so-called parasitic currents. Parasitic currents (also known as shunt currents) are a 

source of irreversibility, which dramatically affect the BMED performance [110]. 

This phenomenon arises in a BMED module because the channels of the same type 

are arranged hydraulically in a parallel configuration. This leads to the existence of 

salt-bridges which act as secondary pathways that are eventually parasitic, hence the 

name [110]. Parasitic currents are conveyed through the manifolds, i.e. the 

distributors and collectors, especially with highly conductive solutions as in the case 

of acids and bases. Although parasitic currents have been characterized for 

conventional electrodialysis and reverse electrodialysis [110–112], their quantitative 

effects for BMED processes has been poorly studied so far. The effect of shunt 

currents was found to be greater when the internal resistance increases [113]. 

Therefore, the use of low resistive membranes, as well as of thin spacers, may be 

adopted to minimize these effects [114].  
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Although the BMED models presented in literature do not account for parasitic 

currents, their predictions agree fairly well with experimental data. This is due to the 

fact that the model validation has been performed by using modules with low 

numbers of triplets, within the range of 1-10. Typically, a low number of triplets 

leads to low or even negligible effects of the shunt currents [110]. However, parasitic 

currents and their effects can be significant in stacks with more triplets. Therefore, 

the simulation of bigger modules should take into account parasitic currents in order 

to predict the reduction of the stack performance [111]. Particularly, the I-V curves 

may be dramatically affected by increasing the number of triplets, and an effective 

tool should be able to predict the behaviour of a BMED unit by varying at least the 

main design stack features. Although some models are valid despite neglecting the 

effects of parasitic currents, some of the models are only valid at high current density, 

even though certain applications may require lower currents [86].  

Another process parameter that can affect the BMED performance is the 

operating temperature. In this regard, Vera et al. [98] included the effect of 

temperature with corrective coefficients that were determined empirically. Finally, 

BMED performance should incorporate the calculation of the pumping power 

consumption in order to evaluate the energy required for the process. For this 

purpose, a set of hydraulic equations could be beneficial to estimate both pressure 

differences throughout the stack as well as the flow rate distribution channel by 

channel. All the aspects discussed so far are not insignificant and they should all be 

taken into account in order to build a comprehensive tool with high prediction 

capabilities. The mathematical models already developed in literature are not 

inclusive to such an extent, as they focus only on specific points rather than all of the 

points together. This fact has led to the development of models which are not general 

but are strictly valid under certain design and operating conditions, or which are able 

to predict the system performance qualitatively but not quantitatively. 

This work aimed to develop a simulation tool of BMED modules able to predict 

the process functioning in every aspect. The developed mathematical model follows 

a multi-scale approach and was implemented within the equation-oriented 

gPROMS® platform. This comprehensive tool was experimentally validated with 

experimental data collected in the continuous steady-state mode. The validation was 

performed across a wide range of operating conditions relevant to typical BMED 

operations. This model gives insights into BMED functioning, and it may be used 

for simulating even bigger modules that would be of interest in industry.  
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3.4 Industrial applications of the BMED process 

BMED is a very versatile technology. In recent decades, BMED has been 

studied for acid and base production across many fields of industry. For instance, 

BMED has been employed for producing high value organic acids. In this regard, 

citric acid has an important commercial role, especially in the food and 

pharmaceutical industries, and it is one of the most valuable products that can be 

produced by the BMED process [87,115]. The reported SEC values indicate that 

BMED is able to produce citric acid with energy consumption in the range of 3-8 

kWh kg-1 which represents ≈15% of the overall BMED costs [87]. Unlike other 

methods, BMED has the advantage of the concurrent production of an alkaline 

solution (e.g. sodium hydroxide), which can be sold or re-circulated into other 

processes [116]. Conversion rates higher than 97% were achieved with an applied 

current density of 400 A m-2 and with a starting concentration of sodium citrate of 

3.3% [115]. The BMED process is also applicable to other industries, such as 

cosmetics, agriculture, detergents or medicines, for the production, for example, of 

formic acid [117]. Interestingly, highly concentrated formic acid may be obtained 

with high current efficiencies (higher than 80%), despite the greater effects of acid 

diffusion. Current densities as high as 500 A m-2 are thought to be a good 

compromise, allowing us to have a current density high enough to limit the used 

membrane area [117] (thus reducing the capital cost, which is significantly affected 

by the high cost of BPMs [118]), whilst also being able to limit proton leakage (thus 

increasing the product concentration). The production of formic acid was reported to 

be 2.6 kWh kg-1 at a concentration of 7 mol l-1 [117]. 

Another important application of BMED is the conversion and recovery of 

hypersaline industrial wastewaters [119–121]. In this context, many studies have 

been devoted to promoting applications for the desalination industry. In fact, the use 

of seawater leads to the production of large amounts of brines (typically retentates of 

reverse osmosis processes) at high concentrations. The NaCl content of the brines is 

recovered in the form of hydrochloric acid and sodium hydroxide solutions. HCl 

solutions may be smartly recirculated to the pre-treatment steps, as part of the 

functioning of the desalination plant [120]. Moreover, acid and base solutions may 

be re-used for the cleaning steps of the membrane processes. At the same time, the 

brine is desalinated, at least partially, thus being recirculated to the desalination plant 

or even recovered, in order to achieve (near) zero liquid discharge approaches. 

Within the concept of the circular economy, Zero Liquid Discharge (ZLD) is a 

wastewater management strategy [122,123] aiming to minimize the industrial waste 

streams. Particularly, the increased interest in BMED has been due to its low use of 

chemical reagents, and to the fact that it has almost no by-products. For example, in 
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this field BMED can be employed for waste brines valorisation, as stated above, as 

well as in the recovery of NaCl streams [94] through conversion into HCl and NaOH 

streams even at high concentrations [95]. Additionally, from the point of view of the 

electricity requirements, BMED may be cleverly integrated with photovoltaic solar 

power. This may be carried out with the use of proper control systems [115]. 

Many works have investigated the valorisation of brine solutions originating 

from different industrial processes via BMED. The average current density used is ≈ 

500 A m-2 [120]. Typical current efficiencies range from a minimum of ≈10% for 

feeds coming from evaporative cooling processes [92], up to ≈90% for feeds 

originating from industrial water production [124]. The Specific Energy 

Consumption depends on the operating conditions, with an average of 11 kWh kg-1 

of HCl or 10 kWh kg-1 of NaOH produced [120]. 

Other branches of industry, e.g. textile, deal with the disposal of brines [81]. 

Another important field of application for BMED is the recovery of high value 

resources, such as lithium and boron, from aqueous solutions [125–127]. As a matter 

of fact, lithium is widely used for the production of Li-ion batteries, while boron is a 

fundamental component used in the industry of glass and ceramics, as well as of 

semiconductors [125]. It was found that the separation efficiency (i.e. the ratio 

between the concentration difference obtained during the process over the initial 

concentration of the component) of lithium and boron were higher than 90%, thus 

proving the applicability of BMED for such a purpose [125]. This performance may 

even be improved by tuning the applied voltage or by operating with higher feed flow 

rates [126]. Choosing an optimal initial pH of the solutions can improve the 

performance. Particularly, using a higher initial pH was found to increase the boron 

separation efficiency [127]. The specific consumption for lithium and boron was 18 

kWh m-3 on average, with initial concentrations of 0.34 g l-1 and 1.0 g l-1 of lithium 

and boron respectively [125]. BMED may be smartly employed in those processes 

that need pH-control, e.g. whey acid neutralization [89,128–131]. For all of BMED's 

potential applications, it seems to offer an effective alternative that supports 

sustainable development.  

3.5 Description of the multi-scale model of BMED 

This work focused on the development of a BMED model for the most common 

three-chamber configuration of the repetitive unit, i.e. BPM-CEM-AEM membranes 

with acid, salt and base solutions. This choice should not be thought of as a limitation. 

Indeed, the same model structure and equations may be used with small adjustments 
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to simulate a wider range of BMED configurations. Therefore, this model has a 

general validity.  

This tool may be placed among the advanced, semi-empirical models with a 

multi-scale architecture. It has been integrated with correlations coming from 

Computational Fluid Dynamic (CFD) simulations performed in the finite-volume 

code Ansys® CFX®. Four different scales or dimensional levels including a total of 

five different models have been developed with distributed parameters. The lowest 

level is characterized by both the single channel and the single bipolar membrane 

models. Whilst the former allows the calculation of physical properties of the 

electrolyte solutions, Sherwood numbers and distributed pressure losses along the 

channel, the latter is able to predict the behaviour of the bipolar membrane in terms 

of ion and water fluxes and the evaluation of the first limiting current density. The 

middle level is represented by the single repetitive unit, i.e. the triplet. This scale 

allows the computation of the mass balances taking the whole triplet as the boundary. 

In addition, the triplet model provides the relevant electrical quantities such as the 

internal resistance and the electrical potential of the repetitive unit. The highest scale 

simulate the BMED module including all the triplets, and has been developed by two 

sub-models: the first solves the equivalent electric circuit of the whole unit (i.e. 

including both the stack and the external electric circuit), and the second calculates 

the flow distribution triplet by triplet and the pressure losses through the equivalent 

stack hydraulic circuit. Figure 12 depicts the structure of the multi-scale model.  
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Figure 12. Scheme of the multi-scale model. 

From the lowest scale to the stack level (included), all the models simulate the 

steady-state operation. The highest scale includes material balances at the stack level. 

The overall, combined solutions of all the models allows us to study the effect of 

both process variables and design parameters on all the main phenomena involved in 

the BMED process, as well as on its main figures of merit. Each level of the multi-

scale model characterizes the effect of detrimental phenomena, thus giving insights 

about the BMED functioning and possible improvements. For instance, the channel 

and triplet models allow the estimation of the concentration polarization. The stack 

model quantifies the incidence of the parasitic currents, which is one of the most 

important problems of a BMED unit, because they lead to a significant reduction of 

the process efficiency. The stack and the external circuit levels estimate the pressure 

losses and, thus, the power required to pump the solutions  through the stack and the 

external hydraulic circuit, respectively. This highest scale enables the evaluation of 

the best-known BMED figures of merit cited in the literature: the conversion ratio 

for computing the salt conversion (in terms of species concentration, e.g. NaCl) in 

acid and/or base; the current efficiency, i.e. the percentage of electrical current used 

for producing acid and base molecules; and the specific energy consumption, which 

represents the energy spent by the device per unit volume (generally expressed in 

kWh/m3) of acid or base (or sometimes of both). All the models are integrated in the 

gPROMS Model Builder® platform, which is an equation-oriented software with no 
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requirements to elaborate any solving algorithm. The built-in solvers provide the 

results of each simulation. In the following sections, all the scales and the equations 

of the relevant models are presented.  

3.5.1 Lowest scale: Channel model 

The channel level is a one-dimensional model. Here, the channel length is 

divided into 30 numerical intervals, as this was identified as a good trade-off between 

the accuracy of the solution and the computational burden by preliminary 

simulations. This model allows the calculation of the physical properties of the 

electrolyte solutions flowing in all the channels of the stack. This level includes 

correlations coming from CFD simulations designed to predict a) the Sherwood 

number for the evaluation of the polarization coefficients, b) the frictional factor 

coefficients for assessing the distributed pressure losses and c) the pressure drops at 

the inlet/outlet regions of the channels connected to the manifolds. For these purposes, 

advanced three-dimensional simulations were performed to predict flow and mass 

transport for a fully developed regime, i.e. simulating channel zones out of the 

boundaries. All the details of the CFD simulations settings can be found in previous 

works of the research group [106].  

Darcy friction factor and Sherwood numbers were calculated with the following 

correlations: 

𝑓 Re

96
= 𝑎1Re3 + 𝑎2Re2 + 𝑎3Re + 𝑎4  (12) 

Sh = (𝑏1 ∙ Re + 𝑏2)( Sc

Sc𝑟𝑒𝑓
)

0.5

  
(13) 

in which 𝑓 is the friction factor, Re is the Reynolds number, Sh is the Sherwood 

number, Sc and Sc𝑟𝑒𝑓 are the actual and the reference Schmidt numbers [106], 

respectively. The following regression coefficients were used according to previous 

simulation results for a woven spacer with pitch-to-height ratio of 2 and flow attack 

angle of 45° (Re<30): 𝑎1 = −2.1 ∙ 10−5, 𝑎2 = 0.0024, 𝑎3 = 0.001, 𝑎4 = 14.831, 

𝑏1 = 2.81, and 𝑏2 = 14.5 [132].  

CFD simulations were performed for larger computational domains to calculate 

pressure drops at the spacer-filled channel zones near the distributors and the collectors 

holes. In order to limit the computational burden, the net spacer was simulated as a 

continuous porous medium, whose pressure drop features were set using the previous 

unit cell simulation results. Moreover, one single hole and the associated region were 

simulated, assuming periodic conditions at the lateral boundaries (see Figure 13). 
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Notably, a full computational domain including the inlet and outlet manifolds and the 

whole channel was also built. Corresponding CFD simulations were preliminarily 

carried out and the relevant results were compared with those pertaining to the periodic 

domain. Only very slight differences (maximum discrepancy lower than 4%) were 

found, thus indicating that adopting a periodic domain is a reliable approach. From this 

simple modelling approach, the following kind of correlation for the local loss 

coefficient 𝑘𝑠𝑝𝑎𝑐𝑒𝑟  was obtained 

𝑘𝑠𝑝𝑎𝑐𝑒𝑟 Re = 𝑐1Re + 𝑐2   (14) 

where the coefficients 𝑐1 and 𝑐2 depend on the geometry. For example, for a spacer 

with a shape such as that reported in Figure 13, with manifolds diameter 𝑑𝑚𝑎𝑛 = 8 

mm and 7 inlet/outlet holes in 25 cm of width, the values of the coefficients were: 

𝑐1≈2,400 and 𝑐2≈166,000 (Re<30). Note that at the low Reynolds numbers there is 

only a small discrepancy from an in-out symmetric behaviour, i.e. the local loss 

coefficients 𝑘𝑠𝑝𝑎𝑐𝑒𝑟  (and thus 𝑐1 and 𝑐2) are the same for inlet and outlet regions. 

 

Figure 13. Net spacer provided with gasket. The computational domains used in the CFD simulations 

of the inlet/outlet regions are highlighted. 

Correlations reported in Eqs. (12) and (14) are used in the stack hydraulic sub-

model, while that reported in Eq. (13) is used in the triplet sub-model. 

Electrolyte solutions are characterized by a multi-ionic system with four ions, 

i.e. H+, OH-, Na+ and Cl-. Therefore, they require appropriate correlations and models 

to properly predict the physical properties. Solution conductivity (𝜎𝑠𝑜𝑙), viscosity 

(𝜇𝑠𝑜𝑙) and ion diffusivities (𝐷𝑖,𝑠𝑜𝑙) are evaluated by correlations obtained by 

interpolation of data derived from OLI studio surveys. The correlation for the generic 

property of an electrolyte (acid, base or salt) solution (𝜁𝑠𝑜𝑙) shall take the form 
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𝜁𝑠𝑜𝑙 = 𝑘𝜁,𝑠𝑜𝑙,1𝐶𝑖,𝑠𝑜𝑙 + 𝑘𝜁,𝑠𝑜𝑙,2𝐶𝑗,𝑠𝑜𝑙 + 𝑘𝜁,𝑠𝑜𝑙,3  (15) 

 

where 𝐶𝑖 is the molar concentration of the ion i, and 𝐶𝑗 is the molar concentration of 

the ion j, expressed in mol m-3 and 𝑘𝜁,𝑠𝑜𝑙,1, 𝑘𝜁,𝑠𝑜𝑙,2 and 𝑘𝜁,𝑠𝑜𝑙,3 are the regression 

coefficients (see Table A.1). All the regression coefficients are computed at 25 °C.  

Mass density is computed by using Laliberté’s model [133], activity coefficients 

by Pitzer’s virial equations for multi-component systems [134,135].  

3.5.2 Lowest scale: Bipolar Membrane model 

The bipolar membrane model is devoted to the estimation of the ion fluxes 

through the bipolar membrane layers. In particular, through the CEL, the migrative 

flux is calculated for H+, Na+ and Cl- ions, while the diffusive flux is assessed only 

for the latter two. On the other hand, through the AEL, migrative flux is attributed to 

OH-, Na+ and Cl- while the diffusive flux is calculated only for the latter two. The 

calculation of the migrative fluxes involves the salt limiting current density. It is the 

maximum salt current before the interlayer becomes depleted of salt ions and water 

dissociation begins. By following the Strathmann’s approach [33], the limiting 

current is assessed by computing a mass balance in the interlayer of the bipolar 

membrane:  

𝑉𝑡𝑟
𝑑𝐶𝑁𝑎,𝑡𝑟

𝑑𝑡
= 𝐴 (𝐽𝑚𝑖𝑔,𝑁𝑎,𝐴𝐸𝐿 + 𝐽𝑚𝑖𝑔,𝑁𝑎,𝐶𝐸𝐿 +  𝐽𝑑𝑖𝑓𝑓,𝑁𝑎,𝐴𝐸𝐿  +

 𝐽𝑑𝑖𝑓𝑓,𝑁𝑎,𝐶𝐸𝐿 )  

(16) 

where 𝑉𝑡𝑟  is the BPM transition region (interlayer) volume (m3), 𝐶𝑁𝑎,𝑡𝑟 is the sodium 

ion concentration in the interlayer (mol m-3), 𝐴 is the membrane area (m2), 

𝐽𝑚𝑖𝑔,𝑁𝑎,𝐴𝐸𝐿 and 𝐽𝑚𝑖𝑔,𝑁𝑎,𝐶𝐸𝐿 are the migrative fluxes of sodium ions in the AEL and 

CEL respectively, 𝐽𝑑𝑖𝑓𝑓,𝑁𝑎,𝐴𝐸𝐿 and 𝐽𝑑𝑖𝑓𝑓,𝑁𝑎,𝐶𝐸𝐿  are the anionic and cationic diffusive 

fluxes respectively. In fact, following the Strathmann assumption, the bipolar 

membrane is modelled as symmetrical. Migrative and diffusive fluxes are calculated 

as follows, 

𝐽𝑚𝑖𝑔,𝑁𝑎,𝐴𝐸𝐿 =
𝑡𝑁𝑎,𝐴𝐸𝐿 𝑖𝑙𝑖𝑚

𝑧𝑁𝑎 𝐹
  (17) 

𝐽𝑚𝑖𝑔,𝑁𝑎,𝐶𝐸𝐿 = −
𝑡𝑁𝑎,𝐶𝐸𝐿 𝑖𝑙𝑖𝑚

𝑧𝑁𝑎 𝐹
  (18) 

𝐽𝑑𝑖𝑓𝑓,𝑁𝑎,𝐵𝑃𝐿 = 𝐷𝑁𝑎𝐶𝑙
𝐶𝑁𝑎,𝐵𝑃𝐿,𝑐ℎ−𝐶𝑁𝑎,𝐵𝑃𝐿,𝑡𝑟 

𝑑𝐵𝑃𝐿
  (19) 
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in which 𝑖𝑙𝑖𝑚 is the limiting current density (A m-2), 𝑡𝑁𝑎,𝐴𝐸𝐿 and 𝑡𝑁𝑎,𝐶𝐸𝐿 are the 

sodium ion transport numbers in the two layers of the BPM, 𝑧𝑁𝑎 is the sodium ion 

valence, 𝐹 is the Faraday constant, 𝐷𝑁𝑎𝐶𝑙 is the salt diffusion coefficient (m2 s-1) 

(fixed equal to 2×10-11 m2/s), 𝐶𝑁𝑎,𝐵𝑃𝐿,𝑐ℎ  and 𝐶𝑁𝑎,𝐵𝑃𝐿,𝑡𝑟  are the sodium ion 

concentration (mol m-3) in the BPM layers, at the channel and at the transition region 

side respectively.  

Following the Strathmann approach [33], it is assumed that the ion transport 

numbers related to the limiting current density are 99% for the counter-ion and 1% 

for the co-ion. Therefore, the sodium and chloride ion transport numbers are related 

to the 𝑖𝑙𝑖𝑚 as,  

𝑡𝑁𝑎,𝐴𝐸𝐿 = 0.01∙ 𝑎𝑏𝑠 (
𝑖𝑙𝑖𝑚

𝑖
)  (20) 

𝑡𝐶𝑙,𝐴𝐸𝐿 = 0.99 ∙ 𝑎𝑏𝑠 (
𝑖𝑙𝑖𝑚

𝑖
)  (21) 

in which 𝑖 is the cell current density (A m-2).  

Accordingly, the hydroxide ion transport number 𝑡𝑂𝐻,𝐴𝐸𝐿 is calculated as  

𝑡𝑂𝐻,𝐴𝐸𝐿 = 1 − 𝑡𝑁𝑎,𝐴𝐸𝐿 − 𝑡𝐶𝑙,𝐴𝐸𝐿  (22) 

Given that the bipolar membrane is modelled as symmetrical, the following 

equalities for the CEL are applied 

𝑡𝑁𝑎,𝐶𝐸𝐿 = 𝑡𝐶𝑙,𝐴𝐸𝐿  (23) 

𝑡𝐶𝑙,𝐶𝐸𝐿 = 𝑡𝑁𝑎,𝐴𝐸𝐿  (24) 

𝑡𝐻,𝐶𝐸𝐿 = 𝑡𝑂𝐻,𝐴𝐸𝐿  (25) 

The migrative fluxes of hydroxide ions through the CEL, as well as of proton ions 

through the AEL, are neglected, and thus their transport numbers are null.  

The following Donnan equilibrium equation at each membrane-solution interface 

is applied 

𝑅𝑔𝑇

𝑧𝑁𝑎𝐹
𝑙𝑛

𝐶𝑁𝑎,𝑠𝑜𝑙,𝑖𝑛𝑡

𝐶𝑁𝑎,𝐵𝑃𝐿,𝑖𝑛𝑡
=

𝑅𝑔𝑇

𝑧𝐶𝑙 𝐹
𝑙𝑛

𝐶𝐶𝑙 ,𝑠𝑜𝑙,𝑖𝑛𝑡

𝐶𝐶𝑙 ,𝐵𝑃𝐿,𝑖𝑛𝑡
  (26) 

where 𝐶𝑖,𝑠𝑜𝑙,𝑖𝑛𝑡 and 𝐶𝑖,𝐵𝑃𝐿,𝑖𝑛𝑡  are the ion concentrations at the interface between the 

solution and membrane, on the solution side and BPM-layer side, respectively. 𝑅𝑔 is 

the gas constant and 𝑇 is the temperature.  

Moreover, the electro-neutrality within the bipolar membrane layer is considered 

with the general expression: 
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𝑋 + ∑ 𝐶𝑐𝑜,𝐵𝑃𝐿 = ∑ 𝐶𝑐𝑡,𝐵𝑃𝐿  (27) 

Where BPL is the generic layer of the BPM (i.e. AEL or CEL), 𝑋 is the fixed charge 

group concentration in the IEL, and 𝐶𝑐𝑜,𝐵𝑃𝐿 and 𝐶𝑐𝑡,𝐵𝑃𝐿  are the co-ion and counter-

ion concentrations in the membrane phase.  

At the membrane-solution interface on the interlayer side, the following 

assumptions are used 

𝐶𝑁𝑎,𝐶𝐸𝐿,𝑡𝑟 = 𝑋  (28) 

𝐶𝑁𝑎,𝐴𝐸𝐿,𝑡𝑟 = 0  (29) 

3.5.3 Middle low scale: Triplet model 

At the middle-low level of simulation, all the triplets of the stack are simulated by 

a stationary, one-dimensional model, with the same spatial discretization degree as that 

of the channel. Figure 14 shows a scheme of a triplet, where each membrane can be 

crossed by ion (Ohmic and diffusive) transport and water (osmotic and electro-

osmotic) transport. The membrane-solution interfaces 1 (left) and 2 (right) are 

indicated for each channel. 

 

Figure 14. Scheme of the triplet (with an additional CEM). All the possible fluxes of ions and water 

through the membranes are listed. The membrane-solution interfaces in each channel are indicated as 

“sol,1” (on the left) and “sol,2” (on the right), “sol” being either salt (s), base (b) or acid (a) solution. 
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3.5.3.1 Ions and water fluxes 

Bipolar membrane fluxes are calculated with the bipolar membrane model 

previously shown, whilst monopolar membrane (MPM) fluxes are evaluated by 

adopting the Nernst-Planck-Donnan approach for multi-ion systems [67]. Particularly, 

the ion transport through the membrane is given by the sum of the diffusive and Ohmic 

conduction terms and follows the general expression  

𝐽𝑖,𝑀𝑃𝑀 = − ∑ 𝐷𝑖,𝑗,𝑀𝑃𝑀∇𝐶𝑗,𝑀𝑃𝑀𝑗 +
𝑡𝑖 ,𝑀𝑃𝑀 𝑖

𝑧𝑖  𝐹
  (30) 

in which 𝐽𝑖,𝑀𝑃𝑀 is the total molar flux of the i-th ion across the generic monopolar 

membrane MPM (i.e. CEM or AEM), 𝐷𝑖,𝑗,𝑀𝑃𝑀  is the cross-diffusion coefficient 

(defined later), 𝐶𝑗,𝑀𝑃𝑀 is the concentration in the membrane phase of the j-th ion, 

𝑗 = 1,2,… , 𝑛 (where 𝑛 is the number of ion species), 𝑡𝑖,𝑀𝑃𝑀 is the transport number 

of the i-th ion at the solution-membrane interface in the membrane phase (assuming 

a linear profile of the concentration within the membrane), 𝑖 is the current density, 𝑧𝑖 

is the ion charge and 𝐹 is the Faraday constant. 𝐽𝑖,𝑀𝑃𝑀 is assumed to be positive if 

entering the channel, negative if exiting the channel. It should be noted that the 

Nernst-Planck approach is strictly valid for diluted electrolytes. A rigorous approach 

including activity would require the adoption of the Stefan-Maxwell equation which 

cannot be used without the availability of the cross-phenomenological coefficients 

taking into account ion-ion interactions. These coefficients could be assessed only 

by carrying out suitably devised experiments. This is why the Nernst-Planck 

approach, although less rigorous, is the one commonly used [136]. 

The overall Ohmic fluxes of the species i across the two membranes bounding each 

of the three compartments can be calculated as  

𝐽𝑜ℎ𝑚,𝑖,𝑎 =
(𝑡𝑖,𝐶𝐸𝐿−𝑡𝑖 ,𝐴𝐸𝑀)𝑖

𝑧𝑖𝐹
  

(31) 

𝐽𝑜ℎ𝑚,𝑖,𝑏 =
(𝑡𝑖,𝐶𝐸𝑀−𝑡𝑖 ,𝐴𝐸𝐿)𝑖

𝑧𝑖𝐹
  

(32) 

𝐽𝑜ℎ𝑚,𝑖,𝑠 =
(𝑡𝑖,𝐴𝐸𝑀−𝑡𝑖,𝐶𝐸𝑀)𝑖

𝑧𝑖𝐹
  

(33) 

where 𝐽𝑜ℎ𝑚,𝑖,𝑎, 𝐽𝑜ℎ𝑚,𝑖,𝑏, 𝐽𝑜ℎ𝑚,𝑖,𝑠  are the overall Ohmic fluxes of each acid, base and 

salt channels respectively, 𝑡𝑖,𝐶𝐸𝐿, 𝑡𝑖,𝐴𝐸𝐿, 𝑡𝑖,𝐶𝐸𝑀, 𝑡𝑖,𝐴𝐸𝑀 are the transport numbers of 

the i-th ion in the cation and anion exchange layers of the bipolar membrane and in 

the cation and anion exchange membranes, respectively. 𝐽𝑜ℎ𝑚,𝑖,𝑠𝑜𝑙 is positive if 

entering the channels, negative otherwise. The ion transport numbers in the bipolar 

membranes are calculated within the bipolar membrane model, and the ion transport 
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numbers in the monopolar membranes are related to the ion diffusion coefficients of all 

the ions and to the average ion concentration within the membrane by the expression 

𝑡𝑖,𝑀𝑃𝑀 =
𝑧𝑖

2 𝐷𝑖,𝑀𝑃𝑀𝐶𝑖,𝑀𝑃𝑀̅̅ ̅̅̅ ̅̅ ̅̅ ̅

∑ 𝑧𝑗
2 𝐷𝑗,𝑀𝑃𝑀𝐶𝑗,𝑀𝑃𝑀̅̅ ̅̅ ̅̅ ̅̅ ̅̅𝑗

  (34) 

in which 𝐷𝑖,𝑀𝑃𝑀 is the diffusion coefficient of the i-th ion, and 𝐶𝑖,𝑀𝑃𝑀̅̅ ̅̅ ̅̅ ̅̅  is the average 

ion concentration within the monopolar membrane. 𝐷𝑖,𝑀𝑃𝑀 is a parameter of the 

model. Preliminary empirical data regarding ion diffusivities for Na+ and Cl- through 

the AEM were estimated by performing experiments with a two-chamber diffusion 

cell. Given the lack of experimental data, the other AEM ion diffusivities were 

assumed to be inversely proportional to the hydrated radius of Na+, as follows from 

the Stokes-Einstein relation, and the values of the hydrated radii were taken from 

[137]. For the CEM, the diffusion coefficients of the ions were kept the same as those 

used for the AEM, but each value was divided by 3. This factor was calibrated in 

order to predict the observed experimental pH at the salt channel outlet (i.e. pH≈2). 

𝐶𝑖,𝑀𝑃𝑀̅̅ ̅̅ ̅̅ ̅̅  is calculated from the membrane-solution interface concentrations on both 

membrane sides, which in turn depend on the Donnan equilibrium between the two 

phases. The following n-1 Donnan equilibrium equations at the membrane-solution 

interfaces are applied: 

𝑅𝑔𝑇

𝑧𝑖 𝐹
𝑙𝑛

𝐶𝑖,𝑠𝑜𝑙,𝑖𝑛𝑡

𝐶𝑖,𝑀𝑃𝑀,𝑖𝑛𝑡
=

𝑅𝑔𝑇

𝑧𝑖+1 𝐹
𝑙𝑛

𝐶𝑖+1,𝑠𝑜𝑙,𝑖𝑛𝑡

𝐶𝑖+ 1,𝑀𝑃𝑀,𝑖𝑛𝑡
  (35) 

where 𝐶𝑖,𝑠𝑜𝑙,𝑖𝑛𝑡 and 𝐶𝑖,𝑀𝑃𝑀,𝑖𝑛𝑡 are the ion concentrations at the interface on the 

solution and membrane side, respectively, 𝑅𝑔 is the gas constant and 𝑇 is the 

temperature. 

Likewise with the bipolar membrane interfaces, the electro-neutrality within the 

monopolar membrane is considered with the general expression:  

𝑋 + ∑ 𝐶𝑐𝑜,𝑀𝑃𝑀 = ∑ 𝐶𝑐𝑡,𝑀𝑃𝑀   (36) 

where 𝑋 is the fixed charge group concentration in the IEM, 𝐶𝑐𝑜,𝑀𝑃𝑀 and 𝐶𝑐𝑡,𝑀𝑃𝑀  

are the co-ion and counter-ion concentrations at the solution-membrane interface in 

the membrane phase (assuming a linear profile of the concentration within the 

membrane).  

According to the diffusion-conduction equation, Eq. (30), the diffusive flux of the 

ion species i through a monopolar membrane MPM is  

𝐽𝑑𝑖𝑓𝑓,𝑖,𝑀𝑃𝑀 = − ∑ 𝐷𝑖,𝑗,𝑀𝑃𝑀∇𝐶𝑗,𝑀𝑃𝑀𝑗   (37) 
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where the concentration gradients are calculated by solving the Donnan equilibrium 

expressions, and the cross-diffusion coefficients 𝐷𝑖,𝑗,𝑀𝑃𝑀  are expressed as follows: 

𝐷𝑖,𝑗,𝑀𝑃𝑀 ≡ 𝐷𝑖,𝑀𝑃𝑀𝛿𝑖𝑗 +
𝑡𝑖 ,𝑀𝑃𝑀

𝑧𝑖
𝑧𝑗 (𝐷𝑖,𝑀𝑃𝑀 − 𝐷𝑗,𝑀𝑃𝑀)  (38) 

where 𝛿𝑖𝑗 is the Kronecker delta.  

The total i-th ion flux across the two membranes bounding each channel 𝐽𝑡𝑜𝑡,𝑖,𝑠𝑜𝑙 

is calculated as the sum of the overall Ohmic contribution (Eqs. (31-33)) and the two 

diffusive contributions  

𝐽𝑡𝑜𝑡,𝑖,𝑠𝑜𝑙 = 𝐽𝑜ℎ𝑚,𝑖,𝑠𝑜𝑙 + 𝐽𝑑𝑖𝑓𝑓,𝑖,𝑚,1 + 𝐽𝑑𝑖𝑓𝑓,𝑖,𝑚,2  (39) 

in which 𝐽𝑑𝑖𝑓𝑓,𝑖,𝑚,1 and 𝐽𝑑𝑖𝑓𝑓,𝑖,𝑚,2 are the diffusive fluxes across the left (1) and right 

(2) generic membranes m (i.e. CEM, AEM or BPM), bounding the channel.  

The osmotic fluxes are generated by the osmotic pressure difference across the 

membrane. In formulae:  

𝐺𝑜𝑠𝑚,𝑎 =
𝜌𝑤  𝐿𝑝 (𝜋𝑜𝑠𝑚,𝑎,2−𝜋𝑜𝑠𝑚,𝑠,1)

3.6 ∙ 109   
(40) 

𝐺𝑜𝑠𝑚,𝑏 =
𝜌𝑤  𝐿𝑝  (𝜋𝑜𝑠𝑚,𝑏,1−𝜋𝑜𝑠𝑚,𝑠,2)

3.6 ∙ 109   
(41) 

where 𝐺𝑜𝑠𝑚,𝑎, 𝐺𝑜𝑠𝑚,𝑏 are the osmotic mass fluxes of the acid and base channels, 

expressed in kg m-2 s-1, 𝜌𝑤 is the water mass density at 25°C in kg m-3, 𝐿𝑝 is the 

Osmotic permeability (expressed in ml m-2 h-1 bar−1), 𝜋𝑜𝑠𝑚,𝑎,2, 𝜋𝑜𝑠𝑚,𝑠,1 , are osmotic 

pressures at the left and right side respectively of the AEM and 𝜋𝑜𝑠𝑚,𝑏,1 , 𝜋𝑜𝑠𝑚,𝑠,2  are 

those of the CEM (all expressed in bar). 𝐺𝑜𝑠𝑚,𝑠𝑜𝑙 is negative when entering the 

channel, positive otherwise. 

The electro-osmotic fluxes represent the number of molecules entrained by the 

solvation shell of each ion passing across the MPMs. These fluxes can be calculated 

as  

𝐺𝑒.𝑜𝑠𝑚,𝑠𝑜𝑙 = 10−3   𝑀𝐻2𝑂  ∑ 𝐽𝑡𝑜𝑡,𝑖,𝑠𝑜𝑙  𝑛ℎ,𝑖𝑖   (42) 

where 𝑀𝐻2𝑂 is the molar mass of water in g mol-1 and 𝑛ℎ,𝑖  is the number of water 

molecules with the solvation shell per each ion (considered equal to 1 for H+ and OH- 

[138], 6 for Na+ and 8 for Cl- [139]). 𝐺𝑒.𝑜𝑠𝑚,𝑠𝑜𝑙 is positive when entering the channel, 

negative otherwise.  

In the acid and base compartments, the stoichiometric water flux through the 

BPM due to the water dissociation is  
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𝐺𝑠𝑝𝑙𝑖𝑡,𝑠𝑜𝑙 = −
𝑡𝑖,𝐼𝐸𝐿 𝑖

2𝐹
𝑀𝐻2𝑂 ∙ 10−3  (43) 

where 𝑡𝑖,𝐼𝐸𝐿 is the transport number of proton ions in the CEL or hydroxide ions in 

the AEL of the BPM. 𝐺𝑠𝑝𝑙𝑖𝑡,𝑠𝑜𝑙 is positive when entering the channel, negative 

otherwise. 

The overall water mass fluxes 𝐺𝑤,𝑠𝑜𝑙 (positive when entering the channel, 

negative otherwise) for the acid and base channels are evaluated according to the 

equations  

𝐺𝑤,𝑠𝑜𝑙 = 𝐺𝑒.𝑜𝑠𝑚,𝑠𝑜𝑙 − 𝐺𝑜𝑠𝑚,𝑠𝑜𝑙 + 𝐺𝑠𝑝𝑙𝑖𝑡/𝑟𝑒𝑐𝑜𝑚𝑏,𝑠𝑜𝑙  (44) 

The water mass flux for the salt channels is related to the water fluxes calculated 

for the acid and base compartments  

𝐺𝑤,𝑠 = −𝐺𝑤,𝑎 − 𝐺𝑤,𝑏  (45) 

3.5.3.2 Electromotive force and electrical resistance 

The electric potential generated across the IEMs in the triplet 𝐸 can be written 

as  

𝐸 = 𝐸𝑀𝐹 +  𝜂𝐵𝐿  (46) 

where 𝐸𝑀𝐹 is the triplet electromotive force that would be generated by the 

membranes in contact with the bulk solutions, and 𝜂𝐵𝐿 is the contribution to 𝐸 due 

to concentration polarization boundary layers. 

The electromotive force is calculated by the general Nernst equation [56] 

𝐸𝑀𝐹 = ∑ (−
𝑅𝑔𝑇

𝐹
∫ ∑ 𝑡𝑖

𝑧𝑖
𝑑 𝑙𝑛 𝑎𝑖𝑛𝑡,𝑖𝑖

𝑟𝑖𝑔ℎ𝑡,𝐼𝐸𝑀

𝑙𝑒𝑓𝑡,𝐼𝐸𝑀 )𝐼𝐸𝑀𝑠   (47) 

where 𝑎𝑖𝑛𝑡,𝑖  is the activity of the i-th ion at the solution side of the membrane-solution 

interface (i.e.  𝑟𝑖𝑔ℎ𝑡,𝐼𝐸𝑀 and 𝑙𝑒𝑓𝑡,𝐼𝐸𝑀 that are the right and the left side of each 

membrane, as shown in Figure 14), expressed in mol m-3.  

𝜂𝐵𝐿 accounts for the non-Ohmic variation of 𝐸 in a triplet due to the effects of 

concentration polarization phenomena in the boundary layers on all the six solution-

membrane interfaces [140]  

𝜂𝐵𝐿 = −
𝑅𝑔𝑇

𝐹
∑ ∑ 𝑡𝑖

𝑧𝑖
ln𝜃𝑖,𝑠𝑜𝑙,𝑖𝑛𝑡𝑖𝑜𝑛𝑠𝑖𝑛𝑡   (48) 

in which 𝜃𝑖,𝑠𝑜𝑙,𝑖𝑛𝑡 are the six polarization coefficients, defined as  
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(𝜃𝑖,𝑠𝑜𝑙,𝑖𝑛𝑡)
𝑠𝑔𝑛(𝐽𝑑𝑖𝑓𝑓,𝑖,𝑠𝑜𝑙,𝑖𝑛𝑡)

=
𝐶𝑖,𝑠𝑜𝑙,𝑖𝑛𝑡

𝐶𝑖 ,𝑠𝑜𝑙
  

(49) 

where 𝐶𝑖,𝑠𝑜𝑙 and 𝐶𝑖,𝑠𝑜𝑙,𝑖𝑛𝑡 are the concentrations of the i-th ion in the sol channel (i.e 

acid, base or salt) in the bulk and at the solution-membrane interface, respectively, 

and 𝑠𝑔𝑛(𝐽𝑑𝑖𝑓𝑓,𝑖,𝑠𝑜𝑙,𝑖𝑛𝑡) is the sign of the diffusive flux of the i-th ion at the interface 

with the membrane, solution side. By imposing the continuity of the total flux at the 

interface, it can be calculated as  

𝐽𝑑𝑖𝑓𝑓,𝑖,𝑠𝑜𝑙,𝑖𝑛𝑡 = 𝐽𝑑𝑖𝑓𝑓,𝑖,𝑚 +
(𝑡𝑖,𝑚−𝑡𝑖,𝑠𝑜𝑙) 𝑖

𝐹
  

(50) 

where 𝑡𝑖,𝑠𝑜𝑙 is the ion transport number in the solution  

𝑡𝑖,𝑠𝑜𝑙 =
𝑧𝑖

2𝐷𝑖,𝑠𝑜𝑙𝐶𝑖 ,𝑠𝑜𝑙

∑ 𝑧𝑗
2𝐷𝑗,𝑠𝑜𝑙𝐶𝑗,𝑠𝑜𝑙𝑗

  (51) 

in which 𝐷𝑖,𝑠𝑜𝑙 is the ion diffusion coefficient of the i-th ion in the solution. From the 

definition of the Sherwood number, it follows that the polarization coefficient can be 

calculated as  

𝜃𝑖,𝑠𝑜𝑙,𝑖𝑛𝑡 = (1 −
𝐽𝑑𝑖𝑓𝑓 ,𝑖,𝑠𝑜𝑙,𝑖𝑛𝑡 2 𝑑𝑠𝑜𝑙

Sh𝑠𝑜𝑙,𝑖𝑛𝑡 𝐷𝑖,𝑠𝑜𝑙 𝐶𝑖 ,𝑠𝑜𝑙
)

𝑠𝑔𝑛(𝐽𝑑𝑖𝑓𝑓,𝑖,𝑠𝑜𝑙,𝑖𝑛𝑡)

  
(52) 

where 𝑑𝑠𝑜𝑙 is the spacer thickness and Sh𝑠𝑜𝑙,𝑖𝑛𝑡 is the Sherwood number in the 

considered interface, which is evaluated by CFD correlations (Eq.(13)). 

The triplet electric resistance 𝑅 (in Ω) is calculated as follows  

𝑅 = ∑ 𝑅𝑠𝑜𝑙𝑠𝑜𝑙 + ∑ 𝑅𝑚𝑚   (53) 

where 𝑅𝑠𝑜𝑙 and 𝑅𝑚 are the electrical resistance in the feed channels (i.e. acid, base 

and salt) perpendicular to the membranes and the electrical resistance of the 

membranes (i.e. CEM, AEM and BPM). 𝑅𝑠𝑜𝑙 are calculated as 

𝑅𝑠𝑜𝑙 = 𝑓𝑠
𝑑𝑠𝑜𝑙

𝑏 Δ𝑥 𝜎𝑠𝑜𝑙
  (54) 

in which 𝑓𝑠 is the spacer shadow factor (which can be assumed, for example, equal 

to the inverse of the volume porosity), b is the channel width, Δ𝑥 is the length of a 

discretization interval (e.g. equal to 1/30 of the channel length) and 𝜎𝑠𝑜𝑙 is the 

electrical conductivity of the electrolyte solution. In the case of commercial 

membranes, 𝑅𝑚 can be known under specific conditions (composition and 

concentration of the electrolyte solution) from manufacturers technical sheets. 

Otherwise it can be experimentally evaluated, with the advantage to have more 

detailed information on the membrane behaviour under different conditions.  
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3.5.3.3 Mass balances 

For each control volume of each channel, one-dimensional co-current mass 

balance equations are written for each ion species and the electrolyte solution.  

Mass balances for the acid channels are:  

𝜕𝑄𝑎𝐶𝑁𝑎+ ,𝑎

𝜕𝑥
= 𝑏 𝐽𝑡𝑜𝑡,𝑁𝑎+ ,𝑎  

(55) 

𝜕𝑄𝑎𝐶𝐶𝑙− ,𝑎

𝜕𝑥
= 𝑏 𝐽𝑡𝑜𝑡,𝐶𝑙− ,𝑎  (56) 

𝜕𝑄𝑎𝐶
𝐻+,𝑎

𝜕𝑥
= 𝑏 (𝐽𝑡𝑜𝑡,𝐻+,𝑎 − 𝐽𝑡𝑜𝑡,𝑂𝐻− ,𝑎)  

(57) 

𝐶𝑂𝐻−,𝑎 = 103  ∙ 10
(−14−log

𝐶
𝐻+,𝑎
103 )

  

(58) 

𝜕𝑄𝑎𝜌𝑎

𝜕𝑥
= (𝐽𝑡𝑜𝑡,𝑁𝑎+ ,𝑎 𝑀𝑁𝑎+ + 𝐽𝑡𝑜𝑡,𝐶𝑙−,𝑎 𝑀𝐶𝑙− + (𝐽𝑡𝑜𝑡,𝐻+,𝑎 −

𝐽𝑡𝑜𝑡,𝑂𝐻− ,𝑎) 𝑀𝐻+) 𝑏 10−3 + 𝐺𝑤,𝑎 𝑏 + 𝐽𝑡𝑜𝑡,𝑂𝐻− ,𝑎 𝑀𝐻2𝑂  𝑏 10−3  

(59) 

where 𝑄𝑎 is the acid volume flow rate and 𝜌𝑎 is the acid mass density. 

Similar expressions can be written for the salt channels:  

𝜕𝑄𝑠𝐶𝑁𝑎+,𝑠

𝜕𝑥
= 𝑏 𝐽𝑡𝑜𝑡,𝑁𝑎+ ,𝑠  

(60) 

𝜕𝑄𝑠𝐶𝐶𝑙 −,𝑠

𝜕𝑥
= 𝑏 𝐽𝑡𝑜𝑡,𝐶𝑙−,𝑠   (61) 

𝜕𝑄𝑠𝐶𝐻+ ,𝑠

𝜕𝑥
= 𝑏 (𝐽𝑡𝑜𝑡,𝐻+,𝑠 − 𝐽𝑡𝑜𝑡,𝑂𝐻−,𝑠)  

(62) 

𝐶𝑂𝐻−,𝑠 = 103  ∙ 10
(−14−log

𝐶
𝐻+,𝑠
103 )

  

(63) 

𝜕𝑄𝑠𝜌𝑠

𝜕𝑥
= (𝐽𝑡𝑜𝑡,𝑁𝑎+ ,𝑠  𝑀𝑁𝑎+ + 𝐽𝑡𝑜𝑡,𝐶𝑙− ,𝑠  𝑀𝐶𝑙− + (𝐽𝑡𝑜𝑡,𝐻+,𝑠 −

𝐽𝑡𝑜𝑡,𝑂𝐻− ,𝑠) 𝑀𝐻 +) 𝑏 10−3 + 𝐺𝑤,𝑠  𝑏 + 𝐽𝑡𝑜𝑡,𝑂𝐻− ,𝑠  𝑀𝐻2𝑂  𝑏 10−3     

(64) 

Regarding the base compartments, the equations used for evaluating the material 

balances are given by  

𝜕𝑄𝑏𝐶𝑁𝑎+ ,𝑏

𝜕𝑥
= 𝑏 𝐽𝑡𝑜𝑡,𝑁𝑎+ ,𝑏  

(65) 

𝜕𝑄𝑏𝐶𝐶𝑙 −,𝑏

𝜕𝑥
= 𝑏 𝐽𝑡𝑜𝑡,𝐶𝑙− ,𝑏  (66) 
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𝜕𝑄𝑏𝐶𝑂𝐻− ,𝑏

𝜕𝑥
= 𝑏 (𝐽𝑡𝑜𝑡,𝑂𝐻− ,𝑏 − 𝐽𝑡𝑜𝑡,𝐻+ ,𝑏)  (67) 

𝐶𝐻+ ,𝑏 = 103 ∙  10
(−14−log

𝐶𝑂𝐻− ,𝑏
103 )

  
(68) 

𝜕𝑄𝑏𝜌𝑏

𝜕𝑥
= (𝐽𝑡𝑜𝑡,𝑁𝑎+,𝑏  𝑀𝑁𝑎+ + 𝐽𝑡𝑜𝑡,𝐶𝑙−,𝑏  𝑀𝐶𝑙− + (𝐽𝑡𝑜𝑡,𝑂𝐻−,𝑏 −

𝐽𝑡𝑜𝑡,𝐻+ ,𝑏) 𝑀𝑂𝐻−) 𝑏 10−3 + 𝐺𝑤,𝑏  𝑏 + 𝐽𝑡𝑜𝑡,𝐻+,𝑏  𝑀𝐻2𝑂  𝑏 10−3  

(69) 

 

In the present simulations, Ohmic, diffusive, osmotic and electro-osmotic fluxes 

are computed across the monopolar cation and anion exchange membranes. 

