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In the context of renewable energy sources, storage systems have been proposed as a solution to the issues 

related to fluctuations in the production and consumption of electric power. The EU funded BAoBaB project is 

aimed at developing the Acid/Base Flow battery (AB-FB), an environment-friendly, cost-competitive, grid-scale 

battery storage system based on the cyclic coupling of Bipolar Membrane ElectroDialysis (BMED) and its 

reverse, the Bipolar Membrane Reverse ElectroDialysis (BMRED) (Pärnamäe et al., 2020). Bipolar membranes 

promote catalytically water dissociation, thus allowing the storage of electric power in the form of acidic and 

alkaline solutions (pH gradient), obtained from their corresponding salt (charging mode – BMED), which are 

then recombined to provide electrical power (discharging mode – BMRED). The membranes are key elements 

for the process performance; however, the energy conversion efficiency is also affected by the operating 

parameters of the process and the design features of the stack. 

In this work, we performed a sensitivity analysis by a mathematical multi-scale model previously developed 

(Culcasi et al., 2020a). The performance of AB-FB systems was predicted, focusing on the Round Trip 

Efficiency. Results showed that proper design features made the effect of parasitic currents negligible. 

Moreover, proper operating conditions maximized the RTE up to 66%. 

1. Introduction 

Recently, there has been an increase in the demand for energy from renewable sources (Zappa et al., 2019). 

However, there is an imbalance between the supply and demand of energy from intermittent sources such as 

solar and wind. In order to reduce this imbalance, it is necessary to develop storage systems with large capacity, 

i.e., at the scale of kWh to MWh. These accumulation devices must meet requirements in terms of sustainability 

and safety, as well as durability and economic affordability. Storage systems can be classified based on the way 

they store energy (Luo et al., 2015). In recent years, flow batteries, which store energy in the form of electrolyte 

solutions flowing through them, have been increasing in popularity among the various electrochemical systems 

(Soloveichik, 2015). Flow batteries are capable of meeting all performance requirements, but currently imply 

high costs and environmental problems (Díaz-Ramírez et al., 2020). 

In this context, the Acid / Base Flow Batteries represent an innovative, safe and sustainable way to accumulate 

electricity (van Egmond et al., 2018). The AB-FB is an electro-dialytic battery, whose operating principle is based 

on the water dissociation / recombination reaction performing acid and base production / neutralization (Figure 

1). In particular, the Bipolar Membrane ElectroDialysis (BMED) produces acidic and basic solutions during the 

charging phase (Gurreri et al., 2020). The reverse process, i.e. the Bipolar Membrane Reverse ElectroDialysis 

(BMRED), uses these solutions in order to generate electricity during the discharging phase (Zaffora et al., 

2020). An AB-FB module (stack) consists of several repetitive units called triplets. In turn, a triplet is made up 

of spacers and ion-exchange membranes. Each spacer occupies the gap between two membranes, thus 

forming a channel. In a triplet there are three different ion-exchange membranes: the anionic, the cationic and 



the bipolar membrane. The bipolar membrane is essentially made up of a cation and an anion exchange layer, 

one on top of the other (Pärnamäe et al., 2021). Moreover, in the triplet there are three different channels: the 

acid, base and salt channel. 

 

Figure 1: Acid/Base Flow Battery scheme (Culcasi et al., 2020a). 

In principle, it is possible to achieve an energy density of 22 kWh m-3 of one solution when using acid and base 

solutions at 1 M. However, van Egmond et al. (2018) experimentally measured 5.8 kWh m-3. These energy 

density values are similar to those typical of the more common Compressed Air Energy Storage systems and 

Pumped Hydroelectric Systems (4 kWh m-3 and 1.3 kWh m-3, respectively). However, the application of these 

technologies is limited by geographic constraints (Luo et al., 2015). The AB-FB is not affected by these 

limitations, but presents the drawback of a lower energy density compared to Li-ion or Lead-Acid batteries (400 

kWh m-3 and 60 kWh m-3, respectively). Nevertheless, AB-FBs discharge times are in the order of hours rather 

than minutes. 

The AB-FB technology has been poorly studied so far. Kim et al. (2016) observed a constant performance over 

nine cycles and produced a maximum power density of 2.9 W m-2 of total membrane area using a single-cell 

stack fed with HCl-NaOH solutions at a maximum concentration of 0.7 M. 

