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Abstract 

Research on flow batteries based on water dissociation and acid-base neutralization reactions 
at bipolar membranes is driven by the possibility of a low-cost and environmentally friendly 
technology. However, their application in energy storage requires a high round-trip 
efficiency, which has yet to be realized. In order to establish which critical factors determine 
their efficiency, this work examines the distribution of potential and concentration in a 
laboratory scale acid-base flow battery by using fundamental models. Transport mechanisms 
of diffusion, convection and migration were incorporated into the Nernst-Planck equation. 
Water dissociation during the charging step was modeled by the second Wien effect 
combined with the catalytic effect produced by functional groups or by catalysts present in 
the bipolar junction and compared to the water dissociation equilibrium model. The discharge 
was modeled by neutralization reaction kinetics and was also compared to the equilibrium 
model. All model parameters were firmly established and were determined or estimated from 
information available from the membrane supplier or the literature. The current-potential 
behavior predicted by the model for both charge and discharge closely matches experimental 
data and provides a lead for future work on full-scale modeling of acid-base flow batteries. 
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1. Introduction 

Electrochemical energy storage technologies continue to gain relevance owing to the 

possibility of enabling the full integration of renewable power sources, such as wind and 

solar, into the power grid [1,2]. This is likely the most feasible path towards achieving 

sustainability and mitigating the environmental impact of carbon emissions. Among these 

technologies, those based in salinity and acidity gradients are considered promising [3,4], 

given the extreme abundance, low cost and low toxicity of the required substances [5,6]. In 

particular, reverse bipolar electrodialysis (REDBM) has been presented as an improvement 

over conventional reverse electrodialysis (RED) [3,7,8], which typically relies on the 

availability of river water and seawater [9]. REDBM is especially advantageous as it provides 

a significantly higher voltage per unit cell due to the large pH gradient across bipolar 

membranes (BM) [3,7,8]. More recently, research on REDBM has focused on flow batteries 

[6], i.e., rechargeable devices in which the electrolytes are continuously recirculated between 

membrane stacks and electrolyte holding tanks. This configuration has the advantage of 

scalability, modularity, safety and sizing independence between power rating and energy 

capacity, analogous to redox flow batteries (RFBs) [10]. 

As shown in Fig. 1, the acid-base flow battery (ABFB) considered in this work consists of a 

series of repeating flow cells formed each by a BM, an anion exchange membrane (AEM) 

and a cation exchange membrane (CEM). The stack of membranes is placed between two 

electrodes at which the interconversion of electrons and ions in solution takes place [6]. Four 

electrolytes are required: acid (HCl), base (NaOH), salt (NaCl) and ‘rinse’ (e.g. Na2SO4), the 

latter being confined to the electrode compartments. During charge, bipolar electrodialysis 

consumes electrical energy to produce chemical potential energy. Water is dissociated at the 

BM junction to form H+ and OH- ions which are transported through its cation-exchange and 

anion-exchange layers to the HCl and NaOH compartments, respectively. In other words, 

concentrated solutions of acid and base are formed via the dilution of the salt solution. The 

other ions, Na+ and Cl-, are transported through AEMs and CEMs, respectively, so that the 

macroscopic electroneutrality is kept. During discharge, concentrated solutions of acid and 

base are neutralized at the BM junction through REDBM to generate electrical energy and a 

concentrated salt electrolyte, with ions moving in the overall opposite direction. Water 
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electrolysis usually takes place at the electrodes in both cases [11,12], although its 

substitution by electrochemical reactions of dissolved redox couples may be possible [8,13].   

 

 
Fig. 1. Schematic of the acid-base flow battery concept and the general direction of ion 

transport during the charge and discharge processes. Overall products of electrode reactions 
are shown (water electrolysis). Three repeating unit cells are shown, one of them 

highlighted between dotted lines. Nomenclature: A, anion exchange membrane; B, bipolar 
membrane; C, cation exchange membrane. 

 

Considering only thermodynamics, a volumetric energy density of up to 44 Wh L-3 could be 

realized by neutralizing 4 mol L-1 acid and base solutions [14]. However, only a fraction of 

it can produce work due to non-ideal membranes, ohmic losses and diffusive fluxes, as shown 

for RED systems [15]. Still, an ABFB can theoretically afford an energy density of 11.1 Wh 

L-3 [12,14,16]. Early work by Van Egmond et al. reported an experimental value of 2.9 Wh 

L-3 with 1 mol L-1 of acid and base [14]. Research on ABFBs has thus been directed to the 

improvement of the available volumetric energy density. The difference between theory and 

the current state of the art is mostly due to undesired transport of proton, hydroxyl and salt 

ions, as well as water [12,14]. In order to determine how to improve the performance of the 
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acid-base flow battery, experimental research has been focused on current density-voltage 

behavior at different acid and base concentrations with different charge and discharge 

conditions [12,16,17]. 

Moreover, the overall performance of the system is limited by the rate of water diffusion out 

of the BM [18]. In fact, at higher current densities, the quantity of water generated at the 

CEM/AEM interface can reach a higher rate than water diffusing towards the acid and base 

compartments, which is observed as a steep rise in the resistance of the BM. Under these 

conditions, the two layers of the BM suffer ‘blistering’ and delimitation, together with an 

irreversible loss of functionality. Developers of BMs have focused on increasing water 

permeability at concentrations greater than 2 mol L-1 of acid and base at current densities 

over the present onset of approximately 300 A m-2 [14,19]. Another current limitation is the 

loss of selectivity at acid or base concentrations over 1 mol L-1 at available BMs [12]. 