Concerning the bipolar membranes, the water dissociation reaction is assumed to be 

infinitely fast, for the sake of simplicity.  

3.5.4 Middle-high scale: Stack model 

The stack is considered as a unit containing several triplets that are hydraulically 

connected in parallel. The middle-high modelling level is for the simulation of the stack, 

and it involves two sub-models: the hydraulic model and the electrical model. Making 

use of CFD correlations for pressure drops, the former resolves three separate hydraulic 

circuits, i.e. one for each solution, consisting of spacer-filled channels connected by 

manifolds, thus predicting the pumping power consumption over the stack. The latter 

simulates the equivalent electrical circuit of the stack, including the ionic shortcut 

currents via manifolds, thus predicting the distribution of the electric current and of 

the electric potential throughout the stack (and the external circuit). Therefore, 

important electrical performance parameters can be calculated, such as the power 

required by the stack or the main figures of merit of a BMED unit, e.g. the Specific 

Energy Consumption or the Current Efficiency.  

3.5.4.1 Hydraulic model 

The simple hydraulic circuit considered for each solution is shown in Figure 15. 

The hydraulic circuit is based on the assumption that the different “slices” of spacer-

filled channel with one single hole for inlet and one for outlet (see dashed line in Figure 

13) have an identical behaviour and are fluxed by the same flow rate. Therefore, one 

single node within the manifolds of the hydraulic circuit in Figure 15 represents any 

and all the manifolds sections downstream or upstream one channel (whose number is 

equal to that of the inlet/outlet holes, 𝑁ℎ𝑜𝑙𝑒𝑠) 
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Figure 15. Scheme of the hydraulic circuit for one of the three solutions. Vertical lines represent the 

channels, where pressure drops occur in the inlet/outlet regions (continuous vertical lines) and in the 

region with developed flow (dashed lines) Horizontal lines represent the manifolds, i.e. distributor and 

collector, connecting the channels. 

Assuming a negligible mass density variation among the nodes, the continuity 

equation can be written as follows 

𝑄𝑐,𝑠𝑜𝑙,𝑘 = 𝑄𝑐,𝑠𝑜𝑙,𝑘−1 + 𝑄𝑐,𝑘(𝑥 = 𝐿)  (70) 

𝑄𝑐,𝑠𝑜𝑙,1 = 𝑄𝑠𝑜𝑙,1(𝑥 = 𝐿)  (71) 

𝑄𝑑,𝑠𝑜𝑙,𝑘 = 𝑄𝑑,𝑠𝑜𝑙,𝑘+1 + 𝑄𝑑,𝑘(𝑥 = 0)  (72) 

𝑄𝑑,𝑠𝑜𝑙,𝑁 = 𝑄𝑠𝑜𝑙,𝑁(𝑥 = 0)  (73) 

where the subscripts c and d refer to the collector and the distributor, respectively, 

and 𝑘 = 1,2,… , 𝑁 indicates the generic triplet, 𝑁 being the total number of triplets 

in the stack. The validity intervals of Eqs. 70 and 72 are for k [2;N] and [1;N-1], 

respectively. The total feed flow rate 𝑄𝑑,𝑠𝑜𝑙,1  is imposed in the simulations, while the 

total outlet flow rate 𝑄𝑐,𝑠𝑜𝑙,𝑁 may be higher or lower due to water transport through 

the membranes, computed at the triplet level. 

The pressure drop within the fully developed region (vertical dashed tract in Figure 

15), i.e. the part of the spacer-filled channel where the velocity has one single 

component (rectilinear and parallel streamlines), is calculated by the definition of the 

(Darcy) friction factor  

∆𝑃𝑓𝑑,𝑠𝑜𝑙 = 𝑓 𝜌𝑠𝑜𝑙  
𝐿

4 𝑑𝑠𝑜𝑙
(𝑢𝑐ℎ,𝑠𝑜𝑙 )

2
  (74) 

where f is related to the Reynolds number by the CFD correlation reported in Eq. (12), 

and 𝑢𝑐ℎ,𝑠𝑜𝑙  is the mean velocity of the solution (i.e. acid, base or salt) in the channel. 

𝑁
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Note that, similarly to the channel and triplet models, the subscript k is omitted, as the 

equation applies indistinctly to all channels. The localized pressure losses in the 

inlet/outlet region of the spacer-filled channel (vertical continuous tracts in Figure 15) 

∆𝑃𝑙,𝑠𝑜𝑙   are calculated by the definition of the local loss coefficient  

∆𝑃𝑙,𝑠𝑜𝑙 = 𝑘𝑠𝑝𝑎𝑐𝑒𝑟  
𝜌

2
 (𝑢𝑐ℎ,𝑠𝑜𝑙 )

2
  (75) 

where 𝑘𝑠𝑝𝑎𝑐𝑒𝑟  is related to the Reynolds number by the CFD correlation reported in Eq. 

(14). The pressure drop in the small tracts of manifolds between consecutive channels 

(horizontal continuous tracts in Figure 15) are calculated with a similar equation, where 

the flow velocity is that along the manifolds in the pertinent tract, and the loss coefficient 

is set by rough estimations.  

The total stack pressure loss ∆𝑃𝑠𝑡𝑎𝑐𝑘 is the sum of two contributions: the first one 

is obtained by the difference between the inlet to the distributor and the outlet from the 

collector (Figure 15) pressures by fixing the outlet gauge pressure equal to zero. The 

second addend is related to further contributions to the pressure drop occurring in the 

distribution/collection systems among the manifolds, i.e. among the virtual ducts 

formed by holes in spacers gaskets and membranes.  

3.5.4.2 Electrical model 

The electrical model is devoted to quantify the currents circulating throughout the 

stack, including parasitic currents via manifolds. They circulate through the alternative 

pathways offered by manifolds and the longitudinal direction in the channels, with 

detrimental effects on the process efficiency, related to an average internal current lower 

than the external one [111]. The equivalent electric circuit solved by the electrical sub-

model of stack is shown in Figure 16.  

 

Figure 16. Scheme of the equivalent electric circuit of the BMED stack. 
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Two longitudinal resistances are considered for each channel, while in the 

direction perpendicular to the membranes a voltage source and an electric resistance 

are considered to represent each triplet. A voltage source is also included in the 

external circuit. Other electrical resistances are in the manifolds between two 

consecutive channels of the same solution and in the electrode compartments. The 

equations system is composed of the nodes Kirchhoff’s law and the Ohm’s law. The 

following node Kirchhoff’s law is applied in all the nodes of the electric circuit:  

∑ 𝐼𝑗𝑗 = 0  (76) 

where 𝐼𝑗 is the generic electric current inputting to or outputting from each node. 

Positive cell currents are directed towards the cathode (i.e. the negative pole in a 

BMED unit), longitudinal currents are assumed to be positive when exiting the 

channels. Distributor or collector electric currents, as well as the external current are 

positive from left to right.  

Taking into account the sources of voltage in the triplets, Ohm’s law is applied 

as follows:  

∆𝑉𝑚𝑎𝑛,𝑠𝑜𝑙,𝑘 = 𝐼𝑚𝑎𝑛,𝑠𝑜𝑙,𝑘  𝑅𝑚𝑎𝑛,𝑠𝑜𝑙,𝑘  (77) 

∆𝑉𝑥,𝑠𝑜𝑙,𝑘 = 𝐼𝑥,𝑠𝑜𝑙,𝑘  𝑅𝑥,𝑠𝑜𝑙,𝑘  (78) 

𝐼𝑘 =
(−𝐸𝑎𝑣 ,𝑘−∆𝑉𝑘)

𝑅𝑎𝑣,𝑘
  

(79) 

𝐼𝑒𝑥𝑡 =
−𝑈

𝑅𝑢−𝑅𝑏𝑙
  (80) 

𝑈𝑒𝑥𝑡 = 𝐼𝑒𝑥𝑡 𝑅𝑢  (81) 

where ∆𝑉𝑚𝑎𝑛,𝑠𝑜𝑙,𝑘, ∆𝑉𝑥,𝑠𝑜𝑙,𝑘 and ∆𝑉𝑘 are the k-th voltage difference over each 

manifold (man=c, collector, or d, distributor), the longitudinal (x=up or down) and 

the cell triplet electric resistances, respectively, 𝑈 is the potential difference over the 

series of 𝑅𝑢 and 𝑅𝑏𝑙 resistances, 𝑈𝑒𝑥𝑡 is the potential difference over the resistance 

𝑅𝑢. 𝐼𝑠𝑜𝑙,𝑥,𝑘 and 𝐼𝑠𝑜𝑙,𝑚𝑎𝑛,𝑘 are the electric currents flowing in the flow direction and 

in the manifolds, 𝐸𝑎𝑣,𝑘 is the average voltage generated by the cell triplet, 𝑅𝑢, 𝑅𝑏𝑙 

and 𝑅𝑎𝑣,𝑘 are the external, the blank and the average cell resistance of the k-th cell. 

𝑅𝑚𝑎𝑛,𝑠𝑜𝑙,𝑘 and 𝑅𝑥,𝑠𝑜𝑙,𝑘 are the manifold and the longitudinal resistances along the 

channel. The average triplet membrane potential 𝐸𝑎𝑣,𝑘 is calculated as  

𝐸𝑎𝑣,𝑘  =
1

𝐿
 ∫ 𝐸𝑘(𝑥)

𝑥=𝐿

𝑥=0 𝑑𝑥  (82) 

The average cell resistance 𝑅𝑎𝑣,𝑘 is given by 
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𝑅𝑎𝑣,𝑘  =
1

𝐿
 ∫ 𝑅𝑘(𝑥)𝑑𝑥

𝑥=𝐿

𝑥=0   (83) 

where local values are computed at the triplet level of simulation. As shown in Figure 

17, each longitudinal electric resistance along the flow direction 𝑅𝑥,𝑠𝑜𝑙,𝑘 can be 

considered as the resistance along half channel length in the active area in series with  

the parallel of the electrical resistances out of the active area. 𝑅𝑥,𝑠𝑜𝑙,𝑘 and 𝑅𝑚𝑎𝑛,𝑠𝑜𝑙,𝑘 

are given by  

𝑅𝑥,𝑠𝑜𝑙,𝑘 = 𝑓𝑠  
𝐿𝑥

2
⁄

𝑑𝑠𝑜𝑙  𝑏  𝜎𝑥,𝑠𝑜𝑙,𝑘
+ 𝑓𝑠  

𝑙𝑜𝑚𝑎

𝜎𝑥,𝑠𝑜𝑙,𝑘  𝑑𝑠𝑜𝑙  𝑑𝑜𝑚𝑎  𝑁ℎ𝑜𝑙𝑒𝑠
  

(84) 

𝑅𝑚𝑎𝑛,𝑠𝑜𝑙,𝑘 =
𝑙𝑚𝑎𝑛

𝑁ℎ𝑜𝑙𝑒𝑠  𝜋
𝑑𝑚𝑎𝑛

2

4
 𝜎𝑚𝑎𝑛 ,𝑠𝑜𝑙,𝑘

  (85) 

where 𝑓𝑠 is the spacer shadow factor, 𝐿𝑥  is half channel length, 𝜎𝑥,𝑠𝑜𝑙,𝑘 is the solution 

mean conductivity in the upward or downward path along the channel, 𝑙𝑜𝑚𝑎 and 

𝑑𝑜𝑚𝑎 are the length and average width of the spacer regions out of the active area 

(i.e. in correspondence of the spacer holes), 𝑑𝑚𝑎𝑛  is the diameter of the manifolds 

(i.e. of the spacer holes) and 𝜎𝑚𝑎𝑛,𝑠𝑜𝑙,𝑘 is the conductivity of the solution in the 

manifolds. 𝑙𝑚𝑎𝑛 in Eq. (85) is the sum of the membranes and spacers thicknesses for a 

single triplet 

𝑙𝑚𝑎𝑛 = 𝑑𝐶𝐸𝑀 + 𝑑𝐴𝐸𝑀 + 𝑑𝐵𝑃𝑀 + 𝑑𝑎 + 𝑑𝑏 + 𝑑𝑠  (86) 

 

Figure 17. Electric resistances scheme along the flow direction within the channels.  

To evaluate 𝜎𝑚𝑎𝑛 ,𝑠𝑜𝑙,𝑘, mass balances in the manifolds (i.e. collector and 

distributor) are computed. The following equations are applied 

𝐶𝑖,𝑚𝑎𝑛,𝑠𝑜𝑙,𝑘 =
𝐶𝑖,𝑚𝑎𝑛,𝑠𝑜𝑙,𝑘−1 𝑄𝑚𝑎𝑛,𝑠𝑜𝑙,𝑘−1+𝐶𝑖,𝑠𝑜𝑙,𝑘(𝑥=𝐿) 𝑄𝑠𝑜𝑙 ,𝑘(𝑥=𝐿)

𝑄𝑚𝑎𝑛 ,𝑠𝑜𝑙,𝑘
  (87) 

𝐶𝑖,𝑚𝑎𝑛,𝑠𝑜𝑙,1 = 𝐶𝑖,𝑠𝑜𝑙,1(𝑥 = 𝐿)  (88) 
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The validity interval of Eq. 87 is for k [2;N-1]. 

Volume flow rates 𝑄𝑚𝑎𝑛,𝑠𝑜𝑙,𝑘−1  and 𝑄𝑠𝑜𝑙,𝑘 are already calculated by the 

hydraulic model.  

The outlet concentrations from the stack are equal to the last collector 

concentrations 𝐶𝑖,𝑐,𝑠𝑜𝑙,𝑁−1. 

The gross power density 𝐺𝑃𝐷 per total membrane area provided to the external 

load, can be simply calculated as  

𝐺𝑃𝐷 =
𝐼𝑒𝑥𝑡 𝑈𝑒𝑥𝑡

3 𝑁 𝑏 𝐿
  (89) 

where 𝑏 ∙ 𝐿 is the active area of one single membrane and 𝑈𝑒𝑥𝑡 is the potential 

difference over the external resistance 𝑅𝑢.  

The net power density (NPD) is calculated as 

𝑁𝑃𝐷 = 𝐺𝑃𝐷 + 𝑃𝑃𝐷   (90) 

where PPD is the pumping power density given by,  

𝑃𝑃𝐷 =
∆𝑃𝑠𝑡𝑎𝑐𝑘 ,𝑎𝑄𝑡𝑜𝑡,𝑎+∆𝑃𝑠𝑡𝑎𝑐𝑘 ,𝑏𝑄𝑡𝑜𝑡,𝑏+∆𝑃𝑠𝑡𝑎𝑐𝑘 ,𝑠𝑄𝑡𝑜𝑡,𝑠

𝜒 𝑁 𝑏 𝐿
  (91) 

where 𝜒 is the pump efficiency. 𝑄𝑡𝑜𝑡,𝑠𝑜𝑙 are the total inlet flow rates to the stack 

distributor per each solution.  

3.5.5 Evaluation of the process performance 

In this paragraph, the main figures of merit used to characterize the performance 

of BMED processes are defined. The Specific Energy Consumption per unit mass 

(SECm) represents the energy consumed by the process to produce 1 kg of HCl. It is 

given by [121] 

𝑆𝐸𝐶𝑚 =
𝑈𝑒𝑥𝑡  𝐼𝑒𝑥𝑡

 3600 𝑀𝐻𝐶𝑙 𝑄𝑡𝑜𝑡,𝑎 (𝐶𝐻𝐶𝑙,𝑐,𝑎,𝑁−1−𝐶𝐻𝐶𝑙 ,𝑑,𝑎,1)
  (92) 

where 𝑆𝐸𝐶𝑚 is expressed in kWh kgHCl
-1.  

The total or net Specific Energy Consumption by the process to produce 1 kg of HCl 

(SECm,net) represents the total energy consumed by the process taking into account the 

power spent on pumping.  

𝑆𝐸𝐶𝑚,𝑛𝑒𝑡 =
𝑈𝑒𝑥𝑡 𝐼𝑒𝑥𝑡+𝑃𝑃𝐷  𝐿 𝑏 𝑁

 3600 𝑀𝐻𝐶𝑙 𝑄𝑡𝑜𝑡,𝑎 (𝐶𝐻𝐶𝑙,𝑐,𝑎,𝑁−1−𝐶𝐻𝐶𝑙,𝑑,𝑎,1)
  (93) 

where 𝑆𝐸𝐶𝑚,𝑛𝑒𝑡  is expressed in kWh kgHCl
-1.  
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The Specific Energy Consumption per unit volume (SECv) represents the energy 

consumed by the process to produce 1 m3 of HCl solution. 

𝑆𝐸𝐶𝑣 =
𝑈𝑒𝑥𝑡 𝐼𝑒𝑥𝑡

 3.6∙106∙𝑄𝑡𝑜𝑡,𝑎 
  (94) 

where 𝑆𝐸𝐶𝑣 is expressed in kWh mHCl
-3.  

The current efficiency (𝜂𝑐) is the amount of HCl moles produced by the process 

per unit of transported charge. It has been calculated as:  

𝜂𝑐 =
𝐹 𝑄

𝑡𝑜𝑡,𝑎 (𝐶𝐻𝐶𝑙,𝑐,𝑎,𝑁−1−𝐶𝐻𝐶𝑙 ,𝑑,𝑎,1) 

𝑁𝑡𝑟 𝐼𝑒𝑥𝑡
100  

(95) 

in which 𝜂𝑐 is the current efficiency.  

The conversion rate of the hydrochloric acid (𝜏) is the ratio between the amount of 

acid produced during the process time over the initial sodium chloride as  

𝜏 =
 𝑄

𝑡𝑜𝑡,𝑎 (𝐶𝐻𝐶𝑙,𝑐,𝑎,𝑁−1−𝐶𝐻𝐶𝑙 ,𝑑,𝑎,1) 

𝑄𝑡𝑜𝑡,𝑠  𝐶𝑁𝑎𝐶𝑙,𝑑,𝑠,1
  

(96) 

3.6 Steady-state model validation 

The model predictions have been compared with experimental results obtained using 

a lab-scale test-rig.  

The experimental setup (FT-ED-100, purchased from Fumatech BWT Gmbh, 

Germany) was equipped with commercial ion-exchange membranes: fumasep® FAB 

as AEM, fumasep® FKB as CEM and fumasep® FBM as BPM. The stack was 

assembled with a number of triplets (repetitive units) ranging from 10 to 38. The 

membrane active area was 10 × 10 cm2 and PVC/ECTFE woven spacers (thickness = 

480 m) were used to create the channels between adjacent membranes. Spacers had 

three inlet/outlet holes per channel and the hole diameter was 8.5 mm. Two DSA-type 

electrodes were used in the end-compartments to convert ionic fluxes into electric fluxes 

(areal blank resistance of 72 Ω cm2). A cross-flow arrangement was adopted for feeding 

solutions that were prepared by using demineralized water, NaCl (NaCl 99.7% 

ChemSolute), HCl (37% Merck) and NaOH (98-100% Honeywell Fluka). The 

electrode rinse solution was an aqueous solution 0.5 M in FeCl2/FeCl3 (99% 

ChemSolute) and 0.6 M in HCl. Peristaltic pumps (BT601S, Lead Fluid Technology, 

CO LTD, China) were used for feeding all the solutions with a fluid velocity in the 

channels in the range 0.2-0.5 cm/s. All the measurements have been carried out at 

room temperature (20 °C). Tests were performed in steady-state condition and each 

test was conducted in once-through (single pass) configuration. A BK Precision 1902 



Bipolar Membrane Electrodialysis processes 

55 

 

DC Power Supply was used for the BMED experiments, which were operated in 

galvanostatic mode. All the experiments were replicated at least twice to verify their 

reliability. Samples for the inlet and outlet solutions were collected to perform both 

titration and chromatography analysis, in order to compare the ion concentrations in 

each compartment. Ion chromatography was performed with an Ion Chromatography 

(IC) Metrohm 882 Compact IC plus. Each sample was prepared with Milli-Q water. 

Feed solutions were prepared at different compositions and concentrations. Each 

peristaltic pump was calibrated prior to use in order to be able to set a specific mean 

channel flow velocity. Once the pumps started allowing the flow of the electrolyte 

solutions through the stack, they operated for at least 5 minutes to ensure good 

membrane conditioning. Subsequently, the electric current was applied by the external 

power supply. The operation continued until reaching a constant external voltage 

(measured by the voltmeter), and then samples of the outlet solutions were collected to 

measure the pH and the ion concentrations of the processed solutions. Figure 18 depicts 

the experimental set-up utilised here.  

 

Figure 18. Scheme of the adopted experimental set-up. 
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3.6.1 Comparison between experimental data and model predictions 

This section is devoted to the experimental validation of the CFD simulations 

and process model in steady-state mode.  

3.6.1.1 CFD model validation 

CFD predictions of inlet-outlet pressure drops in spacer-filled channels were 

validated against the experimental data of a previous work [141]. The results reported 

in Figure 19 show a good agreement (average discrepancy of 4 %).  

 

Figure 19. Inlet-outlet pressure losses in a single spacer-filled channel flow cell as a function of the 

fluid velocity. Experimental data taken are from a previous work [141]. The main spacer features are: 

woven filaments, thickness of 480 μm, angle between filament of 90°, flow attack angle of 45°, pitch to 

height ratio of 2.42, flow path length of 10 cm (excluding divergent and convergent regions at 

inlet/outlet), width of 10 cm, and three inlet/outlet holes with diameter of 8.5 mm.  

3.6.1.2 Process model validation 

The data from the steady-state experiments were compared with model predictions. The 

empirical voltage-current curves may be grouped into two sets: Firstly, tests were 

performed with inlet concentrations in the acid and base channels equal to 0.2M of HCl 

and NaOH respectively, and 0.25 M NaCl in the salt channels. For these tests, the 

number of triplets was varied from 20 to 38. Secondly, tests were performed by using 

the same inlet compositions and concentrations, but adding 0.25 M NaCl to the acid and 

base compartments as salt background. Here, the number of triplets was varied from 10 

to 30. Therefore, the predictive capability of the model was tested under different 

operating conditions.  

Figure 20 shows the polarization curves of the BMED process performed without the 

salt background.  
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Figure 20. Voltage-current curves by varying the number of triplets for the first set of experiments 

(i.e. without the presence of salt background), in 10×10 cm2 stacks with Fumatech membranes (FAB, 

FKB, FBP) and with spacers provided with 3 inlet/outlet holes (diameter of 8 mm). Mean flow velocity 

of the electrolyte solutions in each channel equal to 1 cm s-1. Symbols refer to experimental data, 

continuous lines to the model predictions. Inlet concentrations: 0.2M HCl and NaOH in the acid and 

base channels respectively and 0.25M NaCl in the salt channel. Areal blank resistance: 72 Ω cm2. 

The experimental data showed high repeatibility, as shown by the reported maximum 

percent error of 1%. 

The model predictions were in good agreement with the experimental results for a wide 

range of external currents, i.e. from 0.2 A to 2.5 A, corresponding to current densities 

in the interval 20-250 A m-2. The maximum discrepancy was ≈3%.  

Figure 21 illustrates the polarization curves for the second set of experiments, i.e. with 

the presence of salt background in the acid and base solutions.  
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Figure 21. Voltage-current curves by varying the number of triplets for the second set of experiments 

(i.e. with the presence of salt background), in 10×10 cm2 stacks with Fumatech membranes (FAB, FKB, 

FBP) and with spacers provided with 3 inlet/outlet holes (diameter of 8 mm). Mean flow velocity of the 

electrolyte solutions in each channel equal to 1 cm s-1. Symbols refer to experimental data, continuous 

lines to the model predictions. Inlet concentrations: 0.2M HCl and NaOH in the acid and base channels 

respectively with the presence of 0.25M NaCl (salt background) and 0.25M NaCl in the salt channel. 

Areal blank resistance: 72 Ω cm2. 

The collected data showed high repeatability since the maximum empirical error was ≈ 

2.8%. 

As noted in Figure 21, even in the presence of salt background the agreement was fairly 

good, with a maximum error of 6% and 2.2% for the cases with 20 and 10 triplets, 

respectively. In the case of a 30-triplet stack, there was a maximum discrepancy of 

11.6% at 250 A m-2. This error may be indicative of an under-estimation of non-ideal 

phenomena which make the stack resistance decrease at higher values of electric 

current.  

A comparison between the model outcome and the empirical data was also performed 

in terms of outlet concentrations. Empirical data were collected by titration of samples 

of the acid and base outlet solutions, and chromatography analysis of samples of the salt 

outlet solutions. Titration and chromatography were performed at least twice, finding 

negligible errors. All the tests were performed by using a stack with 10 triplets, at a 

constant mean channel flow velocity equal to 0.2 cm s-1, and without the presence of 

NaCl as salt background in the acid and base channels. The inlet composition and 

concentrations are reported in Table 3.  
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Table 3. Summary of the used inlet concentrations in the stack (i.e. outlet concentrations from the 

tanks) and applied current densities in 10×10 cm2 stacks with Fumatech membranes (FAB, FKB, 

FBP) and with spacers provided with 3 inlet/outlet holes (diameter of 8 mm). Mean flow velocity of 

the electrolyte solutions in each channel equal to 0.2 cm s-1. Areal blank resistance: 72 Ω cm2. 

Test 

(-) 

𝑖𝑒𝑥𝑡 

(A m-2) 

𝐶𝐻𝐶𝑙,𝑑,𝑎,1  

(mol m-3) 

𝐶𝑁𝑎𝑂𝐻,𝑑,𝑏,1 

(mol m-3) 

𝐶𝑁𝑎𝐶𝑙,𝑑,𝑠,1 

(mol m-3) 

1 100 0.00 0.00 992 

2 100 205 192 991 

3 100 0.00 0.00 1941 

4 200 0.00 0.00 1941 

5 100 0.00 0.00 936 

 

Model outcome and experimental results are compared in Figure 22.  
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Figure 22. Parity plots for the comparison of model outcome and experimental results for the 

concentration values at the stack outlet (i.e. downstream tank inlet) of BMED tests with single-pass: a) 

Outlet HCl concentration in the acid tank, b) Outlet NaOH concentration in the base tank and c) Outlet 

NaCl concentration in the salt tank.  

The ion concentration is well-predicted. Interestingly, the average error in absolute 

terms is 3.3% distributed as follows (Table 4), 

Table 4. Average (over five tests) model discrepancy of the HCl, NaOH and NaCl outlet 

concentrations in 10×10 cm2 stacks with Fumatech membranes (FAB, FKB, FBP) and with spacers 

provided with 3 inlet/outlet holes (diameter of 8 mm). Mean flow velocity of the electrolyte solutions in 

each channel equal to 0.2 cm s-1. Areal blank resistance: 72 Ω cm2. 

 𝐶𝐻𝐶𝑙,𝑐,𝑎,𝑁−1 

(mol m-3) 

𝐶𝑁𝑎𝑂𝐻,𝑐,𝑏,𝑁−1 

(mol m-3) 

𝐶𝑁𝑎𝐶𝑙,𝑐,𝑠,𝑁−1 

(mol m-3) 

Average error 4.3% 2.6% 3.0% 
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These model-experiment discrepancies fall within the potential range of 

experimental/operator error.  

The wide range of concentrations and electric currents investigated suggest that the 

model is able to simulate the BMED process with high reliability.  

3.7 Simulations of industrial scale BMED units  

In this section, the potential of the BMED for use at the industrial scale is 

demonstrated by a preliminary sensitivity analysis. The simulated process relates to 

the treatment of industrial brines of sodium chloride. The simulations were 

performed for stacks with 100 triplets and with the operating and design 

characteristics reported in Table 5. 

Table 5. Inputs of the multi-scale model for the simulations of scaled-up BMED units. 

Geometrical features 

 

Spacer thickness µm 500  

N° spacer holes - 3  

Spacer hole area cm2 4  

Membrane properties 

     

  AEM CEM AEL CEL 

Thickness µm 130 130 95 95 

Areal resistance Ω cm2 7 6 6.5 6.5 

H+ diffusivity m2 s-1 2.0E-11 0.7E-11 - - 

Na+ diffusivity m2 s-1 1.6E-11 0.5E-11 - - 

Cl- diffusivity m2 s-1 1.7E-11 0.6E-11 - - 

OH- diffusivity m2 s-1 1.9E-11 0.6E-11 - - 

Water permeability ml bar-1 

h-1 m-2 

8 8 - - 

Fixed charge group mol m-3 5000 5000 5000 5000 
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Initial conditions of the solutions 

𝐶𝐻𝐶𝑙,𝑑,𝑎,1  mol m-3 50   

𝐶𝑁𝑎𝐶𝑙,𝑑,𝑎,1  mol m-3 250   

𝐶𝐻𝐶𝑙,𝑑,𝑠,1 mol m-3 10   

𝐶𝑁𝑎𝐶𝑙,𝑑,𝑠,1 mol m-3 1000   

𝐶𝑁𝑎𝑂𝐻,𝑑,𝑏,1 mol m-3 50   

𝐶𝑁𝑎𝐶𝑙,𝑑,𝑏,1  mol m-3 250   

𝑅𝑏𝑙 Ω cm2 72   

 

The inlet salt concentration was fixed to 0.25M in order to simulate a typical 

operation of BMED, in which acid and base solutions are contaminated with salt, due 

to the non-ideal functioning of the ion exchange membranes.  

Three case studies were performed, each differing in terms of the active 

membrane area, i.e. 0.75×0.75, 0.50×0.50 and 0.25×0.25 m2, hereafter named as case 

A, B and C, respectively. For each case study, two sets of simulations were 

performed: the first regards the variation of the current density within the interval 

100-500 A m-2 by fixing the mean channel flow velocity at 1 cm s-1; the second 

regards the variation of the mean channel flow velocity within the interval of 0.5-5 

cm s-1 by fixing the current density to 300 A m-2. 

3.7.1 Current density analysis 

Figure 23 shows the conversion rate as a function of the applied current density 

for the three case studies.  



Bipolar Membrane Electrodialysis processes 

63 

 

 

Figure 23. Conversion rate of hydrochloric acid as a function of the current density for the three 

cases (A, B and C) of active area (75×75, 50×50 and 25×25), with a fixed mean channel flow velocity 

of 1 cm s-1.  

The average conversion rates were found to be 42.1, 29.3 and 15.1% for case A, 

B and C respectively. Theoretically, the conversion rates should follow a linear trend 

with the spacer length. As an example, by increasing the spacer length from 0.25 m 

to 0.75 m, the conversion rate values should raise from 15.1% to 45.3% (i.e. the 

theoretical average τ A). The discrepancy between the actual and theoretical τ A of 

7.3% can be ascribed to the non-ideal phenomena (e.g. diffusion, water flux, parasitic 

currents) which decrease the unit performance. The increase of conversion rates from 

cases C to A is due to the increase of the membrane fluxes, which is a consequence 

of the increased membrane area. The result of the raised conversion rate is the 

increase of the outlet acid and base concentrations. As an example, the outlet 

concentration of HCl is reported in Figure 24.  

 

Figure 24. Outlet hydrochloric acid concentration as a function of the current density for the three 

cases (A, B and C) of active area (75×75, 50×50 and 25×25), with a fixed mean channel flow velocity 

of 1 cm s-1. 
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The maximum obtained concentration is ≈0.7M, which corresponds to a 

conversion rate just below ≈70%. Clearly, the maximum obtainable HCl 

concentration is ≈1M, corresponding to a stochiometric conversion of NaCl into HCl 

and NaOH. Therefore, this preliminary analysis shows that the use of feasible BMED 

designs (in terms of triplet numbers, membrane area) may allow us to obtain high 

conversion of the salt content into acid and base in continuous once-through mode.  

Figure 25 shows the Specific Energy Consumption for the three case studies. 

 

Figure 25. Specific Energy Consumption per kilogram of produced acid as a function of the current 

density for the three cases (A, B and C) of active area (75×75, 50×50 and 25×25), with a fixed mean 

channel flow velocity of 1 cm s-1. 

The SEC values range from a minimum of 0.49 kWh kg-1 for case C at 100 A 

m-2, to a maximum of 1.68 kWh kg-1 for case A at 500 A m-2. The increase in current 

density from 100 to 500 A m-2 causes an increase in SEC of 2.4 times on average. 

In absolute terms, Case study C shows better performance. On the other hand, when 

the membrane area passes from 0.75×0.75 m2 (case study A) or 0.5×0.5 m2 (case 

study B) to 0.25×0.25 m2 (i.e. 9 and 4 times lower respectively), the average SEC 

changes from 1.2 or 1.1 to 0.8 kWh kg-1. However, at fixed current densities, the 

obtained outlet concentration of acid and base is different. Therefore, a more detailed 

analysis should take into account the conversion rate as well as the obtained 

concentrations (Figure 26). 
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Figure 26. a) Specific Energy Consumption per kilogram of produced acid  as a function of the 

conversion rate and b) Specific Energy Consumption per cubic meter of produced acid solution  as a 

function of the inlet-outlet concentration difference of HCl for the three cases (A, B and C) of active 

area (75×75, 50×50 and 25×25), with a fixed mean channel flow velocity of 1 cm s-1. 

As shown in Figure 26a and b, when the conversion rate or, similarly, the 

concentration difference is fixed, case study A shows better performance. This fact, 

at first, seems to contradict the predictions reported in Figure 25, because the higher 

the membrane active area, the higher the resulting diffusion and water flux 

phenomena. However, with higher spacer length, there is a lower effect of the 

parasitic currents via the manifolds, which predominate over the other detrimental 

effects (the parasitic currents will be discussed in much more detail in Chapter 5). 

Therefore, the diminished specific consumption for case study A in Figure 26 is the 

effect of an increased current efficiency (Figure 27) and does not contradict the 

predictions shown in Figure 25.  

 

Figure 27. Current efficiency as a function of the conversion rate for the three cases (A, B and C) of 

active area (75×75, 50×50 and 25×25), with a fixed mean channel flow velocity of 1 cm s-1. 

Figure 28 illustrates the computed current efficiency as a function of the applied 

current density. 
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Figure 28. Current efficiency as a function of current density for the three cases (A, B and C) of 

active area (75×75, 50×50 and 25×25), with a fixed mean channel flow velocity of 1 cm s-1. 

As expected, as the current density increases, the current efficiency decreases. 

However, the increase in the current density is not matched by a proportional increase 

in the outlet acid and base concentrations. This is the effect of direct and indirect 

phenomena. Particularly, at higher current densities, the electro-osmotic flux will be 

more pronounced. The diffusion phenomenon is not directly related to the current 

density, as the driving force of diffusion is the concentration gradient of the species. 

However, it can be enhanced by the resulting increase in the average concentration 

difference along the channels. Furthermore, the average current efficiencies are 93.1, 

95.2 and 97.3% for cases A, B and C respectively. This is due to the more pronounced 

effect of the diffusion and water flux phenomena when using a stack with higher 

membrane active area. Moreover, the fact that the reported current efficiencies are 

very high suggests that most of the carried current is being used in the production of 

acid and base molecules.  

3.7.2 Mean channel flow velocity analysis 

Figure 29 shows the conversion rate as a function of the mean flow velocity for 

the three case studies. 
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Figure 29. Conversion rate of hydrochloric acid as a function of the mean flow velocity for the three 

cases (A, B and C) of active area (75×75, 50×50 and 25×25), with a fixed applied current density of 

300 A m-2. 

The average conversion rates were found to be ≈ 25.3, 17.3 and 8.85% for case 

studies A, B and C respectively. It is interesting to note that, regardless of the specific 

case study, the conversion rate drastically decreases at low mean flow velocities and 

tends to flatten at higher velocities. This trend is due to the reduction of the axial 

concentration change, which was taken into account in the multi-scale model through 

the numerical discretization of the channel domain.  

The graph in Figure 30 reports the Specific Energy Consumption for the three 

case studies. 

 

Figure 30. Specific Energy Consumption per kilogram of produced acid as a function of the mean 

flow velocity for the three cases (i.e. SEC A, SEC B and SEC C), with a fixed applied current density of 

300 A m-2. 

The SEC values remarkably resemble the ones seen in Figure 25, with averaged 
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slightly decreases the energy consumption, and this is particularly evident for cases 

A and B. Overall, no significant variations in the SEC across increasing mean flow 

velocities were reported, due to the fact that the mean flow velocity does not 

significantly affect the gross power input into the system. Indeed, the only 

differences in gross power input can be ascribed to the concentration differences in 

the electrolytes in the channels from the inlet to the outlet, which are relatively small 

at increased values of mean flow velocities. For example, Figure 31 shows the outlet 

concentration of HCl as a function of the mean flow velocity.  

 

Figure 31. Outlet hydrochloric acid concentration as a function of the mean flow velocity for the 

three cases (A, B and C) of active area (75×75, 50×50 and 25×25), with a fixed applied current density 

of 300 A m-2. 

In terms of outlet HCl concentration, the only non-negligible differences were 

reported at mean flow velocities lower than 1 cm s-1, and for cases A and B.  

Figure 32 shows the current efficiencies for the three case studies. 

 

Figure 32. Current efficiency as a function of mean flow velocity for the three cases (A, B and C) of 

active area (75×75, 50×50 and 25×25), with a fixed applied current density of 300 A m-2. 
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Current efficiencies were found to increase with mean flow velocity, and this is 

due to the reduced effect of the axial polarization, which decreases the diffusion 

phenomena. Moreover, the current efficiency tends to flatten at higher mean flow 

velocity, because higher values of these have a lower effect on the outlet 

concentration (as shown in Figure 28). 

The trends in the current efficiencies presented here seem to mirror the trend in 

the conversion rates (Figure 29). In fact, the current efficiency is calculated by the 

quantity of produced acid (or base) over the total carried electric charge. As before, 

for the three case studies, the current efficiency is not such a significant limitation. 

This is because the average values were higher than 95%, even though from 0.5 to 5 

cm s-1, the relative differences (with respect to 0.5 cm s-1) were 13.5, 8.43 and 3.94% 

for cases A, B and C respectively.  

Finally, the comparison between net and gross Specific Energy Consumption is 

reported in Figure 33.  

 

Figure 33. Gross and Net Specific Energy Consumption as a function of the mean channel flow 

velocity for the three cases (A, B and C) of active area (75×75, 50×50 and 25×25), with a fixed applied 

current density of 300 A m-2. Continuous lines: gross SECm. Dashed lines: net SECm.  

As expected, this figure indicates that increases in the mean flow velocity lead 

to greater differences between the gross and the net SECm. Particularly, increasing 

the mean flow velocity from 0.5 cm s-1 to 5 cm s-1 was associated with relative 

increases (with respect to 0.5 cm s-1) in the net SECm of 2.0, 8.1 and 9.6% for case 

studies A, B and C respectively. The increase in the mean flow velocity leads to an 

increase in the pumping power density (PPD), as a result of the higher localized and 

distributed pressure losses. This result suggests that lower mean flow velocities may 

be beneficial to decrease the energy spent on pumping the electrolyte solutions, even 

though it leads to slightly lower current efficiencies.  
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In this chapter, the BMED technology was firstly presented with a critical 

literature review. Following this, for the first time, a fully integrated BMED process 

model with distributed parameters was developed following a multi-scale simulation 

strategy. The process model was shown to be robust and reliable by validation against 

experiments conducted in a steady-state mode. This model was then used to perform 

a preliminary sensitivity analysis. The analysis suggested that high conversion rates 

of hydrochloric acid (about 70%) can be reached by increasing the applied current 

density to 500 A m-2 in stacks with 75x75 cm2 of active membrane area. However, 

the higher the current densities, the lower the resulting current efficiency. In addition, 

it was found that typical ranges of mean flow velocities (1-5 cm s-1) do not 

significantly affect the module performance. 
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4 Bipolar Membrane Reverse Electrodialysis 

 

Bipolar membrane reverse electrodialysis represents an innovative way to 

produce electric energy by exploiting pH and salinity gradients. Interestingly, the 

theoretical energy density extractable from the mixing of acidic and alkaline 

solutions may be very high, reaching 200 kWh m-3 when utilizing highly 

concentrated solutions at ambient temperature and pressure. Therefore, BMRED is 

an interesting, yet poorly studied technology for the conversion of chemical energy 

into electricity. BMRED may be applied for the neutralization of waste acids and 

bases produced by industrial processes. Although it shows promising performance, 

only few works have been presented in the literature so far, and no models have been 

developed yet.  

This chapter presents a mathematical multi-scale model based on a semi-

empirical approach. The model was validated against experimental data and was 

applied across a variety of operating conditions, showing that it may represent an 

effective tool for the prediction of the process performance. A sensitivity analysis 

was performed in two different scenarios, i.e. (i) a reference case and (ii) an improved 

case with high-performance membrane properties. Results showed that a Gross 

Power Density of 42 W m-2 would be obtainable at a current density of 200 A m-2 

and with HCl and NaOH solutions at concentration of 1 M.  

4.1 Conventional Reverse electrodialysis: general overview and working 

principle 

The production of sustainable energy is one of the main technological 

challenges of our time. Using renewable energy sources is a possible way to address 

this issue. Among them, Salinity Gradient Energy (SGE, or blue energy or osmotic 

energy) can be harvested through properly engineered systems that exploit the Gibbs 

free energy through the mixing of two solutions at different salt concentrations [142]. 

Conventional Reverse Electrodialysis (RED) [143] is among the most investigated 

of the SGE technologies [144]. 

The RED process is carried out in a stack (Figure 34) equivalent to a 

conventional electrodialysis (ED) unit, which is composed of several repetitive units 

called “cell pairs” sandwiched between two end-plates containing the electrode 

compartments. Each cell pair consists of a Cation-Exchange Membrane (CEM), an 

Anion-Exchange Membrane (AEM), a concentrate channel and a dilute channel. In 

RED, the co-ion exclusion (or Donnan exclusion) gives rise to an electric potential 

over each membrane to equilibrate the difference in chemical potential between the 
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two solutions [145,146]. The sum of all the membrane potentials is, ideally, the open 

circuit voltage (OCV) of the stack. When the circuit is closed, redox reactions 

(typically occurring with a reversible couple) take place [147], thus converting the 

internal ions current (selective transport from concentrate to dilute) into an external 

electrons current. In this way, electric energy is supplied to an external load, which 

is the final user. 

 

 

Figure 34. Schematic drawing of a RED stack. The large red arrow from the anode to the cathode 

indicates the desired direction of the electric current; the other large pink arrows indicate the electrical 

parasitic pathways (shortcuts) via manifolds in the concentrate hydraulic circuit. 

Pattle carried out a pioneering work on RED in 1954, attaining a power density 

of 0.2 W/m2 [148]. Since then, significant improvements have been achieved, 

especially in the last decade. With artificial seawater and river water at ambient 

temperature, Vermaas et al. [149] reported gross power densities up to 2.2 W/m2, 

while Kim et al. [150] reached slightly higher values (2.4 W/m2) by developing high-

performing IEMs. Higher values can be attained by increasing the driving force in 

stacks fed in the concentrate by brines [151], which can be drawn from industrial 

processes (e.g. desalination), hypersaline lakes and saltworks [152–155]. A power 

output up to 1.35 W m-2 was reached by a full-scale RED pilot plant [156]. The 

highest power density, reported by Daniilidis et al. [157], was of 6.7 W m-2 (5 M - 
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0.01 M NaCl solutions at 60 °C). Net power is a very important performance 

indicator, given by the produced gross power minus the power spent for pumping the 

solutions. The maximization of net power density has often been used as an 

optimization criterion, given the high cost of the membranes [158–161]. Several 

detrimental phenomena affect the performance of RED processes. The most 

investigated are (i) co-ion transport and (ii) water transport through the membranes, 

(iii) uphill transport and effects of divalent ions on membrane resistance and 

permselectivity, (iv) concentration polarization, and (v) energy spent for pumping 

the solutions. The first three depend on membrane properties, such as fixed charge 

density [162], water permeability [163,164] and monovalent-selectivity [165,166], 

as well as on solution concentration and composition. The fourth and fifth 

phenomenon strongly depend on the fluid-dynamic conditions [141,149,167–169]. 

Other aspects concern the spacer shadow effect [167,170,171], and membrane 

deformation along with its effects [172–174]. 

Further steps have recently been taken to integrate RED in coupled/hybrid 

systems (RED/Electrodialysis (ED) [27,28], RED/Reverse Osmosis (RO) [29,30] 

and RED/Membrane Distillation [31–33]), thus extending the applications of this 

technology. Closed-loop RED has gained attention since it can be a valuable route to 

convert low-grade waste heat into electrical power [11,34–37] through the so called 

RED Heat Engine (RED-HE). It has already been successfully tested at the prototype 

level by using solutions of thermolytic salts, such as ammonium bicarbonate [38–

40], and integrating a “classical” RED unit with a regeneration unit composed of a 

vapour stripping column and a barometric condenser [22]. 