Using a single-cell unit and 1 M solutions, van Egmond et al. (2018) performed nine cycles, obtaining a power 

density of the order of 3.7 W m-2. Furthermore, a maximum Round Trip Efficiency of 13.5% along with energy 

densities of 5.8 kWh m-3 (of one solution) was reported. Undesirable protons and hydroxyl ion fluxes resulted in 

nearly 50% loss of energy, thus causing low coulombic efficiencies, on average 20%. Furthermore, due to high 

values of stack resistance, the voltage efficiency was relatively low. At high values of current densities, there 

was the risk of delamination of the bipolar membrane caused by a water diffusion rate lower than the rate of 

proton and hydroxide recombining. Therefore, the discharge current density was limited to 15 A m-2. Overall, 

customized membranes with high-performance features are required to achieve higher power densities, as well 

as process efficiencies. 

Likewise, the results presented by Xia et al. (2018) provided similar conclusions with a single-triplet stack 

operated up to twenty cycles. By testing stacks with up to twenty triplets fed by 1 M solutions, Xia et al. (2020) 

produced a maximum power density of 15 W m-2, observing large detrimental effects of parasitic currents via 

manifolds. 

Zaffora et al. (2020) studied the BMRED process under different operating conditions, reporting a maximum 

power density of 17 W m-2, and estimating an energy density of 10 kWh m-3 (1 M HCl-NaOH). 

This literature review highlights that it is essential to refine the AB-FBs competitiveness in terms of economic 

and technological properties. For this purpose, it is crucial to evaluate the battery performance with a 

comprehensive modelling tool. 

In a previous work (Culcasi et al., 2020a) a process model was purposely developed and validated with original 

experimental data. In the present work, the model was used to study the performance of the AB-FB by a 

sensitivity analysis to the main operating conditions and to the channel size. 

2. Method 

Co-ion leakage is recognized as one of the main phenomena that negatively affect the AB-FB performance. 

However, there are other phenomena occurring at different spatial scales, including ohmic and non-ohmic 

voltage drops, concentration polarization, pressure drops, and parasitic currents. Unlike pressure drops and 

concentration polarization (Gurreri et al., 2013), parasitic currents that pass through the collectors and 

distributors may worsen significantly the performance of AB-FBs, and they typically arise in stacks with a high 



number of triplets. An effective simulation tool should simultaneously take into account all of these phenomena, 

as well as reciprocal influences, when modelling the performance parameters of the battery. The model used 

for the present simulation analysis was developed by a multi-scale structure and four dimensional scales or 

levels. The external input of the model is represented by the electrochemical and transport properties of the 

membranes. This simulation tool allows for studying the performance of the AB-FB module across variations in 

the stack design (e.g. spacer thickness, spacer length), as well as across different operating conditions (e.g. 

current density, mean flow velocity). This integrated model was presented in a previous work (Culcasi et al., 

2020a) along with a validation with experimental data at various operating conditions.  

The present simulations regard a batch configuration, where the electrolyte solutions are continuously 

recirculated into the containers until a target concentration is reached, specifically in terms of the HCl 

concentration in the acid tank.  

The results that will be shown in the next section, refer to the Round Trip Efficiency, calculated as follows,  

𝑅𝑇𝐸 = 𝐶𝐸 × 𝑉𝐸 =
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where 𝐶𝐸 and 𝑉𝐸 are the Coulombic Efficiency and the Voltage Efficiency, respectively, 𝐼𝑒𝑥𝑡 is the electric current 

in the external circuit, 𝑈𝑒𝑥𝑡 is the external voltage, which coincides with the stack voltage, 𝑡 is the process time, 

and the subscripts c and d refer to charge and discharge, respectively.  

Coulombic Efficiency and Voltage Efficiency are calculated as 

𝐶𝐸 =
∫ 𝐼𝑒𝑥𝑡,𝑑  𝑑𝑡

𝑡𝑑
0

∫ 𝐼𝑒𝑥𝑡,𝑐  𝑑𝑡
𝑡𝑐

0

  (2) 

𝑉𝐸 =
𝑡𝑐 ∫ 𝑈𝑒𝑥𝑡,𝑑  𝑑𝑡

𝑡𝑑
0

𝑡𝑑 ∫ 𝑈𝑒𝑥𝑡,𝑐  𝑑𝑡
𝑡𝑐

0

   (3) 

The Round Trip Efficiency is a useful figure of merit of the energy storage devices. Indeed, it accounts for both 

the energy collected during the discharge phase and the energy provided to the system during the charge phase. 

An ideal storage device with 100% of RTE would provide in discharge the same amount of energy that was 

consumed in charge. However, due to internal losses, there is an imbalance between the energy collected 

during the discharge and the energy input during the charge, which leads to a decrease in the RTE. For example, 

the most commonly used storage technologies, such as Compressed Air Energy Storage (CAES) or Pumped 

Hydro Storage (PHS), have RTE values within the ranges 42-89% and 65-85%, respectively (Bullich-Massagué 

et al., 2020).  