One of the aspects that has been scarcely explored in these batteries is the modeling of the 

transport of ions through the membranes and solutions coupled with the reactions of water 

dissociation and acid base neutralization. A better understanding of these interrelated 

phenomena is needed in order to clarify the role played by each of the battery components. 

Mathematical models describing ABFB (and RED) experimental behavior are mainly based 

on the Nernst-Planck equation and the electroneutrality condition for solutions and 

membranes [19,20], although other authors have preferred using Nernst-Planck and Poisson 

equations [21]. The transport mechanisms of ions in liquid solutions and membranes are in 

principle the same. However, the convection in a membrane is negligible and very often the 

migration is the dominant mechanism over diffusion [22]. The presence of fixed charges on 

the polymer matrix of the membrane has a profound effect on the ionic flux distribution of 

each species in solution during operation resulting in concentration polarization close to the 

surface of the membrane. The degree of polarization depends on the ion transport rate and 

therefore on the current density. The depletion of ionic species near the surface of the 

membrane decreases the electrical conductivity and increases the electric field in that narrow 

region [23]. In the complete concentration polarization, the concentration of ions near the 

membrane surface approaches zero and appears new charge carriers from the water 

dissociation. The water dissociation process is accelerated by the catalytic effect of charged 
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fixed groups in anion exchange membranes. In bipolar membranes, on the other hand, the 

water dissociation takes place in a very thin region formed in the union of two layers of the 

bipolar membrane where similar conditions prevail in this bipolar junction, particularly the 

very low ionic concentration, high electric field, and catalytic effects [20]. 

Because of the complexity of modeling ion transport through a BM two different approaches 

have been implemented in order to represent the bipolar junction: 1) an abrupt junction and 

2) a neutral layer. Indeed, the rigorous modeling of water transport through membranes still 

remains a challenge [24]. For example, Bassignana and Reiss employed a simplified model 

with symmetrical ion exchange membranes for H+, OH- and salt ions transport through a BM, 

accounting for the local equilibrium condition for water dissociation at the bipolar junction 

[25]. Meanwhile, Kovalchuck et al. analyzed with their model the fractional charge carried 

by H+, OH- and salt ions at under- and over limiting current regimens by assuming a local 

equilibrium for water dissociation at a bipolar junction [26]. 

This works presents the 2D modeling of a single ABFB unit cell that permits to simulate the 

flow battery charge process when a positive current is applied and its discharge process when 

a negative current is applied. The model can determine the concentration distribution of 

chemical species and electrical potential throughout a unit cell, which consists of an AEM, a 

BM, a CEM and its four-electrolyte compartment. As shown in Fig. 1, two of them are fed 

by a NaCl solution, one by a HCl solution and another by a NaOH solution. The ABFB model 

describes the flux of counter-ions and the electric potential as influenced by the flux of coions 

across the BM, plus the zero-current voltage (ZCV). This approach builds on the experience 

provided by the modelling of ion transport through solutions, anionic resins and AEMs for 

the removal of As(V) species in an ion exchange/electrodialysis flow cell developed in 

previous work [23]. There, water dissociation at the solution/AEM interface was successfully 

simulated as a neutral layer. However, the leakage coions (Na+ and Cl-) across the BM is here 

further implemented in order to analyze its influence on the efficiency of the ABFB. We aim 

to show the importance of this strategy in the future full-scale, multi-cell modeling of ABFBs. 

 

 

2. Experimental 
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2.1 Electrolyte solutions and ion exchange membranes 

Solutions of acid, base, salt and ‘rinse’ were prepared in volumes of 1.5 L using analytical 

grade reagents and deionized water with a conductivity 4.5 mS cm-1. The composition and 

concentration of each electrolyte is presented in Table 1. The ion exchange membranes used 

in the study were Fumasep® FKB-PK-130 cation exchange membrane, Fumasep FAB-PK-

130 anion exchange membrane and Fumasep FBM bipolar membrane (Fumatech BWT 

GmbH). Before their use, the membranes were immersed for 48 hours in a 0.5 mol L-1 NaCl 

solution, which was replaced after the first 24 hours by fresh solution. Once the membranes 

were placed in the cell, solutions with the concentration used in the experiment (Table 1) 

were recirculated through the cell for 2 hours. The AEM and AEM had both a thickness of 

0.13 mm, while the BM had a thickness of approximately 0.2 mm after the pretreatment. 

Table 1. Solutions at the different compartments of the ABFB unit cell. 

Solution Composition Concentration 

Acid HCl 0.25 mol L-1 

Base NaOH 0.25 mol L-1 

Salt NaCl 0.25 mol L-1 

Rinse Na2SO4 0.5 mol L-1 

 

2.2 Electrodialysis stack 

The electrodialysis stack used for the ABFB was an ED-100-4ES model (Fumatech BWT 

GmbH), consisting of two frames with ducts and two parallel plane electrodes. In this case, 

two dimensionally stable anodes (DSA®) were used for both the negative and positive 

electrodes. The projected, active surface area of the electrodes and membranes was 98 cm2. 

As shown in Fig. 2a), the components for each repeating unit cell were placed in the following 

order from the negative electrode towards the positive electrode: an electrode, spacer for 

‘rinse’ solution, CEM, spacer for salt solution, AEM, spacer for acid solution, BM and spacer 

for base solution. At the end, an additional CEM, a spacer for ‘rinse’ solution and the positive 

electrode. Woven mesh spacers with integrated polyvinyl chloride gaskets type ED-100-4ES 

(Fumatech BWT GmbH) were used. Three repeating unit cells formed the stack. In the 
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central unit cell, two modified acrylic polymer spacers were placed at both sides of the BM, 

allowing the insertion of Luggin probes, see Fig. 2b). During charge polarization 

(electrodialysis), the negative electrode is the cathode and the positive electrode is the anode. 