In the last decades, alternatives to the conventional RED process have been 

investigated, involving the neutralization of acid and base solutions. Mei et al., 

proposed an RED chemical cell fed with acid, base and neutral solutions in a four-

compartment unit configuration, to produce energy from acid/base neutralization 

[175]. They proposed a RED chemical cell fed with acid, base and neutral solutions 

in a four-compartment unit configuration, to produce energy from acid/base 

neutralization [175]. With 0.3 M HCl/NaOH solutions and 0.01 M NaCl neutral 

solution, a maximum gross power density (GPD) of ~0.5 W m-2 was achieved. With 

respect to that obtained by conventional RED with only neutral solutions, the GPD 

was significantly enhanced. However, its actual performance is far from the 

theoretical values. Indeed, the obtained energy density was 17%. The performance 

reduction is ascribed to the non-ideal acid-base neutralization [175]. The use of this 

alternative RED process may be possible by using special homopolar membranes 

with very high selectivity. A more promising alternative, which has been poorly 

studied, is the Bipolar Membrane Reverse ElectroDialysis (BMRED), which 
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integrates the use of the bipolar membranes, thus exploiting better the mixing entropy 

associated to the pH gradient. 

4.2 Bipolar Membrane Reverse Electrodialysis 

As in the case of BMED, the key role of the BMRED process is associated with 

the bipolar membrane. BMRED dates back to 1982 when Walther and Skaneateles 

published their patent [176]. In its first conceptualization, this technology consisted 

of a single cell provided with an individual bipolar membrane separating two 

compartments, which hosted the acid and base solutions. The idea behind it was to 

perform controlled neutralization through the use of the bipolar membrane. This 

membrane should be able to direct the migration of the proton and hydroxide ions 

through their respective selective layers (i.e. CEL and AEL). In analogy with the 

semi-conductors theory, the bipolar membrane during the BMRED process acts as a 

p-n junction under a forward bias [26]. Subsequently, the idea of a BMRED device 

was developed in a way similar to BMED devices, using several repetitive units 

stacked together. Additionally, the only BMRED configuration studied so far is the 

one comprising cells with three membrane types, i.e. CEM, AEM and BPM, and 

three channels, i.e. acid, base and salt (Figure 35). 

 

Figure 35. Scheme of an entire Bipolar Membrane Reverse Electrodialysis (BMRED) module (with 

7 repeating units, acid: HCl, base: NaOH). The inset on the right shows an enlarged view of the 

repeating unit (triplet) with an additional anion-exchange membrane (AEM) along with the ions and 

water main fluxes. 

In other terms, BMRED may be seen as the reverse process of BMED. While 

the latter involves the transformation of electric energy into chemical energy in the 

form of chemical products, i.e. acid and base water solutions, the former instead 

involves a process where chemical energy, in the form of a pH gradient, is converted 
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into electricity for final users. The driving force is the neutralization reaction (i.e. the 

opposite reaction of water dissociation) which takes place at the interlayer of the 

bipolar membrane. The neutralization reaction is a very energetic process which 

causes, on one hand, the production of water molecules from proton and hydroxide 

ions, and, on the other hand, determines the passage of the respective conjugated 

base (Cl- ions) and acid (Na+ ions) from the acid and base channels to the salt 

compartment. In this way, the electroneutrality is satisfied. The ion current is then 

converted into electricity in the external circuit thanks to the redox reactions at the 

electrode compartments. The neutralization reaction presents, as is well-known, a 

Gibbs energy at 25 °C and 1 bar equal to -80 kJ mol-1. This is the theoretical energy 

that would be released if the process had 100% efficiency. This would correspond to 

an energy density of 22 kWh m-3 of acidic (or basic) solution at concentration of 1 

M. It is worth noting that this energy density value is an increasing function of the 

acid and base concentrations [177]. Figure 36 represents the energy density trend that 

is the effect of only the pH gradient (with equal acid and base concentrations).  

 

Figure 36. Theoretical energy density (mixing free energy per unit volume of one solution) as a 

function of the strong acid/base concentration (e.g. HCl and NaOH). 

As is clear from Figure 36, at acid and base concentrations equal to 10 M, and 

at ambient temperature and pressure, the energy density would be higher than 200 

kWh m-3. This energy density value would make this technology very competitive 

for the recovery of energy from pH gradients. To reach this goal, further studies 

should be performed to develop high-performance IEMs able to limit co-ion leakages 

under severe operating conditions in terms of acid and base concentration, as well as 

over long-run operations. For instance, bipolar membranes should have very high 

selectivity to proton and hydroxide ions in the cationic and anionic exchange layers, 

respectively, as well as presenting high water permeability. The latter is a very 

important characteristic as, at high current densities, the amount of water molecules 
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produced as a result of the acid-base neutralization is very high. Therefore, bipolar 

membranes should guarantee a high outgoing water flux from the BPM transition 

region. This property is crucial to avoid any risk of delamination of the bipolar 

membrane, thus allowing for operations at high current densities [178]. Furthermore, 

as an example, at 1 M of acid and base, a theoretical electromotive force of 0.83 V 

is generated over a BPM [178]. However, it is worth noting that the BMRED 

configuration consists of three membranes and three channels. Therefore, the 

electromotive force is a function of the concentration at both sides of all the 

membranes. The generic Nernst equation for a stack of N triplets reads:  

𝐸𝑀𝐹 = 𝑁 [
𝑅𝑔 𝑇

 𝑧𝐹
(𝑙𝑛

𝑎
𝐻+|𝑎𝑐

𝑎𝐻+ |𝑏𝑝
+ 𝑙𝑛

𝑎𝑂𝐻−|𝑏𝑝

𝑎𝑂𝐻−|𝑏𝑎
+ 𝑙𝑛

𝑎
𝑁𝑎+ |𝑏𝑎

𝑎𝑁𝑎+ |𝑠𝑎
+ 𝑙𝑛

𝑎𝐶𝑙 −|𝑠𝑎

𝑎𝐶𝑙− |𝑎𝑐
)]  (97) 

where 𝐸𝑀𝐹 is the electromotive force of the BMRED stack, a is ion activity, Rg is 

universal gas constant (8.314 J mol-1 K-1), T is temperature, z is the ion valence, F is 

Faraday’s constant (96485 C mol-1) and ac, bp and ba subscripts refer to the acidic 

solution/BPM-interlayer interface, the interlayer of the bipolar membrane and the 

alkaline solution/BPM-interlayer, respectively.  

Eq. 97 shows the bipolar membrane contribution, i.e. the first two addends, and 

the monopolar membrane contributions, i.e. the other two addends. By way of 

example, the histogram in Figure 37 shows the EMF and the bipolar and monopolar 

membrane contributions computed by Eq. 97 in four different scenarios: high or low 

acid and base concentrations with the presence or not of NaCl as background salt in 

the acid and base compartments.  
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Figure 37. EMF contributions for a BMRED triplet. Blue and green areas refer to BPM and MPMs 

contributions respectively. Inlet concentrations: 0.2 M or 1 M HCl/NaOH with or without the presence 

of 0.25M NaCl of background salt in the acid and base compartments. Salt stream: 0.25 M NaCl.  

It is clear that, regardless of the scenario, the BPM contribution to the EMF is 

always predominant and depends on the acid and base concentrations only, and not 

on the presence of NaCl as background. On the other hand, the contribution of MPMs 

is shown to be dependent on both acid/base and salt concentrations in the acid and 

base compartments. For instance, with HCl and NaOH concentrations equal to 1 M, 

the presence of background salt increases the EMF by ⁓1.3%. Furthermore, the lower 

the HCl/NaOH concentration, the higher the effect of background salt. Particularly, 

with a HCl/NaOH concentration equal to 0.2 M, the background salt raises the EMF 

by ⁓5.4%, and the contribution of MPMs inverts from negative to positive.  

As already stated, the reported EMF or the energy density values are only 

theoretical. This means that the BMRED technology has to deal with some source of 

inefficiency that ultimately affects the actual performance, e.g. the internal stack 

resistance and the non-ideal behaviour of the membranes, which are not 100% 

selective. Due to the presence of three compartments in a single repetitive unit, one 

may incorrectly assume that there will be higher internal ohmic losses in BMRED 

units than in conventional (i.e. two-compartment) RED units. However, unlike with 

the conventional RED process, the concentrate compartments of a BMRED module 

are the acid and base channels; these hold the acid and base solutions which, by 

nature, are highly conductive. Moreover, the dilute compartments are the salt channel 

and the interlayer of the bipolar membrane. Unlike with the conventional RED 

process, the salt channels in a BMRED unit typically have conductivities in the order 
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of 2-5 S m-1 (computed with OLI studio Stream Analyzer ®). These conductivities 

result to be 1 order of magnitude higher than the conductivity of river water, which 

is commonly utilized for the dilute compartment of a conventional RED system. 

Even though the interlayer of the bipolar membrane is highly diluted, its thickness is 

small enough to give only a relatively small increase in the overall resistance of the 

bipolar membrane.  

On the other hand, highly conductive solutions may give rise to quite a few 

problems in terms of parasitic currents (i.e. the ionic current by-pass through the 

manifolds instead of across the membranes [111]). Another potential source of 

efficiency loss is the concentration polarization phenomenon, which causes the 

boundary layer voltage drop [168]. This fact leads to the decrease of the cell 

electromotive force, causing a reduction of the overall efficiency.  

Furthermore, among the possible detrimental phenomena there is the power 

consumption due to the pumping of the solutions. This fact is crucial for RED 

systems because the higher the pumping power, the lower the available power for the 

final user. In this respect, BMRED takes advantage of a high energy density, which 

is (at a concentration of 1M of acid and base) ≈ 1 order of magnitude higher than the 

energy released by mixing salt and fresh water. For this reason, in BMRED, the 

fraction of energy spent on pumping the electrolytes is lower than the one necessary 

for conventional RED processes, thus it should have negligible effects on the net 

power density. 

In terms of environmental impact, BMRED is a safe technology. In fact, even 

considering the possibility of an accidental breakage of the electrolyte solution 

storage tanks, it does not have serious implications as the acidic and basic solutions 

would neutralize, thus producing a harmless NaCl solution. Despite BMRED 

represents an interesting technology for converting pH and salinity gradients into 

electricity, it has been poorly investigated. For example, to date only up to 1M of 

HCl and NaOH solutions have been studied [177]. The very few works presented in 

the literature are summarized below.  

4.2.1 State of the art 

The BMRED literature regards this technology as the discharge phase of the 

Acid-Base Flow Battery. In this chapter, the discharge aspects of the AB-FB will be 

analyzed, whereas in Chapter 6 this study will be extended to both the phases and the 

overall functioning of the battery.  
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Emrén and Holmström [179] explored the battery using a seven-triplet stack, 

recording a maximum output voltage of 1.8 V (current density of ≈1.4 A m-2) with 

an estimated perm-selectivity of the BPMs of ≈50% during the discharge experiment.  

Pretz and Staude [180] studied the range of concentration of 0.1-1 M of acid and 

base. The current efficiency decreased by one order of magnitude when passing from 

0.1 to 1 M due to the non-ideal behaviour of the IEMs. Depending on the type of 

bipolar membrane used, the maximum energy efficiency of the process was found to 

be 22%. In terms of voltage-current trend, by using an external resistance equal to 

the internal one, the stack voltage is theoretically 50% of the open circuit voltage. 

However, a lower electric potential was observed, and this was attributed to the 

higher electric resistance (up to 15 times increase) due to water accumulation in the 

bipolar membrane interlayer at higher electric currents. The water flux may also 

irreversibly damage the BPMs through delamination. 

Zholkovskij et al. [181] investigated a 4-compartment BMRED stack. The 

measured values of membrane resistance were 5, 2 and 6.8 Ω cm2 for AEM, CEM 

and BPM, respectively. They explored the electric current interval 0.001 - 5 mA, 

corresponding to current densities up to ≈2 A m-2. Moreover, the maximum studied 

concentrations were ≈0.03 M of acid and base. They reported specific energy of 0.1 

Wh kg-1 and a maximum GPD (per kilogram of product) of 0.005 W kg-1.  

Kim et al. [182] explored the acid/base concentration range of 0.1 - 0.7 M with 

a single-cell stack. The open circuit voltage (OCV) was 6% lower on average than 

the theoretical one. This discrepancy was explained by two reasons: i) the effect of 

the excessive water formation due to the neutralization reaction in the interlayer and 

ii) the overvoltage of the electrode reactions. Particularly, the greater reductions in 

electric potential were found to occur at higher concentrations, where the water 

formation in the interlayer was higher. Maximum values of GPD ranged from 6.6 to 

11.6 W m-2.  

Van Egmond et al. [177] performed experiments by using a single-triplet stack 

with active membrane area of 0.01 m2 and by exploring a wide range of acid and 

base concentration, i.e. 0 – 1 M of HCl and NaOH. The OCV was found to be 0.83 

V at 1 M of acid and base, corresponding to 89% of apparent permselectivity of the 

membrane stack. Moreover, they performed discharge tests with current densities in 

the interval  5 - 15 A m-2. The delamination of the bipolar membranes was observed 

at 20 A m-2. A maximum GPD of 3.7 W m-2 and a specific energy density of 2.9 Wh 

kg-1 were achieved.  

Xia et al. [178] first investigated BMRED units with a single triplet, and 

afterwards they used a variable number of repetitive units in the range of 5 to 20 
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[183]. The single triplet experiments were performed with acid and base 

concentration in the range of 0 - 1 M [178]. Stack experiments [183] were performed 

with a fixed acid/base concentration equal to 1M or 0.5M. Single cell experiments 

showed that the maximum achievable specific power was ≈95 W kg-3, which was 

found at a concentration of 0.75 M [183]. Compared to the other works presented in 

literature, this value seems to be unrealistic, as it should be ≈60 W m-2. However, 

this value from literature is improbable, thus it could be suggested that previous 

calculations have been inconsistent. Although the specific power reached at 1 M was 

lower (≈65 W kg-3), this result was affected by the fact that the experiment at 1 M 

was limited to a lower current density, thus not achieving the power peak. 

Furthermore, the OCV values measured by varying the number of repeating units 

(from 5 to 20) were lower than the values calculated by a linear extrapolation of the 

OCV for a single triplet [49]. Particularly, the higher the number of triplets, the 

higher the discrepancy. This was due to the detrimental effects of the shunt currents 

through the manifolds. However, a maximum GPD of 16 W m-2 (excluding 

electrode losses) was found with a stack equipped with 20 triplets, at a current density 

of 100 A m-2 [183]. Moreover, delamination issues did not occur up to 200-400 A m-

2 [183], i.e. values of current density that are one order of magnitude higher than 

those found in previous works. 

The present literature review shows that membrane properties are crucial for the 

BMRED process performance. Specifically, the bipolar membrane performance 

should be improved by increasing its stability and selectivity, in order to allow high 

current densities. In fact, high current densities are today unfeasible due to the limited 

performance of the available bipolar membranes, although this is expected to change 

in the near future. Indeed, the rapid increase in attention on BPMs over the last two 

decades has already led to major improvements in the BPM properties [35].  

4.3 Acid/Base neutralization of waste streams and production of energy 

Large volumes of acidic wastewater are produced in many industrial processes, 

from electroplating [184], iron and steel production to pickling operations [185], 

from food processing [186] to drugs production and mining activities. Therefore, 

acidic wastewater disposal is one of the most important issues for the modern 

industries, since wastewater must be treated under controlled conditions before the 

final discharge [187]. A common practice in treating acid streams is the 

neutralization process with large amount of alkaline reagents (e.g. calcium carbonate, 

calcium oxide, magnesium hydroxide, sodium hydroxide or carbonate) [188], 

especially whether the landfilling or the discharge in sea locations are still the 

primary options. Although widely used by industries the neutralization of acid 
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streams presents high treatment costs as well as it produces metals rich brines 

containing heavy metal components. Furthermore, the acid solution is lost during 

neutralization processes, while it could be recovered and/or reused through a 

sustainable approach. Many technologies are currently studied for acid recovery 

[187,189], including electro-dialytic techniques [78,190].  

Similar considerations apply for alkaline solutions. High amounts of spent 

sodium hydroxide solutions are regularly disposed by the several industry sectors. A 

typical source of caustic soda wastes is the anodizing industry, which uses highly 

concentrated NaOH solutions at high temperature, particularly for removing 

aluminium from the extruder matrixes [191]. In fact, the inner surface of the 

extrusion dies has to be perfectly clean in order to produce high quality extruded 

products [192]. Textile dyeing industry as well as metal finishing processes are other 

sources of caustic soda with an average concentration of 12% weight. The outgoing 

spent caustic soda solutions presents on average a concentration of 4% weight, which 

is typically lost by neutralization [193]. Sodium hydroxide solutions with a 

concentration in the range 5-10% weight are commonly used in the oil refining 

desulfurization process, which produces consumed caustic soda solutions [194]. 

Finally, spent caustic soda solutions are also produced by ethylene plants [195]. 

In order to reduce the costs of the wastewater treatment, a very promising option 

may be to neutralize the acid and base solutions while a concurrent production of 

electric energy is performed by exploiting the pH gradient. To this purpose, several 

approaches have been proposed over the years. A solution consisted in harvesting 

mechanical energy by carrying out the neutralization reaction, with waste acid or 

base, inside an ion-exchange polymer causing a reversible swelling and shrinking of 

the polymer phase because of the water transport inwards and outwards [196–198]. 

Another approach involved the energy storage derived by proton insertion/de-

insertion cycle in a so-called neutralization pseudo-capacitor, where energy storage 

was derived from the partial entropy change related to the difference in the acid 

concentration of the electrolytic solution [199]. RED technology can be a sustainable 

and effective way for producing energy from waste solutions [153,200,201]. In this 

regard, an ammonium bicarbonate-based Reverse Electrodialysis system was 

proposed to treat waste acid streams and, simultaneously, to produce hydrogen gas 

[202]. An innovative way in reusing waste acid streams for energy production can 

be based on harvesting the energy derived from acid-base neutralization through 

Bipolar Membrane Reverse Electrodialysis.  
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The optimization of stack design and operating conditions will be crucial for the 

process competitiveness of the BMRED technology. Therefore, the development of 

suitable modelling tools is crucial to assess the process performance under different 

working conditions and its potential achievements with high-performance 

membranes.  

4.4 Modelling of the bipolar membrane reverse electrodialysis: state of the art 

Conventional RED processes have been studied by a wide variety of 

mathematical models, including several simulation approaches from the very 

simplified lumped to the more complex multi-physics and multi-scale models. The 

simplified models allow the prediction of the RED behaviour only qualitatively as 

they are based on numerous simplifying hypotheses. On the other hand, the advanced 

ones try to simulate with high accuracy the process at a cost of a large computational 

burden. Some numerical models have been based on the Nernst-Planck theory 

[162,163] or on the resolution of the Stefan-Maxwell equation [203]. However, the 

most effective approach for the development of membrane process models is based 

on a separation of spatial scales and the use of accessible empirical parameters 

characterizing the membrane properties. These multi-scale semi-empirical models 

describe the ED/RED process behaviour by solving material mass balances for the 

repetitive units calculating membrane fluxes and requiring, as only input, membrane 

characteristics such as their electrical resistance [112,204]. Semi-empirical models 

are a good compromise in terms of predictive accuracy and computational cost.  

Unlike the conventional RED, very few modelling attempts have been presented 

so far in literature for the BMRED process. In the first model developed by Pretz and 

Staude [180] the OCV was calculated as proportional to the cells number. Moreover, 

the evaluation of the gross power and the internal resistance were proposed. The 

model predictions were not in a good agreement with the experimental data, 

especially the OCV, for which an important discrepancy was observed by increasing 

the number of repetitive units, due to the occurrence of parasitic currents. 

Zholkovskij et al. [181] showed the calculation of the EMF by considering not only 

the bipolar membrane electrical potential but also the one related to the monopolar 

membranes. Furthermore, parameters as specific capacity, energy density and power 

density were assessed. To obtain these system characteristics, the calculation of the 

external voltage by varying the current portion for a fixed discharge time was 

proposed. The developed equations were simplified by considering two limiting 

conditions, i.e. very slow or rapid process. They obtained a complex system of 

equations which presents quite a few resolution difficulties as well as the need of not 

easily empirically accessible parameters. Despite the numerical complexity, the 
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maximum discrepancy with the experimental results was high, in the order of 30%. 

Therefore, this model aimed at predicting only qualitative trends of the BMRED 

process. Finally Xia et al. [178] did not develop a predictive model, but they only 

calculated parameters as the stack voltage, power density and the voltage efficiency 

by using the experimental OCV, the external current and the internal resistance. The 

expression used for the theoretical OCV was derived from the ion electrochemical 

potential equations at the membrane-solution interfaces. 

In the present chapter, a novel comprehensive BMRED mathematical multi-

scale model was developed for the first time. It is a semi-empirical model able to 

predict the behaviour of the BMRED process and the main figure of merits of 

relevant interest. Once experimentally validated, the model was used to perform a 

sensitivity analysis to give insights about the potential of this innovative technology 

for the energy harvesting by acid and base neutralization.  

4.5 Description of the multi-scale model 

This mathematical model was developed in the gPROMS Model Builder® 

platform and presents a multi-scale structure. The model presents four levels and 

three dimensional scales, following the same structure used for BMED described in 

chapter 3. The model similarly integrates correlations coming from Computational 

Fluid Dynamic simulations for the calculation of Sherwood numbers and friction 

factors along the channels and pressure drops at the inlet/outlet regions of the channels 

connected to the manifolds. Except for the bipolar membrane level, where more 

significant changes were required, the equations adopted at the various levels or 

dimensional scales are the same or with only small changes with respect to those 

used for BMED (chapter 3). In this section, the modifications regarding the bipolar 

membrane level and other model levels, when needed, will be described. Finally, the 

main performance parameters will be defined, e.g. energy density and efficiency, 

which are relevant for the BMRED technology.  

4.5.1 Lowest scale: Channel model 

This model was already shown in section 3.5.1. All the equations and 

considerations are still valid without any modifications. 

4.5.2 Lowest scale: Bipolar Membrane model 

The bipolar membrane is modelled as a two-layer membrane, i.e. CEL and AEL, 

with an interlayer in which no mass accumulation is assumed. All the bipolar 



 Bipolar Membrane Reverse Electrodialysis 

84 

 

membranes of a stack are simulated and discretized along the flow direction. Likewise 

the case of monopolar membranes, bipolar membrane fluxes are evaluated by adopting 

the Nernst-Planck-Donnan approach for multi-ion systems [67]. Ion transport through 

the bipolar membrane layers are given by:  

𝐽𝑖,𝐵𝑃𝐿 = −𝐽𝑑𝑖𝑓𝑓,𝑖,𝐵𝑃𝐿 +
𝑡𝑖,𝐵𝑃𝐿 𝑖

𝑧𝑖  𝐹
  (98) 

in which 𝐽𝑖,𝐵𝑃𝐿 is the total molar flux of the i-th ion across the generic bipolar 

membrane layer (i.e. CEL or AEL), 𝐽𝑑𝑖𝑓𝑓,𝑖,𝐵𝑃𝐿 is the diffusion component of the ion 

flux, 𝐷𝑖,𝑗,𝐵𝑃𝐿 is the cross-diffusion coefficient (defined later), 𝐶𝑗,𝐵𝑃𝐿 is the 

concentration in the membrane phase of the j-th ion, 𝑗 = 1,2,… , 𝑛 (where 𝑛 is the 

number of ion species, which is 4 in the present study) at each BPM-layer interface, 

𝑡𝑖,𝐵𝑃𝐿 is the transport number of the i-th ion within the layer, 𝑖 is the current density, 

𝑧𝑖 is the ion charge and 𝐹 is the Faraday constant. 𝐽𝑖,𝐵𝑃𝐿 is positive if entering the 

channel, negative if exiting the channel.  

At the interlayer interface 𝐶𝑗,𝐵𝑃𝐿 is assumed to be null for the co-ions in their 

respective BPM-layer. However, for the counter-ions across the CEL, the Na+ 

concentration is assumed to be constant and the H+ concentration follows from the 

electro-neutrality relation; for the counter-ions across the AEL, the Cl- concentration 

is assumed to be constant and OH- concentration follows the electro-neutrality 

relation.  

However the effective ion transport numbers 𝑡𝑖,𝐵𝑃𝐿 in each bipolar membrane layer 

have to satisfy the overall electroneutrality over the BPM. For this reason, the effective 

ion transport numbers are calculated as the half-sum of the transport numbers 𝑡𝑖,𝐵𝑃𝐿
∗  of 

the correspondent counter- and co- ions in the two layers. In other words, the symmetry 

of the bipolar membrane is taken into account for the calculation of the ion transport 

numbers.  

Taken individually, the ion transport numbers 𝑡𝑖,𝐵𝑃𝐿
∗  for each layer are related to 

the ion diffusion coefficients of all the ions, and to the average ion concentration within 

the layer by the expression  

𝑡𝑖,𝐵𝑃𝐿
∗ =

𝑧𝑖
2𝐷𝑖 ,𝐵𝑃𝐿𝐶𝑖,𝐵𝑃𝐿̅̅ ̅̅ ̅̅ ̅̅ ̅

∑ 𝑧𝑗
2𝐷𝑗,𝐵𝑃𝐿𝐶𝑗,𝐵𝑃𝐿̅̅ ̅̅ ̅̅ ̅̅ ̅𝑗

  (99) 

in which 𝐷𝑖,𝐵𝑃𝐿 is the diffusion coefficient of the i-th ion, and 𝐶𝑖,𝐵𝑃𝐿̅̅ ̅̅ ̅̅ ̅ is the average 

ion concentration within the bipolar membrane layer. 𝐷𝑖,𝐵𝑃𝐿 is the ion diffusivity in 

the membrane phase and it is a parameter of the model.  
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The following n-1 Donnan equilibrium equations at each membrane-solution 

interface are applied  

𝑅𝑔𝑇

𝑧𝑖 𝐹
𝑙𝑛

𝐶𝑖,𝑠𝑜𝑙,𝑖𝑛𝑡

𝐶𝑖,𝐵𝑃𝐿,𝑖𝑛𝑡
=

𝑅𝑔𝑇

𝑧𝑖 +1𝐹
𝑙𝑛

𝐶𝑖+1,𝑠𝑜𝑙,𝑖𝑛𝑡

𝐶𝑖+1,𝐵𝑃𝐿,𝑖𝑛𝑡
  (100) 

where 𝐶𝑖,𝑠𝑜𝑙,𝑖𝑛𝑡 and 𝐶𝑖,𝐵𝑃𝐿,𝑖𝑛𝑡  are the ion concentrations at the interface on the solution 

and membrane side, respectively, 𝑅𝑔 is the gas constant and 𝑇 is the temperature. 

The electro-neutrality within each bipolar membrane layer is considered with the 

general expression:  

𝑋 + ∑ 𝐶𝑐𝑜,𝐵𝑃𝐿 = ∑ 𝐶𝑐𝑡,𝐵𝑃𝐿  (101) 

where 𝑋 is the fixed charge group concentration in the IEM, 𝐶𝑐𝑜,𝐵𝑃𝐿 and 𝐶𝑐𝑡,𝐵𝑃𝐿  are 

the co-ion and counter-ion concentrations in the bipolar membrane layer.  

According to the diffusion-conduction equation Eq. (98), the diffusive flux of the 

ion species i for each layer taken individually through a bipolar membrane layers is  

𝐽𝑑𝑖𝑓𝑓,𝑖,𝐵𝑃𝐿
∗ = − ∑ 𝐷𝑖,𝑗,𝐵𝑃𝐿∇𝐶𝑗,𝐵𝑃𝐿𝑗   (102) 

where the concentration gradients are calculated by assuming a linear profile between 

the boundary values of concentration calculated by solving the Donnan equilibrium 

expressions, and the cross-diffusion coefficients 𝐷𝑖,𝑗,𝐵𝑃𝐿 are expressed as follows:  

𝐷𝑖,𝑗,𝐵𝑃𝐿 ≡ 𝐷𝑖,𝐵𝑃𝐿𝛿𝑖𝑗 +
𝑡𝑖,𝐵𝑃𝐿

∗

𝑧𝑖
𝑧𝑗(𝐷𝑖,𝐵𝑃𝐿 − 𝐷𝑗,𝐵𝑃𝐿)  

(103) 

where 𝛿𝑖𝑗 is the Kronecker delta.  

The effective diffusive fluxes 𝐽𝑑𝑖𝑓𝑓,𝑖,𝐵𝑃𝐿 in each bipolar membrane layer has to 

satisfy the overall electroneutrality. For this reason, the effective ion diffusive flux is 

calculated as the half-sum of the ion flux of the correspondent counter- (i.e. Na+ and H+ 

in CEL and Cl- and OH- in AEL) and co- (i.e. Na+ and H+ in AEL and Cl- and OH- in 

CEL) ions in the two layers. Particularly, the correspondent co-ions in CEL are Cl- and 

OH- for Na+ and H+ respectively and vice-versa for AEL. In other words, again a 

symmetry of the bipolar membrane is taken into account. Particularly, since 𝐽𝑑𝑖𝑓𝑓,𝑖,𝐵𝑃𝐿
∗  

is positive when the ion species enters the channel, the following relation is applied  

𝐽𝑑𝑖𝑓𝑓,𝑖,𝐶𝐸𝐿 = −𝐽𝑑𝑖𝑓𝑓,𝑖,𝐴𝐸𝐿  (104) 

The concentration gradient ∇𝐶𝑗,𝐵𝑃𝐿 in Eq. 102 may be calculated by knowing 

the membrane ion concentration at the interlayer interfaces.  



 Bipolar Membrane Reverse Electrodialysis 

86 

 

Finally, by following the assumption of no mass accumulation in the interlayer, 

a further salt flux should be considered to satisfy mass balances through the bipolar 

membrane system. Particularly, this salt mass flux 𝐺𝑠𝑎𝑙𝑡 is due to the migration of 

sodium and chloride ions through the bipolar membrane layers. It is computed as 

follows:  

𝐺𝑠𝑎𝑙𝑡,𝐵𝑃𝐿 = −
(𝑡𝑁𝑎,𝐵𝑃𝐿+𝑡𝐶𝑙 ,𝐵𝑃𝐿) 𝑖

2𝐹
𝑀𝑁𝑎𝐶𝑙 ∙ 10−3  

(105) 

4.5.3 Middle-low scale: Triplet model 

The equations already presented in section 3.5.3 are valid for the BMRED 

model without variations.  

4.5.4 Middle-high scale: Stack model 

In the BMRED process, the produced electricity is conveyed along the external 

electric circuit toward an external load, which represents the final user. For the 

BMRED process, the equivalent electric circuit solved by the electrical sub-model of 

stack is shown in Figure 38. 

 

Figure 38. Scheme of the equivalent electric circuit of BMRED stacks. 

The equations already presented in section 3.5.4.2 are still valid but with some 

differences. The cell current 𝐼𝑘 for the k-th node and the external current 𝐼𝑒𝑥𝑡 are 

calculated as: 

𝐼𝑘 =
(𝐸𝑎𝑣,𝑘−∆𝑉𝑘)

𝑅𝑎𝑣,𝑘
  

(106) 
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𝐼𝑒𝑥𝑡 =
𝑈

𝑅𝑢+𝑅𝑏𝑙
  (107) 

The gross power density 𝐺𝑃𝐷 per triplet provided by the power provided to the 

external load, can be simply calculated as  

𝐺𝑃𝐷 =
𝐼𝑒𝑥𝑡 𝑈𝑒𝑥𝑡

𝑁 𝑏 𝐿
  (108) 

where 𝑏 ∙ 𝐿 is the active area of one single membrane.  

The net power density (NPD) is calculated as 

𝑁𝑃𝐷 = 𝐺𝑃𝐷 − 𝑃𝑃𝐷  (109) 

where PPD is already calculated in chapter 3.  

4.5.5 Figures of merit of BMRED processes 

In this section, the main figures of merit of BMRED units are described. In a 

specular way to BMED, the mass Gross Energy Density (GEDm) represents the energy 

recovered by the process neutralizing 1 kg of HCl. It is given by  

𝐺𝐸𝐷𝑚 =
𝑈𝑒𝑥𝑡  𝐼𝑒𝑥𝑡

 3600 𝑀𝐻𝐶𝑙 𝑄𝑡𝑜𝑡,𝑎 (𝐶𝐻𝐶𝑙,𝑑,𝑎,1−𝐶𝐻𝐶𝑙 ,𝑐,𝑎,𝑁−1)
  (110) 

where 𝐺𝐸𝐷𝑚 is expressed in kWh kgHCl
-1.  

The current efficiency (𝜂𝑐) is the amount of the produced external charge per unit 

of HCl moles neutralized by the process. It is calculated according to  

𝜂𝑐 =
 𝑁𝑡𝑟 𝐼𝑒𝑥𝑡

𝐹 𝑄
𝑡𝑜𝑡,𝑎 (𝐶𝐻𝐶𝑙,𝑑,𝑎,1−𝐶𝐻𝐶𝑙,𝑐,𝑎,𝑁−1) 

  (111) 

in which 𝜂𝑐 is the current efficiency.  

The conversion rate of the hydrochloric acid is the ratio between the amount of 

produced sodium chloride during the process time over the initial hydrochloric acid as 

𝜏 =
 𝑄

𝑡𝑜𝑡,𝑠 (𝐶𝑁𝑎𝐶𝑙,𝑐,𝑠,𝑁−1−𝐶𝑁𝑎𝐶𝑙 ,𝑑,𝑠,1) 

𝑄𝑡𝑜𝑡,𝑎  𝐶𝐻𝐶𝑙,𝑑,𝑎,1
  

(112) 

where 𝜏 is the conversion rate of hydrochloric acid.  

Another important performance parameter is the energy density (energy 

extracted from a unit volume of processed solution). The gross energy density 

(GEDv), i.e. neglecting the energy loss due to pumping, in a similar manner to 

BMED, represents the gross energy collected over a complete neutralization of the 

pH gradient, divided by the used volume of acid solution, as reported in Eq. (113):  
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𝐺𝐸𝐷𝑣 =
𝑈𝑒𝑥𝑡  𝐼𝑒𝑥𝑡

 3.6∙106∙𝑄𝑡𝑜𝑡,𝑎 
  (113) 

where 𝐺𝐸𝐷𝑣 is expressed in kWh mHCl
-3.  

Moreover, the efficiency of the process η was evaluated as:  

𝜂𝐵𝑀𝑅𝐸𝐷 =
𝐺𝐸𝐷𝑣

𝐺𝐸𝐷𝑣,𝑡ℎ
  (114) 

in which 𝐺𝐸𝐷𝑣,𝑡ℎ is the theoretical gross energy density (kWh m-3) and it is calculated 

as follows 

𝐺𝐸𝐷𝑣,𝑡ℎ =
𝐹

3.6∙106 ∫ 𝐸𝑀𝐹 𝑑𝐶𝑡,𝐻𝐶𝑙,𝑜𝑢𝑡,𝑎
𝐶𝑡,𝐻𝐶𝑙,𝑜𝑢𝑡,𝑎

10−4   (115) 

4.6 Steady-state model validation 

BMRED experiments were collected by using a commercial lab-scale module 

(FT-ED-100) from Fumatech BWT GmbH (Germany). The stack was equipped with 

the following IEMs: fumasep® FAB, fumasep® FKB and fumasep® FBM as AEM, 

CEM and BPM, respectively. The electrodes were DSA (Dimensionally Stable 

Anode)-type electrodes, suitable for the redox electrode reactions, with an area of 10 

× 10 cm2. IEMs were separated by PVC/ECTFE spacers (made by woven filaments 

and with a thickness of 500 µm). Spacers had three inlet/outlet holes and each hole 

diameter was 8.5 mm. The membranes active area was 10 × 10 cm2. The stack was 

assembled with different number of repeating units in the interval 5-38. Acid, base 

and salt solutions were prepared using Hydrochloric Acid (HCl 37% Merck), Sodium 

Hydroxide (NaOH 98-100% Honeywell Fluka) and Sodium Chloride (NaCl 99.7% 

ChemSolute), respectively. The electrode rinse solution was an aqueous solution 0.5 

M in FeCl2/FeCl3 (99% ChemSolute) and 0.6M in HCl. HCl was added to prevent 

possible iron oxy-hydroxide precipitation [205]. AEM was used as end- membrane. 

Peristaltic pumps (BT601S, Lead Fluid Technology, CO LTD, China) were used for 

circulating all the acid, base and salt streams as well as the electrode rinse solution. 

A BK Precision 8540 DC Electronic Load was used in galvanostatic mode. All the 

experiments were re-tested a minimum of two times to verify their reliability. Inlet 

and outlet solution samples were collected for the analysis of both titration and 

chromatography to compare the ion concentrations in each compartment. Ion 

chromatography was performed with an Ion Chromatography (IC) Metrohm 882 

Compact IC plus. Milli-Q water was used to prepare each sample.  

Analogously to the BMED tests (chapter 3), the open-loop configuration was used for 

every experiment. Various compositions and concentrations were properly chosen. At 



Bipolar Membrane Reverse Electrodialysis 

89 

 

the beginning of the experiment, samples of the initial solutions were collected to 

perform chromatography and titration analysis. Each peristaltic pump was calibrated 

prior to use in order to be able to set a specific mean channel flow velocity. Once the 

pumps started flowing the electrolyte solutions through the stack, they operated for at 

least 5 minutes to ensure good membrane conditioning. Subsequently, the external 

circuit was closed by setting the load to provide the desired electric current.  The 

operation continued until reaching a constant external voltage (measured by the volt-

metro), and then samples of the outlet solutions were collected to determine pH and ion 

concentrations of the outlet solutions. The used experimental set-up is depicted in 

Figure 18.  

4.6.1 Comparison between experimental data and model predictions 

The experiments were performed in a steady-state regime, and with three 

different acid and base concentrations, i.e. 0.2, 0.6 and 1 M, as well as with or without 

the presence of 0.25 M NaCl of salt background in the acid and base compartments. 

The NaCl concentration at the inlet of the salt channels was kept constant at 0.25 M 

for all the experiments. The tests were performed by varying the number of triplets 

from 5 to 38 for the set of experiments without the presence of salt background, and 

from 5 to 30 for the set of experiments with the presence of salt background.  

Figure 39 shows the polarization curves for the 0.2 M experiments without the 

presence of background salt, and for stacks with different numbers of triplets, along 

with the model predictions.  
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Figure 39. Voltage-current curves by varying the number of triplets, in 10×10 cm2 stacks with 

Fumatech membranes (FAB, FKB, FBP) and with spacers provided with 3 inlet/outlet holes (diameter 

of 8 mm). Mean flow velocity of the electrolyte solutions in each channel equal to 1 cm s -1. Symbols 

refer to experimental data, continuous lines to the model predictions. Inlet concentrations: 0.2M HCl 

and NaOH in the acid and base channels respectively and 0 .25M NaCl in the salt channel. Areal blank 

resistance: 72 Ω cm2. 

The experiments in Figure 39 showed high repeatability since the average 

empirical error was ≈ 2.5%. The maximum empirical error was obtained in the tests 

using 5 triplets, and it was 5.7%. The model predictions were in good agreement with 

the experimental data, regardless of the number of triplets. The overall average 

discrepancy was ≈1.9%, with a minimum of 0.35% for the experiments conducted at 

5 triplets, whereas the maximum discrepancy was obtained for the 10-triplet stack, 

which is characterized by an average discrepancy of 3.3%. Interestingly, even at high 

numbers of triplets the model predicts the experimental results with high accuracy as 

the maximum absolute discrepancy was found to be 4.2% for the case of 38 triplets 

at a current density of 29 A m-2. The maximum current density was limited at 29 A 

m-2, to avoid the delamination of the BPMs. 

Figure 40 illustrates the polarization curves for the 0.6 M cases without the 

presence of background salt.  

0

2

4

6

8

10

12

14

16

18

20

22

0.00 0.05 0.10 0.15 0.20 0.25 0.30

V
o

lt
ag

e
 (

V
)

Current (A)

model 0.2M - 38tr

model 0.2M - 30tr

model 0.2M - 20tr

model 0.2M - 10tr

model 0.2M - 5tr

exp 0.2M - 38tr

exp 0.2M - 30tr

exp 0.2M - 20tr

exp 0.2M - 10tr

exp 0.2M - 5tr



Bipolar Membrane Reverse Electrodialysis 

91 

 

 

Figure 40. Voltage-current curves by varying the number of triplets, in 10×10 cm2 stacks with 

Fumatech membranes (FAB, FKB, FBP) and with spacers provided with 3 inlet/outlet holes (diameter 

of 8 mm). Mean flow velocity of the electrolyte solutions in each channel equal to 1 cm s -1. Symbols 

refer to experimental data, continuous lines to the model predictions. Inlet concentrations: 0.6M HCl 

and NaOH in the acid and base channels respectively and 0 .25M NaCl in the salt channel. Areal blank 

resistance: 72 Ω cm2. 

The results reported in Figure 40 show high repeatability since the average 

empirical error was ≈ 2.3%. The maximum empirical error found was for the 5 

triplets experiment curve, with an average of 5.2%. Overall, the discrepancy was 

≈3.6%, with a relative minimum error of 1.2% for the experimental curve at 30 

triplets, and a maximum model discrepancy of 6.7% on average. At the highest 

number of triplets that was investigated, the model predicts the empirical data with 

high accuracy, as the average model discrepancy was 1.6%.  

Figure 41 reports the polarization curves for the 1 M cases without the presence 

of background salt.  
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Figure 41. Voltage-current curves by varying the number of triplets, in 10×10 cm2 stacks with 

Fumatech membranes (FAB, FKB, FBP) and with spacers provided with 3 inlet/outlet holes (diameter 

of 8 mm). Mean flow velocity of the electrolyte solutions in each channel equal to 1 cm s -1. Symbols 

refer to experimental data, continuous lines to the model predictions. Inlet  concentrations: 1 M HCl 

and NaOH in the acid and base channels respectively and 0.25M NaCl in the salt channel. Areal blank 

resistance: 72 Ω cm2. 

The empirical data illustrated in Figure 41 has high reliability as the empirical 

error was ≈2.2% on average. As in the two previous graphs, the maximum empirical 

error found was recorded in the tests with 5 triplets, and the average error was 4.7%. 

Even employing 1M of acid and base, the model simulations were in fairly good 

agreement regardless of the number of cells. The overall average discrepancy was 

≈1.2%, with a minimum of 0.17% for the case with 30 triplets. The maximum 

discrepancy was obtained for the experiments conducted at 20 triplets, where the 

average error was 2.2%. The experiments conducted at 1 M had the best fit with the 

model predictions. For the stack equipped with 38 triplets, the maximum model error 

was ≈0.9%.  

The next results concern the set of experiments conducted with the presence of 

background salt in the acid and base compartments.  

Figure 42 shows the polarization curves for the 0.2 M cases with the presence 

of background salt.  
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Figure 42. Voltage-current curves by varying the number of triplets, in 10×10 cm2 stacks with 

Fumatech membranes (FAB, FKB, FBP) and with spacers provided with 3 inlet/outlet holes (diameter 

of 8 mm). Mean flow velocity of the electrolyte solutions in each channel equal to 1 cm s -1. Symbols 

refer to experimental data, continuous lines to the model predictions. Inlet concentrations:  0.2M HCl 

and NaOH in the acid and base channels respectively with the presence of salt background and 0.25M 

NaCl in the salt channel. Areal blank resistance: 72 Ω cm2. 

The experimental data present high repeatibility since the reported average 

deviation with the test-retest process was ≈3%. The maximum empirical deviation 

was recorded with the 5-triplet experiments, where the average error of the curve was 

5.6%. The model simulations were in good agreement even when varying the number 

of triplets. Particularly, the overall average variation was ≈5.8%. The discrepancy 

ranged from a minimum of 3.2% for the experiments conducted at 30 triplets, to a 

maximum deviation recorded for the experiments performed at 5 triplets, where an 

average relative error of ≈8.6% was found. The experiments performed at 30 triplets 

were stopped at a current density of 3 A m-2, because the stack voltages fell at higher 

current densities. This was attributed to the accumulation of salt inside the BPM 

interlayer which, in turn, negatively influenced the stack voltage.  

Figure 43 illustrates the polarization results obtained in the case of 0.6 M tests 

with the presence of background salt.  
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Figure 43. Voltage-current curves by varying the number of triplets, in 10×10 cm2 stacks with 

Fumatech membranes (FAB, FKB, FBP) and with spacers provided with 3 inlet/outlet holes (diameter 

of 8 mm). Mean flow velocity of the electrolyte solutions in each channel equal to 1 cm s-1. Symbols 

refer to experimental data, continuous lines to the model predictions. Inlet concentrations: 0.6M HCl 

and NaOH in the acid and base channels respectively with the presence of salt background and 0.25M 

NaCl in the salt channel. Areal blank resistance: 72 Ω cm2. 

Figure 43 showed high repeatability as the average empirical error was ≈ 2.6%. 

The maximum experimental deviation was found to be ≈5% for the 5-triplet tests. 

The model results are in a fairly good agreement with the experimental behaviour 

when varying the number of triplets in the stack, as there was a discrepancy of 2.1% 

on average. A minimum discrepancy of 0.5% was recorded for the experiments 

conducted at 20 triplets, and the maximum discrepancy was obtained for the cases 

conducted at 10 triplets, with an average discrepancy of ≈3.7%. Moreover, the 

experiments showed high model accuracy both at low and high number of triplets. 

Interestingly, for a stack provided with 30 triplets, the average relative error was 

1.6%, thus confirming the applicability of this model across a wide range of sizes.  

Figure 44 shows the polarization curves obtained for the experiments conducted 

at 1 M with the presence of background salt, and across stacks with varying numbers 

of triplets.  
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Figure 44. Voltage-current curves by varying the number of triplets, in 10×10 cm2 stacks with 

Fumatech membranes (FAB, FKB, FBP) and with spacers provided with 3 inlet/outlet holes (diameter 

of 8 mm). Mean flow velocity of the electrolyte solutions in each channel equal to 1 cm s -1. Symbols 

refer to experimental data, continuous lines to the model predictions. Inlet concentrations: 1 M HCl 

and NaOH in the acid and base channels respectively with the presence of salt background and 0.25M 

NaCl in the salt channel. Areal blank resistance: 72 Ω cm2. 

The experimental data reported in Figure 44 show high reliability since the test-

retest process reported an average empirical error of ≈2.7%. Again, the maximum 

empirical error was recorded for the 5-triplet tests, with the average error standing at 

4.8%. The average model discrepancy was found to be 2.1%; a minimum of 0.3% 

was recorded for the experiments conducted at 10 triplets, and the maximum 

discrepancy was obtained for the cases at 30 triplets, which are characterized by an 

average discrepancy of 5.2%.  

Overall, the above results show the validity of the developed model for the 

prediction of the polarization curves of BMRED systems at different number of 

repetitive units, across a wide range of acid and base concentrations (i.e. 0.2-1M), 

and with or without the effect of the background salt in the acid and base 

compartments.  