Moreover, in order to evaluate the impact of the parasitic currents via the manifolds, the loss of RTE (𝑅𝑇𝐸𝑙𝑜𝑠𝑡) 

with respect to the ideal case without parasitic currents was calculated: 

𝑅𝑇𝐸𝑙𝑜𝑠𝑡 = 𝑅𝑇𝐸𝑛𝑜 𝑝𝑎𝑟 − 𝑅𝑇𝐸  (4) 

in which 𝑅𝑇𝐸𝑛𝑜 𝑝𝑎𝑟 is the RTE computed by using a simplified model, which neglects parasitic currents.  

The storage capacity of the AB-FB is given by the volumes and concentrations of the electrolytes. The present 

simulations were performed with the initial acid (𝑉𝑡,𝑎), base (𝑉𝑡,𝑏) and salt (𝑉𝑡,𝑠) volumes calculated as follows:  

𝑉𝑡,𝑎 = 𝑉𝑡,𝑏 =
𝐿×𝑏

0.476×0.44
 0.01  (5) 

𝑉𝑡,𝑠 = 6 × 𝑉𝑡,𝑎  (6) 

in which 𝐿 and 𝑏 are the spacer length and width, respectively. 𝑉𝑡,𝑎 and 𝑉𝑡,𝑏 (m3, Eq. 5) were related to the reference 

length and width, and corrected according to the actual length and width (see Table 1). 𝑉𝑡,𝑠 (Eq. 6) has been chosen 

in order to satisfy a fixed volumes ratio 𝑉𝑡,𝑎: 𝑉𝑡,𝑏: 𝑉𝑡,𝑠 equal to 1:1:6.  

Table 1 shows the input parameters used for the present sensitivity analysis. The simulations were performed 

by varying both the operating and design parameters of the process, whilst running single cycles of the battery. 

The simulations were performed with a stack design that reduces pressure drops. Moreover, parasitic currents 

through the manifolds are expected to be negligible because of the low number of triplets used as well as the 

low value of the manifolds area (Culcasi et al., 2020b), i.e. a single rectangular hole of 400 mm2. The fixed or 

reference values of the present simulations correspond to the features of the AB-FB pilot plant of the EU funded 

BAoBaB project (Pärnamäe et al., 2020). The stack is composed by 8 blocks, each with 7 triplets. A single 7-

triplet block was simulated because each of them is a repetitive unit. The electrode compartments were simply 

simulated as ohmic elements by a blank resistance, including the contribution of the end-membrane (i.e. AEM), 

evaluated experimentally. 



Table 1: Input of the multi-scale model for the sensitivity analysis.  

Membrane properties 

   units AEM CEM BPM 

Thickness µm 75 75 120 

Areal resistance Ω cm2 4 3.5 5 

H+ diffusivity m2 s-1 2×10-11 0.7×10-11 - 

Na+ diffusivity m2 s-1 1.6×10-11 0.5×10-11 - 

OH- diffusivity m2 s-1 1.9×10-11 0.6×10-11 - 

Cl- diffusivity m2 s-1 1.7×10-11 0.6×10-11 - 

Fixed charge group mol m-3 5,000 5,000 - 

Design parameters 

 units fixed/reference variable  

Number of triplets - 7   

Spacer length, L m 0.44 0.1-0.5  

Spacer width, b m 0.476   

Spacer thickness, H µm 475 300-700  

Manifold area mm2  400   

Operating conditions at the beginning of the charge 

HCl concentration in the acid tank mol m-3 50   

NaCl concentration in the acid tank mol m-3 250   

HCl concentration in the salt tank mol m-3 10   

NaCl concentration in the salt tank mol m-3 500   

NaOH concentration in the base tank mol m-3 50   

NaCl concentration in the base tank mol m-3 250   

Target concentrations and fluid velocity 

HCl target at the end of the charge mol m-3 1000 600-1000  

HCl target at the end of the discharge mol m-3 50 50-400  

Mean flow velocity during charge cm s-1 0.5 0.5-5  

Mean flow velocity during discharge cm s-1 0.5 0.5-5  

Electrode compartments and external electric circuit 

Blank resistance Ω cm2 12   

Charge current density A m-2 100 100-170  

Discharge current density A m-2 30 30-130  

3. Results and discussion 

The first analysis was conducted by allowing the charge / discharge external current to vary (Figure 2). 