 

Fig. 2. Experimental arrangement for ABFB measurements. a) Exploded view of the ABFB 

stack. Nomenclature: a, cation-exchange membrane; b, anion-exchange membrane; c, 

bipolar membrane; d, spacer; e, electrodes; f, frames with ducts; g, terminals. b) Schematic 

of the electrolyte recirculation system for the stack coupled to a battery analyzer. 
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The electrolyte recirculation system is shown in Fig. 2b). It consisted of 4 PVC containers 

with a capacity of 5 L, one for each solution, four DMA15 flow rate sensors (Endress Hauser) 

as well as PVC hoses and pipes of ¼ and ½ in diameter, respectively. Each solution was 

recirculated by a MD-30RT centrifugal pump with 1/16 HP (Iwaki). The volumetric flow 

rate at the electrodialysis compartments was 20 liters per hour (LPH), corresponding to a 

mean linear velocity of approximately 11 cm s-1. The volumetric flow rate in the electrode 

compartments was 150 LPH. The solutions were kept at constant temperature of 43 °C ± 1 

with the help of two thermostatic baths (Thermo-Fisher Scientific) connected to the jacketed 

containers in series. After its assembly, the electrically disconnected experimental 

arrangement was set under constant recirculation of fresh electrolytes (see Table 1) for 

approximately 1,300 s towards reaching steady state at 43 °C. The stack was then connected 

to a LBT21084MC three-phase battery analyzer with a maximum capability of 10 V and 30 

A (Arbin Instruments). In order to measure the difference in potential across the BM, the 

system was set in a four-electrode configuration and two Luggin capillaries were placed at 

both sides of the BM through two perforated acrylic polymer spacers. These probes 

communicated to saturated Ag/AgCl reference electrodes using polytetrafluoroethylene 

tubbing of 1.5 mm external diameter and epoxy resin seals. The working and counter 

electrode terminals were connected to the stack electrodes. 

 

3. Model development 

The 2D model describes the behavior of three membranes that form a single ABFB unit cell 

under steady state flow recirculation at all its electrolyte compartments, emphasizing the 

water dissociation and acid-base neutralization during both charge and discharge. Electrode 

reactions and the ‘rinse’ electrolyte are thus neglected from this study. First, hydrodynamics 

at the flow compartments are calculated from the Brinkman equation, then ion transport at 

membranes and electrolytes is given by the Nernst-Planck equation. Finally, the BM 

processes are considered by establishing a potential difference across a thin liquid layer 

between its two layers, allowing to describe ion concentration profiles, solution and 

membrane potential, resistive losses as well as the voltage of the repeating unit vs. current 



 9 

density. Water dissociation was modeled by the second Wien effect combined with the 

catalytic effect at the bipolar junction and the discharge was modeled by neutralization 

reaction kinetics. Both were compared to the water dissociation equilibrium model. Relevant 

details on each component of the model are explained in the ensuing sections.  

 

3.1 Hydrodynamic model 

The flow of electrolyte inside each of the compartments of the unit cell can be described by 

the Brinkman equation in steady state (Eq. 1) and the continuity equation (Eq. 2). Assuming 

a negligible effect of concentration changes on the hydrodynamics during electrodialysis and 

reverse electrodialysis, the hydrodynamic model can be decoupled from the mass transfer 

model. 

 

𝜌
𝜀!
#(𝐮 ⋅ 𝛻)

𝐮
𝜀!
) = 𝛻 ⋅ +−𝑝𝐈 +

𝜇
𝜀!
(𝛻𝐮 + (𝛻𝐮)")1 − 2

𝜇
𝑘#$

+ 𝛽%|𝐮|6 𝐮 + 𝐅 
(1) 

 

∇ ∙ 𝐮 = 0 (2) 

 

Here, ρ is the fluid density, u velocity, p pressure, µ dynamic viscosity, εp porosity, kbr 

permeability, βF Forchheimer coefficient (which considers density, porosity, permeability, 

and a dimensionless friction factor for the porosity) and F any external force (e.g., gravity). 

The boundary conditions applied to the compartments inside the repeating cell unit (delimited 

with broken lines in Fig. 1) of width W and high L, are: 

 

Cell inlet, at 𝑦 = 0,			𝐮 ∙ 𝐧 = 𝑢!" 

Cell outlet, at 𝑦 = 𝐿,			 <−𝑝𝐈 + &
'!
𝜇(∇𝐮 + (∇𝐮)")> 𝐧 = −𝑝(𝐧 

At the membrane surfaces, 𝐮 = 0 
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External boundaries, at 𝑥 = 0	and	𝑥 = 𝑊, 𝐮 ∙ 𝐧 = 0, <−𝑝𝐈 + &
'!
𝜇(∇𝐮 + (∇𝐮)")> 𝐧 = 0 

 

3.2 Transport of ions 

The mass transport flux of species i by diffusion, migration and convection mechanisms is 

given by the Nernst-Planck equation (Eq. 3). 

 

𝐍𝐢 = −H𝐷*∇𝐶* + 𝑧*𝑢+,*𝐹𝐶*∇𝜙O + 𝐮 ∙ ∇𝐶* (3) 

 

Where Di is diffusion coefficient, Ci is concentration, zi is charge, um,i is ionic mobility, F is 

the Faraday constant, f is electric potential, u is velocity vector and the subscript i refers to 

the transported species. 

The conservation of the species i in each compartment l leads to Eq. 4, where the species 

considered are: Na+ and Cl- in the salt compartment (l = s), H+ and Cl- in the acid 

compartment (l = a), Na+ and OH- in the base compartment (l = b) and H+ and OH- in the 

electrolyte at the BM junction (l = j). 