The comparison between model predictions and experimental data was also made 

in terms of the outlet ion-concentrations. The tests were performed by using a variable 

number of triplets within the range of 10-38, at a fixed mean channel flow velocity of 1 

cm s-1, and without the presence of NaCl as salt background in the acid and base 

channels. A fixed current density equal to 29 A m-2 was used for all the experiments. 
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The inlet composition and concentrations are reported in Table 6. Titration and 

chromatography were repeated at least one time, finding negligible errors. 

Table 6. Summary with the used inlet concentrations in 10×10 cm2 stacks with Fumatech 

membranes (FAB, FKB, FBP) and with spacers provided with 3 inlet/outlet holes (diameter of 8 mm). 

Mean flow velocity of the electrolyte solutions in each channel equal to 1 cm s-1. 

Test 

(-) 

𝐶𝑡,𝐻𝐶𝑙,𝑎,𝑜𝑢𝑡  

(mol m-3) 

𝐶𝑡,𝑁𝑎𝑂𝐻,𝑏,𝑜𝑢𝑡  

(mol m-3) 

𝐶𝑡,𝑁𝑎𝐶𝑙,𝑠,𝑜𝑢𝑡  

(mol m-3) 

1 200 198 260 

2 627 577 273 

3 1032 998 284 

4 212 193 268 

5 622 671 276 

6 1045 1165 287 

7 199 183 245 

8 600 555 257 

9 1000 952 263 

 

Model outcome and experimental results are compared in Figure 45. 
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Figure 45. Parity plots for the comparison of model outcome and experimental results for the 

concentration values at the stack outlet (i.e. downstream tank inlet) of BMRED tests with single-pass: 

a) Outlet HCl concentration in the acid tank, b) Outlet NaOH concentration in the base tank and c) 

Outlet NaCl concentration in the salt tank. 

Figure 45 suggests that, apart from a few isolated cases, the ion concentrations were 

well-predicted at the outlet of the acid, base and salt compartments. The average error 

in absolute terms was 3.2%, and was distributed as follows (Table 7), 

Table 7. Average model discrepancy of the HCl, NaOH and NaCl outlet concentrations for each 

compartment for the BMRED process. 

 HCl - Acid NaOH - Base NaCl - Salt 

Average error 2.0% 2.6% 5.0% 

 

These model-experiments deviations fall within the potential range of 

experimental/operator errors.  

0

200

400

600

800

1000

1200

0 200 400 600 800 1000 1200

M
o

d
e

l C
t,

H
C

l,a
,in

(m
o

l m
-3

)

Exp Ct,HCl,a,in (mol m-3)

0

200

400

600

800

1000

1200

0 200 400 600 800 1000 1200

M
o

d
e

l C
t,

N
aO

H
,b

,i
n

(m
o

l m
-3

)

Exp Ct,NaOH,b,in (mol m-3)

0

50

100

150

200

250

300

350

400

0 50 100 150 200 250 300 350 400

M
o

d
e

l C
t,

N
aC

l,s
,i

n
(m

o
l m

-3
)

Exp Ct,NaCl,s,in (mol m-3)

a) b)

c)



 Bipolar Membrane Reverse Electrodialysis 

98 

 

4.6.2 Energy density and prospective Cost analysis 

An estimation of the experimental gross energy density GEDv (kWh m-3) 

achievable from a complete neutralisation of the acid and base solutions was 

performed. The BMRED model was used to simulate a multi-stage process with 

complete neutralisation and make a further comparison with the experimental result 

for validation purposes. Particularly, the experimental GEDv was evaluated from 

once-through steady-state experiments at different inlet concentrations, mimicking 

some sequential stages (Figure 46). It was calculated as reported in Eq. 116. 

 

 

Figure 46. Schematic representation of the multi-stage process analysed for the estimation of the 

Gross Energy Density.  

𝐺𝐸𝐷𝑣 =
𝑁𝑠 𝑃̅

𝑄 × 3.6 × 106  (116) 

where 𝑁𝑠  is the number of sequential stages, Q is the total acid flow rate (in m3 s-1) 

and 𝑃̅ is the average gross power calculated as follows: 

𝑃̅ =
∫ 𝑃 𝑑𝐶𝐻𝐶𝑙

𝐶𝐻𝐶𝑙,𝑓𝑖𝑛
𝐶𝐻𝐶𝑙,𝑖𝑛

𝐶𝐻𝐶𝑙,𝑖𝑛−𝐶𝐻𝐶𝑙,𝑓𝑖𝑛
  

(117) 

where P is the gross power, 𝐶𝐻𝐶𝑙,𝑖𝑛 and 𝐶𝐻𝐶𝑙,𝑓𝑖𝑛 are the initial (inlet of stage 1) and 

final (outlet from stage 𝑁𝑠) hydrochloric acid concentration achieved in the whole 

neutralization process, respectively.  

In particular, P was experimentally measured at different inlet concentrations, 

and thus at different inlet-outlet average concentrations (estimated by titration). The 

trend of the produced power as a function of the average concentration was 

experimentally obtained, either with or without the presence of background salt in 

the acid and base channels, and can be expressed with the following equation:  

𝑃 = 𝑝1  𝐶𝐻𝐶𝑙
2 + 𝑝2  𝐶𝐻𝐶𝑙 + 𝑝3   (118) 

where 𝑝1, 𝑝2  and 𝑝3  are the regression coefficients listed in Table 8. 

The number of stages 𝑁𝑠  is given by  

Stage 1 Stage 2 Stage nAcid

Salt

Base
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𝑁𝑠 =
𝐶𝐻𝐶𝑙 ,𝑖𝑛−𝐶𝐻𝐶𝑙,𝑓𝑖𝑛

∆𝐶𝑖𝑛−𝑜𝑢𝑡
   (119) 

where ∆𝐶𝑖𝑛−𝑜𝑢𝑡  is the inlet-outlet mean concentration difference observed in a single 

passage during the experiments, reported in Table 8. 

Table 8. List of the P regression coefficients and inlet-outlet mean concentration differences. 

Case i (A m-2) ∆𝑪𝒊𝒏𝒍−𝒐𝒖𝒕  p1 p2 p3 

A 29 0.02 M With salt -1.01 1.76 1.11 

B 29 0.017 M Without salt 0 0.50 1.51 

C 100 0.022 M Without salt -3.00 6.25 1.96 

 

The experiments considered for the calculation of the GEDv regard a 10 cm long 

stack provided with 10 triplets, fed at a fluid velocity of 1 cm s-1 with 1 M acid and 

base initial concentration and with 0.25 M NaCl solution in the salt compartments. 

Three different cases were analysed: 29 A m-2 either with (case A) or without (case 

B) 0.25 M NaCl as background salt concentration in the acid and base channels and 

100 A m-2 without NaCl as salt background (case C).  

The comparison between the experimental results obtained under these 

conditions and the relative model outcome are summarized in Table 9.  

Table 9. Comparison between experimental data and model outcome for GED and BMRED 

efficiency for the three cases A, B and C.  

Case GED (kWh m-3) 𝜼𝑩𝑴𝑹𝑬𝑫 

exp model exp model 

1 5.79 6.09 24% 25% 

2 4.60 3.95 19% 16% 

3 10.3 8.74 43% 36% 

 

Interestingly, the model prediction of GED is in good agreement with the 

estimation made from empirical data either with or without the presence of salt in the 

acid and base streams and by varying the current density. The maximum discrepancy 

is of 15%. This difference may be reduced with a more rigorous experimental 

evaluation, for example by considering the actual concentration difference by 

varying the average concentration for each stage and with a more reliable gross 
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power function by varying the acid/base concentration from 1 M to the complete 

discharge.  

At a current density equal to 29 A m-2 the efficiencies were in line with the 

model prediction. The presence of the background salt decreases the efficiency. This 

phenomenon is observed both experimentally and by the model simulations. This is 

mainly due to the reduction of the membrane selectivity, as predicted by the model. 

It is worth noting that the electrical efficiency, calculated as the power delivered to 

the external load divided by the total (internal and external) dissipated power [110] 

was higher than 50% (which, instead, would occur at the maximum GPD) at 29 A m-

2 due to the relatively closeness to the open circuit condition. On the other hand, at 

100 A m-2 the working point was relatively close to the maximum power density, 

thus resulting in a lower electrical efficiency, about 50%. It is clear that these 

experiments were performed with a test-rig unit which is not optimized to be used in 

the industry. Improvements in the components (mainly membranes) and the 

optimization of stack design and operating conditions can lead to better performance 

and must converge towards the best compromise between GPD and GED, which is 

eventually governed by economic aspects (maximum profit). By way of example, 

proper geometrical choices may cut down the parasitic currents, or high-performance 

membranes may reduce the internal losses associated to co-ion leakages and to the 

electrical resistance. Note that the above estimations do not take into account 

pressure losses.  

A perspective cost analysis was performed in order to evaluate the profitability 

of the energy recovery by BMRED. The present experimental results at 100 A m−2 

were used for the economic calculations. The used parameters and the results of the 

cost analysis are reported in Table 10. It can be observed that the Levelized Cost Of 

Electricity (LCOE) [154] is 0.09 € kWh−1 in the scenario considered here. Thanks to 

the low cost of membranes considered for a future-based perspective (one order of 

magnitude lower than the current cost), especially for the BPMs, the process 

economics is satisfactory. Note that, however, this cost analysis was performed with 

the present experimental results, which are far from being optimal. Several 

improvements could enhance significantly the BMRED performance and thus the 

process profit, such as high-performance membranes, optimized stacks and operating 

conditions. Moreover, the use of more concentrated solutions could boost the 

recovered energy. For example, an increase of 50% in the GPD (from 13.7 to 20.6 

W m−2), which can be expected in suitably designed stacks, would result in a LCOE 

of 0.06 € kWh−1. Furthermore, another important source of income may be a partial 

saving in the costs of treatment of solutions already neutralized by BMRED (instead 

of the complete treatment of acid and alkaline solutions). Therefore, practical 
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applications of the BMRED technology could be prospected in the future, provided 

that the current bottleneck given by the membrane cost is overcome.  

Table 10. Perspective economic analysis of the BMRED process. 

Items Value Notes 

BMRED system   

Fluid velocity 1 cm s−1  
Membrane area 0.1 × 0.1 m2  

Channel 

thickness 
500 μm  

Number of 

triplets per stage 
10  

Number of 
stages 

45  

GED (average 
GPD) 

10.3 kWh m−3 (13.7 W m−2)  

Working hours 8000 h y−1 
It corresponds to a capacity factor 

of ~90% [154] 
Membrane life-

time 
3 y  

Investment and 
operating cost 

  

AEM/CEM cost EUR 4 m−2 [154] 

BPM cost EUR 20 m−2 5 × AEM/CEM cost 
Total membrane 

cost 
EUR 126   

Cost of stacks 
(including 

membranes) 

EUR 189 1.5 × total membrane cost [146] 

Cost of 
peripherals 

EUR 95 0.5 × stacks cost [146] 

Capital cost EUR 284 Stacks + peripheral costs [146] 
Maintenance EUR 28.4 y−1 0.1 × capital cost [146] 

Economic 
parameters 

  

Discount rate 5% [154] 

Outcome   
LCOE EUR 0.09 kWh−1  

 

4.7 Performance analysis of BMRED in different scenarios 

In this section, the BMRED potential was investigated. In particular, the process 

with the neutralization of hydrochloric acid and sodium hydroxide solutions was 

studied. The simulations were performed with stacks provided with 50 triplets. Two 
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different scenarios were investigated: i) a reference case with input parameters shown 

in Table 11 and ii) an improved case with better membrane performance.  

Table 11. Inputs of the multi-scale model for the simulations of BMRED units. 

Geometrical features 

 

Spacer length cm 50  

Spacer width cm 50  

Spacer thickness µm 500  

Number of triplets - 50  

N° spacer holes - 3  

Spacer hole area cm2 4  

Membrane properties 

     

  AEM CEM AEL CEL 

Thickness µm 75 75 60 60 

H+ diffusivity m2 s-1 2.0E-11 0.7E-11 2.0E-11 0.7E-11 

Na+ diffusivity m2 s-1 1.6E-11 0.5E-11 1.6E-11 0.5E-11 

Cl- diffusivity m2 s-1 1.7E-11 0.6E-11 1.7E-11 0.6E-11 

OH- diffusivity m2 s-1 1.9E-11 0.6E-11 1.9E-11 0.6E-11 

Water permeability ml bar-1 

h-1 m-2 

8 8 - - 

Fixed charge group mol m-3 5000 5000 5000 5000 

Initial conditions of the solutions 

𝐶𝑡,𝑁𝑎𝐶𝑙,𝑎,𝑜𝑢𝑡 mol m-3 250   

𝐶𝑡,𝐻𝐶𝑙,𝑠,𝑜𝑢𝑡 mol m-3 10   

𝐶𝑡,𝑁𝑎𝐶𝑙,𝑏,𝑜𝑢𝑡  mol m-3 250   

𝑅𝑏𝑙 Ω cm2 72   
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The improved scenario differs in the membrane properties shown in Table 12. 

 

Table 12. List of the membrane properties for the improved membrane properties scenario. 

Improved membrane properties  

Electrical resistance Current value (Table 11)/4 

Ion diffusivities Current value (Table 11)/2 

Water permeability Current value (Table 11)/2 

 

Current density, mean channel flow velocity, inlet acid/base and salt 

concentrations were allowed to vary within a wide range of values.  

4.7.1 Sensitivity on current density 

Current density analysis was performed with the mean flow velocity fixed at 1 

cm s-1, the inlet HCl and NaOH concentrations equal to 1 M (with the presence of 

salt background), and the NaCl inlet concentration to 0.25 M. The current density 

was varied within the range of 50-200 A m-2.  

Figure 47 shows the Gross Power Density as a function of the external current 

density for the two scenarios. 

 

Figure 47. Gross Power Density as a function of the current density for the reference and improved 

scenarios with a fixed mean flow velocity of 1 cm s-1, an inlet acid/base concentration of 1 M and an 

inlet salt concentration of 0.25 M.  
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The GPD increases in the improved scenario due to the lower internal resistance. The 

GPD values range from a minimum of 10.5 W m-2 for the reference case, to a 

maximum of 42.6 W m-2 for the improved case. It is interesting to note that the 

reference case reaches the power peak at ≈140 A m-2, while in the improved case the 

power peak falls at a higher current density (i.e. out of the investigated range of 

currents). Therefore, the improved case may reach even higher power values, 

provided that BPMs are able to tolerate very high current densities without 

delamination issues. At the peak point of the reference case, the GPD is ≈60% lower 

than the one reached at the same current density by the improved case. 

The operating current density affects also the Gross Energy Density per unit mass, 

which is reported in Figure 48 for the two studied scenarios.  

 

Figure 48. Gross Energy Density per unit mass as a function of the current density for the reference 

and improved scenarios with a fixed mean flow velocity of 1 cm s-1, an inlet acid/base concentration of 

1M and an inlet salt concentration of 0.25M.  

Both the improved and reference scenarios show a maximum GEDm value 

around 75 and 80 A m-2, respectively. Large differences were found in the GEDm 

values between the two scenarios of membrane properties over the whole range of 

simulated current densities. Particularly, the average GEDm difference resulted to be 

0.29 kWh kg-1. The improved GEDm was found to be ≈2.1 times higher than the 

reference GEDm.  

Figure 49 shows the conversion rate as a function of the current density for the 

two scenarios.  
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Figure 49. Conversion rate as a function of the current density for the reference and improved 

scenarios (i.e. τ reference, τ improved) with a fixed mean flow velocity of 1 cm s-1, an inlet acid/base 

concentration of 1M and an inlet salt concentration of 0.25M.  

There were no appreciable differences in conversion rates across the 

investigated range of current densities. For both scenarios, τ ranges from 4.9% to 

18% . The small decrease of conversion rate in the improved case (4.7% in relative 

terms) is due to the lower diffusive fluxes. Moreover, it is worth noting that the outlet 

solutions have high acid and base content. Therefore, in the once-through mode, and 

with the investigated operating conditions, the energy recovered from the pH 

gradient is still low. 

Finally, Figure 50 illustrates the current efficiency as a function of the current 

density for the two scenarios with different membrane features.  

  

Figure 50. Current efficiency as a function of the current density for the reference and improved 

scenarios (with a fixed mean flow velocity of 1 cm s-1, an inlet acid/base concentration of 1 M and an 

inlet salt concentration of 0.25 M. 
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The current efficiency is higher in the reference scenario and increases as the 

current density increases. From 50 to 200 A m-2, the current efficiency increases by 

≈50% for both scenarios. In the improved case, the reduction of the current efficiency 

is due to the increase in the average cell current which, in turn, leads to a faster 

reduction of the pH gradient.  

4.7.2 Sensitivity on mean channel flow velocity  

The effect of the mean flow velocity was analysed by fixing the current density 

at 100 A m-2, the inlet HCl and NaOH concentrations equal to 1 M in the acid and 

base channels, respectively, and the NaCl inlet concentration in the salt channel to 

0.25 M. Mean flow velocity was varied within the interval 0.5-5 cm s-1.  

Figure 51 reports the Gross and Net power densities when varying the mean 

channel flow velocity for the reference and the improved scenarios.  

 

Figure 51. GPD (black lines) and NPD (red lines) as a function of the mean flow velocity for the 

reference and improved scenarios with a fixed current density of 100 A m-2, an inlet acid/base 

concentration of 1M and an inlet salt concentration of 0.25 M. 

No important differences in GPD were shown when varying the mean flow 

velocity for both the reference and improved scenarios. The average GPD were 16.9 

and 24.5 W m-2 for the reference and improved scenarios, respectively. The small 

increase in GPD at higher velocities is due to the higher average electromotive force. 

Instead, significant differences can be observed for the NPD. Particularly, by 

increasing the mean flow velocity from 0.5 to 5 cm s-1, NPD decreased by ≈63% and 

≈43% for the reference and improved cases, respectively. The different relative effect 

of the mean flow velocity on the NPD in the two scenarios is caused by the fact that 

the Pumping Power Density (function of the mean flow velocity) was practically the 

same.  
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No appreciable effects of the fluid velocity on the GEDm were observed. The 

average values were 0.38 and 0.60 kWh kg-1 for the reference and the improved 

scenarios respectively.  

Figure 52 shows the conversion rate as a function of the mean channel flow 

velocity for the reference and improved scenarios.  

  

Figure 52. Conversion rate as a function of the mean flow velocity for the reference and improved 

scenarios with a fixed current density of 100 A m-2, an inlet acid/base concentration of 1M and an inlet 

salt concentration of 0.25M.  

The higher the mean flow velocity, the lower the conversion rate, as expected. 

Particularly, from 0.5 cm s-1 to 5 cm s-1, the conversion rate was found to be ≈1 order 

of magnitude lower as result of the higher outlet acid (and base) concentrations. 

Moreover, only a slight difference was found between the two scenarios (i.e. an 

average relative difference of 4.7%), which is caused by the higher ion diffusion in 

the reference case. 

The current efficiencies were found to be practically constant when varying the 

mean flow velocity. Specifically, the current efficiencies were 82 and 77% for the 

reference and improved cases respectively.  

4.7.3 Sensitivity on inlet acid/base concentrations  

The effect of the inlet acid/base concentration was assessed by fixing the current 

density at 100 A m-2, the mean channel flow velocity at 1 cm s-1, and the NaCl inlet 

concentration at 0.25 M. The inlet acid/base concentrations were varied within the 

range 0.2-1 M.  

Figure 53 shows the GPD by varying the acid/base inlet concentrations for the 

reference and improved scenarios.  
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Figure 53. GPD as a function of the inlet acid/base concentration for the reference and improved 

scenarios with a fixed current density of 100 A m-2, a mean flow velocity of 1 cm s-1 and an inlet salt 

concentration of 0.25 M. 

The GPD shows an increasing trend towards a maximum, ranging from 13.2 to 

16.7 W m-2 and from 20.0 to 24.3 W m-2 for the reference and improved scenarios, 

respectively. The increasing values can be explained simply by the higher 

electromotive force when raising the acid/base concentration. When applying Eq. 47, 

the electromotive force in fact increases as the acid/base concentration increases, 

moving from 35.5 V to 42.1 V. The average relative difference of 46.5% in the GPD 

between the reference and the improved scenario is a direct consequence of the 

reduced membrane electrical resistances.  

Figure 54 illustrates the results obtained for the Gross Energy Density per unit 

mass by varying the inlet acid/base concentration for the reference and improved 

scenarios.  

  

Figure 54. GEDm as a function of the inlet acid/base concentration for the reference and improved 

scenarios with a fixed current density of 100 A m-2, a mean flow velocity of 1 cm s-1 and an inlet salt 

concentration of 0.25 M.  
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Figure 54 shows that the GEDm curves exhibit increasing values that tend to 

flatten in the upper range of acid/base concentrations. Overall, from 0.2 M to 1 M of 

acid/base, the GEDm varies by 28.8 and 32.2% for the reference and the improved 

cases respectively.  

Figure 55 shows the conversion rate curve as a function of the inlet acid/base 

concentration for the investigated scenarios.  

  

Figure 55. Conversion rate as a function of the inlet acid/base concentration for the reference and 

improved scenarios with a fixed current density of 100 A m-2, a mean flow velocity of 1 cm s-1 and an 

inlet salt concentration of 0.25 M.  

Conversion rate values differ by less than 3% on average in the two different 

scenarios. The pronounced decreasing trend is a consequence of the inverse 

relationship between conversion rate and inlet acid concentration. The ion diffusion 

could soften this behaviour; however, the negligible differences between the two 

scenarios indicate negligible effects of ion diffusion. 

Figure 56 illustrates the current efficiency values as a function of the inlet 

acid/base concentration for the two scenarios.  
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Figure 56. Current efficiency as a function of the inlet acid/base concentration for the reference and 

improved scenarios with a fixed current density at 100 A m -2, a fixed mean flow velocity of 1 cm s-1 and 

an inlet salt concentration of 0.25M.  

By increasing the acid/base concentration within the investigated range, the 

current efficiency decreases, losing 11.3 and 15.3 percentage points for the reference 

and improved cases respectively. The reduction of the current efficiency explains the 

decreasing rate of increase of energy density per unit mass of transported acid shown 

in Figure 54. 

4.7.4 Sensitivity on inlet salt concentration  

The effect of the inlet salt concentration was performed by fixing the current 

density at 100 A m-2, the mean channel flow velocity at 1 cm s-1, and the HCl and 

NaOH inlet concentrations at 1M. The inlet salt concentration was varied within the 

range 0.1-1 M.  

No important variations were recorded when varying the salt inlet 

concentrations for the main figures of merit, thus only averaged values are reported 

in Table 13 for both membrane properties scenarios.  

 

Table 13. Main results of the sensitivity on inlet salt concentrations, with a fixed current density at 

100 A m-2, a fixed mean flow velocity of 1 cm s-1 and inlet acid and base concentration of 1 M. 

 Reference scenario Improved scenario 

GPD (W m-2) 16.4 24.0 

GEDm (kWh kg-1) 0.38 0.59 

60

65

70

75

80

85

90

95

100

0 0.2 0.4 0.6 0.8 1 1.2

%
 η

c

Inlet Acid/Base concentration (mol l-1)

reference

improved



Bipolar Membrane Reverse Electrodialysis 

111 

 

% τ  9.0 8.6 

% ηc 82.8 77.6 

 

Compared to the reference case, the improved case reported lower values for the 

conversion rate and current efficiency, contrary to expectations. In fact, in the 

improved case, there is an increase in the average cell current, which causes a 

decrease in the acid and base outlet concentrations. This fact can be attributed to the 

non-linear trend of the parasitic currents as a function of the internal resistance. 

However, further simulations will be performed to assess the impact of the internal 

resistance on stack performance.  

4.8 Example of an industrial BMRED scheme for energy recovery from waste 

streams 

In this section, a possible scheme for industrial application of energy recovery 

via BMRED from waste streams is designed. The neutralization of waste acid and 

base solutions from the pickling and the manufacturing industries was considered. 

HCl and NaOH waste solutions were simulated with the presence of background salt. 

It is well known that exhausted solutions from pickling operations range from 20 to 

150 g l-1 [185]. Spent caustic soda solutions may present a concentration of around 

4% weight [193]. Usually, these waste products are neutralized and disposed of at 

high costs [187]. An innovative use of these waste products comes from the 

production of electrical energy with BMRED. The present simulations assessed the 

energetic yield of a multi-stage process. Energy density and process efficiency were 

evaluated following the approach formulated in section 4.6.2, with the stack features 

shown for the improved scenario in the previous section (Table 11 and Table 12). 

Particularly, the acid, base and salt solution composition and concentrations are 

reported in Table 14.  

Table 14. Initial composition and concentrations – example of industrial BMRED scheme 

Inlet composition and concentrations 

𝐶𝑡,𝐻𝐶𝑙,𝑎,𝑜𝑢𝑡  mol m-3 2700 

𝐶𝑡,𝑁𝑎𝐶𝑙,𝑎,𝑜𝑢𝑡 mol m-3 250 

𝐶𝑡,𝐻𝐶𝑙,𝑠,𝑜𝑢𝑡 mol m-3 10 

𝐶𝑡,𝑁𝑎𝐶𝑙,𝑠,𝑜𝑢𝑡  mol m-3 250 
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𝐶𝑡,𝑁𝑎𝑂𝐻,𝑏,𝑜𝑢𝑡  mol m-3 300 or 1000 

𝐶𝑡,𝑁𝑎𝐶𝑙,𝑏,𝑜𝑢𝑡  mol m-3 250 

 

Acid and base concentrations were chosen according to the above mentioned 

literature data. Since the acid and base concentrations are different, a possible process 

scheme could be a multi-stage system with the acid solution processed sequentially 

and the base and salt solutions processed singularly (Figure 57). In this way, the 

outlet concentration of both the acidic solution (from the last stage) and the alkaline 

solution (from each stage) was close to zero, thus obtaining a high degree of 

neutralization for both solutions. 

 

Figure 57. Scheme of the multi-stage BMRED process. 

Simulation results showed that 15 BMRED stages were needed for the complete 

neutralization of the acid solution. The gross energy density was found to be 53.5 

and 48.3 kWh m-3 of acidic solution in the two cases of 1 M and 0.3 M of inlet 

concentration of NaOH, respectively. Interestingly, even using a spent sodium 

hydroxide solution of less than 1.2% weight (i.e. 0.3M), the energy efficiency was 

82%, while by using 1 M of inlet NaOH concentration it reached 91%. Under equal 

current density, the use of a more concentrated base solution (i.e. 1 M NaOH) causes 

an increase in the average power per stage. This fact leads to a higher GEDv resulting 

in a higher energy efficiency. 

These interesting preliminary results suggest that neutralizing waste acid/base 

streams in BMRED units to produce electric power may be a very promising option 

that should be further investigated to eventually lead its technology development.  

  

Stage 1 Stage 2 Stage nAcid

Salt

Base
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5 Ionic shortcut currents in electro-membrane processes 

 

In the last decades, electro-membrane processes have received increasing 

attention for their versatility of use from the ED production of drinking water to the 

BMED production of valuable acid and base solutions. Recently, many efforts have 

been devoted to improving the performance of electro-membrane units by 

developing new ion-exchange membranes and by reducing the detrimental 

phenomena affecting the process. Among these sources of “irreversibility”, the 

shortcut currents (or parasitic currents) flowing through alternative pathways may 

affect the process efficiency. Although such phenomena occur in several 

electrochemical processes (e.g. fuel cells, bipolar plate cells and vanadium redox 

flow batteries), they have received a poor attention in BMRED and BMED units. In 

this chapter, a mathematical model was developed and experimentally validated 

under a wide range of conditions. The present model was used then to characterize 

the shortcut currents impact in conventional RED and ED as well as in BMRED and 

BMED. Modules performance were assessed under different designs and operating 

conditions. Results showed that shortcut currents can play a crucial role in stacks 

with a large number of repetitive units when the electrical resistance of the parasitic 

pathways is relatively low, e.g. configurations with highly concentrated solutions, 

high resistance membranes, short channels or large manifolds.  This model may aid 

the future design of industrial-scale units which intrinsically includes several 

repetitive units (i.e. triplets for BMRED/BMED or cell pairs for RED/ED). This 

should lead to a significant increase of these large scale stacks performance.  

5.1 Literature review and working principle 

Recently, many efforts have been devoted to improving the performance of 

electro-membrane units, by developing new ion-exchange membranes and by 

reducing the detrimental phenomena affecting the process. By way of example, 

electro-membrane processes are affected by sources of “irreversibility” as the co-ion 

transport or the concentration polarization. Among these detrimental phenomena, 

ionic shortcut currents have received a poor attention in both conventional and 

bipolar electrodialysis and reverse electrodialysis processes,  i.e. ED and BMED, and 

RED and BMRED respectively. 

These ionic currents originate since the repetitive units of a 

RED/BMRED/ED/BMED module are arranged electrically in series but 

hydraulically in a parallel fashion. Therefore, channels of the same solution subjected 

to a voltage difference act as “salt bridges” offering alternative “parasitic” pathways 
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(Figure 34), through the manifolds especially in the low-resistance concentrate 

circuits. As a result, a partial transport of the ionic current occurs along the channels 

and through the manifolds, rather than across the IEMs in the direction perpendicular 

to them. 

The effects of shortcut currents in RED/BMRED/ED/BMED units can be 

explained with the help of the schematic drawings reported in Figure 58 and Figure 

59, respectively. In RED/BMRED, for any given external electric current, which is 

the useful one delivered to the external load, the occurrence of the shortcut currents 

in a parallel branch via manifolds leads to an increase of the electric current flowing 

through the stack in the direction perpendicular to the membranes (Figure 58). This 

effect occurs also under open circuit conditions, i.e. a completely parasitic internal 

current flows within the stack with a null external current. From the increase of the 

internal current it follows that, for any external current, Ohmic and non-Ohmic 

(salinity and pH gradients consumption and concentration polarization) voltage 

drops increase. Therefore, the stack voltage and the power delivered to the external 

load are lower. 

 

Figure 58. Simplified diagrams of the electric currents flowing inside the stack in a RED/BMRED 

process. a) with parasitic currents, b) without parasitic currents.   

Similar statements can be argued for ED/BMED. For any useful internal current, 

depending on the desired product, the shunt current in the parallel branch inside the 

stack requires a higher external current (lower current efficiency) (Figure 59). Since 

the stack voltage is fixed by the desired generation of salinity or pH gradient and the 

useful current, a higher power consumption is required.  

Of course, much more complex circuits represent real stacks, including several 

channels and parasitic pathways, the transport of electric current by two ionic species 

and the presence of non-perfectly permselective membranes. Overall, the presence 
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of shortcut currents has eventually detrimental effects on the performance of the 

process, reducing its efficiency. 

 

Figure 59. Simplified diagrams of the electric currents flowing inside the stack in an ED/BMED 

process. a) with parasitic currents, b) without parasitic currents.  

There are several experimental evidences of shunt currents and their effects. In 

RED/BMRED as well as ED/BMED, leakage currents lessen the apparent stack 

resistance [206]. The parasitic pathways may be thought ideally as parallel electric 

paths (Figure 58a and Figure 59a), hence they reduce the equivalent stack resistance. 

In RED, the effect of leakage currents may be observed at open circuit by carrying 

out measurements of stack potential (OCV). In particular, the OCV is lower than the 

theoretical one especially in stacks with many cell pairs, i.e. it does not increase 

proportionally with the cell pairs number [110]. Leakage currents entail the “self-

discharge” of the energy stored in the salinity gradient even if the external electric 

circuit is open, thus lowering the apparent average perm-selectivity [157]. The OCV 

reduction with respect to the expected value by increasing the number of repetitive 

units was observed also for the BMRED process. Particularly, Pretz and Staude [180] 

found that the OCV increased with the number of triplets until reaching a plateau. 

With a device provided with 20 cells, the OCV resulted to be less than 50% of the 

theoretical value. They interpreted this phenomenon as the effect of a capacitor-like 

behaviour of the bipolar membranes. Only recently, the non-proportionality of the 

stack voltage with the cell triplet number in BMRED units has been explained with 

the presence of the shunt currents. Xia et al. [183] found a 6% reduction of the OCV 

with respect to the theoretical one by passing from 1 to 20 repeating cell units in a 

BMRED system. Likewise RED processes under OCV condition, parasitic currents 

allow the running of neutralization reactions in BMRED processes thus self-

discharging the pH gradient [183]. Particularly, they found that the incidence of self-

discharge increases with the number of cell units. The presence of the shunt currents 

affect the processes also when the external circuit is closed [157] (i.e. when the 
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electric current flows on the external load), thus reducing the produced power [110]. 

Another possible electric bypass may be given by the connection of the electrode 

compartments using a reversible redox couple [207]. However, the tubing length is 

usually sufficient to give an electrical resistance so high as to make this shunt current 

negligible. Moreover, shortcut currents may cause an excessive overheating 

(ED/BMED), with consequent fall of the current efficiency [208], and even 

irreversible damage. This effect may be more pronounced with lower manifolds 

electrical resistances [114].  

The amount of shunt currents depends on the relative importance of the 

electrical resistance of the bypasses. In conventional RED/ED processes, whereas 

leakage currents are hardly detectable at low salt concentration [209], they lead to 

the variation of the stack potential distribution at higher salt concentrations [210]. 

Similarly, in BMRED/BMED processes the highly conductive acid and base 

solutions result in low manifolds resistances, thus influencing dramatically the stack 

performance [114]. The length of the ionic bypass and their cross sectional area play 

an important role likewise the conductivity of the electrolyte solutions [210]. In 

addition, the number of repetitive units is crucial. Particularly, the higher the number 

of repetitive units, the higher the effect of the shunt currents either in conventional 

RED/ED [110] and BMRED/BMED [183] due to the larger amount of parasitic 

pathways and to the larger voltage available. It is interesting to note that, for BMED 

stacks even using modules provided with 5 repetitive units only, it is possible to 

detect the effect of parasitic currents [114]. The percentage of the current loss due to 

parasitic currents increases considerably with the number of repeating units, 

particularly in BMRED/BMED processes where the electrolyte solutions present low 

electrical resistances. Moreover, the effect of the shortcut currents changes with the 

cell position along the stack. Particularly, the effect of the parasitic currents is more 

pronounced moving towards the middle of the stack, where the cell current results to 

be the maximum in BMRED [183] (or inversely the minimum in BMED). 

Furthermore, the ionic current along the manifolds is assumed to be symmetrical 

along the stack [114]. The isolation of blocks of repetitive units may prevent the leak 

of currents through the manifolds [211]. The distribution of the solutions into the 

channels may be performed by rotative valves, hence reducing the parasitic pathways 

[212]. Moreover, the use of thin plastic film around the inlet/outlet holes of the 

membranes allows for the electrical insulation of the membrane active area close to 

the distributors and collectors, thus reducing shunt currents and their impact [208]. 

Typical ED/RED applications where stacks have low-resistance paths through 

the concentrate circuit and, thus, may be affected by significant shunt currents, are: 

ED of seawater, e.g. for salt production [56,206,210,211,213], ED metathesis [208], 
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RED with seawater [110,207], or concentrated brines [151,154,155,157,161], 

including closed-loop systems [214,215], and ED/RED with bipolar membranes 

[216].  

Moreover, it is worth noting that the importance of such parasitic phenomenon 

has been widely studied in other technologies, including fuel cells [217,218], bipolar 

plate cells [219], and the vanadium redox flow batteries [220].  

5.2 Modelling of the shortcut currents: state of the art 

Despite their detrimental effects on the process efficiency, shunt currents have 

been explicitly modelled only in very few works. With reference to ED systems, 

Mandersloot and Hicks [206] gave a simplified equation of the fraction of the 

electrical leakage, highlighting the role of the ratio between the manifolds and the 

cell pair electric resistances. Similarly, Doležel and Keslerová [210] provided an 

expression of the leakage current putting the emphasis on the role of the ratio 

between the solutions and the membrane conductivities. Tanaka [56] developed a 

model following a purely Ohmic approach, based on the equivalent electric circuit 

formulated by Wilson [221]. Peng and Sun [114] elaborated a simplified ohmic 

model of the equivalent electric circuit for BMED processes and it was solved on 

Multisim®. They do not provide any equation of the model.  

Regarding RED/BMRED systems, Rubinstein et al. [216] developed a 

mathematical model to simulate a simplified electric circuit scheme. In particular, 

the model predicted the “saturation” effect of the leakage currents on the OCV as the 

number of cell pairs increased in stacks with bipolar membranes.  

A similar mathematical model was formulated by Veerman et al. [110], who 

included also the branch of the resistances of the electrode compartments and of the 

external load in the equivalent electric scheme. However, this model followed still a 

simplified approach, simulating the drain branches of the concentrate solution only. 

The model predictions showed that leakage currents lead to a reduction of the stack 

potential and to a loss of electric power over the external load, thereby decreasing 

the process efficiency. Simulation results were useful to describe the shortcut 

currents phenomena and to quantify their impact on the process performance. 

However, the model was not “fully predictive”, being limited to the simulation of 

systems experimentally tested for the calibration.  

In the work of Tedesco et al. [151], the shortcut currents were modelled within 

a comprehensive multi-scale process simulator with higher predictive capabilities, 

where salt and water fluxes, along with mass balances, were simulated at the cell pair 

scale, while the electrical behaviour of the stack was simulated by an equivalent 
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circuit of the entire unit. The two levels of modelling interact each other, providing 

a powerful simulation tool, which does not require any calibration, but only easily 

measurable membrane properties (electrical resistance, perm-selectivity, water and 

salt permeability). However, no experimental validation of the parasitic currents 

model was provided, and any discussion about the specific influence of the leakage 

currents on the performance of RED stacks was reported.  

Despite several multi-scale semi-empirical models have demonstrated their 

effectiveness in the simulation of both the ED [204,222] and RED [106,214,223] 

processes, they often do not include at all the shunt currents, by assuming an identical 

behaviour of all cell pairs. Therefore, the simulation results (i) are affected by some 

approximation when they are used to predict the operation of industrial-size units 

with hundreds of cell pairs fed by highly concentrated solutions, (ii) or refer to special 

stacks suitably tailored to minimize the shunt currents. 

The aim of this chapter is to investigate in depth on the parasitic currents 

phenomena in RED/BMRED and ED/BMED applications, through the development 

of a suitable electrical model experimentally validated. The model was developed in 

gPROMS model builder and it was already presented in a simplified form in chapter 

3. In this chapter it will be fully described. This model was also integrated in pre-

existent semi-empirical simulators for RED and ED processes. This model requires 

only input parameters concerning the membrane properties, which are easily 

accessible by experiments, thus overcoming the typical limits of calibrated Ohmic 

models, and allowing for the prediction of the operation and performance of 

RED/BMRED and ED/BMED units with different design features and operating 

conditions. Once validated under several experimental conditions, the simulation 

results were discussed with particular focus on the distribution of parasitic currents 

and on their influence on the processes performance. A sensitivity analysis was 

performed to identify the critical conditions where shunt currents play a crucial role, 

thus providing important suggestions for the design of improved industrial stacks 

with higher efficiency. 

5.3 Ionic shortcut currents model description 

This model represents a mathematical tool able to simulate the equivalent 

electric circuit of RED/BMRED and ED/BMED modules. It calculates the electric 

currents flowing in each branch and the voltage difference between the nodes of the 

stacks equivalent electrical circuits, thus allowing the prediction of the shunt currents 

and their impact on the stack performance. By way of example, in Figure 60 the 

scheme applicable for the conventional RED process is shown.  
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Figure 60. Scheme of the equivalent electric circuit of a conventional RED stack. 

The scheme in Figure 60 may be easily modified to be used for electrodialysis 

processes by substituting the load resistance Ru with a voltage or current generator. 

A similar electrical scheme may be adopted to simulate BMED and BMRED 

processes. For example, Figure 61 can be used for a BMRED process.  

 

Figure 61. Scheme of the equivalent electric circuit of a BMRED stack. 

Again, the scheme in Figure 61 may be easily modified to be used for BMED 

processes by substituting the load resistance Ru with a voltage or current generator.  

The differences among the simulated conventional ED and RED as well as 

BMED and BMRED were summarized in Table 15.  

Table 15. Summary of the main differences of the equivalent electrical circuits of the investigated 

processes.  

Process channels per cell External circuit element 

Concentrate

Dilute

Electric 
Resistance

Voltage
Source

RuIext

Rblank

EMF1

I1
R2

EMF2

R1 I2

Iup,c,1 Iup,d,1 Iup,c,2 Iup,d,2 Iup,c,N-1 Iup,d,N-1 Iup,c,N Iup,d,N

Idown,c,1 Idown,d,1 Idown,c,2 Idown,d,2 Idown,c,N-1 Idown,d,N-1 Idown,c,N Idown,d,N

Rup,c,1 Rup,d,1 Rup,c,2 Rup,d,2 Rup,c,N-1 Rup,d,N-1 Rup,c,N Rup,d,N

Rdown,c,1 Rdown,d,1 Rdown,c,2 Rdown,d,2 Rdown,c,N-1 Rdown,d,N-1 Rdown,c,N Rdown,d,N

Icollector,c,1 Rcollector,c,1 Icollector,c,N-1 Rcollector,c,N-1

Idistributor,c,1 Rdistributor,c,1 Idistributor,c,N-1 Rdistributor,c,N-1

Rcollector,d,1 Rcollector,d,N-1Icollector,d,1 Icollector,d,N-1

Idistributor,d,1 Rdistributor,d,1 Idistributor,d,N-1 Rdistributor,d,N-1

RN-1

EMFN-1

IN-1
RN

EMFN

IN

Node

Base solution

Acid solution

Electric 
Resistance

Voltage
Source

Salt solution
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ED dilute and concentrate  𝑈𝑒𝑥𝑡 

RED dilute and concentrate  𝑅𝑢 

BMED acid, base and salt  𝑈𝑒𝑥𝑡 

BMRED acid, base and salt  𝑅𝑢 

 

This tool presents a general validity and it may be used for simulating repetitive 

units with more than 2 compartments (e.g. for BMED processes with 3 or 4 

compartments per unit cell).  

Two longitudinal resistances are calculated for each channel, while a voltage 

source along with its relevant resistance are calculated per each cell unit. The other 

electrical resistances of the equivalent circuit include those in the manifolds 

(interposed between two channels of the same solution), in the electrode 

compartments and in the external load (in RED and BMRED processes). A positive 

longitudinal current means that the electric current is outgoing the channel while a 

negative one is ingoing into the channel.  

At each node of the electrical scheme, the Kirchhoff’s node law is applied. In 

particular, at each node with ingoing and outgoing cell currents, it is: 

𝐼𝑘−1 = 𝐼𝑘 + ∑ 𝐼𝑢𝑝,𝑠𝑜𝑙,𝑘−1 + 𝐼𝑑𝑜𝑤𝑛,𝑠𝑜𝑙,𝑘−1𝑠𝑜𝑙   (120) 

in which the subscript sol refers to the generic solution (i.e. either the concentrate or 

the diluate for a conventional RED process) 𝐼𝑘 and 𝐼𝑘−1 are the electric currents 

flowing in the k-th and (k-1)-th cell, respectively, 𝐼𝑢𝑝,𝑠𝑜𝑙,𝑘−1, 𝐼𝑑𝑜𝑤𝑛,𝑠𝑜𝑙,𝑘−1 are the 

electric currents flowing along the main flow direction in the channels for the generic 

solution in the (k-1)-th cell. Eq. 120 is valid within the range [2;N] (where N is the 

number of cell pairs). 

The external circuit current 𝐼𝑒𝑥𝑡 is correlated with the stack currents by the 

equation: 

𝐼𝑒𝑥𝑡 = −𝐼𝑁 + ∑ 𝐼𝑢𝑝,𝑠𝑜𝑙,𝑁 + 𝐼𝑑𝑜𝑤𝑛,𝑠𝑜𝑙,𝑁𝑠𝑜𝑙   (121) 

The first Kirchhoff law applied at each of the [2;N-1] manifolds node for the generic 

solution (i.e. diluate or concentrate) is written as follows  

   𝐼𝑚𝑎𝑛,𝑠𝑜𝑙,𝑘−1 + 𝐼𝑥,𝑠𝑜𝑙,𝑘 = 𝐼𝑚𝑎𝑛,𝑠𝑜𝑙,𝑘  (122) 
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where the subscript man refers either to the collector or the distributor, the subscript 

x refers either to up or down. In the first and the N-th channel, the electrical current 

is simply  

   𝐼𝑥,𝑠𝑜𝑙,1 = 𝐼𝑚𝑎𝑛,𝑠𝑜𝑙,1  (123) 

  −𝐼𝑥,𝑠𝑜𝑙,𝑁 = 𝐼𝑚𝑎𝑛,𝑠𝑜𝑙,𝑁−1  (124) 

The first Ohm law is applied over each resistance of the equivalent circuit. In 

particular, the voltage drop over each of the [1;N-1] manifold resistances for the 

generic solution (e.g. diluate or concentrate for a conventional RED process) is 

computed as  

𝑉𝑚𝑎𝑛,𝑠𝑜𝑙,𝑘 − 𝑉𝑚𝑎𝑛,𝑠𝑜𝑙,𝑘+1 = 𝐼𝑚𝑎𝑛,𝑠𝑜𝑙,𝑘 ∙ 𝑅𝑚𝑎𝑛,𝑠𝑜𝑙,𝑘  (125) 

where 𝑉𝑚𝑎𝑛,𝑠𝑜𝑙,𝑘 and 𝑉𝑚𝑎𝑛,𝑠𝑜𝑙,𝑘+1 are the voltages at the k-th and (k+1)-th nodes of 

the manifolds respectively (i.e. distributor or collector) and 𝑅𝑚𝑎𝑛,𝑠𝑜𝑙,𝑘 is the electrical 

resistance of the k-th manifold. For the generic solution (i.e. diluate or concentrate) 

𝑅𝑚𝑎𝑛,𝑠𝑜𝑙,𝑘 is calculated as 

𝑅𝑚𝑎𝑛,𝑠𝑜𝑙,𝑘 =
𝑙𝑚𝑎𝑛

𝑁ℎ𝑜𝑙𝑒𝑠 ∙𝜋
𝑑𝑚𝑎𝑛

2

4
∙𝜎𝑚𝑎𝑛 ,𝑠𝑜𝑙,𝑘

  (126) 

where 𝑁ℎ𝑜𝑙𝑒𝑠  is the number of inlet/outlet spacer holes, 𝑑𝑚𝑎𝑛  is the manifold 

diameter, 𝜎𝑚𝑎𝑛,𝑠𝑜𝑙,𝑘 is the electrical conductivity of the solution flowing in the k-th 

manifold (i.e. distributor or collector), and 𝑙𝑚𝑎𝑛 is given by the sum of the 

thicknesses of the cell pair elements:  

𝑙𝑚𝑎𝑛 = ∑ 𝑑𝐼𝐸𝑀𝐼𝐸𝑀 + ∑ 𝑑𝑠𝑜𝑙𝑠𝑜𝑙   (127) 

where the subscript IEM refers to the generic ion-exchange membrane. 