  
(a) (b) 

Figure 2: Contour maps of the Round Trip Efficiency a), and of the loss of Round Trip Efficiency due to parasitic 

currents b) as functions of the charge and discharge external current densities. 



As shown by the contour map in Figure 2a, the RTE values decrease with increasing charge and discharge 

external current densities. Particularly, RTE ranges between 38% and 60%. As the current density increases, 

the Coulombic Efficiency increases, but the Voltage Efficiency decreases more markedly, thus leading to a 

reduction in RTE. The maximum RTE was found to be close to the origin of this contour map. Therefore, lower 

current densities should be considered to maximize the RTE. However, low values of current density in 

discharge would provide low values of power density. 

As reported in Figure 2b, the RTE loss due to parasitic currents is mostly less than 1%, thus proving the 

negligible effect of shortcut currents using the present battery design. 

The effect of fluid velocity and target concentration is reported in Figure 3. 

  
(a) (b) 

Figure 3: Contour maps of the Round Trip Efficiency as functions of a) the charge and discharge mean flow 

velocity and b) HCl concentration in the acid tank at the end of charge and discharge. 

As shown in Figure 3a, the higher the mean flow velocities, the higher the Round Trip Efficiency, with more 

significant effects due to the fluid velocity in the discharge phase. However, by increasing the mean flow 

velocities for both charge and discharge from 0.5 to 5 cm s-1, the highest increase of RTE is low (5%). This is 

due to a double effect. On one side, the relative increase of the discharge over the charge time, and on the 

other side, the relative increase of the average power density of the discharge over that of the charge. The RTE 

is less sensitive to the fluid velocity (Figure 3a) than to the current density (Figure 2). Moreover, the increase of 

gross RTE should be weighed up against the increase of pumping power which, in turn, will affect the net RTE. 

However, the stack design considered here was found to have low values of pressure drops, which were 

estimated to be within the range 0.03%-3.3% of RTE, thus making their effect on the battery performance 

negligible. In Figure 3b, the effect of using different concentrations is shown. Particularly, different target 

concentrations at the end of the charge and discharge were set. It was observed that the higher the discharge 

target, the lower the RTE. Specifically, there is a sharp drop of 10% of RTE by increasing the concentration 

from 50 mol m-3 to 400 mol m-3. This is mainly due to the reduction of the Coulombic Efficiency when increasing 

the average concentration of the discharge. In contrast, by keeping the discharge target concentration constant, 

there is an initial increase of the RTE when increasing the target concentration of the charge, then followed by 

a decrease of RTE. However, the effects of the charge target concentration are smaller. Overall, the variation 

of RTE is slightly lower than that observed by changing the current density. A maximum RTE of 62.4% was 

obtained at target concentrations of 50 mol m-3 and 700 mol m-3 for the discharge and charge, respectively.  

Two design parameters were also studied, which are the spacer thickness and the channel length. Regarding 

the thickness of the spacer, the simulation analysis revealed that, in the range between 300 µm and 700 µm, 

the RTE remained almost unchanged. Instead, the effects due to channel length were significant. In fact, by 

increasing the length from 0.1 m to 0.5 m, an increase in RTE from 46% to 61% was obtained. As the channel 

length increased, there was no appreciable variation in Voltage Efficiency. However, a significant increase in 

Coulombic Efficiency was observed, thus leading to an increase in RTE. The increase in Coulombic Efficiency 

can be attributed to the indirect effect of the increase in the tank volume with the longer length of the channel, 

as shown in Equation 5. Therefore, in relative terms, there was a greater increase in the discharge time 

compared to the charge time, which thus enhanced the Coulombic Efficiency, as mentioned above. 



4. Conclusions 

In this work, the performance of an Acid/Base Flow battery was investigated by a sensitivity analysis conducted 

by a process model. The choice of proper operating conditions and design features allows better performance 

in terms of Round Trip Efficiency. In the present simulations, parasitic currents via manifolds were found to be 

negligible, as they accounted for a loss of RTE less than 1%, thanks to suitable geometrical features (low 

number of triplets and small manifold area). Among the operating conditions, the RTE was more sensitive to the 

current density and, to a slightly lesser extent, to the target concentrations. Instead, much smaller effects were 

due to the fluid velocity. Overall, a maximum RTE of 60-66% was obtained by changing the operating conditions. 

Regarding the design features of the stack, the spacer thickness had only minor effects on the RTE, while the 

channel length enhanced the RTE from 46% to 61% when increasing from 0.1 m to 0.5 m. Future developments 

of the AB-FB technology can be pursued by larger and more detailed analyses, including optimization studies. 
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