 

𝜕𝐶!#

𝜕𝑡 = −𝛻 ∙ 𝐍!# + 𝑅! = 𝛻 ∙ 3𝐷!#𝛻𝐶!# − 𝐮𝐶!# + 𝑧!𝑢$,!# 𝐹𝐶!#𝛻𝜑#8 + 𝑅! 
(4) 

 

Where t is time and Ri is the source term, which is non-zero only at the bipolar junction. 

Deviations from electroneutrality that can occur close to the membranes are not considered 

in the model. These equations must fulfill the macroscopic condition of electroneutrality at 

each compartment (Eq. 5).  

 

9𝑧!𝐶!# = 0 (5) 

 



 11 

Thus, the equation set formed by the conservation equations in each compartment and the 

electroneutrality condition defines the concentration of all ions and the electric potential. 

Derived quantities like the flux of each component or the current density can be calculated 

as well. The current density produced by the transport of ions in the liquid solution is 

determined with Eq. 6, where the convective term has been eliminated by applying the 

electroneutrality condition. 

 

𝐣# = 𝐹9𝑧!𝐍!# = 𝐹9𝑧!3𝐷!#𝛻𝐶!# + 𝑧!𝑢$,!# 𝐹𝐶!#𝛻𝜑#8 
(6) 

 

At the membranes, the charge conservation leads to Eq. 7, where current density jm is set 

through the ohmic potential drop with an isotropic conductivity σm, assuming a negligible 

effect of concentration gradient. 

 

∇ ∙ 𝐣$ = ∇ ∙ ;𝐹&93𝑧!𝑢$,!$ 𝐶!$𝛻𝜑$ + 𝑧!&𝐷!$∇𝐶!$8< ≈ ∇ ∙ (−𝜎$∇𝜑$) = 0 (7) 

 

The coupling between the models representing electrolyte compartments to their adjacent 

ion-exchange membranes is carried out through the flux continuity condition and its Donnan 

potentials, which are the boundary conditions to the models on both sides of the solution-

membrane interfaces. At the ion-exchange membrane-solution interface, the flux continuity 

and the Donnan potential are given by Eqs. 8 and 9. 

 

𝐧 ∙ 𝐍!$ = 𝐧 ∙ 𝐍#! (8) 

 

∆𝜑'$ = 𝜑$ − 𝜑# = −
𝑅𝑇
𝑧!𝐹

𝑙𝑛
𝐶!$

𝐶!#
 

(9) 

 

The remainder boundary conditions are: 
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Cell inlet, at 𝑦 = 0, 𝐶!# = 𝐶!,!"#  and 𝐧 ∙ 𝐣#=0 

Cell outlet, at 𝑦 = 𝐿, −𝐧 ∙ 𝐷*-∇𝐶*- = 0 and 𝐧 ∙ 𝐣#=0 

External boundaries, at 𝑥 = 0, 𝜑. = 0 and at 𝑥 = 𝑊, 𝜑( = 𝑉)* and 𝐶!((𝑊, 𝑦) = 𝐶!((0, 𝑦) 

 

3.2 Bipolar membrane model 

BMs are constituted by a cation exchange layer (BCEL) and an anion exchange layer (BAEL) 

and form an interface in between called membrane junction. These membranes have been 

employed in electrodialysis for production or recovery of acids and bases from salts due to 

their ability to generate H+ and OH- ions by water dissociation in the BM junction [20], 

frequently with the help of a catalyst. During charging, a potential difference greater than the 

ZCV is applied to the electrodes so that the charged particles are forced to move from one 

compartment to the other to increase the concentration of HCl and NaOH. During the 

discharge, the ions are transported in the opposite direction and the H+ and OH- ions reaching 

the bipolar junction neutralize each other forming water. See Fig. 3.  

 

The dissociation reaction is a natural process occurring in pure water according to Eq. 10, 

where the forward and backward kinetic constants are kf and kb, respectively. 

 

H&O ⇄ H+ + OH, (10) 

 

At the equilibrium the forward reaction equals the backward reaction and the H+ and OH- 

concentration reach a constant product known as dissociation constant of water (Eq. 11). 

 

𝑘-𝐶.!/
𝑘0

= 𝐶."𝐶/.# = 𝐾1 
(11) 
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Although the water dissociation mechanism in BM junction is still controversial, e.g. see [20] 

and [27], it is commonly accepted that its rate depends basically on two factors: a) the 

magnitude of the electric field, and b) the catalytic effect of the fixed functional groups in 

the membrane and/or the catalyst added. The first of these factors refers to the increase of the 

dissociation kinetic constant by the electric field according to the second Wien effect given 

by Eq. 12 [27–29].  

 

𝑘-2 (𝐸)
𝑘-

= 1 + 𝑏 +
𝑏&

3 +
𝑏3

18 +
𝑏4

180 +
𝑏5

2700 +
𝑏6

56700 +⋯ 
(12) 

 

𝑏 = 0.09636
𝐸
𝜀𝑇& (13) 

 

Where k’f(E) is the forward rate constant for water dissociation under the effect of the electric 

field E, ε is the relative permittivity and T is the absolute temperature. An alternative 

expression analogous to the Butler-Volmer equation for describing the water dissociation 

rate is also available [30], although it is not used here.  