To calculate 𝜎𝑚𝑎𝑛,𝑠𝑜𝑙,𝑘 the salt concentration along the manifolds is necessary. It is 

calculated by mass balances in the manifolds developed in the semi-empirical models 

of which the parasitic current model is a part. 

The voltage drop over each resistance along the flow direction in the channel is 

given by  

𝑉𝑘 − 𝑉𝑚𝑎𝑛,𝑠𝑜𝑙,𝑘 = 𝐼𝑥,𝑠𝑜𝑙,𝑘 ∙ 𝑅𝑥,𝑠𝑜𝑙,𝑘  (128) 

where 𝑉𝑘 and 𝑉𝑚𝑎𝑛,𝑠𝑜𝑙,𝑘 are the voltages at the k-th node of the cell and the manifold 

(i.e. distributor or collector) respectively, 𝐼𝑥,𝑠𝑜𝑙,𝑘 is the electric current along the 

channel in the flow direction and 𝑅𝑥,𝑠𝑜𝑙,𝑘 is the electrical resistance along the channel 

of the k-th cell. Eq. 128 is applied for k in the range [1;N]. 𝑅𝑥,𝑠𝑜𝑙,𝑘 (𝑅𝑢𝑝,𝑠𝑜𝑙,𝑘 and 
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𝑅𝑑𝑜𝑤𝑛,𝑠𝑜𝑙,𝑘 in Figure 60 and Figure 61) are calculated as a series of a resistance in 

the membrane active area and a parallel of 𝑁ℎ𝑜𝑙𝑒𝑠-resistances out of the membrane 

active area. It is given by the relation  

𝑅𝑥,𝑠𝑜𝑙,𝑘 = 𝑓𝑠 ∙
𝐿𝑥

2⁄

𝑑𝑠𝑜𝑙 ∙𝑏∙𝜎𝑥 ,𝑠𝑜𝑙,𝑘
+ 𝑓𝑠 ∙

𝑙𝑜𝑚𝑎

𝜎𝑥,𝑠𝑜𝑙,𝑘 ∙𝑑𝑠𝑜𝑙 ∙𝑑𝑜𝑚𝑎∙𝑁ℎ𝑜𝑙𝑒𝑠
  

(129) 

where 𝑓𝑠 is the spacer shadow factor, 𝐿𝑥  is the average distance between the inlet and 

the outlet spacer holes, and 𝑙𝑜𝑚𝑎 and 𝑑𝑜𝑚𝑎 are the length and average width of the 

spacer region out of the active area (Figure 62), 𝜎𝑥,𝑠𝑜𝑙,𝑘 is the conductivity of the 

solution calculated as a function of the average salt concentration between the middle 

of the channel and the outlet (for x=up) or the inlet (for x=down).  

 

 

Figure 62. Schematic representation of the electrical resistances along the longitudinal direction in 

the spacer-filled channel. Grey regions are out of the membrane active area. 

The (useful) electric current flowing in a cell pair in the direction perpendicular to 

the membranes is calculated as  

𝐼𝑘 =
(𝑉𝑘−1−𝑉𝑘±𝐸𝑀𝐹𝑎𝑣,𝑘)

𝑅𝑎𝑣,𝑘
  

(130) 

𝐼1 =
(−𝑉1±𝐸𝑀𝐹𝑎𝑣,1)

𝑅𝑎𝑣,1
  

(131) 

in which 𝐸𝑀𝐹𝑎𝑣,𝑘 is the average electromotive force along the channel and 𝑅𝑎𝑣,𝑘 is 

the average resistance of the repetitive unit. The sign for EMF in Eqs. 130-131 is 

negative for RED/BMRED processes and positive for ED/BMED processes. 

Likewise the solution conductivities, 𝐸𝑀𝐹𝑎𝑣,𝑘 and 𝑅𝑎𝑣,𝑘 are calculated by equations 

developed in the semi-empirical models of which the parasitic model is part. Eq. 130 

is valid for k within the interval [2; N].  
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The electric current flowing through the external circuit 𝐼𝑒𝑥𝑡, (i.e. sent to the final 

user), is calculated as follows,  

𝐼𝑒𝑥𝑡 =
±𝑉𝑁

𝑅𝑢±𝑅𝑏𝑙
  (132) 

in which 𝑉𝑁  is the voltage of the N-th cell, 𝑅𝑢 is the external load resistance and 𝑅𝑏𝑙 

is the blank resistance, accounting for the resistance of the electrode compartments 

and of the end-membrane, and for the overvoltage due to the electrochemical 

reactions at the electrodes. The signs in Eq. 132 are both positive for RED/BMRED 

processes while both negatives for ED/BMED processes. 

The potential difference over the external load 𝑈𝑒𝑥𝑡 is computed as  

𝑈𝑒𝑥𝑡 = 𝐼𝑒𝑥𝑡 ∙ 𝑅𝑢  (133) 

5.3.1 Performance parameters of the shortcut currents 

Suitable parameters were defined in order to assess the impact of the shortcut 

currents.  

The relative loss of GPD with respect to an ideal case without parasitic 

currents was calculated for RED/BMRED Eq. 134 and ED/BMED Eq. 135.  

𝜓𝑝 = (1 −
𝐺𝑃𝐷

𝐺𝑃𝐷𝑛𝑜 𝑝𝑎𝑟
) ∙ 100       RED/BMRED 

(134) 

𝜓𝑝 = (1 −
𝐺𝑃𝐷𝑛𝑜 𝑝𝑎𝑟

𝐺𝑃𝐷
) ∙ 100       ED/BMED (135) 

in which 𝐺𝑃𝐷𝑛𝑜 𝑝𝑎𝑟 is the gross power density calculated by simulations of the 

reference case neglecting parasitic currents, carried out by a simplified model where 

the stack is simply modelled without the shunt currents branches in the equivalent 

electric circuit (i.e. the stack is modelled as a series of identical cell resistances and 

EMFs, together with the blank resistance and the external resistance).   

The % parasitic loss of current (Ι𝑙𝑜𝑠𝑠) is the relative difference between the average 

cell current and the external current. It is given by  

Ι𝑙𝑜𝑠𝑠 =

∑ 𝐼𝑘
𝑁
1
𝑁

−𝐼𝑒𝑥𝑡

∑ 𝐼𝑘
𝑁
1
𝑁

        RED/BMRED  
(136) 

Ι𝑙𝑜𝑠𝑠 =
𝐼𝑒𝑥𝑡 −

∑ 𝐼𝑘
𝑁
1
𝑁

𝐼𝑒𝑥𝑡
         ED/BMED  

(137) 

where Eq. 136 is used for RED/BMRED and Eq. 137 for ED/BMED processes.  
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For ED/BMED processes % 𝑆𝐸𝐶𝑚,𝑙𝑜𝑠𝑠 is evaluated as  

% 𝑆𝐸𝐶𝑚,𝑙𝑜𝑠𝑠 =  
𝑆𝐸𝐶𝑚−𝑆𝐸𝐶𝑚,𝑛𝑜 𝑝𝑎𝑟

𝑆𝐸𝐶𝑚
× 100  (138) 

in which 𝑆𝐸𝐶𝑚,𝑛𝑜  𝑝𝑎𝑟 is the 𝑆𝐸𝐶𝑚 calculated by simulations without the presence of 

parasitic currents. 

For RED/BMRED processes % 𝐺𝐸𝐷𝑚,𝑙𝑜𝑠𝑠 is evaluated as  

% 𝐺𝐸𝐷𝑚,𝑙𝑜𝑠𝑠 =  
𝐺𝐸𝐷𝑚,𝑛𝑜 𝑝𝑎𝑟 −𝐺𝐸𝐷𝑚

𝐺𝐸𝐷𝑚 ,𝑛𝑜 𝑝𝑎𝑟
× 100  (139) 

in which 𝐺𝐸𝐷𝑚,𝑛𝑜 𝑝𝑎𝑟 is the 𝐺𝐸𝐷𝑚 calculated by simulations without the presence 

of parasitic currents.  

The % current efficiency loss (𝜂𝑐,𝑙𝑜𝑠𝑠) is given by  

𝜂𝑐,𝑙𝑜𝑠𝑠 = 𝜂𝑐,𝑛𝑜  𝑝𝑎𝑟 − 𝜂𝑐  (140) 

where 𝜂𝑐,𝑛𝑜 𝑝𝑎𝑟  is the current efficiency calculated by simulations neglecting the 

parasitic currents.  

Finally, the cell current efficiency is assessed by Eqs. 141-142  

𝜂𝑘 =
𝐼𝑒𝑥𝑡

𝐼𝑘
× 100          RED/BMRED  (141) 

𝜂𝑘 =
𝐼𝑘

𝐼𝑒𝑥𝑡
× 100          ED/BMED  (142) 

where Eq. 141 is used for RED/BMRED and Eq. 142 for ED/BMED processes.  

5.4 Ionic shortcut model validation 

Model validation was performed with two different test-rig units adopted for 

conventional RED and BMRED tests. 

Conventional RED experimental data were collected using a lab-scale stack 

(provided by REDstack BV, The Netherlands) with a co-flow configuration. The cell 

pairs number ranged from 5 to 50 in the experimental campaign. The stack was 

equipped with Fujifilm Type 10 membranes (Table 16, FujiFilm Manufacturing 

Europe B.V.), with an active area of 100 cm2 (10 cm length, 10 cm width), along 

with 330 µm polyamide woven spacers (Deukum GmbH, Germany), made up of 4 

inlet/outlet holes with a diameter of 6 mm each (see Figure 62) with a volume 

porosity of 0.8. The electrodes were of Dimensionally Stable Anodes (DSA)-type.  
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Table 16. Fujifilm type 10 membranes characteristics from [58]. 

 CEM AEM 

Reinforcement polyolefin polyolefin 

Thickness dry (µm) 125 135 

Resistance (Ω cm2) 1.7 2.0 

Perm-selectivity (%) 95 99 

Water permeation (ml bar-1 m-2 h-1) 6.5 6.5 

Burst strength (kg cm-2) 2.8 2.8 

pH stability (-) 1-13 1-13 

Temperature stability (°C) 60 60 

 

The NaCl concentration in the concentrate was fixed at 5 M (typical of 

concentrated brines), while that in the diluate was either 0.017 M or 0.05 M. A 

concentrated brine was used in the concentrate compartments in order to magnify the 

shortcut currents and their effects. The electrode rinse solution was a reversible redox 

couple with 0.1 M concentration of K3Fe(CN)6/K4Fe(CN)6 and 2.5 M concentration 

of NaCl as supporting electrolyte. From experiments with different number of cell 

pairs, the value of the areal blank resistance (electrode compartments with an 

additional CEM) was evaluated to be within the range ~60-72 Ω cm2.  

BMRED tests were performed using a lab-scale module (provided by Fumatech 

BWT GmbH , Germany). Acid and base solutions were fed to the stack with a co-

current flow distribution, whilst salt solution was fed in cross-flow with respect to 

them. The triplet number ranged from 5 to 38. The stack was equipped with 

commercial IEMs provided by Fumatech BWT GmbH, Germany (Table 17), with an 

active area of 100 cm2 (10 cm length, 10 cm width), along with 500 µm polyamide 

woven spacers (Fumatech BWT GmbH , Germany), made up of 3 inlet/outlet holes 

with a diameter of 8.5 mm each with a volume porosity of 0.8. The electrodes were 

of Dimensionally Stable Anodes (DSA)-type.  

Table 17. Fumatech membranes characteristics from [224].  

Name Type 
Thickness 

(µm) 

IEC 

(meq g-1) 

Selectivity 

(%) 

Areal 

resistance 

(Ω cm2) 

FAB Anion 100-130 1.0-1.1 94-97 4-7 
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FKB Cation 100-130 1.2-1.3 98-99 4-6 

FBM Bipolar 180-200 *n.p. *n.p. *n.p. 

*n.p. means not provided 

 

Acid, base and salt solutions were prepared using Hydrochloric Acid (HCl 37% 

Merck), Sodium Hydroxide (NaOH 98-100% Honeywell Fluka) and Sodium 

Chloride (NaCl 99.7% ChemSolute), respectively. Acid and base streams were fed 

to the stack with equal initial concentration (i.e., 0.2 M, 0.6 M or 1 M aqueous 

solutions), the salt stream was an aqueous solution 0.25 M in NaCl in every test. 

Aqueous solutions 0.5 M in FeCl2/FeCl3 (99% ChemSolute) were used as electrode 

rinse solutions (ERSs). HCl was added to the ERS to maintain the solution pH lower 

than 2.3 to prevent possible iron oxy-hydroxide precipitation [205]. From 

experiments with different number of triplets, the value of the areal blank resistance 

(electrode compartments with an additional AEM) was evaluated to be ~ 72 Ω cm2. 

The electrical conductivity of the solution was measured by a WTW 3310 

conductometer. 

Peristaltic pumps (Lead Fluid Technology Co., Ltd.) were used to circulate all 

the streams, including the electrode rinse solution, through the RED/BMRED stack. 

The electrolyte solutions were fed in once-through mode with a flow rate suitably 

chosen to guarantee a channel mean flow velocity of 1 cm s-1 in all tests. Conversely, 

the electrode solution was continuously recirculated to the reservoir. Current-voltage 

characteristics were recorded by using a 150 W DC Electronic Load (BK Precision 

8540) operating in potentiostatic mode. A scheme of the test-rig set-up is reported in 

Figure 18.  

The experiments were performed at ambient temperature (20 °C). All 

experiments were carried out at least twice. Average values along with corresponding 

error bars are reported in the graphs. 

5.4.1 Ionic shortcut RED model validation results 

Figure 63 shows the Open Circuit Voltage (OCV) (i.e. the voltage difference 

over the stack when no current flows in the external circuit) as a function of the cell 

pairs number, comparing experimental data and model predictions.  
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Figure 63. Open Circuit Voltage (OCV) as a function of the cell pairs number in 10×10 cm2 stacks with 

Fujifilm Type 10 membranes and with spacers provided with 4 inlet/outlet holes (diameter of 6 mm). 

Mean flow velocity of the electrolyte solutions in each channel equal to 1 cm s -1. Symbols refer to 

experimental data, continuous lines to the model predictions, and broken lines to the ideal (i.e. no shunt 
currents) OCV. Inlet solution concentrations (NaCl): a) 0.017 M - 5 M; b) 0.05 M - 5 M. Areal blank 

resistance: a) 72 Ω cm2, b) 60 Ω cm2. 

 

As it can be seen, both the experiments and the model predictions exhibit a 

deviation of the OCV from the ideal linear trend (no shunt currents) as the cell pairs 

number increases. A very good agreement between experiments and model was 

found at any concentration. Such deviation can be attributed to the effect of shunt 

currents. As a matter of fact, the higher the cell pairs number, the higher the number 

of the ion bypass pathways (see Figure 60). This fact leads to the existence of a cell 

current even under open circuit condition, associated to an ion current through the 

manifolds (as they collect the ion current coming from the channels) and to a 

reduction of the OCV, as mentioned above. In other words, the occurrence of 

parasitic currents causes a higher consumption of the salinity gradient. Particularly, 

in the case of a higher concentration in the diluate (Figure 63b), the lower driving 

force results in a lower OCV reduction compared to the 0.017M case (Figure 63a). 

Interestingly, the relative effect of parasitic current is lower, due to the lower 

resistance of the desired current path (perpendicular to the membranes). The 

maximum deviation at 50 cell pairs is 23.4% and 12.4% in the case of 0.017 M and 

0.05 M, respectively (Figure 63). 

Data under closed circuit conditions are reported in Figure 64, which shows the 

Gross Power Density (GPD) delivered by the stack when the applied voltage is equal 

to OCV/2 as a function of the cell pairs number.  

OCV/2 was chosen as it simulates the stack operation with the ideal (when no 

shunt currents) maximum power. Actually, the maximum power is obtained at lower 

values of the stack voltage, due to the ionic shortcut currents and to other reasons 
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(e.g. the variation of the conditions along the channels). However, we found by both 

experiments and simulations that the discrepancy between the maximum power and 

the power delivered at OCV/2 was only of a few percent. Therefore, the OCV/2 

condition was used to represent with very good approximation the maximum power 

condition. 

 

Figure 64. Gross Power Density (GPD) produced with an applied voltage equal to OCV/2 as a 

function of the cell pairs number in 10×10 cm2 stacks with Fujifilm Type 10 membranes and with 

spacers provided with 4 inlet/outlet holes (diameter of 6 mm). Mean flow velocity of the electrolyte 

solutions in each channel equal to 1 cm s-1. Symbols refer to experimental data, continuous lines to the 

model predictions. Inlet concentrations (NaCl): a) 0.017 M - 5 M; b) 0.05 M - 5 M. Areal blank 

resistance: a) 72 Ω cm2, b) 60 Ω cm2. 

Overall, the model predictions are in good agreement with the experimental 

data. A variation is found at the lowest cell pairs number (where the effect of parasitic 

current is expected to be very low) for case a), probably due to an overestimation of 

the resistance in the electrode compartments (blank resistance). As a matter of fact, 

the error bars tend to reduce in stacks with a larger number of cell pairs (N), i.e. where 

the effect of the blank resistance is lower. This suggests that the lower repeatability 

of the experimental results found at low values of N is likely caused by some 

variation in the electrode compartments or, more specifically, in the electrode rinse 

solution. For example, it can be altered by salt diffusion from the 5 M concentrated 

brine compartment. 

An increase in GPD is observed as the number of cell pair increases, due to the 

decreasing relative impact of the blank resistance. This would lead to an asymptotic 

trend. Conversely, a maximum is exhibited by the GPD, because it is also affected 

by the parasitic currents, which count more at large N. The maximum occurs in stacks 

with 21 and 27 cell pairs fed by 0.017 M - 5 M and 0.05 M - 5 M solutions, 

respectively. Beyond the maximum point, the impact of the shortcut currents 

prevails, and the GPD decreases. The loss of power 𝜓𝑝 (eq. 134) is 20% and 16% 
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for the two feeding conditions, respectively, in stacks with 50 cell pairs, i.e. about 

one fifth and one sixth of the producible power density are lost due to shortcut 

currents. 

Moreover, Table 18 shows the diluate and concentrate average (among the 

channels) conductivities at the outlet, by varying the external voltage difference in 

the stack with 50 cell pairs (largest effect of shunt currents) and for the case 0.017 M 

- 5 M. 

Table 18. Comparison between model outcomes and experimental results of the diluate and 

concentrate outlet conductivities for a 10×10 cm2 stack with Fujifilm Type 10 membranes and with 

spacers provided with 4 inlet/outlet holes (diameter of 6 mm), equipped with 50 cell pairs, fed by 0.05 

M – 5 M inlet concentrations. Mean flow velocity of the electrolyte solutions in each channel equal to 

1 cm s-1. Areal blank resistance: 60 Ω cm2. 

 Diluate outlet 

conductivity (mS cm-1) 

Concentrate outlet 

conductivity (mS cm-1) 

External voltage Experimental Model Experimental Model 

OCV 6.82 7.25 241 244 

OCV/2 7.39 8.47 241 244 

0 V 8.06 9.73 241 244 

 

A fair agreement between experimental measurements and simulation results is 

found for the data reported in Table 18 (maximum discrepancy of 17%). 

Parasitic currents and their effects on the process performance can be significant 

also in RED units fed by “standard” solutions of seawater and river water, depending 

on the constructive features of the stack. For example, non-negligible shunt currents 

may occur in stacks with high-resistance membranes. As a further validation step, 

results from the present model were also compared with data by Veerman et al. [110], 

which include both predictions of their own model and experimental results for 

stacks fed by artificial seawater and river water. The investigated stacks were i) with 

Ralex anion and cation exchange membranes, designated as R1.0 and ii) with 

Fumasep anion and cation exchange membranes denoted F0.2. In particular, Figure 

65a1 and Figure 65b1 reports the OCV and Figure 65a2 and Figure 65b2 the Max 

Gross Power as functions of the cell pairs number for two stack configurations, 

respectively (different spacers and membranes, see figure caption). 
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Figure 65. Comparison between the present model predictions and data by Veerman et al. [110] as 

functions of the cell pairs number in stacks with 1 inlet/outlet hole (diameter of a1, a2) 10 mm and b1, 

b2) 8 mm). Dotted line refers to the ideal (i.e. no shunt currents). Mean flow velocity of the electrolyte 

solution in each channel equal to 1 cm s-1. a1) Open Circuit Voltage and a2) Maximum Gross Power 

for stacks provided with Ralex membranes (0.65 mm thick) and spacers 1 mm thick [Stack named R1.0]; 

b1) Open Circuit Voltage and b2) Maximum Gross Power for stacks provided with Fumasep membranes 

(0.2 mm thick) and spacers 0.082 mm thick [Stack named F0.2]. Inlet concentrations (NaCl): 1 g l -1 – 

30 g l-1 (0.017 M – 0.513 M). Areal blank resistance: a1, a2) 262 Ω cm2, b1, b2) 12 Ω cm2. 

The developed model provides outcomes which are in very good agreement with 

the data by Veerman et al. [110], thus obtaining a further validation. The ratio 

between the average manifold resistance of the concentrate solution, especially for a 

stack of 50 cell pairs (4.39 Ω for R1.0 stack and 1.17 Ω for F0.2 stack) and the 

average cell resistance (1.52 Ω for R1.0 stack and 0.246 Ω for F0.2 stack) plays a 

key role in the currents distribution within the stack. In particular, a higher average 

manifolds resistance (especially of the concentrate solution) and/or a lower average 

cell resistance lead to lower shunt currents and a consequent higher cell current (i.e. 

the useful one). In fact, within the simulated conditions, the loss of power decreased 

from 22% for the R1.0 stack to 6% for the F0.2 stack.  
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5.4.2 Ionic shortcut BMRED model validation results 

Figure 66 reports the comparison between model and experimental data for the 

Open Circuit Voltage and Gross Power Density at 29 A m-2 by varying the triplets 

number. Particularly, Figure 66 shows the results for inlet acid/base concentration of 

0.2M without the presence of background salt and 0.25M NaCl in the salt 

compartment.  

 

Figure 66. Comparison between the predictions of the model and the experimental data as functions 

of the triplets number. Dotted line refers to the ideal (i.e. no shunt currents). Mean flow velocity of the 

electrolyte solution in each channel equal to 1 cm s-1. a) Open Circuit Voltage and b) Gross Power 

Density producible with external current density fixed at 29 A m-2. Inlet solution concentrations: acid 

and base 0.2M of HCl and NaOH and salt: 0.25M of NaCl.  

Error bars for the OCV are not visible in the figure since the average error (equal 

to 16 mV) is negligible compared to the voltage values. As may be seen in Figure 66a, 

both the model and the experimental data are in excellent agreement in showing a 

significant deviation from the linearity, which is representative of the theoretical 

values. Already at the relatively low acid and base concentration (i.e. 0.2M), it is 

possible to observe an important effect of the parasitic currents. This is due to the 

high solution conductivities of the acid and base solutions already at low 

concentrations. Specifically, the OCV deviation from the theoretical value results to 

be ≈26% at 38 triplets. Figure 66b, illustrates the Gross Power Density obtainable 

from a closed circuit condition by fixing the external current density to 29 A m -2. The 

experimental GPDs values exhibit a very high reproducibility since the reported 

maximum empirical error with the test-retest process is 7%. By varying the number 

of triplets, the experimental and the simulated GPD result in good agreement. Also 

in this case, a significant deviation from the theoretical GPD profile of ≈25% at 38 

triplets can be observed.  

0

5

10

15

20

25

30

0 10 20 30 40

O
p

e
n

 C
ir

cu
it

 V
o

lt
ag

e
 (

V
)

Triplets number (-)

exp 0.2M

model 0.2M

No parasitic currents

2

2.5

3

3.5

4

4.5

5

5.5

6

6.5

0 10 20 30 40

G
ro

ss
 P

o
w

e
r 

D
e

n
st

iy
 (

W
 m

-2
)

Triplets number (-)

exp 0.2M

model 0.2M

No parasitic currents

a) b)



 Ionic shortcut currents in electro-membrane processes 

132 

 

Figure 67 shows the comparison between model and experimental data for the 

Open Circuit Voltage and Gross Power Density at 29 A m-2 by varying the triplets 

number. Error bars for the OCV are so small that the average error can be considered 

to be negligible. Particularly, Figure 67 shows the results for inlet acid/base 

concentration of 0.6M without the presence of background salt and 0.25M NaCl in 

the salt compartment.  

 

Figure 67. Comparison between the predictions of the model and the experimental data as functions 

of the triplets number. Dotted line refers to the ideal (i.e. no shunt currents). Mean flow velocity of the 

electrolyte solution in each channel equal to 1 cm s-1. a) Open Circuit Voltage and b) Gross Power 

Density producible with external current density fixed at 29 A m-2. Inlet solution concentrations: acid 

and base 0.6M of HCl and NaOH and salt: 0.25M of NaCl.  

Open Circuit Voltage (Figure 67a) results were also well predicted in the case 

of inlet acid and base concentration equal to 0.6M regardless the number of triplets. 

Interestingly, the deviation due to the presence of parasitic currents is higher in this 

case, as it was found to be ≈37% at 38 triplets. Therefore, the increased acid and base 

concentrations result in a more pronounced effect of the shortcut currents as 

expected. This is due to (i) the reduced electrical resistances of the electrolyte 

solutions and (ii) the higher electromotive force, which in turn enhance this 

detrimental effect. The collected GPD data (Figure 67b) showed high repeatability 

with a maximum error of 6.4%. Compared with the empirical value, the GPD is also 

well predicted by the model. The maximum model error is found to be 11.4% at 10 

triplets. The GPD at 38 triplets is 36% lower than the theoretical value.  

Figure 68 shows the comparison between model and experimental data for the 

Open Circuit Voltage and Gross Power Density at 29 A m-2 by varying the triplets 

number. Particularly, Figure 68 shows the results for inlet acid/base concentration of 

1M without the presence of background salt and 0.25M NaCl in the salt 

compartment.  
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Figure 68. Comparison between the predictions of the model and the experimental data as functions 

of the triplets number. Dotted line refers to the ideal (i.e. no shunt currents). Mean flow velocity of the 

electrolyte solution in each channel equal to 1 cm s-1. a) Open Circuit Voltage and b) Gross Power 

Density producible with external current density fixed at 29 A m-2. Inlet solution concentrations: acid 

and base 1M of HCl and NaOH and salt: 0.25M of NaCl. 

Again error bars for the collected OCV (Figure 68a) were hidden because they 

are negligible. The predicted OCV is in excellent agreement with the experimental 

data. Results obtained at 1M of acid and base confirmed the increasing trend of the 

effect of the parasitic currents by increasing the acid and base concentrations. In fact, 

at 38 triplets the deviation from the theoretical line is over 44%. The experimental 

error for GPD (Figure 68b) was found to be 5.4%. GPD results were also well 

predicted and at 38 triplets the discrepancy from the theoretical curve was a little less 

than 44%, thus, a huge percentage of the produced power is dissipated in the parasitic 

resistances.  

5.4.3 Ionic shortcut model capabilities 

As discussed in section 5.2, the simplified model for parasitic currents by 

Veerman et al. [110] was based on the simulation of the stack electrical behaviour 

only. It is a “purely Ohmic” model calibrated on experimental data, which used 

constant electrical resistances and cell pair potentials. The obvious advantages of 

such a model were (i) ease of implementation and (ii) speed of computing. However, 

the predictive capability of Veerman et al. model is limited by the availability of 

experimental data for the calibration. The present multi-scale model, instead, 

following the approach by Tedesco et al. [151], is based on a process simulator 

assessing fluxes and mass balances at the cell pair scale fully coupled with the 

electrical behaviour of the stack. The higher complexity of this model and the larger 

computational effort that it requires for the simulations, are justified by the higher 

predictive capabilities. 
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This can be shown by a comparison between the two models in the simulation 

of generic conditions not tested experimentally. For comparison purposes, the 

simulations were performed also by implementing the model by Veerman et al. 

[110]. The input parameters used for the simulations performed with the Veerman 

model (in terms of electrical resistances and EMF) were calculated with the inlet 

conditions. Note that these simplifying assumptions, which are needed to follow the 

Veerman approach, affect the driving force, the channel resistances, and the 

resistances of the parasitic pathways. For example, Figure 69a1 and Figure 69a2 

report the OCV and Figure 69b1 and Figure 69b2 the Gross Power Density as 

functions of the cell pairs number for stacks 10 cm long and 50 cm long, respectively. 

 

Figure 69. Comparison between the predictions of the present model and those of the model by 

Veerman et al. [110] as functions of the cell pairs number. Dotted line refers to the ideal (i.e. no shunt 

currents). Mean flow velocity of the electrolyte solution in each channel equal to 1 cm s -1. a1) Open 

Circuit Voltage and a2) Gross Power Density producible with an applied voltage equal to OCV/2 in 10 

cm long and 50 cm wide stacks; b1) Open Circuit Voltage and b2) Gross Power Density producible 

with an applied voltage equal to OCV/2 in 50×50 cm2 stacks. Spacers provided with 12 inlet/outlet 

holes (diameter of 1 cm). Fujifilm Type 10 membranes. Inlet solution concentrations (NaCl): 0.017 M 

- 5 M. Areal blank resistance: 72 Ω cm2. 
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There is a non-negligible discrepancy between the two models outcomes for 

short-channel stacks (10 cm length), especially in terms of OCV (Figure 69a1). Note 

that the small discrepancy found in the GPD (Figure 69a2) is only the complex result 

of the compensative effects of the Ohmic model assumptions. Therefore, larger 

differences can be found under other design and operating conditions. As a matter of 

fact, Figure 69b1 and Figure 69b2 show significant discrepancies between the two 

models in the simulation of stacks with long channels (50 cm), where the average 

conditions along the channels are very different from the inlet conditions. In 

particular, the simplifications (use of the inlet concentrations) needed in the model 

by Veerman et al. [110] led to an overestimation of the OCV and an underestimation 

of the GPD.  

These results highlight the limits of an Ohmic model, and, at the same time, 

show that a multi-scale process simulator is a more effective, powerful and flexible 

tool for the simulation of RED units, including the effects of shortcut currents.  

Finally, it can be drawn that stacks with shorter channels are affected at a larger 

extent from shortcut currents, due to the lower resistance of the parasitic pathways. 

In particular, under the conditions simulated in Figure 69, a channel length of 50 cm 

leads to negligible shunt currents (Figure 69b) in stacks with 5-50 cell pairs.  

5.5 Simulation analysis of the ionic shortcut currents  

In this paragraph, the effect of the parasitic currents is assessed for 

RED/BMRED and ED/BMED processes for different design features and operating 

conditions.  

5.5.1 Conventional RED analysis 

The developed model was used to investigate the distribution of the electric 

current in the lab-scale stack with 50 cell pairs used for the experiments (see section 

5.4). The maximum number of cell pairs used in the experiments was chosen in the 

present simulations in order to have the largest parasitic currents. Figure 70 shows 

the distribution of the cell current (𝐼𝑘) within the equivalent circuit of the stack (see 

Figure 60) under different values of applied external voltage, i.e. OCV, OCV/2 

(~maximum power) and 0 voltage (short-circuit). 
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Figure 70. Predicted profiles of cell current (𝐼𝑘 ) at different values of the external voltage for 10×10 

cm2 stacks equipped with 50 cell pairs, with Fujifilm Type 10 membranes and with spacers provided 

with 4 inlet/outlet holes (diameter of 6 mm), fed by 0.017 M - 5 M solutions. Mean flow velocity of the 

electrolyte solution in each channel equal to 1 cm s-1. Areal blank resistance: 72 Ω cm2. 

The average cell current is 0.15 A, 0.41 A and 0.71 A and the external current 

(i.e. supplied to the external load) is 0 A, 0.33 A and 0.70 A in OCV, OCV/2 and 0 

(short-circuit), respectively. The largest effects of the shortcut currents on the cell 

currents occur under open circuit conditions, as can be also observed from the higher 

curvature of the cell current profiles within the stack. This means that the relative 

weight of the current leakage with respect to the cell current is maximum under open 

circuit conditions and decreases as the external current increases, with significant 

variations. As a consequence, the departure of the cell current profile from the ideal 

flat trend (i.e. without the parasitic currents), which would occur in absence of shunt 

currents, is larger at higher values of the external voltage. The reason behind this 

behaviour can be explained as follows. Considering the simplified electrical circuit 

reported in Figure 58a, one can easily infer that as the stack voltage increases, the 

cell current decreases, while the manifolds current increases. It should be noted that 

in the actual system simulated (Figure 60) the electromotive forces and the 

resistances are not fixed, but depend on the stack voltage itself, which affects the 

solutions concentrations. However, despite these complications, simulation results 

showed that parasitic currents were higher as the stack voltage increases, both in 

absolute terms and in relative terms with respect to the cell currents. Note that the 

amount of shortcut currents and their effects on the process performance depend 

strongly on the electrical resistance of the manifolds and of the channels compared 

to the cell resistance, as discussed in the next sub-section. 

Moreover, in Figure 70 the highest percentage deviation of the cell current 

compared to the average is 100 %, 20 % and 2 %. Note that the small asymmetry 

in the equivalent circuit of Figure 60 is reflected on the current distribution. For 

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0 10 20 30 40 50

C
e
ll 

c
u

rr
e
n

t 
(A

)

Cell position

No parasitic

currents



Ionic shortcut currents in electro-membrane processes 

137 

 

example, the cell current of the 1st cell pair differs from that of the last one (i.e. the 

50th). 

In order to explain the shape of the cell current profiles, Figure 71 reports the 

distribution of the electric current along the lower longitudinal branches of the 

concentrate and the diluate channels 𝑖𝑑𝑜𝑤𝑛,𝑐,𝑘 and 𝑖𝑑𝑜𝑤𝑛,𝑑,𝑘 (see Figure 60) for the 

same conditions of applied voltage considered in Figure 70. The distribution in the 

upper branches is qualitatively and quantitatively identical and is not reported.  

 

Figure 71. Predicted profiles of the longitudinal current flowing along the lower branch of the a) 

concentrate channels 𝑖𝑑𝑜𝑤𝑛,𝑐,𝑘  and b) diluate channels 𝑖𝑑𝑜𝑤𝑛 ,𝑑,𝑘 at different values of the external 

voltage for 10×10 cm2 stacks equipped with 50 cell pairs, with Fujifilm Type 10 membranes and with 

spacers provided with 4 inlet/outlet holes (diameter of 6 mm), fed by 0.017 M - 5 M solutions. Mean 

flow velocity of the electrolyte solution in each channel equal to 1 cm s-1. Areal blank resistance: 72 Ω 

cm2. 

As shown in Figure 71a, the maximum longitudinal leakage currents are 0.01 

A, 0.005 A and 0.0007 A in OCV, OCV/2 and 0 (short-circuit), respectively. They 

exhibit these largest values at the extreme channels, i.e. close to electrode 

compartments, while they vanish close to the central channels. A positive 

longitudinal current means that the electric current is outgoing the channel while a 

negative one is ingoing into the channel. With reference to the equivalent circuit 

reported in Figure 60, this behaviour can be qualitatively intuited. Note that lower 

values of the longitudinal leakage currents are found as the stack voltage decreases 

(i.e. as the external current increases). Moreover, the driving force for the passage of 

the electric current along a channel branch is the voltage difference between the 

middle node of the channel and the distributor/collector node. Therefore, this voltage 

difference varies cell by cell and, in particular, it decreases towards the central part 

of the stack. The current profiles among the diluate channels (Figure 71b) are 

qualitatively but non quantitatively the same of the concentrate channels. In 

particular, the current distribution in the diluate channels is two orders of magnitude 
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lower than in the concentrate channels. As a matter of fact, the electric resistances of 

the diluate solution is high enough to make very low its contribution to diluate ducts 

shunt currents. On the other hand, a high electrical resistance in the diluate channel 

can make the cell pairs resistance higher than that in the concentrate manifolds, thus 

increasing the relevant parasitic currents. 

Longitudinal currents in the channels are collected/distributed in/by the 

manifolds. Electric current profiles along the lower concentrate and diluate 

manifolds (distributors), which are 𝐼𝑑𝑖𝑠𝑡𝑟𝑖𝑏𝑢𝑡𝑜𝑟,𝑐 ,𝑘 and 𝐼𝑑𝑖𝑠𝑡𝑟𝑖𝑏𝑢𝑡𝑜𝑟,𝑑,𝑘, respectively, 

are reported in Figure 72.  

 

Figure 72. Predicted profiles of current along the lower (distributor) a) concentrate manifolds 

𝐼𝑑𝑖𝑠𝑡𝑟𝑖𝑏𝑢𝑡𝑜𝑟,𝑐,𝑘  and b) diluate manifolds 𝐼𝑑𝑖𝑠𝑡𝑟𝑖𝑏𝑢𝑡𝑜𝑟,𝑑,𝑘  at different values of the external voltage for 

10×10 cm2 stacks equipped with 50 cell pairs, with Fujifilm Type 10 membranes and with spacers 

provided with 4 inlet/outlet holes (diameter of 6 mm), fed by 0.017 M - 5 M solute. Mean flow velocity 

of the electrolyte solution in each channel equal to 1 cm s-1. Areal blank resistance: 72 Ω cm2. 

The parasitic current via manifolds exhibits a trend qualitatively similar to the 

profile of the cell current (Figure 70), with a maximum located approximately at the 

central part of the stack. As a difference, however, the average value of the parasitic 

current decreases as the external voltage decreases, while the opposite occurs for the 

average cell current (Figure 70). This shows the lower relative weight of the shunt 

currents at lower values of the external voltage. The negligible amount of shunt 

currents along the diluate parasitic pathways is shown by the low values of the 

electric currents via the diluate manifolds (Figure 72b): as it can be seen on the Y-

axes of Figure 72, the effect of parasitic currents in the diluate pathway is 100 times 

lower than that pertaining to concentrate circuit.  

In order to assess the effects of parasitic currents in RED stacks with different 

manifolds size, a sensitivity analysis was performed by varying the manifolds 

diameter from 2 mm to 14 mm. In this simulations set, the number of cell pairs was 

increased up to 500 and the active area to 50×50 cm2, in order to mimic the features 
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of a possible industrial scale stack. All the other constructive features, e.g. an 

inlet/outlet holes per each 4 cm (thus with a total of 12) and all the operating 

conditions were assumed equal to those of the experimental tests. Simulation results 

for the OCV are reported in Figure 73. 

 

Figure 73. Predicted Open Circuit Voltage (OCV) as a function of the cell pairs number in 50×50 

cm2 stacks with Fujifilm Type 10 membranes and with spacers provided with 12 inlet/out let holes 

(diameter ranging from 2 mm to 14 mm). The dashed black line refers to the OCV predicted by the 

model neglecting the shunt currents. Inlet concentrations (NaCl): 0.017 M - 5 M. Mean flow velocity of 

the electrolyte solution in each channel equal to 1 cm s-1. Areal blank resistance: 72 Ω cm2. 

As the inlet/outlet holes diameter increases, the OCV decreases significantly. 

Moreover, this effect is larger in stacks with a higher number of cell pairs. With 500 

cell pairs, a manifolds diameter of 6 mm gave rise to a reduction in OCV of 10% 

with respect the ideal case where parasitic currents are not simulated (i.e. simplified 

model without the presence of shunt currents); a manifolds diameter of 14 mm led to 

a loss of 30%. By decreasing the manifolds diameter, it is possible to diminish 

strongly the shunt currents phenomena thanks to the higher electrical resistance of 

the parasitic pathways. In particular, shunt currents and their effects were almost 

negligible when the manifolds diameter was reduced to only 2 mm, with a maximum 

loss of OCV of 1.9% at 500 cell pairs with respect to the ideal case without shortcut 

currents. Note that the above estimations do not take into account pressure losses. 

The effects of the leakage currents are of higher practical interest in terms of 

delivered power under closed circuit conditions. Therefore, Figure 74 reports the 

Gross Power Density and the corresponding loss 𝜓𝑝 associated to parasitic currents 

when the applied voltage is equal to OCV/2. 
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Figure 74. Predicted a) Gross Power Density (GPD) producible with an applied voltage equal to 

OCV/2 and b) corresponding % loss due to parasitic currents (  𝜓𝑝) as functions of the cell pairs number 

in 50×50 cm2 stacks with Fujifilm Type 10 membranes and with spacers provided with 4 inlet/outlet 

holes (diameter from 2 mm to 14 mm). The dashed line refers to the predictions of the model neglecting 

the shunt currents. Inlet concentrations (NaCl): 0.017 M - 5 M. Mean flow velocity of the electrolyte 

solution in each channel equal to 1 cm s-1. Areal blank resistance: 72 Ω cm2.  

As shown in Figure 74a, leakage currents lead to the presence of a maximum in the 

Gross Power Density as a function of the cell pairs number. This occurs 

approximatively between 90 cell pairs and 60 cell pairs for stacks with 6 mm and 14 

mm of manifolds diameter, respectively. The corresponding (i.e. at these maximum 

GPD) power loss due to parasitic currents is below 5%, as shown in Figure 74b. By 

further increasing the cell pairs number, the increment of parasitic currents causes a 

reduction in GPD and a consequent larger loss of efficiency. The process 

performance depends significantly on the manifolds diameter, which affects the 

electrical resistance against the parasitic currents. The loss of power is between 8% 

and 25% in stacks with 500 cell pairs with 6 mm and 14 mm of manifolds diameter, 

respectively. A different behaviour characterizes stacks with very low manifolds 

diameter (2 mm), which exhibit an asymptotic behaviour in GPD up to the maximum 

cell pairs number considered here (i.e. 500) with a maximum loss of only 1.3%. 

Finally, in order to compare the effect of salt concentration on the parasitic 

currents, two different feeds were compared, namely river water-seawater (0.017M-

0.513M) and river water-brine (0.017M-5M), under OCV/2 functioning. In 

particular, this comparison was made in terms of cell current efficiency (Figure 75), 

which was defined in Eq.141.  
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Figure 75. Cell current efficiency as a function of the cell position for different feeds, in 10×10 cm2 

stacks equipped with 50 cell pairs, with Fujifilm Type 10 membranes and with spacers provided with 4 

inlet/outlet holes (diameter of 6 mm). Mean flow velocity of the electrolyte solution in each channel 

equal to 1 cm s-1. Areal blank resistance: 72 Ω cm2. 

As expected, the reduction of solute concentration in the concentrate 

compartment resulted in a decrease of the effect of the parasitic currents, as caused 

by the higher ohmic resistances of the electrolyte solution. Specifically, the minimum 

cell efficiencies were found to be 84.1% and 73.6% in the case of river water-

seawater and river water-brine respectively. Moreover, the average values were 

88.9% and 80.9% for river water-seawater and river water-brine respectively. As a 

result, at lower salt concentrations the effect of parasitic currents had a small impact 

on the performance of a conventional RED unit, as it accounted for about 11% of the 

cell current efficiency.  

5.5.2 Conventional ED analysis 

In this section, the present model was applied to ED processes of seawater to 

predict the effect of the shortcut currents for large stacks. Stacks with a large number 

of cell pairs especially when fed by concentrated solutions may suffer from 

significant parasitic currents [110] that lead to lower current efficiency. In fact, as 

schematically depicted in Figure 59 (section 5.1) for any useful internal current, 

depending on the desired desalted/concentrated product, the shunt current in the 

parallel branch inside the stack requires a higher external current. Since the stack 

voltage is fixed by the desired generation of salinity gradient and the useful current, 

a higher power consumption is required. Unless otherwise noted, simulations were 

performed with stack features identical to those used for the RED analysis (see 5.5.1). 

The simulations were performed with feed at seawater concentration. Particularly, 

an average seawater concentration of 30 g l-1 (i.e. 0.513M NaCl) was used. 
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Figure 76 shows the parasitic current loss as a function of the cell pairs number. 

 

Figure 76. % current loss due to parasitic currents as functions of the cell pairs number in 44×44 

cm2. Inlet concentrations (NaCl): 0.513 M.  

Likewise the conventional RED process, cell pair number is crucial for the 

conventional ED process. In fact, the higher the cell pairs number, the higher the 

corresponding Iloss. As shown in Figure 76, stacks provided with 496 cell pairs (i.e. 

the simulated maximum number of cell pairs) show a parasitic current loss of ≈12 %. 

Despite of the low concentration of the feed (i.e. 0.513M), the parasitic current loss 

is not negligible. A possible solution of this detrimental effect lies in the adoption of 

modular cell-pair blocks with small parasitic circuits. Particularly, each block can be 

regarded hydraulically as a single stack. Each block has a small number of cell pairs 

so that the parasitic currents within each block can be neglected. Additionally, the 

only ion shortcut may exist along the manifolds connecting the blocks (Figure 77). 

Therefore, a stack of 496 cell pairs was compared to a stack provided with 16 blocks 

including 31 cell pairs each. More precisely, it is supposed that each block is fed by 

a single distributor for each solution (i.e. concentrate or diluate) and that the outlet 

solution coming from each block is drawn by a single collector. The parasitic current 

effect was neglected inside a single block of 31 cell pairs, since they count ≈0.14% 

of parasitic loss at 100 A m-2 as reported in Figure 76. Therefore, each set of 31 cell 

pairs mimics a single isolated block. However, the presence of a main manifold that 

feeds and collects the 16 blocks, results in an additional parasitic pathway. This stack 

configuration presents the equivalent electric circuit shown in Figure 77.  
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Figure 77. Equivalent electric circuit for a stack provided with n-blocks of 31 cell pairs.  

Clearly, all the electrical resistances depend on the geometrical features of the 

distributors and collectors that feed to or withdraw from the blocks. Therefore, in 

order to simulate these manifolds, the electrical resistances were chosen to be equal 

and were varied in the range 100-1000Ω each. These electrical resistances are 

hereinafter referred to as R*. 

Figure 78 shows the comparison between the conventional and the block-type 

configurations for the diluate outlet concentration (Figure 78a) and the parasitic loss 

of current (Figure 78b) as a function of the external current.  

 

Figure 78. Diluate outlet concentration a) and parasitic loss of current b) as functions of the external 

current density for an ED stack of 496 cell pairs with 44x44 cm2 of membrane active area. Manifolds 

area 440x5mm2. Inlet concentrations: 0.513M.  

The manifolds area was chosen to be rectangular with area 440×5 mm2. As 

reported in Figure 78b, without any measures to tackle the shortcut currents an 

average of 11.6% decrease of the cell current is expected for a stack of 496 cell pairs. 

Particularly, the higher the external current, the higher the detrimental effect. 

Moreover, parasitic currents result in a higher outlet concentration of the diluate 
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solution. In particular, at the maximum simulated current (i.e. 27.5A) the diluate 

concentration was found to be ≈3.7 times higher due to the presence of the shortcut 

currents. A simple strategy characterized by the use of isolated blocks with main 

manifolds (for the fed and collected solutions) represents a solution to this 

phenomenon. The results reported in Figure 78 refer to R* equal to 100, 500 and 

1000 Ω. Interestingly, by applying a R* higher than 500 Ω the parasitic current loss 

was found to be less than 2%.  

In the stack provided with 496 cell pairs with the configuration similar to Figure 

60 (i.e. no presence of blocks) the electromotive forces and the resistances are clearly 

a function of the external voltage. This fact results in a variable solutions 

concentrations depending on the stack voltage. Simulations suggest that the higher 

the stack voltage, the higher the leakage currents effect.  Moreover, attention should 

be paid to those operating conditions in which solutions concentrations (especially 

the dilute solution) approach the limiting value. At that point, in fact, the overall stack 

resistance increases fast, thus enhancing the effect of parasitic currents.  

Figure 79 shows the cell current and main manifold current for 496 cell pairs 

stacks. 

 

Figure 79. Cell current a) and parasitic current via the main manifold b) for an ED stack  of 496 cell 

pairs with 44x44 cm2 of membrane active area. Manifolds area 440x5mm2. Inlet concentrations: 

0.513M.  

As can be seen, the stack configuration with multiple blocks arranged 

electrically in series, the cell current profiles present more homogenous profiles 

regardless of the R* values. This is the effect of the lower presence of parasitic 

currents. Interestingly even using R* equal to 100 Ω, the minimum cell current (in 

the central block) is 15.3 A, which is ≈9% higher than the minimum current obtained 

for a single stack composed of 496 cell pairs. The affordability of the adoption of 

this stack configuration is also highlighted by the low manifold currents depicted in 

Figure 79b. With R* values of 500 Ω or more, the maximum manifold current is (in 

absolute terms) 0.037 A.  
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Figure 80 shows the diluate outlet concentration and the percentage of parasitic 

loss for a smaller stack (i.e. 10x10 cm2) in order to evaluate the impact of different 

membrane active area. 

 

Figure 80. Diluate outlet concentration a) and parasitic loss b) for ED stacks with 10x10 cm2 of 

membrane active area. Manifolds area 100x5mm2. Inlet concentrations: 0.513M. Red line: 31 cell pairs. 

Black line: 496 cell pairs. Dashed line: No presence of parasitic currents.  

The smaller size of the membrane active area results to a larger impact of the 

parasitic currents. Particularly, by operate with a stack of 496cp and 31cp, the 

percentage of parasitic loss is 37.8% and 1.8% on average, both with a slight increase 

with the applied external current. Therefore, compared to a stack of 44x44 cm2, by 

using a membrane area 10x10 cm2, the parasitic loss is more than 3 times for 496cp 

and more of 1 order of magnitude for 31cp on average. This fact is due to the 

combination of two factors: on the one hand, the increased stack resistance promotes 

the by-pass of the current through the manifolds and on the other hand, the lower 

lateral resistances as a consequence of a lower average distance between the inlet and 

the outlet spacer holes (see Eq. 129). These synergistic factors give rise to worse 

stack performance.  

5.5.3 BMRED analysis 

In this paragraph, the impact of the shunt currents will be evaluated for the 

BMRED process. This analysis was performed to assess the effect of triplet number 

(up to 500 triplets) as well as current density (up to 300 A m -2) on the parasitic 

currents. The simulations were performed with stack features identical to the ones 

used in section 4.7 for the reference case. Figure 81 shows the Gross Energy Density 

per unit mass and the % of GEDm,loss due to the shunt currents as functions of the 

number of triplets.  
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Figure 81. a) Gross Energy Density per kilogram of consumed acid and b) % GEDm loss due to 

parasitic currents as functions of the triplets number. Mean channel flow velocity: 1 cm s -1. Fixed 

external current density: 150 A m-2. Inlet concentrations: 1M HCl and NaOH in the acid and base 

channels respectively with the presence of 0.25M NaCl as salt background, and 0.25M NaCl in the salt 

channel.  

By fixing the current over the external load at 150 A m -2, the Gross Energy 

Density was found to be within the range 0.14-0.29 kWh kg-1 as illustrated in Figure 

81a. By increasing the number of triplets from 10 to 500, more than half of the 

produced energy is wasted in the parasitic branches of the equivalent electric circuit. 

It is worth noting that, in the investigated and design conditions, only modules with 

less than 30 triplets would allow % GEDm loss lower than 10%. Therefore, the 

present stack may be used in a framework of blocks made up of a small number of 

triplets, similarly to conventional ED modules, discussed in section 5.5.2.  

Figure 82 shows the current efficiencies (ηc) and the % of ηc loss due to parasitic 

currents across varying numbers of triplets.  

 

Figure 82. a) Current efficiency and b) % ηc loss due to parasitic currents as functions of the triplets 

number. Mean channel flow velocity: 1 cm s-1. Fixed external current density: 150 A m-2. Inlet 

concentrations: 1M HCl and NaOH in the acid and base channels respectively with the presence of 

0.25M NaCl as salt background, and 0.25M NaCl in the salt channel.  

In terms of current efficiency, Figure 82 shows qualitatively the same outcome 

as was obtained for GEDm. This is due to the direct proportionality between GED 
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and ηc. Particularly, the reduction of current efficiency due to parasitic currents was 

evaluated to be 26.7% at 500 triplets. It is notable that increasing the number of 

triplets over 100 cells resulted in a flattened profile of the current efficiency curve 

(Figure 82a). It seems, again, that the shortcut currents have a large effect at low 

numbers of triplets. When fixing the number of repeating units at 500, the effect of 

the parasitic currents can be seen by comparing the power density curves for systems 

with and without shunt currents.  

 

Figure 83. Gross power density curves for a 500 triplets stack with and without the presence of shunt 

currents. Mean channel flow velocity: 1 cm s-1. Inlet concentrations: 1M HCl and NaOH in the acid 

and base channels respectively with the presence of 0.25M NaCl as salt background, and 0.25M NaCl 

in the salt channel. 

The impact of parasitic currents on the produced GPD is shown in Figure 83. 

Significantly, at the peak of the curve, the GPD was 12.7 W m-2, thus meaning it was 

39% lower compared to the scenario without parasitic currents.  

Figure 84 shows the outlet HCl concentration in the acid tank and the parasitic 

loss due to leakage currents across varying external current densities for a stack of 

500 triplets.  
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Figure 84. a) outlet HCl concentration in the acid tank and b) % parasitic loss as functions of the 

triplets number. Mean channel flow velocity: 1 cm s-1. Fixed triplets number: 500 triplets. Inlet 

concentrations: 1M HCl and NaOH in the acid and base channels respectively with the presence of 

0.25M NaCl as salt background, and 0.25M NaCl in the salt channel.  

From Figure 84, the detrimental effect of the shunt currents on the electrolyte 

solutions is evident. The parasitic currents cause part of the energetic content stored 

in the form of HCl molecules to be wasted (and similarly for the NaOH molecules), 

thus diminishing the pH gradient that represents the driving force of the BMRED 

process. Most of the parasitic loss (Figure 84b) occurred at lower current densities. 

By applying a current density equal to 50 A m-2, most of the current is wasted, as the 

parasitic current loss (Iloss) was found to be higher than 67%. In fact, approaching the 

Open Circuit Voltage condition (i.e. at 0 A of external current), all the internal 

electric current is due to the self-discharge of the pH gradient as described in Chapter 

4.  

Figure 85 shows the cell current and the triplet efficiency as a function of the 

triplet position for a stack of 500 triplets at different current densities.  

 

Figure 85. a) Cell current and b) triplet efficiency as functions of the triplet position for different 

applied current densities (i.e. 50, 150 and 250 A m -2). Mean channel flow velocity: 1 cm s-1. Fixed 

triplets number: 500 triplets. Inlet concentrations: 1M HCl and NaOH in the acid and base channels 

respectively with the presence of 0.25M NaCl as salt background, and 0.25M NaCl in the salt channel. 
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When the applied current density was 50 A m-2, the average cell current was 

38.1 A, meaning it was 3.1 times higher than the external current (i.e. 12.5 A). When 

the current density was fixed at 250 A m-2 (i.e. close to the short-circuit condition), 

the average cell current was 67 A, thus meaning it was only 7% higher than the 

external one. This behaviour was confirmed by the Triplet efficiency values. In fact, 

while it was ≈93% at 250 A m-2, it reduced to 34.2% on average at 50 A m-2.  

5.5.4 BMED analysis 

This section is devoted to the evaluation of the effect of shunt currents on BMED 

processes. Particularly, the effect of the triplets number and the applied external 

current is assessed. This analysis was performed to show the impact of this 

detrimental phenomenon on large stacks of industrial interest. The presence of 

parasitic by-passes through the manifolds result in a lower internal current (as 

illustrated in Figure 59), and, consequently, in lower production of acid and base 

concentrations when compared to the scenario without their presence. Shunt currents 

have an impact on the Specific Energy Consumption and, clearly, on the current 

efficiency (ηc). Even though the effect of the parasitic currents is qualitatively similar 

to the one described for conventional ED processes, the same cannot be said for its 

quantitative influence. The simulations were performed by considering the same 

stack features as the one described in section 3.7.  

Figure 86 show the Specific Energy Consumption (SECm) and the % of SECm 

loss due to parasitic currents across varying numbers of triplets.  

 

 

Figure 86. a) Specific Energy Consumption per kilogram of produced acid and b) % SEC loss due 

to parasitic currents as functions of the triplets number. Mean channel flow velocity: 1 cm s -1. Fixed 

external current density: 300 A m-2. Inlet concentrations: 0.05M HCl and NaOH in the acid and base 

channels respectively with the presence of 0.25M NaCl as salt background, and 1M NaCl in the salt 

channel. 
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As reported in Figure 86a, the higher the number of triplets, the higher the 

specific consumption. Particularly, a minimum of 1.18 kWh kg-1 of HCl was 

recorded at the lowest number of triplets and there was only an increase in the SECm 

of 0.85% due to the shunt currents. However, by increasing the number of triplets to 

500, the increase of SECm was ≈24%. This results in higher energetic costs required 

to produce the acidic and alkaline solutions. It is worth noting that, the outlet acid 

concentration were 0.23M at 500 triplets and 0.36M at 10 triplets, thus exacerbating 

the performance decrease at higher number of repeating units. Additionally, a lower 

slope of the curves was obtained at lower number of triplets. This can be attributed 

to the reduced effect of the blank resistance, which mitigated the effect of the 

parasitic currents in the first part of the curves. Furthermore, most of the SECm 

increase occurred from 50 to 200 triplets. To obtain negligible parasitic currents, 

modules of no more than 50 triplets should be used for obtaining %SECm loss lower 

than 9% (Figure 86b).  

Figure 87 shows the current efficiencies (ηc) and the % of ηc loss due to parasitic 

currents across varying numbers of triplets.  

 

Figure 87. a) Current efficiency and b) % ηc loss due to parasitic currents as functions of the triplets 

number. Mean channel flow velocity: 1 cm s-1. Fixed external current density: 300 A m-2. Inlet 

concentrations: 0.05M HCl and NaOH in the acid and base channels respectively with the presence of 

0.25M NaCl as salt background, and 1M NaCl in the salt channel.  

The qualitative trend of the current efficiency (ηc) reflects the SECm trend ( 

Figure 86), and this is due to the inverse relationship between SEMm and ηc. As 

illustrated in Figure 87a, current efficiency decreases as a function of the triplet 

number. In the simulated stack for the investigated operating conditions, very high 

current efficiencies (i.e. >90%) were recorded for modules of lower than 50 triplets. 

When the number of repeating cells was increased, a fall in the current efficiency 

was observed, leading to a minimum of 57% for a stack provided with 500 triplets. 

Figure 87b shows the loss of current efficiency due to parasitic currents. Moreover, 

as reported for the specific consumption, a sharp increase in the efficiency loss was 

obtained in the range of 50-200 triplets, and this then flattened towards higher 
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numbers of cells. In this triplet number interval, the loss of efficiency due to shunt 

currents ranged from 9-43%.  

Figure 88 shows the outlet HCl concentration in the acid tank and the parasitic 

loss due to parasitic currents across varying external current densities for a stack of 

500 triplets.  

 

Figure 88. a) outlet HCl concentration in the acid tank and b) % parasitic loss as functions of the 

triplets number. Mean channel flow velocity: 1 cm s-1. Fixed triplets number: 500 triplets. 

In terms of the acidic and basic solutions that were produced, the presence of 

parasitic currents dramatically affected the stack performance. When increasing the 

current density, the two curves in Figure 88a diverged. This could suggest that 

increasing the applied current leads to worse performance. However, when 100 A m-

2 was applied, the outlet acid concentration was 44% lower than the scenario without 

the presence of parasitic currents, whereas applying 500 A m-2 led to a relative 

difference of 32%. Therefore, a lower parasitic effect can be obtained by increasing 

the current density. This fact is confirmed by Figure 88b, in which the parasitic loss 

is reported. Particularly, the parasitic loss passes from ≈67% at 100 A m-2 to ≈40% 

at 500 A m-2. It is worth noting that these huge parasitic losses were reached by using 

a stack mounting 500 triplets, which represents the worst case investigated.  

Finally, Figure 89 shows the cell current and the triplet efficiency as a function 

of the triplet position for a stack of 500 triplets at different current densities.   
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Figure 89. a) Cell current and b) triplet efficiency as functions of the triplet position for different 

applied current densities (i.e. 100, 300 and 500 A m -2). Mean channel flow velocity: 1 cm s-1. Fixed 

triplets number: 500 triplets.  

By looking at Figure 89a, it can be seen that, by increasing the external current, 

a more pronounced current profile is obtained. This may lead us to wrongly conclude 

that increasing the applied current causes worse performance. However, compared 

to the external current, the relative decrease of the triplet currents obtained at 500 A 

m-2 was ≈40% on average, while at 100 A m-2 the relative decrease was greater at 

≈49%. This means that the triplet efficiency at 500 A m-2 was better, as illustrated in 

Figure 89b.  
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6 Acid/Base Flow Battery 

 

Electrical energy storage can enhance the efficiency in the use of fluctuating 

renewable sources, e.g. solar and wind energy. The Acid/Base Flow Battery is an 

innovative and sustainable process to store electrical energy in the form of pH and 

salinity gradients via electro-dialytic reversible techniques. Two electro-membrane 

processes are involved: Bipolar Membrane Electrodialysis during the charge phase 

and its opposite, Bipolar Membrane Reverse Electrodialysis, during the discharge 

phase. This chapter aims at predicting the performance of this energy storage device 

via the development of a dynamic mathematical model based on a multi-scale 

approach with distributed parameters. The steady-state multi-scale model was fully 

described in the previous chapters 3 and 4. The dynamic model was preliminary 

validated under both BMED and BMRED conditions by a comparison with 

experimental data and a good agreement was found. A sensitivity analysis was 

performed to identify the most detrimental phenomena. Results indicate that Round 

Trip Efficiency may be dramatically affected by parasitic currents in the manifolds. 

Therefore, they may represent the main limit to the present technology performance 

in scaled-up stacks to converting more power. Suitable geometries and operating 

conditions should be adopted to tackle this issue (e.g. isolated blocks), thus 

enhancing the battery Round Trip Efficiency. Compared to closed-loop operation, 

the Yo-Yo configuration allows better results in term of charge/discharge energy 

density. Finally, the AB-FB was simulated across upscaled scenarios to demonstrate 

the technology at kW-MW scale.  

6.1 General Overview 

In last decades, the demand of renewable energy is rapidly increasing [225]. 

Moreover, there is a growing interest in finding energy storage technologies for 

efficient and robust supply chains [226]. The compensation of the mismatch between 

energy demand and generation from systems harvesting fluctuating sources, such as 

sun and wind, is crucial for boosting a larger penetration of renewable energies [227]. 

In this regard, suitable storage systems should be flexible enough in managing the 

energy surplus, enabling a usage from kWh scale to MWh scale. Furthermore, they 

should satisfy some criteria, such as safety, sustainability, durability, economic 

competitiveness and site-independence. The large variety of electrical energy storage 

technologies can be classified on the basis of the form of the stored energy [228]. 

Among the electrochemical systems [229,230], flow batteries store the energy in the 

electrolyte flowing through the device [231,232]. Vanadium Redox Flow Batteries 

are the mostly studied so far, both by modelling [233,234] and experiments 



 Acid/Base Flow Battery 

154 

 

[235,236], including the development of different membranes [237]. Flow batteries 

are considered among the most suitable energy storage technologies since they could 

potentially satisfy all the above mentioned criteria. However, they still suffer from 

high costs and environmental issues [238–241]. In this context the Concentration 

Gradient Flow Battery (CGFB) is an innovative electro-dialytic battery that uses 

hazardless NaCl solutions at different salinity as storage vehicles processed in units 

provided with monopolar ion-exchange membranes [242]. The salinity gradients are 

generated during the charge phase by Electrodialysis (ED), and are converted by a 

controlled mixing (selective transport through the membranes) during the discharge 

phase by Reverse Electrodialysis (RED) to return electrical energy [243]. ED is a 

well-known desalination technique used for water desalination [244], municipal 

[245] and industrial [246] wastewater treatment, and other purposes in chemical, 

biochemical, food and pharmaceutical processes, including industrial applications. 

RED is the opposite process, where the salinity gradient between two solutions, is 

used to harvest electricity [247]. Prototypal installations in real life environments 

have been carried out so far [248]. The ED-RED coupling within the CGFB is 

currently installed as pilot scale device at The Green Village (Delft, The 

Netherlands), coupled to a photovoltaic system with an expected power-to-energy 

ratio of 0.1 (i.e. 1 kW vs 10 kWh) [249]. The theoretical energy density of the 

electrolyte solutions is in the order of 1 kWh m-3, much lower than that of Vanadium 

Redox Flow Battery (up to 35 kWh m-3 [239]). The energy density can be enhanced 

by adding a bipolar membrane (BPM), thus allowing for the storage of energy in the 

form of acid, base and saline solutions (i.e. pH and salinity gradients).  

6.2 The Acid/Base Flow Battery: working principle 

Acid/Base Flow Battery (AB-FB) could represent an innovative, safe and 

sustainable way to store energy with high performance [250]. The AB-FB is an 

electro-dialytic battery based on the reversible water dissociation. In particular, the 

Bipolar Membrane Electrodialysis (BMED) process uses electrical energy to 

produce acidic and alkaline solutions that are then exploited in the reverse process, 

i.e. the Bipolar Membrane Reverse Electrodialysis (BMRED) to generate electricity. 
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Figure 90. Acid/Base Flow Battery scheme. 

The BMED and BMRED stack are the reaction units of the AB-FB. During the 

charge phase (BMED), water dissociation occurs inside the BPM, whilst during the 

discharge phase (BMRED) the neutralization reaction takes place, as schematically 

shown in Figure 91. 

 

Figure 91. Charging a) and discharging b) operation of the Acid/Base Flow Battery.  

Theoretically, an energy density of about 11 kWh m-3 can be stored in 1 M acidic 

and alkaline solutions, although a measured energy density of 2.9 kWh m -3 was 

reported by van Egmond et al. [250]. However, this value is comparable with those 

obtained with Pumped Hydroelectric Systems (0.5–2 kWh m-3) and Compressed Air 

Energy Storage systems (2–6 kWh m-3) that are, on the other hand, strongly site-

dependent technologies [228]. Compared to Li-ion or Lead-Acid batteries, the AB-

FB suffers of a lower energy density (200-620 kWh m-3 for Li-ion battery and 30-90 

kWh m-3 for Lead-Acid battery), but it is designed to work with discharge times of 
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hours delivering powers in the order of MWs, whilst the former ones have discharge 

times of minutes and delivered powers in the kW - MW range [251]. The potential 

Levelized Cost of Storage (LCOS) of AB-FBs (0.44 € kWh-1) would be lower than 

that estimated for Li-ion batteries (0.61 € kWh-1) but higher than that calculated for 

Lead-Acid batteries (0.29 € kWh-1) [252].  

By testing commercial membranes [253] or custom membranes [254], 

pioneering studies highlighted the need of high-selective membranes to implement 

real applications of the AB-FB concept. After several years in which this interesting 

technology has been almost ignored, more recently some researchers have carried 

out some studies. Kim et al. [255] reported stable efficiencies over nine cycles, but 

the operation cyclability was then seriously compromised. This behaviour was 

attributed to the protons leakage from the acid chamber to the salt and electrode 

chambers (single-cell experiments). Nine stable cycles were performed in a single-

cell unit also by van Egmond et al. [250] who measured a power density of 3.7 W 

m−2 per membrane and a round‐trip efficiency up to 13.5%, with an energy density 

up to 2.9 Wh kg−1, as mentioned above. The coulombic efficiencies were moderate 

(13%–27%), mainly due to unwanted protons and hydroxyl ions transport, which 

caused an energy loss of ~50%. Moreover, a high internal resistance caused low 

voltage efficiencies (~50%). Interestingly, during the discharge phase the current 

density was limited at 15 A m−2 by delamination (or ballooning) issues, due to a 

recombination rate of protons and hydroxyl ions higher than the diffusion of the 

produced water. In order to enhance the power density and the process efficiency, 

suitable tailor-made membranes are needed. 

A similar general conclusion can be drawn from the experimental results by Xia 

et al. [256] (one-cell unit, 20 cycles). Moreover, the AB-FB performance could be 

theoretically enhanced by using higher acid/base concentrations (1 M was the 

“standard” maximum used so far), thus requiring further improved transport 

properties of the membranes. Another important aspect concerns the need to process 

larger volumes of the electrolyte solutions in order to convert higher amounts of 

energy, thus requiring the use of batteries with a higher number of triplets (repetitive 

units). In such stacks, additional phenomena affecting the process performance arise, 

namely shunt currents via manifolds [257]. Therefore, some measures have to be 

taken in the design of scaled-up units, e.g. the implementation of serial flow layouts 

with isolated blocks. 

In order to promote the techno-economic competitiveness of the AB-FB, 

validated modelling tools can be very useful to assess the process performance and 

to drive the design and optimization. However, to the authors’ knowledge, no studies 

have been devoted so far to the modelling of AB-FBs. On the other hand, the 
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phenomenology taking place in an electro-dialytic battery with BPMs is very 

complex, as it includes fluxes of different kind for several ion species and for water, 

electrochemical equilibria, Ohmic and non-Ohmic voltage drops, and 

hydrodynamics. Moreover, the behaviour of an AB-FB is intrinsically transient. In 

order to simulate such complex systems, multi-scale models can be suitable. Previous 

works showed the effectiveness of multi-scale tools in providing reliable and 

accurate predictions, both for ED [258] and RED [112] processes, requiring only 

empirical data on the membrane properties. 

In this Chapter, the multi-scale models developed in Chapters 3 and 4 for BMED 

and BMRED, respectively, were integrated to elaborate a unique process model able 

to describe the main phenomena involved in AB-FB systems, thus providing a tool 

useful to guide the battery design. A wide sensitivity analysis was performed to 

characterize the battery under several working scenarios. The main figure of merits 

of the battery will be reported and the impact of the main detrimental phenomena on 

the battery performance will be assessed. 

6.3 Mathematical modelling of the Acid/Base Flow Battery 

Many irreversibility sources are responsible for the reduction of the process 

efficiency of the AB-FB. Some of them are associated to the non-ideal transport 

properties of the ion exchange membranes, others are correlated to geometric 

features of the stack and operating conditions. With particular reference to the second 

group, the main issues for internal losses in BMED/BMRED units may be identified 

in Ohmic and non-Ohmic voltage drops, pressure drops, and concentration 

polarization phenomena, thus affecting the efficiency of an AB-FB as well. In 

addition, ionic shortcut currents via manifolds, already discussed in Chapter 5, may 

arise in stacks with a large number of repetitive cells where the electrical resistance 

of the parasitic pathways is comparable with the cell resistance in the (desired) 

direction perpendicular to the membranes.  

Note that the various phenomena involved in the internal losses are of different 

nature and scale but related each other, thus single separate models can only provide 

partial predictions. On the other hand, an integrated mathematical multi-scale model 

is the most effective tool to simulate all these phenomena and their interactions at the 

same time. With specific reference to the shunt currents, as illustrated in Chapter 5, 

suitable models simulating the electrical behaviour of the stack are needed in order 

to have reliable predictions. Therefore, a comprehensive AB-FB process simulator 

based on the multi-scale models described in Chapters 3 and 4 was developed. 
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The AB-FB tool presents the same multi-scale structure elaborated for the 

BMED and BMRED models but it also includes a higher scale related to the external 

hydraulic circuit. This level takes into account the presence of the external hydraulic 

circuit (and eventually of auxiliary units) as well as the tanks for the storage of the 

electrolyte solutions, and it will be presented in the next section. Therefore, the AB-

FB multi-scale model includes four dimensional scales and five levels, each of them 

simulated by its specific sub-model(s), and it requires some inputs, as schematically 

shown in Figure 92.The unidirectional black arrows indicate towards what model-

scale the input parameters are sent to. The bidirectional blue arrows indicate how the 

model levels communicate with each other.  

Remember that the process simulated, i.e. the AB-FB, is an electrical energy 

storage system, thus its operation is transient. The electrolyte solutions can be simply 

recirculated continuously to the tanks or can be fed to the stack with multiple-passage 

operations. Moreover, the battery has to work for a number of charge/discharge 

cycles. The present process model can simulate all these features.  

This simulation tool was implemented in the gPROMS® process simulator 

environment. Unlike the more used sequential modular approach, this software 

presents an advanced equation-oriented structure. The solution of the mathematical 

problem is obtained by built-in solvers. gPROMS enables the choice of important 

numerical constraints especially in the iteration process of the nonlinear solvers, e.g. 

the maximum residual of each equation. A set of parameters was chosen as a 

compromise between numerical accuracy and computational time. As a result, under 

steady-state condition, mass balances residuals were always found to be lower than 

10-11. This results in a mass balance residual of less than 0.1% for a round-trip cycle.  

The model output consists of the distribution of the variables along with the 

prediction of the performance parameters of the AB-FB system. Therefore, the 

developed model provides essential information for the unit design (e.g. manifold 

size, channel size) and for the choice of operating conditions (e.g. current density, 

flow rates) able to minimize all the detrimental phenomena. 

As shown in Figure 92, the model is completed by Computational Fluid 

Dynamics (CFD) simulations of spacer-filled channels. CFD results are used in the 

form of correlations as input data for the triplet sub-model (mass transport) and the 

stack sub-model (hydraulic friction).  
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Figure 92. Multi-scale model scheme. The dark blue boxes indicate the four dimensional scales of 

the model, which interact each other and are integrated in a single tool. Light blue boxes indicate sub -

models. Orange boxes report the main input parameters. Correlations for flow and mass tra nsfer 

characteristics coming from Computational Fluid Dynamics (CFD) simulations are used as input for 

the triplet simulation and the stack hydraulic sub-model.  

6.3.1 Highest scale: External hydraulic circuit and tanks model 

The highest scale of the model aims at simulating mass balances and pressure drops 

in the external hydraulic circuits of the three solutions. It is a 0-dimensional model that 

can simulate the dynamic behaviour of closed-loop operations with recirculation of the 

solutions in the tanks. Moreover, hydraulic losses in accessory devices (e.g. valves and 

pumps) can be included in the calculation of the total pumping power. Dynamic mass 

balances within the acid and salt storage tanks can be written as follows:  

𝑑(𝜌𝑡,𝑠𝑜𝑙𝑉𝑡,𝑠𝑜𝑙)

𝑑𝑡
= 𝑄𝑡,𝑖𝑛,𝑠𝑜𝑙  𝜌𝑡,𝑖𝑛,𝑠𝑜𝑙 − 𝑄𝑡,𝑜𝑢𝑡,𝑠𝑜𝑙  𝜌𝑡,𝑜𝑢𝑡,𝑘  

(143) 

𝑑(𝐶𝑡,𝐻𝐶𝑙,𝑜𝑢𝑡,𝑠𝑜𝑙𝑉𝑡,𝑠𝑜𝑙)

𝑑𝑡
= 𝑄𝑡,𝑖𝑛,𝑠𝑜𝑙  𝐶𝑡,𝐻𝐶𝑙,𝑖𝑛,𝑠𝑜𝑙 − 𝑄𝑡,𝑜𝑢𝑡,𝑠𝑜𝑙  𝐶𝑡,𝐻𝐶𝑙,𝑜𝑢𝑡,𝑠𝑜𝑙  

(144) 

𝑑(𝐶𝑡,𝑁𝑎𝐶𝑙,𝑜𝑢𝑡,𝑠𝑜𝑙𝑉𝑡,𝑠𝑜𝑙)

𝑑𝑡
= 𝑄𝑡,𝑖𝑛,𝑠𝑜𝑙  𝐶𝑡,𝑁𝑎𝐶𝑙,𝑖𝑛,𝑠𝑜𝑙 − 𝑄𝑡,𝑜𝑢𝑡,𝑠𝑜𝑙  𝐶𝑡,𝑁𝑎𝐶𝑙,𝑜𝑢𝑡,𝑠𝑜𝑙  

(145) 

where 𝑉𝑡,𝑠𝑜𝑙 is the solution volume in m3, 𝜌𝑡
𝑘 is the mass density of the solution within 

the tank, 𝑄𝑡,𝑖𝑛
𝑘 , 𝑄𝑡,𝑜𝑢𝑡

𝑘  are the inlet and outlet volume flow rates, respectively, 

𝐶𝑡,𝐻𝐶𝑙,𝑖𝑛
𝑘 , 𝐶𝑡,𝐻𝐶𝑙,𝑜𝑢𝑡

𝑘 , 𝐶𝑡,𝑁𝑎𝐶𝑙,𝑖𝑛
𝑘 , 𝐶𝑡,𝑁𝑎𝐶𝑙,𝑜𝑢𝑡

𝑘  are the inlet and outlet hydrochloric acid 

and the inlet and outlet sodium chloride concentrations (all expressed in mol m -3). 

For the base storage tank, the following equations can be written: 
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𝑑(𝜌𝑡,𝑏𝑉𝑡,𝑏)

𝑑𝑡
= 𝑄𝑡,𝑖𝑛,𝑏  𝜌𝑡,𝑖𝑛,𝑏 − 𝑄𝑡,𝑜𝑢𝑡,𝑏  𝜌𝑡,𝑜𝑢𝑡,𝑏  

(146) 

𝑑(𝐶𝑡,𝑁𝑎𝑂𝐻,𝑏𝑉𝑡,𝑏)

𝑑𝑡
= 𝑄𝑡,𝑖𝑛,𝑏  𝐶𝑡,𝑁𝑎𝑂𝐻,𝑖𝑛,𝑏 − 𝑄𝑡,𝑜𝑢𝑡,𝑏  𝐶𝑡,𝑁𝑎𝑂𝐻,𝑜𝑢𝑡,𝑏  

(147) 

𝑑(𝐶𝑡,𝑁𝑎𝐶𝑙,𝑏𝑉𝑡,𝑏)

𝑑𝑡
= 𝑄𝑡,𝑖𝑛,𝑏  𝐶𝑡,𝑁𝑎𝐶𝑙,𝑖𝑛,𝑏 − 𝑄𝑡,𝑜𝑢𝑡,𝑏  𝐶𝑡,𝑁𝑎𝐶𝑙,𝑜𝑢𝑡,𝑏  

(148) 

Of course, inlet quantities for the tank correspond to outlet quantities for the 

stack, and vice versa. Therefore, 𝑄𝑡,𝑜𝑢𝑡,𝑠𝑜𝑙 , which is imposed, corresponds to 𝑄𝑑,𝑠𝑜𝑙,1  

for a single stack. In all the simulations, a perfect mixing of the solution in the tank 

was assumed. Other operations could be with single pass or with multiple passages, 

where a complete or partial phase (charge or discharge) occurs for the solutions 

flowing through the stack, which are not recirculated to the feed tank. These  

operating conditions can be treated as steady or sequences of steady states, adapting 

the previous equation for mass balances with simpler expressions.  

In the hydraulic circuit of any solution, distributed pressure drops in each pipeline 

tract and distributed pressure drops in each singularity are given by  

∆𝑃𝑑𝑖𝑠𝑡,𝑠𝑜𝑙 = 8 𝑓𝑒𝑥𝑡

𝐿𝑒𝑥𝑡 𝜌 𝑄𝑡,𝑜𝑢𝑡,𝑠𝑜𝑙
2

𝜋2 𝑑𝑒𝑥𝑡
5   

(149) 

∆𝑃𝑙𝑜𝑐,𝑠𝑜𝑙 = 8 𝑘𝑒𝑥𝑡

 𝜌 𝑄𝑡,𝑜𝑢𝑡,𝑠𝑜𝑙
2

𝜋2 𝑑𝑒𝑥𝑡
4   

(150) 

in which 𝑓𝑒𝑥𝑡 , 𝐿𝑒𝑥𝑡  and 𝑑𝑒𝑥𝑡  are the friction factor, the length, and the diameter of the 

generic tract, and  𝑘𝑒𝑥𝑡 is the local loss coefficient of the generic singularity (tank entry 

or exit, valves or fittings). When the flow is laminar 𝑓𝑒𝑥𝑡  is simply calculated as 

𝑓𝑒𝑥𝑡 =
64

Re𝑒𝑥𝑡
  (151) 

otherwise 𝑓𝑒𝑥𝑡  is calculated following the well known Blasius equation:  

𝑓𝑒𝑥𝑡 = 0.316 Re𝑒𝑥𝑡
0.25  (152) 

The total pressure drop ∆𝑃𝑡𝑜𝑡,𝑠𝑜𝑙 in each of the three hydraulic circuits is obtained 

by the sum of the stack and the external parts: 

∆𝑃𝑡𝑜𝑡,𝑠𝑜𝑙 = ∆𝑃𝑠𝑡𝑎𝑐𝑘 + ∆𝑃𝑑𝑖𝑠𝑡,𝑠𝑜𝑙 + ∆𝑃𝑙𝑜𝑐,𝑠𝑜𝑙  (153) 

6.3.2 Performance parameters of the Acid/Base flow battery 

The AB-FB performance was expressed either in terms of quantities related to 

each single phase, i.e. charge (BMED) and discharge (BMRED) already formulated 
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in chapters 3 and 4 (e.g. GPD), and in terms of parameters relevant to full cycles of 

charge and discharge. Among the latter, the Voltage Efficiency (𝑉𝐸) is the ratio 

between the average external voltage during discharge and charge. The VE represents 

an estimation of the internal resistance impact on the stack voltage. It is given by  

𝑉𝐸 =
𝑡𝑐  ∫ 𝑈𝑒𝑥𝑡  𝑑𝑡

𝑡𝑑
0

𝑡𝑑  ∫ 𝑈𝑒𝑥𝑡  𝑑𝑡
𝑡𝑐

0

  
(154) 

where 𝑡𝑑 and 𝑡𝑐 are the discharge and charge process times. 

The Coulombic Efficiency (𝐶𝐸) is the ratio between the amount of electric 

charge transported during the discharge and during charge. It is calculated by  

𝐶𝐸 =
 ∫ 𝐼𝑒𝑥𝑡 𝑑𝑡

𝑡𝑑
0

∫ 𝐼𝑒𝑥𝑡 𝑑𝑡
𝑡𝑐

0

  
(155) 

Finally, the Round Trip Efficiency (RTE), which is among the main figures of 

merit to assess the performance of energy storage technologies, is calculated as the 

ratio between the (gross) energy delivered to the external load during the discharge 

phase and that provided by the power supply during the charge phase:  

𝑅𝑇𝐸 =
∫ 𝐼𝑒𝑥𝑡  𝑈𝑒𝑥𝑡  𝑑𝑡

𝑡𝑑
0

∫ 𝐼𝑒𝑥𝑡 𝑈𝑒𝑥𝑡  𝑑𝑡
𝑡𝑐

0

  
(156) 

Finally, in order to assess the impact of parasitic currents on the battery 

efficiency, the relative loss of RTE with respect to the ideal case without parasitic 

currents was calculated  

𝑅𝑇𝐸𝑙𝑜𝑠𝑠 = (1 −
𝑅𝑇𝐸

𝑅𝑇𝐸𝑛𝑜  𝑝𝑎𝑟
)  

(157) 

in which 𝑅𝑇𝐸𝑛𝑜  𝑝𝑎𝑟 is the RTE computed by simulating the corresponding reference 

case neglecting shunt currents, carried out by a simplified model where the stack is 

without the parasitic branches in the equivalent electric circuit (thus it reduces to a 

series of identical cell resistances and electromotive forces, together with the blank 

resistance and the external resistance).  

6.3.3 Battery configurations 

The model was used for the simulation of various flow layouts, including 

multiple-stage configurations. Hydraulic layouts can be grouped into two main 

classes, namely open-loop and closed-loop (i.e. batch recirculation of solutions) 

configurations. Both the two groups could have a variety of possible layouts with 

multiple stages arranged in series, in parallel, or with hybrid schemes. Finally, a 
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battery operated with the so-called “Yo-Yo” process mode (multiple passages of the 

solutions through the stack without recirculation) can be devised. This configuration 

has hybrid features between open-loop and batch operations, conferring the 

advantage of avoiding a dissipating mixing, while maintaining compact stack sizes.  

6.3.3.1 Closed-loop operation 

The principle of the operations with hydraulic closed loop configuration is 

schematically illustrated in Figure 93.  

 

Figure 93. Closed-loop operation. 

In principle, the solutions are recirculated in the source tanks until the target 

concentration for the charge/discharge phase is reached. Following this, the opposite 

phase commences.  

6.3.3.2 Open-loop operation 

A general scheme of the open-loop operation is shown in Figure 94.  

 

Figure 94. Open-loop operation 

The open-loop process consists of the passage of the electrolyte solutions from 

the inlet tanks to the outlet ones, without recirculation. This can occur in 

configurations, with either single or multiple passages, until the target concentration 
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of the charge/discharge phase is reached. From the thermodynamic point of view, 

open-loop operations are expected to be more efficient than closed-loop operations, 

because they avoid the dissipating mixing that would occur with the recirculation of 

the solutions in the tanks. 

The model was then used to predict the performance of open-loop multiple-

passage configurations, where the solutions pass through a single stack several times 

until the concentration target of the charge/discharge phase (“Yo-Yo” operation, 

Figure 95) is reached. Both charge and discharge are simulated as a sequence of 

steady-state flow stages. 

 

Figure 95. Scheme of the yo-yo operation, based on the open-loop multiple passages process mode. 

6.4 AB-FB dynamic model validation  

Steady-state model validation for BMED and BMRED have already been shown 

in Chapter 3 and 4, respectively. In this section, the dynamic model validation is 

shown for the two battery phases (i.e. charge and discharge). Specifically, the model 

validation was performed with two process configurations: closed-loop and yo-yo. 

The experimental set-up was the same as the one used for the BMED and BMRED 

tests, described in Chapter 3 and 4, respectively. All the error bars of experimental 

results have been omitted since the maximum deviations were negligible.  

The model required a calibration in order to well-predict the behaviour of the 

battery across long periods of time. The model was calibrated with a tuning 

parameter of the membrane resistances and by varying the ion diffusivities in the 

membranes, in order to minimize the discrepancy between the experimental results 

and the model predictions in terms of external voltage and acid and base 

concentrations in the time evolution (closed-loop) or in the multiple passages (yo-

yo). The ion diffusivities obtained from the model calibration are reported in Table 

19.  
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Table 19. Membrane diffusivities used for AB-FB dynamic model calibration. 

  AEM CEM AEL CEL 

Thickness µm 130 130 95 95 

Areal resistance Ω cm2 7 6 6.5 6.5 

H+ diffusivity m2 s-1 4.0E-10 4.9E-11 2.0E-11 0.7E-11 
Na+ diffusivity m2 s-1 4.8E-11 1.5E-11 1.6E-11 0.5E-11 

Cl- diffusivity m2 s-1 8.5E-11 3.0E-11 1.7E-11 0.6E-11 

OH- diffusivity m2 s-1 9.5E-11 1.4E-10 1.9E-11 0.6E-11 

 

The tuning parameter for the membrane resistances was multiplied by the 

reference values of the resistances (as reported on the manufacturer technical sheet). 

This allowed to take into account the composition and concentration variations of the 

electrolyte solutions during both the battery phases, by changing the effective 

membrane resistance values. The effective resistance of any membrane is defined as  

𝑅𝑒𝑓𝑓,𝐼𝐸𝑀 = 𝛽𝑟 ∙ 𝑅𝐼𝐸𝑀   (158) 

in which, the calibration parameter 𝛽𝑟  is defined as Eq. 159 for BMRED and Eq. 160 

for BMED: 

𝛽𝑟 = 1 + 10−3 ∙ 𝑒

60000

𝐶
𝐻+,𝑎
2 (0)

∙
0.34

𝜋
∙ tan−1(𝐶𝑁𝑎+ ,𝑎(0) − 11) + 0.83   

BMRED 

(159) 

𝛽𝑟 = 3.7 − 0.32 ∙ 𝐶𝑁𝑎+,𝑠
0.3 (0)            BMED (160) 

6.4.1 Closed-loop model validation  

The present model was calibrated and validated to simulate both the charge and 

the discharge phases dynamically. Two sets of charge tests were investigated in the 

closed-loop layout. The first set of data regards a fixed charge current density at 100 

A m-2, and inlet compositions of distillate water in the acid and base tanks and 1 M 

of NaCl concentration in the salt tank. The following external voltage curves were 

obtained (Figure 96). 
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Figure 96. Comparison between experimental results and model predictions of the external voltage 

as a function of time in the charge phase. Process configuration: closed-loop. Fixed current density: 

100 A m-2. Inlet conditions: distillate in the acid and base tanks, 1  M NaCl in the salt tank. Mean flow 

velocity: 0.2 cm s-1. Blank resistance: 72 ohm cm2. 

The model predictions of stack voltage are in good agreement with the 

experimental results during the charge phase. Over the 250 minutes of the charging 

process, the external voltage was ≈10 V for both the empirical data and the model 

predictions. The external voltage is almost constant because the only variation can be 

attributed to the electromotive force. These results indicate that, disregarding the first 

tract of approximately 40 minutes in which a step was observed experimentally in the 

shape of the curve, the maximum discrepancy was found to be ≈1%. The shape of the 

first tract obtained empirically was attributed to the fact that the salt reservoir was not 

perfectly mixed.  

Figure 97 shows the HCl and NaOH concentration in the acid and base tank, 

respectively, over time for the same test.  
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Figure 97. Comparison between experimental results and model predictions of a) HCl concentration 

in the acid tank and b) NaOH concentration in the base tank as a function of time in the charge phase. 

Process configuration: closed-loop. Fixed current density: 100 A m-2. Inlet conditions: distillate in the 

acid and base tanks, 1 M NaCl in the salt tank. Mean flow velocity: 0.2 cm s-1. Blank resistance: 72 

ohm cm2. 

The simulated curves follow the experimental data very closely. The maximum 

discrepancy was 10.1% and 6.4% for the acid and the base concentration, respectively, 

occurring around minute 60 and 180, respectively. Overall, the average discrepancy was 

found to be 6.6% and 4.7% for the acid and base tanks, respectively.  

A second set of tests in the charge phase was performed with a fixed charge current 

density of 200 A m-2, and inlet compositions of distillate water in the acid and base tanks 

and 2 M of NaCl concentration in the salt tank. Figure 98 shows the comparison between 

the experimental data and the model outcome for the external voltage during the 

charging period.  

 

Figure 98. Comparison between experimental results and model predictions of the external voltage 

as a function of time in the charge phase. Process configuration: closed -loop. Fixed current density: 
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200 A m-2. Inlet conditions: distillate in the acid and base tanks, 2  M NaCl in the salt tank. Mean flow 

velocity: 0.2 cm s-1. Blank resistance: 72 ohm cm2. 

The process time was limited to 250 minutes and the simulated external voltage 

curve shows a relatively constant difference from 50 minutes after the start onward. This 

average voltage difference was ≈0.5 V, thus resulting in a relative difference of 4.4% 

on average. Similarly to the previous experiment, a voltage step was observed 

experimentally in the first part of the curve, which was attributed to the imperfect 

mixing of the salt reservoir. Therefore, neglecting the first tract in the calculation, the 

model predicts an external voltage of 11.6 V, which is in acceptable agreement with 

the empirical result of 12.1 V.  

Figure 99 shows the comparison between experimental data and model results of the 

HCl and NaOH concentration profiles as functions of time.  

 

Figure 99. Comparison between experimental results and model predictions of a) HCl concentration 

in the acid tank and b) NaOH concentration in the base tank as a function of time in the charge phase. 

Process configuration: closed-loop. Fixed current density: 200 A m-2. Inlet conditions: distillate in the 

acid and base tanks, 1 M NaCl in the salt tank. Mean flow velocity: 0.2 cm s-1. Blank resistance: 72 

ohm cm2. 

The predicted curve for the NaOH concentration fits the experimental points well, 

since the average discrepancy during the charge time was 3.5%. The HCl concentration 

exhibits higher discrepancies, the maximum being 13.9% (around minute 60). It is 

worth noting that the average HCl concentration model deviation was 10.3% overall. 

Although the curve seems to diverge more in the second half, the relative difference 

between the experimental points and the model predictions was ≈9%, thus causing a 

small impact on the quality of the mathematical prediction.  
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Concerning the discharge phase, two sets of tests in the closed-loop layout were 

studied. Both the sets of data were generated at fixed current density equal to 29 A m-2, 

but they differed in the inlet HCl and NaOH concentrations. The first set of data was 

obtained at inlet compositions of 0.8 M of HCl and NaOH in the acid and base tanks, 

respectively, and 0.1 M of NaCl concentration in the salt tank. Figure 100 shows the 

comparison between experimental and model results for the stack voltage as a function 

of time.  

 

Figure 100. Comparison between experimental results and model predictions of the external voltage 

as a function of time in the discharge phase. Process configuration: closed -loop. Fixed current density: 

29 A m-2. Inlet conditions: 0.8 M HCl and NaOH in the acid and base tanks respectively, 0.1  M NaCl 

in the salt tank. Mean flow velocity: 0.2 cm s-1. Blank resistance: 72 ohm cm2. 

In the discharge period considered here, the two curves show a relative difference 

of 1.3% on average. The maximum errors were reported in the first 50 minutes of the 

discharge where a maximum deviation of 3.6% and an average of 2.5% were recorded. 

Therefore, the model error was less than 5% in any time. Within the simulated time 

window, the external voltage fell within the interval of 6.8-4.4 V.  