The dissociation rate intensified by the electric field given by Eq. 12 is not enough to explain 

the very high dissociation rate found in BM [18,24]. Thus, the second factor, the catalytic 

effect, generates an additional increase of the dissociation rate. The kinetic scheme of water 

dissociation in the BM junction has been formulated to proceed through the reaction with the 

catalytic groups in the membrane enabling the formation of H+ and OH- ions [31]. The 

analysis of the elemental kinetic steps leads to mathematical expressions of the same form 

that those of the free water dissociation reaction [31]. Thus, the catalytic effect can be 

accounted in the net dissociation reaction rate as: 

 

𝑅." = 𝑅/.# = 𝑎(𝑘2-(𝐸)𝐶.!/ − 𝑘0𝐶."𝐶/.#) (14) 
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In the bipolar junction, water-filled domains and pores are formed where a strong electrical 

field is developed upon applying a potential difference to the cell. However, the geometry of 

these domains is irregular, making the calculation of the electric field and ion distribution 

very complex. Therefore, a simplified model is necessary to describe the water dissociation 

in terms of the electrical field and concentration distribution of ions. The model here 

proposed is based on the simplified scheme depicted in Fig. 3, where a potential difference 

is established through a thin liquid layer between the two membrane layers. The potentials 

of the liquid at the interfaces with the membranes are related to the anion- and cation-

exchange membranes, φam and φcm, by the Donnan potential equation (Eq. 9). Thus, the 

potential of the thin layer of water φbj is between the potentials at the interfaces, φbjam and 

φbjcm.  

 

Fig. 3. Schematic of the bipolar membrane model showing its boundary conditions and ion 

transport during water dissociation. 

 

3.4 Numerical solution of the model 

All equations forming part of the complete model were solved numerically using COMSOL 

Multiphysics® 5.3. The hydrodynamic model (Eqs. 1 and 2) was solved first and its solution 

was stored in the program in order to be later used in the evaluation of the convective term 

of the mass transport model. The mass conservation equations for each species in all 
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compartments l (Eq. 4), along with the electroneutrality condition (Eq. 5) and the dissociation 

model (Eq. 11 or Eq. 14) were solved simultaneously to the charge conservation at the 

membranes (Eq. 7). Continuity conditions and the Donnan potential (Eqs. 8 and 9) were 

implemented in order to couple both types of domains (electrolyte compartments and 

membranes). A structured computational mesh with rectangular elements with progressively 

finer mesh elements towards the solution-membrane interface was used to solve the model. 

Four meshing variables were defined: ny, the number of mesh elements along the y-

coordinate, nx, the number of mesh elements along the x-coordinate in each compartment, 

nmx, the number of mesh elements along the x-coordinate in each membrane and rx, the 

relation ratio between the maximum and minimum mesh element size in each compartment 

in the arithmetic sequence in the x-coordinate. A total of 54,000 rectangular elements 

(ny=300, nx=40, nmx=10, and rx=100) were used after inspection of the mesh size 

independence and verifying the well-resolved concentration profiles at the diffusion layers.  

The model was solved for a given potential difference between the external boundaries of 

repeating unit, 𝑉)* = (𝜑((0, 𝑦) − 𝜑((𝑊, 𝑦)). The conditions, properties and parameters 

required to solve the model at 25°C are given in Table 2. Temperature and concentration 

effects on density and viscosity of the solutions were assessed using reported correlations 

and available data [32–36]. The temperature dependence of the water dissociation constant 

Kw was determined from the data reported by Bandura et al. [37]. Also, the temperature 

dependence of diffusion coefficients was approximated considering that Diμ/T = constant 

[38]. Correlations and details on calculations are given in Supplementary Information. The 

effective diffusion coefficient in the solutions, Dli, required in Eq. 4, can be derived through 

the Bruggemann correction [39], by multiplying the respective property from Table 2 by εp1.5, 

where εp is the void fraction of the spacer in compartments. The ionic mobility was calculated 

using the Nernst-Einstein relationship (um,i = Di/RT). The membrane conductivities were not 

considered constant, since they depend on the membrane concentration of ions. Thus, these 

conductivities were calculated simultaneously with the iterative computing of the model 

through Eq. 7. The diffusion coefficients through the membranes needed to calculate their 

conductivities were obtained, in turn, from reported conductivity data via a procedure 

explained in the Supplementary Information. 
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Table 2. Model parameters and properties at 25°C. 

Parameter or condition Value  

Cell length, L 0.1 m  

Repeating cell unit thickness, W 1.9 mm  

Membrane thickness, Wm 0.13 mm a 

Bipolar membrane layer thickness, Wbl 0.1 mm a 

Spacer thickness, Ws 0.48 mm  

BM junction thickness, δ 4 nm [31] 

Capacity of AEM, Cam 1.2 mol L-1 b 

Capacity of CEM, Ccm 1 mol L-1 b 

Capacity of bipolar membrane, Cb 1 mol L-1 c 

Diffusion coefficient, 𝐷78" 1.334 × 10-9 m2 s-1 [38] 

Diffusion coefficient, 𝐷9## 2.039 × 10-9 m2 s-1 [38] 

Diffusion coefficient, 𝐷." 9.312 × 10-9 m2 s-1 [38] 

Diffusion coefficient, 𝐷/.# 5.26 × 10-9 m2 s-1 [38] 

Density of 0.25 M NaCl, ρNaCl 1007 kg m-3 [32] 

Density of 0.25 M HCl, ρHCl 1003 kg m-3 [33] 

Density of 0.25 M NaOH, ρNaOH 1009 kg m-3 [33] 

Viscosity of 0.25 M NaCl, μNaCl 9.06 × 10-4 kg m-1 s-1 [34] 

Viscosity of 0.25 M HCl, μHCl 9.18 × 10-4 kg m-1 s-1 d 

Viscosity of 0.25 M NaOH, μNaOH 9.20 × 10-4 kg m-1 s-1 [36] 

Void fraction of spacer, εp 0.824 e 

Ionic product for water, Kw 1.02 × 10-14 [37] 

Forward water dissociation constant, kf 2.7 × 10-5 s-1 [30] 

Backward water dissociation constant, kb 1.5 × 1011 L mol-1 s-1 [30] 

a) From supplier data. 

b) From supplier data assuming a density of 1000 kg m-3. 

c) Assumed from the values of AEM and CEM. 
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d) From correlation of reported data. 

e) Calculated from the geometry of woven mesh spacers. 