Figure 101 shows the comparison between the experimental data and the model results 

of the HCl and NaOH concentration profiles as functions of time.  
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Figure 101. Comparison between experimental results and model predictions of a) HCl 

concentration in the acid tank and b) NaOH concentration in the base tank as a function of time in the 

discharge phase. Process configuration: closed-loop. Fixed current density: 29 A m-2. Inlet conditions: 

0.8 M HCl and NaOH in the acid and base tanks respectively, 0.1  M NaCl in the salt tank. Mean flow 

velocity: 0.2 cm s-1. Blank resistance: 72 ohm cm2.  

The model predictions for the profile of NaOH concentration over time were in 

very good agreement with the experimental results, as the average error was around 2% 

and the maximum deviation obtained at minute 240 was 3.5%. Comparisons of the HCl 

concentration curves resulted in slightly higher discrepancies. Particularly, in that case, 

the average discrepancy was 7% on average with higher deviations over time. However, 

the maximum discrepancy was 8.5%.  

The final set of experiments conducted with closed-loop configuration in the 

discharge phase differs from the previous one only in terms of inlet composition. In this 

case, the composition was 1 M HCl and NaOH in the acid and base tanks respectively 

and 0.1 M of NaCl concentration in the salt tank. Figure 102 shows the comparison 

between the experimental data and the model outcome for the external voltage as a 

function of time.  
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Figure 102. Comparison between experimental results and model predictions of the external voltage 

as a function of time in the discharge phase. Process configuration: closed -loop. Fixed current density: 

29 A m-2. Inlet conditions: 1 M HCl and NaOH in the acid and base tanks respectively, 0.1  M NaCl in 

the salt tank. Mean flow velocity: 0.2 cm s-1. Blank resistance: 72 ohm cm2. 

The external voltage was predicted with an average discrepancy of 3.1%. 

Particularly, the discrepancy increased over time up to 5% at minute 250. Therefore, 

there is an opposite trend of the relative differences compared to the previous 

experiment (see Figure 100), where higher model deviations were recorded in the first 

tract of the curve. As before, the model error was less than 5% at all times, thus 

confirming the validity of the model simulations. Within the simulated time window, 

the external voltage fell within the interval of 6.9-4.9 V.  

Figure 103 shows the comparison between the experimental data and the model results 

of the HCl and NaOH concentration profiles as functions of time.  

 

Figure 103. Comparison between experimental results and model predictions of a) HCl 

concentration in the acid tank and b) NaOH concentration in the base tank as a function of time in the 

discharge phase. Process configuration: closed-loop. Fixed current density: 29 A m-2. Inlet conditions: 
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1 M HCl and NaOH in the acid and base tanks respectively, 0.1 M NaCl in the salt tank. Mean flow 

velocity: 0.2 cm s-1. Blank resistance: 72 ohm cm2. 

In this experiment, the average model discrepancy of the HCl and NaOH 

concentrations were 5.3% and 6.7%, respectively. The highest discrepancies were 

around 9.2% and 10.9% for the acid and base solutions, respectively, both exhibited at 

minute 180. These highest errors correspond, in absolute terms, to 0.034 M and 0.038 

M for the acid and base solutions, respectively.  

6.4.2 Yo-Yo model validation  

In this section, the model validation for the Yo-Yo configuration in both the 

charge and discharge battery phases is presented. Concerning the charge phase, two 

sets of experiments were investigated. The first set of data was generated using a 

fixed charge current density of 100 A m-2, and inlet compositions of 0.1 M HCl and 

NaOH in the acid and base tanks and 1 M NaCl concentration in the salt tank. The 

following external voltage curves were obtained (Figure 104).  

 

Figure 104. Comparison between experimental results and model predictions of the external voltage 

as a function of time in the charge phase. Process configuration: Yo -Yo. Fixed current density:100 A 

m-2. Inlet conditions: 0.1 M HCl and NaOH in the acid and base tanks, 1  M NaCl in the salt tank. Mean 

flow velocity: 0.2 cm s-1. Blank resistance: 72 ohm cm2. 

In this test, there were 12 stages in the charging process, which may also be seen 

as an interval of time. Each stage corresponds to the emptying time of the inlet external 

reservoirs, lasting 20 minutes. The average voltage difference between the 

experimental data and model outcome was found to be 0.3 V, thus resulting in a 

relative difference of 3.2% on average. Moreover, greater discrepancies were recorded 

at the last stages. For instance, in the second half of the graph, the average deviation was 

4.9% with a maximum of 8.1% at stage 12. Overall, the voltages predicted by the model 
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vary within the range of 9.2-9.9 V. The small variation of the external voltage during 

time can be attributed to small changes in the electromotive force.  

Figure 105 shows the comparison between the experimental data and the model results 

of the HCl and NaOH concentration profiles as functions of the stage number.  

 

Figure 105. Comparison between experimental results and model predictions of a) HCl 

concentration in the acid tank and b) NaOH concentration in the base tank as a function of the stage 

number in the charge phase. Process configuration: Yo-Yo. Fixed current density: 100 A m-2. Inlet 

conditions: 0.1 M HCl and NaOH in the acid and base tanks respectively, 1  M NaCl in the salt tank. 

Mean flow velocity: 0.2 cm s-1. Blank resistance: 72 ohm cm2. 

This test reports an average model discrepancy for the HCl and NaOH 

concentrations of 8.5% and 11.9%, respectively. Moreover, particularly after the 

passage 4, both the concentration profiles maintain an almost constant relative 

discrepancy with maximum deviations of 10.7% and 15.4% for the acid and base 

solutions, respectively. This may be due to uncertainties about the membrane properties, 

e.g. the ion diffusivities. However, even the highest discrepancies found are acceptable 

and make the model reliable.  

The second set of data executed in the charge phase was performed with a fixed 

charge current density of 200 A m-2 and inlet compositions of 0.1 M HCl and NaOH 

in the acid and base tanks, and 1 M NaCl concentration in the salt tank. Figure 106 

illustrates the comparison between the empirical and model external voltages as a 

function of the sequential stage number.  
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Figure 106. Comparison between experimental results and model predictions of the external voltage 

as a function of time in the charge phase. Process configuration: Yo -Yo. Fixed current density: 200 A 

m-2. Inlet conditions: 0.1 M HCl and NaOH in the acid and base tanks, 1  M NaCl in the salt tank. Mean 

flow velocity: 0.2 cm s-1. Blank resistance: 72 ohm cm2. 

This test was performed at 200 A m-2, thus at equal inlet NaCl concentration in the 

salt tank (with respect to the preview experiment), the number of stages necessary to 

perform the process is lower. This is the reason why the number of stages is here limited 

to 7 instead of 12. Again, each stage corresponds to the emptying time of the inlet 

external reservoirs, i.e. ≈20 minutes each since both the volume tanks and the flow rates 

were kept constant among the Yo-Yo experiments. The average discrepancy between 

the empirical data and model simulations was 0.3 V, analogously to the test performed 

at 100 A m-2. Therefore, a relative difference of 2.3% on average was found. The 

highest discrepancy was 6.2%, found at the seventh stage.  

Figure 107 shows the comparison between experimental data and model results of the 

HCl and NaOH concentration profiles as functions of the stage number.  
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Figure 107. Comparison between experimental results and model predictions of a) HCl 

concentration in the acid tank and b) NaOH concentration in the base tank as a function of the stage 

number in the charge phase. Process configuration: Yo-Yo. Fixed current density: 200 A m-2. Inlet 

conditions: 0.1 M HCl and NaOH in the acid and base tanks respectively, 1  M NaCl in the salt tank. 

Mean flow velocity: 0.2 cm s-1. Blank resistance: 72 ohm cm2. 

The average discrepancy for HCl and NaOH concentrations was 9.5% and 11.6%, 

respectively, which is comparable to that obtained in the previous experiment. Again, 

after the first four stages, both the concentration profiles present a somehow constant 

relative discrepancy, with maximum deviations of 12.6% and 17.1% for the acid and 

base solutions, respectively. More accurate estimations of the ion diffusivities are 

required to a further reduction of the model error.  

In regard to the discharge phase, two sets of tests were performed in the Yo-Yo 

configuration. A fixed current density equal to 29 A m-2 was used, but the two tests 

differ for the inlet HCl and NaOH concentrations. The first set of data was performed 

at inlet compositions of 0.8 M of HCl and NaOH in the acid and base tanks, respectively, 

and 0.1 M of NaCl concentration in the salt tank. Figure 108 shows the comparison 

between the empirical and simulated voltage values as functions of the stage number.  

0.0

0.2

0.4

0.6

0.8

1.0

1.2

0 1 2 3 4 5 6 7

C
H

C
l
(m

o
l l

-1
)

Stage (-)

exp

model

0.0

0.2

0.4

0.6

0.8

1.0

1.2

0 1 2 3 4 5 6 7

C
N

aO
H

(m
o

l l
-1

)

Stage (-)

exp

model

a) b)



Acid/Base Flow Battery 

175 

 

 

Figure 108. Comparison between experimental results and model predictions of the external voltage 

as a function of time in the discharge phase. Process configuration: Yo -Yo. Fixed current density: 29 A 

m-2. Inlet conditions: 0.8 M HCl and NaOH in the acid and base tanks, 0.1  M NaCl in the salt tank. 

Mean flow velocity: 0.2 cm s-1. Blank resistance: 72 ohm cm2. 

The investigated number of stages was 12. The average voltage difference between 

the empirical data and model simulations was found to be ≈0.12 V. This corresponds to 

a relative difference of ≈2.2% on average. The maximum discrepancy was found equal 

to 3.9% at stage 12.  

Figure 109 shows the comparison between experimental data and model results of the 

HCl and NaOH concentration profiles as functions of the stage number.  

 

Figure 109. Comparison between experimental results and model predictions of a) HCl 

concentration in the acid tank and b) NaOH concentration in the base tank as a function of the stage 

number in the discharge phase. Process configuration: Yo -Yo. Fixed current density: 29 A m-2. Inlet 

conditions: 0.8 M HCl and NaOH in the acid and base tanks respectively, 0 .1 M NaCl in the salt tank. 

Mean flow velocity: 0.2 cm s-1. Blank resistance: 72 ohm cm2. 
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Overall the two model curves fit well the experimental points. The average model 

discrepancy of HCl and NaOH concentrations was 7.8% and 3.0%, respectively. The 

maximum discrepancies were 10.7% and 4.8% for the acid and base solutions, 

respectively.  

The second set of data for the discharge phase was obtained with a fixed 

discharge current density at 29 A m-2 and inlet compositions of 1 M HCl and NaOH 

in the acid and base tanks, and 0.1 M NaCl concentration in the salt tank. Figure 110 

illustrates the comparison between the empirical and model external voltages as 

function of the sequential stage number.  

 

Figure 110. Comparison between experimental results and model predictions of the external voltage 

as a function of time in the discharge phase. Process configuration: Yo -Yo. Fixed current density: 29 A 

m-2. Inlet conditions: 1 M HCl and NaOH in the acid and base tanks, 0.1  M NaCl in the salt tank. Mean 

flow velocity: 0.2 cm s-1. Blank resistance: 72 ohm cm2. 

The experiment conducted at 1 M of inlet acid and base concentrations resulted in 

similar model errors compared to the experiment conducted at 0.8 M of inlet acid and 

base concentrations. Particularly, the average discrepancy was 4.6%, while the 

maximum one was 6.7%. Overall, the external voltage was well predicted by the model.  

Finally, Figure 111 reports the comparison between empirical data and model 

predictions of the HCl and NaOH concentration profiles as functions of the stage 

number.  
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Figure 111. Comparison between experimental results and model predictions of a) HCl 

concentration in the acid tank and b) NaOH concentration in the base tank as a function of the stage 

number in the discharge phase. Process configuration: Yo -Yo. Fixed current density: 29 A m-2. Inlet 

conditions: 1 M HCl and NaOH in the acid and base tanks respectively, 0.1  M NaCl in the salt tank. 

Mean flow velocity: 0.2 cm s-1. Blank resistance: 72 ohm cm2. 

The average concentration difference between the model curve and the 

experimental points was found to be less than 0.02 M for both the acid and base 

solutions. Moreover, the higher the number of sequential stage, the higher the relative 

discrepancy. The average model deviations were 3.1% and 3.4% for the acid and base 

solutions, respectively. The maximum discrepancies were 7.0% and 14.3% for the acid 

and base solutions, respectively, both obtained at the final stage.  

6.5 Sensitivity analysis of the AB-FB 

The developed multi-scale model was used to perform a sensitivity analysis to 

assess the impact of the main detrimental phenomena in the battery on the process 

efficiency. Four important aspects were identified to be possible detrimental 

phenomena of the flow battery: (i) energy spent for pumping, (ii) concentration 

polarization in the boundary layers, (iii) ionic shortcut currents via manifolds and 

(iv) the performance variation in subsequent battery cycles. Each aspect will be 

separately addressed in the following sub-sections.  

Unless otherwise stated all the simulations reported in this section were 

performed fixing the geometrical features, the membrane properties and the initial 

volume and concentration of the solutions in the charge phase at the values reported 

in Table 20. Moreover, the bipolar membrane was simulated as ideal, by considering 

unitary ion transport numbers H+ and OH- in CEL and AEL respectively.  
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Table 20. Inputs of the multi-scale model for the sensitivity analysis. 

Geometrical features 

    

 Spacer length cm 25 

 Spacer width cm 25 

 Spacer thickness µm 475 

 N° spacer holes - 7 

Membrane properties 

  AEM CEM BPM 

Thickness µm 130 130 190 

Areal resistance Ω cm2 7 6 13 

H+ diffusivity m2 s-1 2.0E-11 0.7E-11 - 

Na+ diffusivity m2 s-1 1.6E-11 0.5E-11 - 

Cl- diffusivity m2 s-1 1.7E-11 0.6E-11 - 
OH- diffusivity m2 s-1 1.9E-11 0.6E-11 - 

Fixed charge group mol m-3 5000 5000 - 

Initial conditions of the solutions in BMED (charge)  

𝐶𝑡,𝐻𝐶𝑙,𝑎,𝑜𝑢𝑡  mol m-3 50   

𝐶𝑡,𝑁𝑎𝐶𝑙,𝑎,𝑜𝑢𝑡  mol m-3 250   

𝐶𝑡,𝐻𝐶𝑙,𝑠,𝑜𝑢𝑡 mol m-3 10   

𝐶𝑡,𝑁𝑎𝐶𝑙,𝑠,𝑜𝑢𝑡 mol m-3 500   

𝐶𝑡,𝑁𝑎𝑂𝐻,𝑏,𝑜𝑢𝑡 mol m-3 50   

𝐶𝑡,𝑁𝑎𝐶𝑙,𝑏,𝑜𝑢𝑡  mol m-3 250   

𝑉𝑡,𝑎

𝑁
 

l 0.75   

𝑉𝑡 ,𝑠

𝑁
 

l 4.5   

𝑉𝑡,𝑏

𝑁
 

l 0.75   

𝑅𝑏𝑙 Ω cm2 72   

 

The flow velocity, the number of triplets, the external current, and the manifolds 

diameter were varied. 

In most cases, a round trip analysis for a single or multiple cycles of 

charge/discharge were simulated. The battery is considered charged (100% state of 

charge, SOC) once the hydrochloric acid concentration in the acid tank reaches 1 M. 

At that point, the model switches the operating mode from charge to discharge. The 

latter ends when the hydrochloric acid concentration in the acid tank becomes again 

0.05 M (0% SOC).  
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6.5.1 Energy spent on pumping 

Concerning the energy spent for pumping, Figure 112a reports the GPD and 

NPD values averaged over the charge phase as a function of the mean flow velocity 

within the channels.  

 

Figure 112. Average gross power density (GPD) and net power density (NPD) for charge a) and 

discharge b) as functions of the mean flow velocity in the channels for stacks equipped with 40 cell 

triplets, spacer with inlet/outlet holes diameter of 6 mm. Charge external current of 100 A m -2 and 

discharge external current of 30 A m-2. The distance between the two curves represents the pumping 

power density (PPD). 

It can be observed that while the GPD trend is slightly decreasing with the mean 

flow velocity, the NPD exhibits an increasing trend. On the contrary, during 

discharge (Figure 112b), by increasing the velocity, GPD tends to a plateau value 

around 6.1 W m-2. Instead, the higher the mean flow velocity, the lower the NPD. In 

both steps (i.e. charge and discharge), the increase of the mean flow velocity causes 

mainly a flattening of the ion concentration profiles along the channels. This leads 

triplet potential values averaged over the whole length to be lower during charge and 

higher during discharge. As a consequence, GPD decreases during charge and 

increases during discharge (although slightly). Other possible effects of the fluid 

velocity on the GPD are related to polarization phenomena, as will be discussed in 

the next section. On the other hand, the NPD exhibits an opposite yet more marked 

trend. In fact, the rise of the pumping power density with the mean flow velocity 

prevails on the variation of the GPD leading to an increase of the NPD during charge 

and a reduction during discharge. Nevertheless, the PPD, given by the difference 

between GPD and NPD, appears to be relatively small (some % of GPD), thus 

suggesting that the energy lost for pumping does not represent a major issue for the 

present system. However, real systems may require larger pumping powers, due to 
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geometrical irregularities in the stack, effects of tightening, clogging issues, and 

other “non-ideal” features which can not be included in the simulations.  

6.5.2 Concentration polarization effects 

Concerning the polarization phenomenon, the variation of the triplet 

electromotive force 𝜂𝐵𝐿 was assessed. As shown by the example reported in Figure 

113, the highest values of 𝜂𝐵𝐿, both in absolute and in relative terms, occur during 

the charge phase and are higher at lower distances from the channel inlet.  

 

Figure 113. Variation of triplet electromotive force due to concentration polarization in the 

boundary layers for the 1st triplet at the initial point of charge (SOC=0%) or discharge (SOC=100%), 

as a function of the non-dimensional coordinate along the channel. Stack equipped with 40 cell triplets, 

spacer with inlet/outlet hole diameter of 6 mm. Charge external current of 100 A m -2 and discharge 

external current of 30 A m-2. 

At the initial point of charge, the acid and base bulk concentrations in the feed 

solutions are the lowest, thus the voltage variation due to concentration polarization 

is the highest. In particular, the lower the mean concentration of the feedwater 

solutions, the lower the polarization factors [259]. On the other hand, at the early 

point of discharge, the opposite happens and the lowest values of boundary layer 

voltage drop are obtained. Overall, concentration polarization accounts for less than 

3% of the triplet electromotive force (EMF) during charge and around 0.2 % during 

discharge, thus resulting in a small contribution to the reduction of the process 

efficiency. As a consequence, the polarization phenomena are not an issue for the 

AB-FB in the investigated operating conditions. However, larger effects are expected 

at higher current densities, which should be used in the operation of improved 

devices.  
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6.5.3 Ionic shortcut currents effect  

In order to analyse the distribution of the electric current within the stack, due 

to the ionic shortcut currents via manifolds, Figure 114 shows, for the charge step, 

the distribution triplet by triplet of the ratio between the manifolds current (i.e. 

collectors and distributors shunt for each compartment cell) and the cell current at 

four different external currents: 30, 100, 150 and 200 A m-2.  

 

Figure 114. Ratio between the manifolds currents and cell currents as a function of the cell-triplet 

position within the stack for an external current density of 30 A m-2 a), 100 A m-2 b), 150 A m-2 c) and 

200 A m-2 d) during charge. 𝐼𝑘  is the cell-triplet current, 𝐼𝑑 ,𝑎,𝑘, 𝐼𝑑 ,𝑏,𝑘, 𝐼𝑑 ,𝑠,𝑘 are the acid, base and salt 

electric currents along the distributors, 𝐼𝑐 ,𝑎,𝑘, 𝐼𝑐 ,𝑏,𝑘, 𝐼𝑐 ,𝑠,𝑘 are the acid, base and salt electric currents 

along the collectors. 40 cell triplets, spacer with inlet/outlet hole diameter 6 mm.  

Figure 114 shows how the effect of the leakage currents through the manifolds 

can be significant. By setting an external current equal to 30 A m-2 (a), the maximum 

shunt currents in the manifolds of the three solution are 50% of the cell triplet 

current. By increasing the external current, the ratio of the local current leakage 

through the manifolds to the cell triplet current decreases (b and c), and at 200 A m -

2, it accounts for 6%.  

Similar outcomes were obtained for the discharge (Figure 115): the higher the 

external current, the lower the importance of the parasitic currents relative to the cell 

one. When no external current flows through the external circuit (open circuit 
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condition), this phenomenon is present with the largest effects and would cause a 

“self-discharge” of the battery by consuming uselessly the pH gradient stored in the 

acid and base solutions.  

 

Figure 115. Ratio between the manifolds and cell currents as a function of the cell-triplet position 

within the stack for open circuit conditions a), an external current density of 30 A m -2 b), maximum 

power c) and short-circuit d) during discharge. 𝐼𝑘  is the cell-triplet current, 𝐼𝑑 ,𝑎,𝑘, 𝐼𝑑 ,𝑏,𝑘, 𝐼𝑑 ,𝑠,𝑘 are the 

acid, base and salt electric currents along the distributors, 𝐼𝑐 ,𝑎,𝑘, 𝐼𝑐 ,𝑏,𝑘, 𝐼𝑐 ,𝑠,𝑘 are the acid, base and salt 

electric currents along the collectors. 40 cell triplets, spacer with inlet/outlet hole diameter 6 mm.   

These results suggest that higher external currents can be beneficial in order to 

increase the battery efficiency. Therefore, a specific simulations set was performed 

in order to investigate this aspect. The simulation results are reported in Figure 116. 

At current densities higher than 150 A m-2 in both phases, the loss of RTE due to 

shunt currents is less than 10%. However, the current density may be significantly 

limited by other phenomena and / or constraints, e.g. by delamination issues 

occurring in real BPMs. Considering a “safe” current density in the discharge phase 

equal to 30 A m-2, with a current density in the charge phase within the range 100-

200 A m-2, the RTE lost due to parasitic currents spans between 25% and 35%.  
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Figure 116. Contour map of percentage of RTE loss due to the parasitic currents via manifolds as 

function of the discharge and charge external current densities. 40 cell triplets, spacer with inlet/outlet 

hole diameter of 6 mm.  

Parasitic currents are significantly affected also by geometrical features. Among 

them, the manifolds diameter has important effects on the electrical resistance of the 

parasitic pathways, thus affecting the RTE, as shown in Figure 117a. In particular, 

the RTE increases from 17% to 40% by reducing the manifolds diameter from 6 

mm to 2 mm. On the other hand, small manifolds may accentuate other detrimental 

phenomena, e.g. pressure drops, flow maldistribution and differential pressures 

between the channels with consequent solution leakages, or practical problems in 

stack assembling. 

Another important stack feature is the number of triplets, as shown in Figure 

117b. The RTE exhibits an increasing trend at low values of the repetitive units 

number, reaching a maximum value of 46% when the battery is assembled with 5 

triplets. This behaviour is due to the relative effect of the voltage drop due to the 

blank resistance. Then, a reduction of the RTE can be observed in stacks with a 

higher number of triplets, where the effects of shunt currents prevail, thus dissipating 

a larger portion of energy in both the cycle phases.  
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Figure 117. Round trip efficiency as a function of the manifolds diameter for a stack mounting 40 

cell triplets a), and of the number of triplets for a manifolds diameter of 6 mm b). Charge external 

current of 100 A m-2 and discharge external current of 30 A m-2.  

6.5.4 Multiple battery-cycles effect 

So far, the performance of the AB-FB was assessed by performing a single 

cycle. In this section, multiple cycles were simulated estimating the performance 

variation over the cycles. This information is important, particularly in view of long 

terms uses of the battery. Figure 118 shows the effect of multiple battery cycles on 

the AB-FB performance. 

 

Figure 118. a) Voltage, Coulombic and Round Trip efficiencies and b) discharge energy density and 

discharge efficiency over a sequence of 15 cycles for a stack with 40 cell triplets. Charge external 

current of 100 A m-2 and discharge external current of 30 A m-2.  

The AB-FB functioning was simulated for 15 subsequent cycles. As depicted in 

Figure 118a, both the coulombic and voltage efficiencies do not present significant 

variations. The Coulombic efficiency diminishes from the first to the final cycle of 

only 1.6%, while the voltage efficiency decreases by 0.7%. This results in the 
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reduction of the RTE from 62.3% (first cycle) to 61.6% (final cycle). Therefore, no 

significant variations were found even after 15 charge-discharge battery cycles. 

Moreover, this is observed also in the discharge energy density (Figure 118b), which 

presents a maximum around the third cycle, and then decreases from 14.3 kWh m-

3 to 14.1 kWh m-3 of acid. These values correspond to a less than a percentage point 

of discharge efficiency variation. 

6.6 Comparison of acid/base flow battery operational modes 

In this section, the effect of different process configurations will be assessed. 

First, closed-loop and Yo-Yo configurations will be compared. Then, simulations of 

various series and parallel stacks configurations will be presented.  

6.6.1 Closed-loop vs Yo-Yo operations:  

These simulations aim at estimating the different performance occurring in 

closed-loop and Yo-Yo battery operations. The two configurations were described in 

section 6.3.3. The adopted model inputs were chosen according to the BAoBaB 

prototype which will be tested in Pantelleria (Table 21).  

Table 21. Inputs of the multi-scale model for the Closed-loop vs Yo-Yo operations comparison. 

Geometrical features  

     

 Spacer length cm 44  

 Spacer width cm 47.4  
 Spacer thickness µm 475  

 Area spacer hole mm2 400  

 N° triplets - 7  

 N° spacer holes - 1  

Membrane properties  

  AEM CEM AEL CEL 

Thickness µm 75 75 60 60 

Areal resistance Ω cm2 4 3.5 2.5 2.5 

H+ diffusivity m2 s-1 2.0E-11 0.7E-11 2.0E-11 0.7E-11 

Na+ diffusivity m2 s-1 1.6E-11 0.5E-11 1.6E-11 0.5E-11 

Cl- diffusivity m2 s-1 1.7E-11 0.6E-11 1.7E-11 0.6E-11 
OH- diffusivity m2 s-1 1.9E-11 0.6E-11 1.9E-11 0.6E-11 

Fixed charge 

group 

mol m-3 5000 5000 5000 5000 

Initial conditions of the solutions in BMED (charge)   

𝐶𝑡,𝐻𝐶𝑙,𝑎,𝑜𝑢𝑡  mol m-3 50    
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𝐶𝑡,𝑁𝑎𝐶𝑙,𝑎,𝑜𝑢𝑡 mol m-3 250    

𝐶𝑡,𝐻𝐶𝑙,𝑠,𝑜𝑢𝑡 mol m-3 10    

𝐶𝑡,𝑁𝑎𝐶𝑙,𝑠,𝑜𝑢𝑡  mol m-3 500    

𝐶𝑡,𝑁𝑎𝑂𝐻,𝑏,𝑜𝑢𝑡  mol m-3 50    

𝐶𝑡,𝑁𝑎𝐶𝑙,𝑏,𝑜𝑢𝑡  mol m-3 250    

𝑉𝑡 ,𝑎 l 10    

𝑉𝑡,𝑏 l 10    

𝑅𝑏𝑙 Ω cm2 79    

 

This study may be divided into two sets of simulations: i) by varying the external 

current density from 70 A m-2 to 200 A m-2 during charge and from 30 A m-2 to 190 

A m-2 during discharge, with a fixed mean channel flow velocity of 0.5 cm s-1 and ii) 

by varying the mean channel flow velocity from 0.2 cm s-1 to 5 cm s-1, with a fixed 

external current density to 100 A m-2 during charge and 30 A m-2 during discharge. 

Of course, the process time depends on the volume and concentration of the solutions 

in the tanks. Particularly, in the case of Yo-Yo operations, when the first of the inlet 

tanks reaches a volume close to 0 (< 0.01 liters), the flow direction was reversed to 

start the subsequent stage. The target fixed for the charge phase was 1 M HCl in the 

outlet acid tank or one of the solutions volumes in the inlet tanks < 0.01 liters, while 

that for the discharge phase was 0.05 M HCl in the outlet acid tank or one of the 

solutions volumes in the inlet tanks < 0.01 liters. Salt tank volumes were different in 

the two cases: 60 liters in the closed-loop operations and 10 liters in the Yo-Yo 

operations.  

Both analysis were evaluated in terms of charge and discharge energy density 

(i.e. the charge or discharge energy per unit volume of acid) and % Energy lost during 

charge or gained during discharge. The energy density was calculated simply as the 

integral of the power consumed (charge phase) or produced (discharge phase) during 

the process time per unit volume of acid, to reach the target concentration of HCl in 

a closed-loop mode or with a sequence of once-through stages in a yo-yo mode. The 

energy lost or gained was calculated as the relative energy difference between the 

two configurations as  

% 𝐸𝑛𝑒𝑟𝑔𝑦 𝑙𝑜𝑠𝑡 =  (1 −
𝑌𝑜𝑌𝑜 𝐸𝑛𝑒𝑟𝑔𝑦

𝐶𝐿 𝐸𝑛𝑒𝑟𝑔𝑦
) × 100   (charge phase)  (161) 

% 𝐸𝑛𝑒𝑟𝑔𝑦 𝑔𝑎𝑖𝑛 =  (1 −
𝐶𝐿 𝐸𝑛𝑒𝑟𝑔𝑦

𝑌𝑜𝑌𝑜 𝐸𝑛𝑒𝑟𝑔𝑦
) × 100   (discharge phase)  (162) 

where 𝑌𝑜𝑌𝑜  𝐸𝑛𝑒𝑟𝑔𝑦 and 𝐶𝐿 𝐸𝑛𝑒𝑟𝑔𝑦 are the energy (kWh) consumed (charge) or 

produced (discharge) in the Yo-Yo and Closed-Loop configurations, respectively.  
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Figure 119 shows the charge energy and the % Energy lost as functions of the 

applied current density.  

 

 

Figure 119. Charge energy density and the % Energy lost as functions of the current density. Mean 

flow velocity: 0.5 cm s-1.  

Compared to the Yo-Yo operations, closed-loop operations require higher 

values of charge energy density (Figure 119a). An average of 6.6% of relative 

difference was predicted between the two configurations (Figure 119b). Both the 

curves reported in Figure 119a present a minimum around 100 A m-2. The difference 

in charge energy density presents an increasing trend due to the increasing 

divergence of the two charge energy density curves. This may be noted also by the 

% Energy lost, which varies within the interval 5.3%-8.9% with a positive slope. 

Therefore, the best operating condition resulted to be at lower current densities, 

particularly in correspondence to the minimum of the charge energy density curve 

and with the Yo-Yo functioning, as this process layout allows a lower consumption 

of the electric energy.  

Figure 120 shows the discharge energy density and the % Energy gain as 

functions of the applied current density.  
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Figure 120. Discharge energy density and the % Energy gain as functions of the current density. 

Mean flow velocity: 0.5 cm s-1.  

The discharge energy density produced by the Yo-Yo operation is higher with 

respect to the one obtained in closed-loop functioning. Particularly, the higher the 

current density, the higher the difference of discharge energy density. Results showed 

that the average produced energy density was 10.7 kWh m-3 and 12.0 kWh m-3 for 

the closed-loop and Yo-Yo operations, respectively. The difference between the two 

configurations was confirmed by the % Energy gain, which increases as the current 

density increases. By fixing a current density equal to 190 A m-2 (i.e. the maximum 

current investigated), the % Energy gain is 45%. Therefore, almost half of the 

produced power in Yo-Yo configuration would be lost by the closed-loop 

functioning. This suggests that, in the presence of closed-loop operations, lower 

current densities may be useful to avoid excessive energy losses. 

Figure 121 shows the charge energy density and the % Energy lost as functions 

of the mean channel flow velocity. 
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Figure 121. Charge energy density and the % Energy lost as functions of the mean flow velocity. 

External current density: 100 A m-2.  

With the mean flow velocity analysis, similar comparisons can be made between the 

two configurations. Particularly, by varying the velocity from 0.2 cm s-1 to 5 cm s-1, 

the Yo-Yo configuration required a lower energy consumption for the charge 

compared to the closed-loop operation (Figure 121a). The % Energy lost due to the 

use of the closed-loop configuration is depicted in Figure 121b, which exhibits an 

average percentage lost of 3.9%. It is worth noting that the % Energy lost curve 

presents a rapid reduction by increasing the mean flow velocity. Therefore, higher 

velocity values are suggested to limit the energy loss. However, these graphs show 

the gross energy density required by the process, disregarding the energy spent for 

pumping. An optimal mean flow velocity should be evaluated to obtain a good 

compromise among the operating conditions, thus minimizing the energy losses.  

Finally, Figure 122 shows the discharge energy density and the % Energy gain 

as functions of the mean channel flow velocity.  
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Figure 122. Discharge energy density and the % Energy gain as functions of the mean flow velocity. 

External current density: 30 A m-2.  

No appreciable differences in discharge energy density were shown with mean 

flow velocities higher than 1 cm s-1 (% Energy gain was 0.5% in the interval 1 cm 

s-1 - 5 cm s-1). Only when very low velocities were used, the relative energy difference 

increased.  

6.6.2 Simulations of multi-stage cases 

The sensitivity analysis was performed using the input parameters shown in 

Table 22.  

In particular, different multi-stage operations were simulated by varying the 

number of battery stacks from 4 up to 17 (i.e. batteries hydraulically connected in 

series, fed with single pass through all 4 to 17 stacks, or “stages”). In all simulations, 

we assumed a battery state of charge (SOC) of 0% at 0.05 M and 100% at 1.00 M 

HCl, thus fixing the concentration targets at the outlet of the last stage for both charge 

and discharge. The electric current was tuned accordingly to achieve the 

concentration targets in all the simulated scenarios. For the sake of simplicity, the 

same electric current was used in all the sequential stages. Steady-state simulations 

were performed, assuming a single charge-discharge cycle. 

Table 22. Overview of main input parameters used in the sensitivity analysis.  
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 Spacer 
thickness 

μm 475 

Membrane properties 

 units AEM CEM BPM 

Thickness µm 130 130 190 

Areal resistance Ω cm2 4.0 3.5 5.0 
H+ diffusivity1 m2 s-1 2.0E-11 0.7E-11 - 
Na+ diffusivity m2 s-1 1.6E-11 0.5E-11 - 

Cl- diffusivity m2 s-1 1.7E-11 0.6E-11 - 
OH- diffusivity m2 s-1 1.9E-11 0.6E-11 - 
Fixed charge density mol m -3 5000 5000 - 

Feed conditions in the first stage 

Feed composition units Charge (0% 

SOC) 

Discharge 

(100% SOC) 
 

HCl in acid compartment mol m -3 50 1000  

NaCl in acid compartment mol m -3 250   

HCl in salt solution 
compartment 

mol m -3 10   

NaCl in salt solution 
compartment 

mol m -3 1000   

NaOH in base compartment mol m -3 50   

NaCl in base compartment mol m -3 250   

Fluid flow velocity cm s-1 1.0 1.0  

Electrode compartments and triplets 

Blank resistance Ω cm2 122   

Number of triplets (repeating 

units) per stack, N 

- 10   

1 preliminary measurements were performed with NaCl solutions and a two-

chamber diffusion cell; then, ion diffusivities were estimated by assuming that they 

are inversely proportional to the hydrated radius (Stokes-Einstein equation). 

2 obtained experimentally. 

In the previous chapters, performance parameters were formulated for 1 stack. 

However, the multi-stage operation is characterized by calculating the 𝐺𝑃𝐷 averaged 

over all the 𝑁𝑠  sequential stages as follows  

𝐺𝑃𝐷̅̅ ̅̅ ̅̅ =
∑ 𝐺𝑃𝐷𝑘

𝑁𝑠
𝑘=1

𝑁𝑠
  

(163) 

The gross power (P) of a pilot plant of generic size (i.e., of a given 𝑁𝑝 number 

of stacks hydraulically in parallel) is equal to 
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𝑃 = 𝑁𝑝 ∑ 𝑃𝑘
𝑁𝑠
𝑘=1   (164) 

Moreover, the main figure of merits characterizing the charge-discharge cycle 

of the AB-FB were already described previously. However, here a more convenient 

definition of Coulombic Efficiency (𝐶𝐸), Voltage Efficiency (𝑉𝐸) and Round Trip 

Efficiency (𝑅𝑇𝐸) were applied:  

𝐶𝐸 =
𝐼𝑒𝑥𝑡,𝑑

𝐼𝑒𝑥𝑡,𝑐
  (165) 

𝑉𝐸 =
𝑈𝑒𝑥𝑡,𝑑̅̅ ̅̅ ̅̅ ̅̅ ̅

𝑈𝑒𝑥𝑡 ,𝑐̅̅ ̅̅̅ ̅̅ ̅
  (166) 

𝑅𝑇𝐸 =
𝐼𝑒𝑥𝑡,𝑑×𝑈𝑒𝑥𝑡,𝑑̅̅ ̅̅ ̅̅ ̅̅ ̅

𝐼𝑒𝑥𝑡,𝑐×𝑈𝑒𝑥𝑡 ,𝑐̅̅ ̅̅̅ ̅̅ ̅
= 𝐶𝐸 × 𝑉𝐸  (167) 

in which, 𝑈𝑒𝑥𝑡,𝑑̅̅ ̅̅ ̅̅ ̅̅  and 𝑈𝑒𝑥𝑡,𝑐̅̅ ̅̅ ̅̅ ̅ are the average values of external voltage in 

discharge and charge, respectively, and 𝐼𝑒𝑥𝑡,𝑑  and 𝐼𝑒𝑥𝑡,𝑐 are the corresponding 

external currents (equal for all stages).  

The main simulation results are reported in Figure 123, as well as the applied 

values of current density, highlighting the effect of the number of sequential stages 

on the process performance. 
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Figure 123. Model predictions of the effect of number of stages on acid-base flow battery. a) Charge 

and discharge current density fixed equal for all stages; b) Profiles of charge/discharge external voltage 

at each sequential AB-FB stage; c) Average charge/discharge gross power density (GPD) and 

(discharge) gross energy density (GED); d) Coulombic efficiency (CE), voltage efficiency (VE), and 

round-trip efficiency (RTE). Each stage is simulated as an AB-FB stack with a membrane active area 

of 0.5×0.5 m2.  

In particular, Figure 123a shows the current density (i.e., current divided by the 

membrane active area) that was required to achieve the same (inlet-outlet) 

concentration difference for the acid solution, as a function of the number of AB-FB 

stages. As expected, the required current density decreases as the number of 

sequential stages Ns increases, due to the accompanying increase in total membrane 

area (at fixed feed flow rate). However, the total electric current is not constant. As 

Ns increases, the total electric current increases from 250 A to 270 A in charge, 

and decreases from 235 A to 221 A in discharge, thus indicating a decreasing 

 
(a) 

 
(b) 

 
(c) 

 
(d) 

 1 
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current efficiency in both phases. This is simply caused by the increasing total 

membrane area, and consequently, increasing total mass transported by undesired 

fluxes of co-ions and water. 

The predicted values of voltage over all stacks are reported in Figure 123b. During 

the discharge phase, the external voltage decreases along the stages due to the 

decreasing driving force (i.e., pH and concentration difference). Likewise, the 

voltage increases along the stages during charge, as a result of the increasing 

concentration difference. As the number of stages increases (Figure 123b), the 

voltage profiles along the stages tend towards the open circuit conditions (both for 

discharge and charge), as a result of the decreasing current density in the stacks 

(Figure 123a). The average gross power density (𝐺𝑃𝐷̅̅ ̅̅ ̅̅ ) of the stacks series (Figure 

123c) exhibits a decreasing trend with the number of stages (Ns), similarly to the 

electric current. During the charge phase both the electric current and the average 

voltage decreases with Ns, thus causing a more pronounced reduction of 𝐺𝑃𝐷̅̅ ̅̅ ̅̅  than 

during the discharge phase. The predicted 𝐺𝑃𝐷̅̅ ̅̅ ̅̅  values are in the range of 18.5-98.2 

W m-2 for charge, and 11.7-30.6 W m-2 for discharge.  

The discharge gross energy density (𝐺𝐸𝐷𝑣) is reported also in Figure 123c. The gross 

energy density is equal to 10.4 kWh m-3
acid for the 4-stage system (discharge energy 

efficiency 𝜂𝑑 of 45%), and it increases with the number of stages due to the 

increasing cumulative power, reaching a plateau at 𝐺𝐸𝐷𝑣 = 17.4 kWh m-3
acid for the 

17-stage system (𝜂𝑑 ≈ 72%). This indicates that the overall power (∑ 𝑃𝑘,𝑑
𝑁𝑠
𝑘=1

) 

increased at decreasing rate as a function of Ns, eventually reaching a maximum 

value. This is because the simulations at higher numbers of stages were based on 

lower current density values, thus distant from peak power conditions in discharge. 

The discharge electrical efficiency, defined as the power delivered to the external 

load divided by the total dissipated power (i.e. the sum of the internal and external 

power) was comprised between 47% (Ns = 4) and 79% (Ns = 17). Moreover, the less 

than proportional increase of the overall power with the number of stages justifies 

the reduction of 𝐺𝑃𝐷̅̅ ̅̅ ̅̅ . Figure 123d shows the efficiency of the process, in terms of 

Coulombic efficiency (CE), voltage efficiency (VE), and round-trip efficiency (RTE). 

The CE decreases from 94% to 82% as Ns increases. Such high values of Coulombic 

efficiency mean that the battery is characterized by high current efficiencies in both 

phases (charge/discharge). In particular, since parasitic currents in the manifolds are 

negligible in this case (due to small manifolds size and low number of triplets), the 

current efficiency is affected only by undesired fluxes (of co-ions and water) through 

the membranes. The voltage efficiency (VE) increases with the number of stages 

(from 33% up to 76%), as a result of the more homogeneous voltage distribution 

among sequential stages both during charge and discharge (Figure 123b). As overall 
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result, the round-trip efficiency (RTE) trend is essentially determined by the increase 

of the VE, with RTE values in the range of 31%-63% by increasing the number of 

stages.  

Figure 124 shows the predicted power output (Eq.164) as a function of the total 

membrane area (increased by increasing the number of parallel stages) for the cases 

of Ns = 4 and Ns = 17 sequential stages. 

 

Figure 124. Discharge power as a function of the total membrane area for 4 -stage (𝑁𝑠  = 4) and 17-

stage (𝑁𝑠  = 17) AB-FB system. Each stage is simulated an AB-FB stack with a membrane active area 

of 0.5×0.5 m2.  

With the current performance of commercial (monopolar/bipolar) membranes, 

a discharge power of 1 kW could be achieved using a 4-stage AB-FB system with a 

total membrane area of about 30 m2 (i.e. each stage equipped with 10 triplets and a 

membrane active area of 0.5×0.5 m2). For a 1 MW power system, the required 

membrane area increased up to 30,000 m2 (i.e., 10,000 parallel triplets for each 

stage of the four serial stages). For the case of 17 stacks in series, the membrane area 

providing the same discharge power is increased by 2.6 times (6,730 parallel triplets 

for 1 MW). Given the energy density of the system (Figure 123c), the corresponding 

flow rates to supply 1 MW power are 93 m3 h-1 and 58 m3 h-1 (for each solution) for 

the 4-stage and 17-stage AB-FB systems, respectively. These modelling results 

highlight that, to reach AB-FB applications on the kW-MW scale, further 

optimization studies should focus on plant design to reduce the membrane area and 

volume of solutions.  
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7 Acid/Base Flow Battery optimization 

 

The sensitivity analysis performed in chapter 6 showed that contrasting effects 

on the performance of AB-FB systems arise when varying operating conditions as 

well as design features. In this chapter, an optimization study of the AB-FB was 

performed for the first time. A two-objective optimization was conducted by 

maximizing the net Round Trip Efficiency and the Net Power Density in the 

discharge phase. The ε-constraint method was adopted in order to build curves of 

Pareto optimal solutions under several scenarios, thus assessing systematically the 

effect of decision variables, i.e. operating conditions and design features. The 

optimization tool included in the gPROMS Model Builder® software package was 

used. This optimization study showed that optimized operating conditions and design 

features may be chosen to maximize the net Round Trip Efficiency up to a value of 

64% and Net Power Density to 19.5 W m-2 in a closed-loop configuration. Moreover, 

improved membrane properties led to net Round Trip Efficiency and Power Density 

of 76.2% and 23.2 W m-2 respectively, thus showing promising performance for 

future developments of the AB-FB.  

7.1 Literature review 

In the last years, many studies on BMED systems have been focused mainly on 

the experimental analysis under several operating conditions (e.g. current and 

voltage, mean flow velocities, temperature, etc.) and with the stack dimensions (i.e. 

length, width, number of repeating units, etc.) for a large variety of applications. Few 

efforts have been devoted to the experimental characterization of BMRED and AB-

FB systems. Overall, no attempts have been made for the optimization of these 

systems.  

Only a few of works presented in literature are focused on the conventional 

electrodialysis and reversal electrodialysis processes. Regarding the conventional 

electrodialysis, a multi-objective optimization study was performed by Chindapan et 

al. [260] for the desalination of fish sauce. In their work, the genetic algorithm 

method was used (MOGA). Particularly, they obtained the Pareto frontiers using the 

final product concentrations and the energy consumption as objective functions. Bian 

et al. [261] performed an ED optimization aiming at minimizing the overall costs of 

an electrodialysis unit coupled with photovoltaic energy. The Particle Swarm 

Optimization (PSO) algorithm [262] was implemented in a previously developed ED 

model [222]. Guesmi et al. [263] performed an experimentally-based optimization 

study on the removal of boron via ED. The Response Surface Methodology (RSM) 
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was used with the Central Composite Design (CCD) to optimize the experiments, 

searching for the maximum boron removal by varying the operating conditions. 

Rohman and Aziz [264] evaluated the optimal operating conditions for the HCl 

recovery by batch ED. A dynamic optimization technique, i.e. the orthogonal 

collocation method, was used with a lumped parameters ED model. The optimization 

was performed with different single objectives regarding process time, energy 

consumption, degree of separation, dilute concentration and process profit. These 

objective functions exhibited contrasting requirements. Therefore, the same authors 

developed a multi-objective optimization [265]. In particular, an ED process was 

optimized by minimizing the energy consumption and maximizing the acid 

concentration. A Non-dominated Sorting Genetic Algorithm II (NSGA-II) was used, 

and the decision variables were the external current and the flow rates of the 

electrolyte solutions.  