 

4. Results and discussion 

4.1 Modelling and experimental voltage in bipolar membrane 

Fig. 4 shows the comparison of modelling results and experimental data for the voltage 

between the Luggin probes, placed in the compartments at both sides of the bipolar 

membrane, see Fig. 2b), against current density calculated as the external current divided by 

the active area. During charge, the experimental voltage shows a good agreement with the 

equilibrium dissociation model (EWD), see continuous lines. However, it is evident that the 

experimental voltage during discharge decays faster than the model at current densities over 

350 A m-2, most likely due to the increasing water accumulation at the BM junction. It should 

be noted that the modelled voltage represents the potential difference at the same points 

where the Luggin capillaries were physically placed, and the current density was obtained by 

averaging the current density over the whole membrane surface, which may lead to a small 

deviation.  

The variation of voltage with current density depicted in Fig. 4 is a measure of the resistances 

for ion transport through the bipolar membrane and the diffusion layers on both sides of the 

BM as well as those of the water dissociation and acid-base neutralization reactions. These 

resistances impact in the energy efficiency of the ABFB. The experimental voltage efficiency 

defined as the ratio of the discharge to charge voltage of the data in Fig. 4 produces an almost 

linear relationship with respect to the current density. Thus, the voltage efficiency is 70% at 

200 A m-2 and decreases by ca. 30% every 200 A m-2. The EWD model predictions agree 

closely with experimental voltage efficiency at low current densities and deviate slightly at 

higher current densities over 350 A m-2 as in the case of discharge voltage. 

The dotted lines correspond to two cases of the second Wien effect with catalyzed water 

dissociation (SWE-CWD) model. Each case corresponds to a value where a in Eq. 14 is 

constant. Clearly the SWE-CWD model approaches to the EWD model as the catalytic effect 

increases and both models coincide for a sufficiently high value of the a parameter. 
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According to the results shown and for all practical purposes, the catalytic effect on the BMs 

is strong enough to assume an equilibrium of water dissociation reaction. Thus, the 

subsequent simulations are performed through the EWD model only.  

On the other hand, the ZCV calculated with the EWD model was 0.764 V, while the 

experimental value was 0.743 V, a difference of 0.021 V. This difference in the ZCV causes 

the model prediction to fall slightly above the experimental data in Fig. 4. Such a difference 

between the calculated and measured ZCV was also reported by Xia et al. [12], who observed 

an experimental value of approx. 0.726 V at 43°C and attributed it to the crossflow of coions. 

Thus, the Na+ coions pass through the anionic layer of the bipolar membrane from the NaOH 

compartment to the bipolar junction and from there to the HCl compartment through the 

cationic layer of the BM. Similarly, the Cl- ions cross the BM in opposite direction. These 

mechanisms decrease the Donnan potential by reducing the concentration of H+ ions in the 

cationic layer and OH- in the anionic layer of the BM at the interfaces with the bipolar 

junction.  
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Fig. 4. Comparison of model results and experimental current density and potential 

difference data between two Luggin capillaries located on both sides of the bipolar 

membrane; 2nd Wien effect with different catalytic effect (dotted lines) and equilibrium 

dissociation model (continuous lines).  

 

4.2 Modelling the behavior of ABFB 

The concentration profiles in the diffusion layers at both sides of the BM at a cross-section 

of the cell at a height of L/2 are shown in Fig. 5 at various current densities during the charge 

(positive current densities) and discharge (negative current densities). This follows the 

expected behavior: During charging, the H+ and OH- ions generated at the BM junction are 

transported to the HCl and NaOH compartments, through the cationic and anionic layers of 

the bipolar membrane, respectively, causing an increase of ion concentrations in the diffusion 

layers. During discharge the process is reversed and the H+ and OH- ions, coming from the 

HCl and NaOH compartments respectively are transported to the bipolar junction where they 

are neutralized. It is clear that a higher concentration polarization is achieved in the NaOH 

compartment than in HCl compartment, for a given current density, due to the higher mobility 

of H+ ions in comparison to OH- ions. 
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Fig. 5. Ion concentration profiles in the diffusion layers at both sides of the bipolar 

membrane in the cross-section at a height of L/2 calculated with ion transport and 

equilibrium water dissociation model. The profiles at both sides of the bipolar membrane 

correspond to the current density values indicated in the center of the plot.  

 

The high concentration of H+ and OH- ions at the electrolyte in the interfaces with the BM 

during the charging stage produces a diffusion flux from the interface to the bulk solutions 

in both HCl and NaOH compartments. This diffusion flux diminishes away from the 

membrane until vanishing in the bulk solution. See Fig. 6. The high ionic concentration 

causes greater conductivity at the electrolyte close to the membrane and a smaller electric 

field in the x-direction, as shown by the partial derivative of the potential in Fig. 6. These 

variations of concentration and electric field affect the migration transport, although their 

effects partially counteract each other and a net decrease of migration flux close to the 
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membrane is observed under the prevailing conditions. Thus, ions are transported by a 

migration mechanism in the bulk and only in the region near the membrane the diffusion 

mechanism becomes important. At the interface with the membrane both fluxes are equal for 

a complete exclusion of coions. The total flux in the x-direction, i.e. the sum of fluxes by 

migration and diffusion, is greatest near the membrane highlighting the importance of this 

region for understanding the performance of ABFBs. During discharge, the concentration of 

ions decreases near the membrane surface, decreasing the conductivity and increasing the 

electric field. As in the previous case, the diffusion flux increases near the membrane and 

migration decreases, the net result being again a greater flux near the membrane than in bulk 

solution. 

Fig. 7 shows the electric potential in a cross-section at a half of the height of repeating unit 

cell. The three compartments for HCl, NaOH and NaCl solutions, an AEM, a CEM and a 

BM with its two layers (BCEL and BAEL) are visible. The potential is displayed in each 

medium indicated in Fig. 7 for the charge process in the upper lines and for the discharge 

process in the lower lines at a current density of 200 A m-2, a flow rate of 20 LPH and a 

concentration of 0.25 M for all solutions. The ZCP of the repeating unit cell calculated by 

interpolation of the current vs. voltage model predictions is 0.764 V. This value is equal to 

the ZCP calculated at the position of Luggin probes (see Fig. 4). 
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Fig. 6. Fluxes of H+ and OH- in the x-direction in the adjacent layers of bipolar membrane 

(BM) during charge at 112 A m-2 at a half of the cell height; (○) diffusion, (Δ) migration, 

and (◊) total flux. 

 

According to the model, the potential above ZCP (VRUC - ZCP) required to move the ions 

through both membranes and solutions for a charge step at a current density of 200 A m-2 is 

0.29 V, i.e. the potential difference in the repeating unit cell VRUC is 1.05 V. During discharge 

a potential difference from the ZCP is also required to move the ions through the components 

of the cell in the opposite direction. This difference is slightly larger than that for charging 

owing to small changes in conductivity of solutions and membranes. As noted in Fig. 7, an 

overpotential from ZCV is required due to the ohmic losses at the membranes and electrolyte 

solutions, and to compensate for small differences in Donnan potentials arising from 

concentration polarization. The model also shows the distribution of average potential drops 

among the components of the repeating unit cell: 19% for the three electrolyte compartments, 
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60% for membranes, and 16% for bipolar junction. The overpotential is a critical parameter 

in energy storage applications due to its impact on efficiency. For the results in Fig. 7, the 

voltage efficiency of a unit cell, defined as the ratio of the potential VRUC in discharging to 

that in charging, is 46% at 200 A m-2. It is evident that the limiting components in the unit 

cell are the membranes.  

 

 

Fig. 7. Electric potential distribution in the cross section of the cell at a height of L/2 for 

200 A m-2, HCl, NaOH and NaCl 0.25 M, 20 LPH. 
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The bidimensional distribution of resistive losses per volume or power density losses (kW 

m-3) is illustrated for the charging process of the cell at 1.57 V shown in Fig. 8. Again, the 

greatest losses are found in the membranes and among them the CEM has the greatest losses 

followed by the AEM, then by the ALBM and finally the CLBM. The difference is caused 

by the concentration and mobility of predominant ions in each membrane, which have an 

influence on their conductivity. Thus, membranes with a larger concentration of ions with 

higher diffusion coefficient and mobility (in the order H+ > OH- > Cl- > Na+) exhibit lower 

losses. Likewise, the difference in power density losses among the compartments is due to 

the same order of mobility of ions. There are also differences between the upper and lower 

part of the repeating unit cell caused by concentration changes that produce a slight increase 

of membrane conductivity and current density in the lower part. These concentration changes 

in membranes occur due to the concentration polarization in the electrolyte which is more 

developed in the upper region of the cell. The strongest effect of concentration polarization 

is observed in the NaCl compartment in the neighborhood of the CEM. These changes are 

associated with the formation of stronger electric fields and cause greater energy dissipation. 

On the contrary, on the other side of the CEM, only a slightly increase in resistive losses is 

observed in the NaOH compartment. During the discharge process the opposite takes place, 

i.e. a higher dissipation occurs in the NaOH compartment close to the AEM. The slight 

decrease in resistive losses in the electrolyte layer adjacent to the BM in the HCl compartment 

is also noticeable in Fig. 8. 
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Fig. 8. Resistive losses at the top and bottom of the repeating unit; charge at VRUC = 1.57 V 

and 0.25 mol L-1. 

 

4.3 Concentration, temperature and flow rate effects 

Fig. 9 shows the concentration, temperature and flow rate effects on the voltage efficiency 

and power density generated in a repeating unit cell according to the model. Voltage 

efficiency was calculated with charge and discharge voltages for the same current density. 

The expected efficiency loss with increasing current density is more intense at lower 

temperature and lower electrolyte concentration, as shown by Fig. 9 a) and Fig. 9 b), 

respectively. The power density increases together with current until reaching a maximum 

and then decreases. A temperature increase causes the maximum power density to be reached 

at a higher current density. This is explained by the diminution in electrolyte viscosity and 

the improvement of mass transport owing to the increase of diffusion coefficient and ionic 

mobility according to Nernst-Einstein equation. Equally, the electrolyte conductivity 

increases, lessening the ohmic potential drop. A minor consequence of temperature increase 
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is the diminution of concentration polarization, which causes slight change in the Donnan 

potential. 

Regarding the ion exchange membranes, including the BM, temperature increase improves 

membrane conductivity. Thus, temperature increases the power density due to the higher 

discharge potential reached. This is a consequence of the lower ohmic potential drop and 

changes in Donnan potential, dissociation constant Kw and ZCV. Actually, Kw increases from 

1.02 × 10-14 at 25 °C to 3.63 × 10-14 at 43 °C and ZCV increases from 0.753 V at 25 °C to 

0.764 at 43 °C. Changes in electrolyte concentration, even only at the interface membrane-

electrolyte, modify the concentration of mobile ions in the membranes, according to the 

Donnan equation. This concentration of mobile ions in the membranes also affect their 

conductivity. 