In regard to conventional reverse electrodialysis (RED) processes, Veerman et 

al. [266] performed simulations with a RED one-dimensional process model to 

optimize three variables, i.e. the Net Power Density, or the net Energy Density or the 

product of them, by varying channel thicknesses and flow rates as decision variables 

with different stack length as scenario variable. Long et al. [160] optimized the 

maximum Net Power Density with a single-objective approach for a conventional 

RED stack of given total size by changing channel’s thicknesses and solution’s flow 

rates. The method of the Genetic Algorithm (GA) based on the evolution algorithm 

was used. In another work, Long et al. [159] observed the existence of optimal flow 

rates of the electrolyte solutions that maximize the Net Power Density in a single-

objective optimization problem. However, these optimal conditions resulted in 

reduced values of the energy efficiency (i.e. ratio of the actual power extracted and 

the energy that could be extracted in the reversible process). Therefore, they 

performed also a multi-objective optimization study based on the NSGA-II approach, 

in order to obtain the Pareto frontier of Net Power Density and Energy efficiency. 

Ciofalo et al. [161] performed an optimization study with the gradient-ascent 

algorithm implemented on a previously developed RED model [106]. The Net Power 

Density was maximized by using channel’s thicknesses and inlet fluid velocities as 

decision variables, while other features were varied as scenario variables (solution’s 

concentrations, stack length, flow arrangement and presence of spacers). 

The optimization of the AB-FB is an essential step to increase the 

competitiveness of the battery. Different combinations of operating and design 

features affect significantly the performance of the system during both phases (i.e. 

charge and discharge). These parameters may eventually have contrasting effects on 

the performance. The main performance indicators of an Acid-Base Flow Battery are 
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the Round Trip Efficiency and the average power density obtained during the 

discharge. However, a high efficiency could be associated with a low power density. 

In fact, the latter is a parabolic function of the applied external current. Therefore, 

depending on the external load (i.e. a direct function of the external current) the 

power density may be maximized when the increased ohmic losses lead to a RTE 

decrease. Moreover, pumping power may play an important role in terms of energy 

consumption, particularly in the discharge phase, when the maximization of the 

collected energy is crucial. Therefore, power losses must be limited. In this chapter, 

the developed AB-FB multi-scale model was used to perform a dynamic multi-

objective optimization study of the system in several scenarios. Up to eight operating 

and design decision variables were varied, thus maximizing the Net Round Trip 

Efficiency and the Net Power Density in the discharge phase. The objective functions 

were chosen to be the net rather than the gross quantities, in order to take into account 

for the effect of different pumping powers. 

7.2 Optimization method 

The Net Power Density was already defined in chapters 3 and 4 (see Eqs. 90 and 

109). The net Round Trip Efficiency is defined as follows,  

𝑅𝑇𝐸𝑛𝑒𝑡 =
∫  (𝐺𝑃𝐷𝑑 −𝑃𝑃𝐷𝑑 )𝑡𝑑

0 𝑑𝑡

∫ (𝐺𝑃𝐷𝑐+𝑃𝑃𝐷𝑐 )
𝑡𝑐

0 𝑑𝑡
  

(168) 

A multi-objective optimization problem may be generally defined as the 

minimization (or the maximization) of a vector of objective functions [267]:  

𝑚𝑎𝑥{𝑓(𝒙)} ↔ 𝑚𝑖𝑛{−𝑓(𝒙)}  (169) 

𝑓(𝒙) = [𝑓1(𝒙),𝑓2(𝒙),… , 𝑓𝑚(𝒙)]𝑇  (170) 

  𝑔𝑖 (𝑥) ≤ 0 (𝑗 = 1,2,… , 𝑝)  (171) 

ℎ𝑘(𝑥) = 0 (𝑘 = 1,2,… , 𝑞)  (172) 

𝑥𝑖
𝑚𝑖𝑛 ≤ 𝑥𝑖 ≤ 𝑥𝑖

𝑚𝑎𝑥  (𝑖 = 1,2, …, 𝑛)  (173) 

where 𝑓 is the objective functions vector, 𝒙 is the vector of the decision variables 

falling within the interval between the lower and upper limits as in Eq. 173. Eqs. 171 

and 172 denote p- inequalities and q-equalities constraints.  

In this chapter, the multi-objective optimization problem was solved by using 

the optimization tool of gPROMS Model Builder®. Since this software allows only 

to solve single-objective optimization problems, the two-objective optimization was 

performed by using the ε-constraint method. This method was proposed in 1971 by 
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Haimes et al. [268]. The ε-constraint method allows to maintain a single-objective 

function, transforming the other functions in inequality constraints, in which ε 

represents the constraints vector with its upper (or lower) bounds. In the present case, 

the objective functions are the 𝑅𝑇𝐸𝑛𝑒𝑡  (Net Round Trip Efficiency) and the average 

𝑁𝑃𝐷𝑑 (Net Power Density during the discharge phase), thus the problem is bi-

objective [269] and may be described as follows,  

Objective:             𝑀𝑎𝑥 𝑅𝑇𝐸𝑛𝑒𝑡 (𝒙)  (174) 

Subject to:         𝐴𝑣. 𝑁𝑃𝐷𝑑(𝒙) ≥ 𝜀  (175) 

𝑔(𝒙) ≤ 0  (176) 

ℎ(𝒙) = 0  (177) 

The results of the present optimization study were expressed in terms of Pareto 

optimal front, which consists of a curve of best trade-off points between the two 

chosen objective functions (optimal or non-dominated solutions [267]). Any point of 

the Pareto frontier represents an optimal solution that maximizes 𝑅𝑇𝐸𝑛𝑒𝑡  under a 

constraint on the value of 𝑁𝑃𝐷𝑑. The extreme points represent the two single-

objective optimizations without any constraint. Note that the optimized battery is in 

a closed-loop configuration, with solutions recirculated in the tanks assumed with 

perfect mixing. Therefore, this problem is intrinsically dynamic. The 𝑅𝑇𝐸𝑛𝑒𝑡  is a 

performance parameter which can be calculated only at the end of each battery cycle. 

Likewise, the average 𝑁𝑃𝐷𝑑 is computable at the end of the discharge phase. These 

quantities may be regarded as “cycle” variables rather than time variables. A battery 

phase (i.e. charge or discharge) ends when a certain target is reached. This target was 

assumed to be a specific HCl concentration in the acid tank, namely 𝐶𝑡𝑎𝑟𝑔𝑒𝑡,𝑐 and 

𝐶𝑡𝑎𝑟𝑔𝑒𝑡,𝑑 for the concentration reached at the end of the charge and discharge, 

respectively. The acid concentration target was chosen as representative of the State 

of Charge of the battery. Specifically, the State of Charge is 0% when it reaches 

𝐶𝑡𝑎𝑟𝑔𝑒𝑡,𝑑 and 100% when it reaches 𝐶𝑡𝑎𝑟𝑔𝑒𝑡,𝑐. The decision variables were of two 

types: operating and design (Table 23).  

Table 23. List of the decision variables with their respective lower and upper bounds.  

Operating variables 

Variable name symbol lower bound upper bound 

charge current density 𝑖𝑐  30 A m-2 500 A m-2 

discharge current density 𝑖𝑑  30 A m-2 200 A m-2 

charge mean flow velocity 𝑢𝑐ℎ ,𝑐 0.5 cm s -1 5 cm s-1 
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discharge mean flow velocity 𝑢𝑐ℎ ,𝑑 0.5 cm s -1 5 cm s-1 

charge target concentration 𝐶𝑡𝑎𝑟𝑔𝑒𝑡,𝑐 500 mol m-3 1000 mol m-3 

Discharge target concentration 𝐶𝑡𝑎𝑟𝑔𝑒𝑡,𝑑 50 mol m-3 200 mol m-3 

Design variables 

Spacer length 𝐿 5 cm 200 cm 

Spacer thickness 𝑏 50 µm 1000 µm 

 

Other variables were regarded as scenario variables. The scenario variables 

were: the number of decision variables, the initial volume ratio (in term of 

𝑉𝑡,𝑎 :𝑉𝑡,𝑏: 𝑉𝑡,𝑠) of the electrolyte solutions in the three external tanks, i.e. acid, base 

and salt tank, the lower bound of 𝐶𝑡𝑎𝑟𝑔𝑒𝑡,𝑐 and improved membrane properties (in 

terms of ohmic resistances, ion diffusivities and water permeability). These scenarios 

are reported in Table 24.  

Table 24. List of the optimization scenarios. 

decision variables scenario 

𝑖𝑐 , 𝑖𝑑   

𝑖𝑐 , 𝑖𝑑 , 𝑢𝑐ℎ,𝑐 , 𝑢𝑐ℎ ,𝑑  

𝑖𝑐 , 𝑖𝑑 , 𝑢𝑐ℎ,𝑐 , 𝑢𝑐ℎ ,𝑑, 𝐶𝑡𝑎𝑟𝑔𝑒𝑡,𝑐, 𝐶𝑡𝑎𝑟𝑔𝑒𝑡,𝑑  

𝑖𝑐 , 𝑖𝑑 , 𝑢𝑐ℎ,𝑐 , 𝑢𝑐ℎ ,𝑑, 𝐶𝑡𝑎𝑟𝑔𝑒𝑡,𝑐, 𝐶𝑡𝑎𝑟𝑔𝑒𝑡,𝑑 𝐶𝑡𝑎𝑟𝑔𝑒𝑡,𝑐=500 mol m-3 

𝑖𝑐 , 𝑖𝑑 , 𝑢𝑐ℎ,𝑐 , 𝑢𝑐ℎ ,𝑑, 𝐶𝑡𝑎𝑟𝑔𝑒𝑡,𝑐, 𝐶𝑡𝑎𝑟𝑔𝑒𝑡,𝑑, 𝐿, 𝑏  

𝑖𝑐 , 𝑖𝑑 , 𝑢𝑐ℎ,𝑐 , 𝑢𝑐ℎ ,𝑑, 𝐶𝑡𝑎𝑟𝑔𝑒𝑡,𝑐, 𝐶𝑡𝑎𝑟𝑔𝑒𝑡,𝑑, 𝐿, 𝑏  𝑉𝑡 ,𝑎 :𝑉𝑡 ,𝑏: 𝑉𝑡 ,𝑠 = 1:1:1 

𝑖𝑐 , 𝑖𝑑 , 𝑢𝑐ℎ,𝑐 , 𝑢𝑐ℎ ,𝑑, 𝐶𝑡𝑎𝑟𝑔𝑒𝑡,𝑐, 𝐶𝑡𝑎𝑟𝑔𝑒𝑡,𝑑, 𝐿, 𝑏 improved membrane properties1 

1 by halving electrical resistances, ion diffusivities and water permeability  of the IEMs. 

Table 25 reports all the model input used in the reference case. Depending on 

the decision and scenario variables these input may differ. Every time that the model 

inputs are different, it will be declared. Each simulation was performed for a single 

battery cycle, i.e. a charge followed by a discharge.  

Finally, the Yo-Yo (see 6.3.3.2) simulations were performed at the Pareto set 

conditions obtained in the scenario with 8 decision variables and with 𝑉𝑡,𝑎: 𝑉𝑡,𝑏: 𝑉𝑡,𝑠  

=1.  
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Table 25. Model inputs of the reference case for the optimization study.  

Geometrical features 

 

Spacer length cm 44  

Spacer width cm 47.6  

Spacer thickness µm 500  

N° triplet - 10  

N° spacer holes - 1  

Spacer hole area mm2 400  

Membrane properties 

     

  AEM CEM AEL CEL 

Thickness µm 75 75 60 60 

Electrical 

resistance 

ohm 

cm2 

4 3.5 2.5 2.5 

H+ diffusivity m2 s-1 2.0E-11 0.7E-11 2.0E-11 0.7E-11 

Na+ diffusivity m2 s-1 1.6E-11 0.5E-11 1.6E-11 0.5E-11 

Cl- diffusivity m2 s-1 1.7E-11 0.6E-11 1.7E-11 0.6E-11 

OH- diffusivity m2 s-1 1.9E-11 0.6E-11 1.9E-11 0.6E-11 

Water permeability ml bar-1 

h-1 m-2 

8 8 - - 

Fixed charge group mol m-3 5000 5000 5000 5000 

Initial conditions of the solutions 

𝐶𝑡,𝐻𝐶𝑙,𝑎,𝑜𝑢𝑡  mol m-3 50   

𝐶𝑡,𝑁𝑎𝐶𝑙,𝑎,𝑜𝑢𝑡 mol m-3 250   

𝑉𝑡,𝑎  l 10   

𝐶𝑡,𝑁𝑎𝑂𝐻,𝑏,𝑜𝑢𝑡  mol m-3 50   
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𝐶𝑡,𝑁𝑎𝐶𝑙,𝑏,𝑜𝑢𝑡  mol m-3 250   

𝑉𝑡,𝑏 l 10   

𝐶𝑡,𝐻𝐶𝑙,𝑠,𝑜𝑢𝑡 mol m-3 10   

𝐶𝑡,𝑁𝑎𝐶𝑙,𝑠,𝑜𝑢𝑡  mol m-3 250   

𝑉𝑡,𝑠  l 60   

Mean flow velocity 

(charge) 

cm s-1 1   

Mean flow velocity 

(discharge) 

cm s-1 1   

𝑅𝑏𝑙 Ω cm2 12   

 

7.3 Optimization results 

The first investigated case concerns the use of the charge and discharge current 

densities as decision variables. The predicted Pareto frontier is shown in Figure 125.  

 

Figure 125. Pareto frontier of gross RTE as a function of the average discharge GPD. Decision 

variables: 𝑖𝑐 , 𝑖𝑑 . 
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Only in this case, the Pareto frontier was reported as function of the gross RTE 

and GPD because the net values showed negligible variations with current densities. 

The Pareto curve shows a maximum of RTE of 51.6%, which corresponds to 

the minimum of the constraint GPD, which is equal to 5.87 W m-2. At the maximum 

constraint GPD, equal to 13.1 W m-2, the RTE was found to be 40.6%. The theoretical 

energy density difference from C𝑡𝑎𝑟𝑔𝑒𝑡 ,𝑑 to the C𝑡𝑎𝑟𝑔𝑒𝑡,𝑐 is 20.1 kWh m-3 and this 

value was always equal across the Pareto set because the target concentrations of 

charge and discharge were fixed and equal to 1 M and 0.05 M of HCl, respectively.  

Figure 126 shows the results obtained in the scenario with four decision 

variables. The channel mean flow velocities in the two battery phases were added as 

decision variables.  

 

Figure 126. Pareto frontier of net RTE as a function of the average discharge NPD. Decision 

variables:𝑖𝑐 , 𝑖𝑑 , 𝑢𝑐ℎ ,𝑐 and 𝑢𝑐ℎ,𝑑 . 

The Pareto curve reports a maximum RTEnet of 50.9%, while NPD was 5.82 W 

m-2. At the maximum constraint of average NPD equal to 14.5 W m-2 the resulting 

RTEnet was 32.1%. Again the energy density was 20.1 kWh m-3 as the one recorded 

in the previous case with 2 decision variables. This occurred because also in this case 

the target concentrations were fixed.  

Figure 127 illustrates the results for the case with 6 decision variables. 

Particularly, target concentration of charge and discharge were added.  
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Figure 127. Pareto frontier of net RTE as a function of the average discharge NPD. Decision 

variables:𝑖𝑐 , 𝑖𝑑 , 𝑢𝑐ℎ ,𝑐, 𝑢𝑐ℎ ,𝑑, 𝐶𝑡𝑎𝑟𝑔𝑒𝑡,𝑐  and 𝐶𝑡𝑎𝑟𝑔𝑒𝑡,𝑑. Lower limit of 𝐶𝑡𝑎𝑟𝑔𝑒𝑡,𝑐=600 mol m-3. 

In this case, a significant improvement of the optimal solution was obtained. 

The Pareto front, in fact, covers a larger range of both variables. The maximum 

RTEnet is 60.6%, whereas the corresponding average discharge NPD was 4.13 W m-

2. The obtained maximum RTEnet is almost 10% higher (in absolute value) than the 

one observed in the previous cases. Therefore, a significant improvement occurs 

when changing the concentration targets. When adding target concentrations as 

decision variables, the resulting energy density differs at the two ends of the curve, 

namely 9.81 and 17.1 kWh m-3. In this scenario, the interval of charge target 

concentration varied from 0.6 M to 1 M. Moreover, the concentration at which the 

maximum RTEnet was found corresponded to 0.6M, thus the effect of a variation of 

the lower limit of 𝐶𝑡𝑎𝑟𝑔𝑒𝑡,𝑐 was considered as a possible scenario. Specifically, in the 

next results the lower limit of the charge concentration was fixed at 0.5M. Figure 128 

shows a comparison between the optimization analysis with 6 decision variables 

performed with the lower limit of 𝐶𝑡𝑎𝑟𝑔𝑒𝑡,𝑐  equal to 0.5M and 0.6M.  
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Figure 128. Comparison between the Pareto frontiers of net RTE as a function of the average 

discharge NPD. Decision variables:𝑖𝑐 , 𝑖𝑑 , 𝑢𝑐ℎ ,𝑐, 𝑢𝑐ℎ ,𝑑, 𝐶𝑡𝑎𝑟𝑔𝑒𝑡,𝑐  and 𝐶𝑡𝑎𝑟𝑔𝑒𝑡,𝑑. Black line: Lower limit 

of 𝐶𝑡𝑎𝑟𝑔𝑒𝑡,𝑐=600 mol m-3. Red dashed line: Lower limit of 𝐶𝑡𝑎𝑟𝑔𝑒𝑡,𝑐=500 mol m-3. 

As shown in Figure 128, a better performance in terms of maximum RTEnet 

(3% higher) may be obtained by applying a lower 𝐶𝑡𝑎𝑟𝑔𝑒𝑡,𝑐 limit. However, from a 

constraint average NPD of ≈7 W m-2, the resulting optimal RTE was almost equal to 

the one obtained with the higher limit of 𝐶𝑡𝑎𝑟𝑔𝑒𝑡,𝑐. Therefore, this lower limit only 

affects the first tract of the Pareto frontier.  

Figure 129 illustrates the optimization scenario with 8 decision variables. In this 

case, two design features were added, namely spacer thickness and length.  
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Figure 129. Pareto frontier of net RTE as a function of the average discharge NPD. Decision 

variables:𝑖𝑐 , 𝑖𝑑 , 𝑢𝑐ℎ ,𝑐, 𝑢𝑐ℎ ,𝑑, 𝐶𝑡𝑎𝑟𝑔𝑒𝑡,𝑐 , 𝐶𝑡𝑎𝑟𝑔𝑒𝑡,𝑑, 𝐿 and 𝑏. Lower limit of 𝐶𝑡𝑎𝑟𝑔𝑒𝑡,𝑐=500 mol m-3. 

By comparing Figure 129 with Figure 128, it can be drawn that when adding the 

design variables only small improvements were predicted. 

Concerning the optimization case illustrated in Figure 129, the profiles of the 

decision variables as functions of the average discharge NPD are reported in Figure 

130.  
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Figure 130. Decision variables profiles as functions of the average discharge NPD. Decision 

variables:𝑖𝑐 , 𝑖𝑑 , 𝑢𝑐ℎ ,𝑐, 𝑢𝑐ℎ ,𝑑, 𝐶𝑡𝑎𝑟𝑔𝑒𝑡,𝑐 , 𝐶𝑡𝑎𝑟𝑔𝑒𝑡,𝑑, 𝐿 and 𝑏. Lower limit of 𝐶𝑡𝑎𝑟𝑔𝑒𝑡,𝑐=500 mol m-3. 

The predicted values of current densities show an increasing trend with the 

NPD, that means a decreasing trend with the RTE. At lower current densities, the 

resulting voltage efficiency is higher as the external voltage tends towards the open 

circuit condition in both charge and discharge phases. Particularly, the maximum 

RTE was obtained when the discharge and charge current densities were 30 and 50 

A m-2 respectively. The mean flow velocities across the Pareto frontier (Figure 130b) 

ranged from 0.67 to 1.2 cm s-1 for the charge and from 0.55 to 1.2 cm s-1 for the 

discharge. Concerning the target concentration profiles (Figure 130c), apart for a 

short stretch, the discharge target concentration shows a constant profile against the 

NPD, meaning that the upper limit of C𝑡𝑎𝑟𝑔𝑒𝑡,𝑑  was reached. On the other hand, 

C𝑡𝑎𝑟𝑔𝑒𝑡,𝑐 resulted in a greater variation along the NPD axis, ranging from the whole 

interval of the decision variable. Although higher or lower limits of the charge target 

concentrations could be beneficial for reaching higher values of the objective 

functions, these may not be of practical use. In fact, the actual Ion Exchange 

Membranes cannot be used with high acid and base concentrations due to unsuitable 
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properties of selectivity. On the other hand, too low acid and base concentrations 

would decrease the electromotive force and thus the obtainable energy density. 

Finally, spacer length and thickness (Figure 130d) show both a similar (at least 

qualitatively) decreasing trend with NPD.  

Figure 131 illustrates the optimization scenario with 8 decision variables but by 

adopting different volume ratios, namely 1:1:1 and 1:1:6.  

  

Figure 131. Comparison between the Pareto frontiers of net RTE as a function of the average 

discharge NPD. Decision variables:𝑖𝑐 , 𝑖𝑑 , 𝑢𝑐ℎ ,𝑐, 𝑢𝑐ℎ ,𝑑, 𝐶𝑡𝑎𝑟𝑔𝑒𝑡,𝑐 , 𝐶𝑡𝑎𝑟𝑔𝑒𝑡,𝑑 , 𝐿 and 𝑏. Black line: volumes 

ratio 1:1:6 and initial 𝐶𝑡,𝑁𝑎𝐶𝑙,𝑠,𝑜𝑢𝑡=500 mol m-3. Dashed red line: volumes ratio 1:1:1 and initial 

𝐶𝑡,𝑁𝑎𝐶𝑙,𝑠,𝑜𝑢𝑡=100 mol m-3. Limit of 𝐶𝑡𝑎𝑟𝑔𝑒𝑡,𝑐=500 mol m-3.  

In the case of a volumes ratio of 1:1:1, an increase of the initial NaCl 

concentration in the salt tank was required, due to the stochiometric acid/base 

formation. The volumes ratio 1:1:6 guaranteed better performance in terms of 

average RTEnet, as it was ≈3.5% higher than the one obtained with volumes ratio 

1:1:1. The maximum constraint NPD was limited at 13 W m-2 in order to avoid a 

failure of the convergence of the optimization tool for excessive reduction of the 

outlet NaCl concentration from the stack. Finally, Figure 132 showed the comparison 

between the Pareto frontier in the membrane reference case, and the results obtained 

by using improved membrane properties. The improvement concerned the halving 

of the electrical resistance, ion diffusivities and water permeability of the 

membranes.  
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Figure 132. Comparison between the Pareto frontiers of net RTE as a function of the average 

discharge NPD. Decision variables:𝑖𝑐 , 𝑖𝑑 , 𝑢𝑐ℎ ,𝑐, 𝑢𝑐ℎ ,𝑑, 𝐶𝑡𝑎𝑟𝑔𝑒𝑡,𝑐 , 𝐶𝑡𝑎𝑟𝑔𝑒𝑡,𝑑 , 𝐿 and 𝑏. Black line: 

Reference membrane properties. Red line: Improved membrane properties. Limit of 𝐶𝑡𝑎𝑟𝑔𝑒𝑡,𝑐=500 mol 

m-3.Volumes ratio = 1:1:6. Initial 𝐶𝑡,𝑁𝑎𝐶𝑙,𝑠,𝑜𝑢𝑡=500 mol m-3. 

The Pareto frontier for the improved membrane properties is intended to provide 

a possible future scenario for the AB-FB technology. Improved membranes may lead 

to significant better performance as shown by the great deviation between the two 

curves in Figure 132 (higher average values over the Pareto front for both RTE and 

NPD). The improved scenario resulted in an increase of 12.4% of the maximum 

RTEnet, reaching 76.1%, whereas the NPD was 4.43 W m-2. At the maximum 

constraint NPD of 23.2 W m-2, the resulting RTEnet was 59.1%. The energy density 

in this improved case was 6.31 kWh m-3 at the minimum NPD, whereas 17.1 kWh 

m-3 at the maximum NPD. The energy density values were obtained at the two ends 

of the Pareto frontier. However, the maximum or minimum values may correspond 

at intermediate values of NPD. Therefore, a future optimization study could also 

include the effect of the energy density as third objective function.  

7.4 Results of the Yo-Yo configuration at the Pareto frontier closed-loop 

conditions  

In this final section, a comparison between closed-loop and yo-yo 

configurations is shown. In order to maintain coherence between the two 

configurations in terms of the volume ratios, the results have been compared using 
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volume ratios equal to 1:1:1. Specifically, the Yo-Yo configuration was simulated at 

the Pareto frontier conditions obtained for the closed-loop operation, with 8 decision 

variables (shown in Figure 131).  

 

Figure 133. Comparison between the closed-loop configuration and the Yo-Yo configuration 

simulated by imposing the conditions of the Pareto frontier of the closed-loop operation with 8 decision 

variables and volumes ratio= 1:1:1.  

Note that the results obtained in Yo-Yo operation represent dominated, non-

optimal solutions, as in this configuration the Pareto frontier was not obtained. 

Indeed, it would require large complications in the model that are not justified by the 

aims of this work. Nevertheless, even better performance was obtained with the yo-

yo configuration. At the closed-loop Pareto set conditions, the Yo-Yo configuration 

gave a maximum RTEnet of 71.9%, whereas NPD was 6.25 W m-2. Overall, in relative 

terms, the RTEnet and NPD were found to be on average ≈13.4% and ≈28.6% higher 

respectively compared to the closed-loop ones. Therefore, these results represent a 

further proof of the better performance provided by the Yo-Yo operation, as already 

discussed in section 6.6.1.  
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Conclusions 

 

This PhD thesis aimed to develop and validate an original, mathematical, multi-

scale model of the BMED and BMRED, in order to simulate an innovative and 

sustainable Acid/Base Flow Battery by analysing the main phenomena occurring 

during its functioning and finding the optimal operating conditions and design 

features.  

Firstly, a general overview of the energy storage systems was presented. 

Following this, the relevant literature regarding the bipolar membranes was 

discussed, in order to collate current knowledge concerning the fundamental aspects 

of the functioning of these special membranes.  

In Chapter 3, the BMED technology was firstly presented through a critical 

literature review. Following this, for the first time, a fully integrated BMED process 

model with distributed parameters was developed, adopting a multi-scale simulation 

strategy. At the lowest dimensional scale, the channel model is able to calculate the 

physical properties of the solutions, and it is also supported by external information 

regarding flow and mass transfer, which was provided by Computational Fluid 

Dynamics modelling. Moreover, within the model, a level was purposely developed 

to predict the behavior of the bipolar membrane. A 1-D cell triplet level was 

developed to compute the solutes and water fluxes across all of the IEMs, the mass 

balances, the electromotive force and cell resistance. Additionally, an electrical 

equivalent circuit model was developed for the whole stack. The model requires 

membrane properties which are available or easily accessible by experiments. 

Through this, different stack designs and operating conditions can be simulated. The 

process model was shown to be robust and reliable by validation against experiments 

conducted in a steady-state mode. Afterwards, it was used to perform a preliminary 

sensitivity analysis with once-through simulations. Model outcomes suggested that 

high conversion rates (about 70%) of hydrochloric acid can be reached by increasing 

the applied current density to 500 A m-2 in stacks with 75x75 cm2 of active membrane 

area. However, with higher current densities, the resulting current efficiency and 

BMED efficiency were lower. In addition, it was found that mean flow velocities 

within a typical range (1-5 cm s-1) do not significantly affect the module performance.  

Chapter 4 presented the BMRED technology, which represents a promising 

system to harvest energy from the neutralization of acid and base streams. The 

BMED model developed in Chapter 3 was partially modified in Chapter 4, in order 

to simulate the BMRED process. Most of the modifications focused on the Bipolar 

Membrane level, whereas the other sub-models remained the same with only a few 
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differences. As with the BMED model, the BMRED process model was shown to be 

reliable by validation against experiments conducted in a steady-state mode. A 

sensitivity analysis was performed to evaluate the BMRED performance with once-

through simulations, and as a function of several process parameters. These included 

the external current density, flow velocity inside the channels, and the acid and base 

inlet concentrations. Significantly, this sensitivity analysis showed promising results. 

Indeed, it was found that the gross energy density can be greatly enhanced by 

developing high-performance membranes able to reduce water permeability, co-ion 

leakage and the electrical resistance. Moreover, an example of an industrial scheme 

was simulated to show the potentiality of BMRED for harvesting of energy by 

neutralizing acid and base wastes.  

In Chapter 5, the parasitic phenomena of the shunt currents in electro-membrane 

units were deeply investigated. An electrical model for the calculation of the ionic 

shortcut currents was implemented. This model was based on the solution of Ohm’s 

and Kirchhoff’s laws in the equivalent electrical circuit of the stack and the external 

load or generator, including the pathways of the electrolyte solutions (i.e. collectors 

and distributors). The model was validated under several design features and 

operating conditions through comparisons with both original experimental results 

collected with lab-scale stacks and data from the literature, showing good agreement. 

Compared to simple Ohmic models, the presented process simulator exhibited higher 

predictive capabilities, being a more effective, powerful and flexible tool for the 

simulation of electro-membrane units, with the inclusion of shortcut current effects. 

A large number of simulations were performed by varying the design features and 

operating conditions, in order to comprehensively characterize the shortcut currents, 

and to assess their impact in applications of electro-membrane processes. In 

conventional ED and RED processes, as well as in BMED and BMRED processes, 

the presence of parasitic pathways via manifolds led to a distribution of the cell 

current (electric current flowing perpendicularly to the membranes). Particularly, for 

RED/BMRED processes parasitic currents led to an increase of the average cell 

current value with respect to the external current (useful current delivered to the 

load). For ED/BMED processes, these parasitic pathways led to a reduction of the 

average cell current value with respect to the external current.  

The sensitivity analysis, along with the experimental campaign, highlighted that 

stacks with a large number of cells, like those expected for industrial applications, 

may suffer from a significant drop in performance due to high shunt currents. The 

higher the number of repetitive units, the higher the number of ion shortcuts and the 

larger the amount and impact of shunt currents. In particular, they play a crucial role 

when the electrical resistance of the parasitic pathways is relatively low compared to 
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the cell resistance in the (desired) direction perpendicular to the membranes. Overall, 

the current leakage and its relative weight with respect to the cell current were 

maximum under open circuit conditions and decreased at higher external currents.  

Moreover, parasitic currents were negligible in channels of low conductivities. 

Typical configurations which have conditions that cause high shunt currents include 

stacks fed by highly conductive solutions, or equipped with high resistance 

membranes, short channels or large manifolds.  

Chapter 6 presents for the first time a process model able to predict the 

performance of Acid/Base flow batteries based on the reversible electro-dialytic 

conversion of energy in stacks equipped with monopolar ion-exchange membranes 

and bipolar membranes. The AB-FB model integrates the BMED and BMRED 

models presented in Chapters 3 and 4 and it was successfully validated under 

dynamic operations. Within the range of the geometrical features and operating 

conditions investigated (i) energy spent on pumping had a small effect on the Net 

Power Density, (ii) concentration polarization in the boundary layer was not an issue, 

while (iii) the ionic short circuit currents via manifolds appeared to be the most 

detrimental phenomenon. On the other hand, pressure drops may be larger in real 

systems, due to geometrical irregularities, stack tightening, and other “non-ideal” 

features not included in the simulations. Moreover, concentration polarization 

phenomena in improved systems operated at higher current densities may have more 

significant effects. Interestingly, some geometrical features may affect different 

aspects. For example, the manifolds diameter can be crucial for the electrical 

resistance of the parasitic pathways. However, the use of small manifolds diameters 

to reduce the amount of shunt currents and their energy dissipation may pose other 

issues in terms of pressure drops and flow maldistribution within the channel width. 

Simulation results showed also that the Round Trip Efficiency may be 

dramatically reduced in scaled-up stacks with a high number of triplets for the storage 

of large amounts of energy. Therefore, some measures have to be taken in the design 

of such systems in order to achieve acceptable efficiencies of the battery. For 

example, the use of isolated blocks with a small number of triplets can be suggested.  

Furthermore, compared to closed-loop operation, the Yo-Yo configuration 

allowed better results in term of charge and discharge energy density.  

Moreover, to evaluate the feasibility of the AB-FB technology at larger scale, 

different scenarios of multi-stage (from 4 to 17) operation were simulated by fixing 

the same concentration target at the last stage. The results showed average values of 

discharge power density decreasing from 30.6 to 11.7 W m-2 membrane, while the 

energy density increased from 10.7 to 17.4 kWh m-3 acid. This means a total 
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membrane area of 30-86 m2 kW-1 discharge power and a volume of each electrolyte 

solution of 0.09-0.06 m3 kWh-1. The Round Trip Efficiency increased from 31% to 

63%. Improved membranes and optimized systems can lead to enhanced 

performances, thus reducing the electrolyte volumes and the membrane area.  

Finally, in Chapter 7, the original simulation tool for the AB-FB was used to 

identify the optimal design and the best operating conditions for maximizing both 

the net Round Trip Efficiency and the average net discharge power density, under a 

closed-loop configuration. Therefore, a multi-objective optimization study was 

performed by adopting the ε-constraint method, with a various number of decision 

variables and for different process scenarios. Optimized operating conditions and 

design features may be chosen to maximize the net Round Trip Efficiency up to a 

value of 64%, when the average discharge net power density is ≈4 W m-2. On the 

other hand, by constraining the average NPD at 19.5 W m-2, the Pareto set gave a 

RTEnet of ≈32%. Considering a future scenario when we have the development of 

improved membrane properties, by halving membrane electrical resistances, ion 

diffusivities and water permeability, the maximum RTEnet could be 76.2%, when the 

constraint NPD is 4.4 W m-2. However, by constraining the NPD at 23.2 W m-2 the 

resulting RTEnet is 59.1%.  

The results presented in this PhD thesis have shown the potential of the 

Acid/Base Flow Battery in the field of energy storage. Further studies, especially on 

special tailored membranes, will be necessary to boost the development of this 

technology, and to promote its spread within the market.  
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Nomenclature 

 

Symbols 

 

𝑎 (mol m-3) ion activity 

𝑎1 (-) first Darcy friction factor correlation coefficient  

𝑎2 (-) second Darcy friction factor correlation coefficient  

𝑎3 (-) third Darcy friction factor correlation coefficient  

𝑎4 (-) fourth Darcy friction factor correlation coefficient  

𝑏 (m) spacer width 

𝑏1 (-) first Sherwood number correlation coefficient  

𝑏2 (-) second Sherwood number correlation coefficient  

𝑐1 (-) first local loss coefficient correlation 

𝑐2 (-) second local loss coefficient correlation 

𝐶 (mol m-3) molar concentration 

𝐶𝐸 (-) Coulombic Efficiency 

𝑑 (m) membrane/channel thickness 

𝑑𝑒𝑥𝑡  (m) pipeline diameter 

𝑑𝑚𝑎𝑛  (m) manifold diameter 

𝐷 (m2 s-1) diffusion coefficient 

𝐸 (V) triplet electromotive force corrected for concentration 

polarization 

𝐸𝑀𝐹 (V) triplet electromotive force 

𝑓 (-) frictional coefficient 

𝑓𝑠 (-) spacer shadow factor 

𝐹 (C mol-1) Faraday constant 

𝐺 (kg m-2 s-1) mass flux 

𝐺𝐸𝐷𝑚 (kWh kg-3) gross energy density per unit mass 

𝐺𝐸𝐷𝑣 (kWh m-3) gross energy density per unit volume 

𝐺𝑃𝐷 (W m-2) gross power density 

𝐺𝑃𝐷𝑐 (W m-2) gross power density of charge 

𝐺𝑃𝐷𝑑 (W m-2) gross power density of discharge 

𝑖 (A m-2) current density 

𝑖𝑐 (A m-2) current density of charge 

𝑖𝑑 (A m-2) current density of discharge 

𝐼 (A) current intensity 

𝐽 (mol m-2 s-1) molar flux 

𝐽𝑑𝑖𝑓𝑓
∗  (mol m-2 s-1) molar flux for each BPL taken individually 

𝑘 (-) generic local loss coefficient 

𝑘𝜁 (-) regression coefficient 
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𝐾𝑤 (-) Self-ionization constant of water 

𝑙𝑚𝑎𝑛 (m) triplet thickness 

𝑙𝑜𝑚𝑎 (m) length of the spacer regions out of the active area 

𝐿 (m) spacer length 

𝐿𝑒𝑥𝑡  (m) pipeline length 

𝐿𝑝 (ml m-2 h-1 bar) osmotic permeability 

𝐿𝑥  (m) half channel length 

𝑚0 (mol kg-1) standard molality 

𝑀 (g mol-1) molar mass 

𝑛 (-) number of ion species 

𝑛𝑐 (-) ion coordination number 

𝑛ℎ (-) hydration number 

𝑁 (-) number of triplets 

𝑁𝑃𝐷𝑑 (W m-2) net power density of discharge 

𝑁ℎ𝑜𝑙𝑒𝑠  (-) number of inlet spacer holes 

𝑁𝑝 (-) number of stacks hydraulically in parallel 

𝑁𝑠  (-) number of sequential stages 

𝑁𝑃𝐷 (W m-2) net power density 

𝑝1 (-) first gross power regression coefficient  

𝑝2  (-) second gross power regression coefficient  

𝑝3  (-) third gross power regression coefficient  

𝑃 (W) gross power 

𝑃𝑃𝐷 (W m-2) pumping power density 

𝑄 (m3 s-1) volume flow rate 

𝑅 (Ω) generic electric resistance 

𝑅∗ (Ω) electric resistance of additional parasitic pathway 

𝑅𝑔 (J mol-1 k-1) gas constant 

Re (-) Reynolds number 

𝑅𝑆𝐸 (kWh kg-1) Recovered Specific Energy 

𝑅𝑇𝐸 (-) Round Trip Efficiency 

Sc (-) Schmidt number 

𝑆𝐸𝐶𝑚 (kWh kg-1) Specific Energy Consumption per unit mass 

𝑆𝐸𝐶𝑣 (kWh m-3) Specific Energy Consumption per unit volume 

Sh (-) Sherwood number 

𝑡 (s) time 

𝑡𝑐 (s) charge time 

𝑡𝑑 (s) discharge time 

𝑡𝑖
∗ (-) ion transport number for each BPL taken individually 

𝑡𝑖 (-) ion transport number 

𝑇 (K) temperature 

𝑢 (m s-1) mean flow velocity 

𝑢𝑐ℎ,𝑐 (m s-1) mean flow velocity of charge 
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𝑢𝑐ℎ,𝑑 (m s-1) mean flow velocity of discharge 

𝑈  potential difference over the series of resistances 𝑅𝑢 and 𝑅𝑏𝑙 

𝑈𝑒𝑥𝑡  potential difference over the external load 𝑅𝑢  

𝑉 (V) generic voltage  

𝑉𝑡  (m3) solution volume in the tank 

𝑉𝑡𝑟  (m3) BPM transition region volume 

𝑉𝐸 (-) Voltage Efficiency 

𝑥 (m) coordinate along the flow direction 

𝑋 (mol m-3) membrane fixed charge groups 

𝑧 (-) ion charge  

Greek letters 

𝛼 (-) empirical parameter  

𝛽 (-) empirical parameter 

𝛽𝑟  (-) calibration parameter 

𝛾 (-) empirical parameter 

∆𝐺 (J) Gibbs Enthalpy  

∆𝑃 (Pa) Pressure drop 

𝜁 (-) generic physical property  

𝜂𝐵𝐿 (V) boundary layer potential drop  

𝜂𝑐  (-) current efficiency 

𝜂𝑐𝑒𝑙𝑙  (-) cell efficiency 

𝜂𝑑 (-) discharge energy efficiency 

𝜂𝐵𝑀𝐸𝐷 (-) BMED efficiency 

𝜃 (-) polarization coefficient  

Ι𝑙𝑜𝑠𝑠 (-) parasitic current loss 

𝜇 (Pa s) dynamic viscosity 

𝜋𝑜𝑠𝑚 (bar) osmotic pressure  

𝜌 (kg m-3) mass density  

𝜎 (S m-1) electric conductivity  

𝜏 (-) conversion rate 

𝜒 (-) pump efficiency 

𝜓𝑝 (-) Loss of GPD due to the presence of parasitic currents 

 

Subscripts/superscripts 

𝑎  acid  

𝑎𝑐  acid solution/CEL interface  

𝑎𝑣  average 

𝐴𝐸𝑀  anionic exchange membrane 

𝐴𝐸𝐿  anionic exchange layer 
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𝑏  base  

𝑏𝑎  alkaline solution/AEL interface 

𝑏𝑙  blank 

𝐵𝑃𝐿  bipolar membrane layer 

𝐵𝑃𝑀  bipolar membrane 

𝑐  collector  

𝑐ℎ  channel 

𝑐𝑜  co-ion  

𝑐𝑡  counter-ion  

𝐶𝐸𝑀  cationic exchange membrane 

𝐶𝐸𝐿  cationic exchange layer 

𝑑  distributor  

𝑑𝑖𝑓𝑓  diffusive  

𝑑𝑜𝑤𝑛  lower branch 

𝑒. 𝑜𝑠𝑚   electro-osmotic  

𝑒𝑥𝑡  external  

𝑒𝑥𝑡,c  external during the charge 

𝑒𝑥𝑡,d  external during the discharge  

𝑓𝑑  fully developed  

𝐺  constant  

ℎ  electric current  

𝑀𝑃𝑀  monopolar membrane 

𝑖  ion species  

𝑖𝑛  inlet 

𝑖𝑛𝑡  interface 

𝐼𝐸𝐿  ionic exchange layer 

𝐼𝐸𝑀  ionic exchange membrane 

𝑗  ion species  

𝑘  generic cell-triplet in the stack 

𝑙  local 

𝑙𝑖𝑚  BPM diffusion limitation 

𝑙𝑜𝑠𝑠   loss 

𝑚  membrane  

𝑚𝑎𝑛  manifold  

𝑛𝑒𝑡  net  

𝑛𝑜 𝑝𝑎𝑟  reference case neglecting shunt currents  

𝑜ℎ𝑚  Ohmic  

𝑜𝑢𝑡  outlet 

𝑜𝑚𝑎  out of the membrane active area 

𝑜𝑠𝑚  osmotic 

𝑠  salt  

𝑠𝑜𝑙  solution  

𝑠𝑝𝑎𝑐𝑒𝑟  spacer 
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𝑠𝑝𝑙𝑖𝑡/𝑟𝑒𝑐𝑜𝑚𝑏  Water flux through the BPM 

𝑡  tank  

𝑡𝑎𝑟𝑔𝑒𝑡, 𝑐  target of charge  

𝑡𝑎𝑟𝑔𝑒𝑡, 𝑑  target of discharge  

𝑡ℎ  theoretical  

𝑡𝑜𝑡  total 

𝑢  external load 

𝑢𝑝  upper branch 

𝑤  water  

𝑥  longitudinal branch (up or down) 

  

Acronyms/abbreviations 

 

AB-FB Acid Base-Flow Battery  

AC Alternating Current 

AEL Anion-Exchange Layer 

AEM Anion-Exchange Membrane 
BMED Bipolar-Electrodialysis 

BMRED Bipolar-Reverse Electrodialysis 

BPM BiPolar Membrane 

CAES Compressed Air Energy Storage 

CCD Central Composite Design 

CE Coulombic Efficiency 
CED Conventional ElectroDialysis 

CEL Cation-Exchange Layer 

CEM Cation-Exchange Membrane 

CFD Computational Fluid Dynamic 

CGFB Concentration Gradient Flow battery 
CHR Chemical Reaction Model 

DC Direct current 

ED Electrodialysis 

EES Electrical Energy Storage 

EIS Electrochemical Impedance Spectroscopy 
ERS Electrode Rinse Solution 

GA Genetic Algorithm 

GED Gross Energy Density 

IEC Ion-Exchange Capacity 

IEM Ionic-Exchange Membrane 

LCOS Levelized Cost Of Storage 
LCOE Levelized Cost Of Electricity 
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MOGA Multi-Objective Genetic Algorithm 

NET Non-Equilibrium Thermodynamic 

N-P Nernst Planck 

NSGA-II Non-dominated Sorting Genetic Algorithm II 

OCV Open Circuit Voltage 
PHS Pumped Hydro Storage 

PSO Particle Swarm Optimization 

RED Reverse Electrodialysis 

RO Reverse Osmosis 

RSE Recovered Specific Energy 

RSM Response Surface Methodology 
RTE Round Trip Efficiency 

SEC Specific Energy Consumption 

SOC State Of Charge 

SWE Second Wien Effect 

VE Voltage Efficiency 
VRFB Vanadium Redox Flow Battery 

ZLD Zero Liquid Discharge 
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Appendix A – 

 

Table A.1. List of the physical properties in the acid (a), base (b) and salt (s) solution 

and the regression coefficients used to compute them by Equation (A.1).  

 𝜁 sol i j 𝑘𝜁,𝑠𝑜𝑙,1 𝑘𝜁,𝑠𝑜𝑙,2 𝑘𝜁,𝑠𝑜𝑙,3 

Electrical 

conductivity 

(S m -1) 

𝜎 a  𝐻+ 𝑁𝑎+ 0.0341 0.00646 0.908 

𝜎 s 𝐻+ - 0.0353 0 2.52 

𝜎 b 𝑂𝐻− 𝐶𝑙− 0.0184 0.00697 0.772 

Dynamic viscosity 

(Pa s) 

𝜇 a  𝐻+ - 2.8E-9 0 0.928E-3 

𝜇 s 𝐻+ - 2.8E-9 0 0.928E-3 

𝜇 b 𝑂𝐻− - 0.215E-6 0 0.927E-3 

Ion diffusivity 

(m s-2) 

𝐷𝐻 a  𝐻+ - -1E-13 0 2E-9 

𝐷𝑁𝑎 a  𝑁𝑎+ - -5E-14 0 1E-9 

𝐷𝑂𝐻 a  𝑂𝐻− - 0 0 4E-9 

𝐷𝐶𝑙 a  𝐶𝑙− - -7E-14 0 2E-9 

𝐷𝐻 s 𝐻+ - -1E-13 0 2E-9 

𝐷𝑁𝑎 s 𝑁𝑎+ - -5E-14 0 1E-9 

𝐷𝑂𝐻 s 𝑂𝐻− - -1E-13 0 5E-9 

𝐷𝐶𝑙 s 𝐶𝑙− - -7E-14 0 2E-9 

𝐷𝐻 b 𝐻+ - 0 0 8E-9 

𝐷𝑁𝑎 b 𝑁𝑎+ - -2E-13 0 1E-9 

𝐷𝑂𝐻 b 𝑂𝐻− - -5E-13 0 5E-9 

𝐷𝐶𝑙 b 𝐶𝑙− - -2E-13 0 2E-9 
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