The flow rate has only a minor effect on efficiency and power density, as shown by Fig. 9 c). 

Among the three mechanisms of mass transport, diffusion, migration and convection, 

migration is dominant. Thus, concentration gradients are developed close to the membranes 

giving rise to diffusion fluxes that increase rapidly within a very short distance as shown in 

Fig. 5. The fixed electric charges in the ion-exchange membranes generate a higher mass 

transport number, compared with that of the adjacent solution, and produce such 

concentration gradients. The concentration of ions diminishes in the solution adjacent to 

membranes where ions enter the membrane and increases where ions leave the membrane. 

Thus, an increasing diffusion flux of both counterions and coions towards the membranes is 

developed close to their surface.  
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Fig. 9. Efficiency and power of repeating unit cell as a function of current density at: a) 

different temperatures at 0.25 M and 20 LPH b) different electrolyte concentrations at 43 

°C and 20 LPH, and c) different flow rates at 43 °C and 0.25 M. 
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For the BM and under the model here considered, the migration fluxes reach the same value 

of the diffusion fluxes at the interface with the membrane, see Fig. 6, in the same direction 

for counter ions and in opposite direction for co ions. In this way, the total flux is twice the 

diffusion flux at the interface of the BCEL and BAEL for H+ and OH, respectively. Also, the 

concentration polarization is affected by the flow rate to a minor degree [40]. Thus, no 

significant difference on voltage efficiency and power density at the three flows depicted in 

Fig. 9 c) is observed, indicating that the storage energy process is practically independent of 

the electrolyte velocity, specially a low current density. This behavior agrees with the results 

reported by Sharafan et al. [41]. Indeed, at low current density, far from the limiting current 

density, the ionic fluxes and cell potential VRUC are almost independent of flow rate, but a 

high current density the fluxes show a slightly flow rate effect leading to a higher voltage 

efficiency and power density with higher mass transport. 

The model predicts a strong variation in voltage efficiency in the repeating unit cell 

depending on temperature, electrolyte concentration, and current density. For the conditions 

shown in Fig. 9, the voltage efficiency varies between 22% and 76% in a current density 

range of 100 to 200 Am-2. These values were obtained for the properties of the membranes 

used in the experiments. However, they can be increased by decreasing the resistance of the 

membranes (increasing the conductivity and decreasing the thickness) and improving their 

properties, particularly the proton selectivity of the BM [42]. This can be achieved by 

increasing the permselectivity, water permeability, water dissociation rate and ion exchange 

capacity without losses in mechanical and chemical stability, which can produce gradual loss 

of ion exchange capacity or permselectivity. 

The energy efficiency of a full ABFB with multiple repeating units and electrode reactions 

is lower that its voltage efficiency due to the energy losses caused by the electrode 

overpotentials, the shunt currents through the internal stack manifolds and the pump energy 

consumption, among the most detrimental factors [24]. However, given that the model is 

concerned with the behavior of a representative unit cell under the reaction environment 

expected in upscaled device, the energy consumption of the pumps is neglected in this case 
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as it is more appropriate for the assessment of energy efficiency at the energy storage system 

level. 

 

Conclusions 

An ion transport model coupled to water dissociation and acid-base neutralization reactions 

in a liquid film at the BM junction has been developed. A comparison of the model against 

experimental data can establish that the combined effect of catalysis and strong electric field 

causes an efficient water dissociation equivalent to an equilibrium reaction. Thus, the EWD 

model combined with the ion transport given by Nernst-Planck equation, allowed to predict 

the potential vs. current potential behavior of the bipolar membrane and adjacent electrolyte 

films. The modeling results describe the distribution of important characteristics as well as 

the contribution of different transport mechanisms. These distributions allow to identify 

ineffective regions in the ABFB. In essence, significant improvements are required to the 

membranes in order to produce a viable technology. Thus, the model shows to be a very 

useful tool for analysis of ABFB performance. The analysis of transport mechanisms of 

convection, migration and diffusion point out the important changes that take place in the 

electrolyte films adjacent to membranes on electric field, concentration gradient and ion 

fluxes. However, such changes have minimal effect on voltage at low current densities. The 

model can be also useful to search for better operational conditions and to make estimations 

of performance parameters as efficiency, power density and energy dissipation. 

 

Further work 

Considering that the average potential loss in a repeating unit is ca. 60% for the three 

membranes and 16% for the BM bipolar junction, efforts should focus on the development 

of tailored membranes if ABFBs are to become a feasible technology. For instance, the 

thickness of the BCEL and BAEL could be reduced and their chemical composition and 

structure optimized (e.g. polymer type, equivalent weight, ion exchange capacity, 

permselectivity, addition of a bilayer [43]). This would reduce their resistivity and possibly 

increase the rate of water diffusion out of the BM during discharge. The strategy is valid also 
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for AEM and CEM in the repeating units. Regarding the composition of the membranes, this 

should contemplate improved or sufficient chemical stability and mechanical resistance, even 

if their thickness is decreased. The concentration and type of catalyst at the BM junction 

could also be modified so as to achieve lower water-splitting overpotentials [20]. Although 

the design trade-offs between these characteristics are challenging, improvements are 

certainly possible, since the membranes presently available in the market have been designed 

for conventional electrodialysis operations (e.g. large-scale desalination or manufacture of 

specialized salts [42]) and not for energy storage. 
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