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A B S T R A C T   

Bipolar membrane electrodialysis (BMED) is a technology combining solute and solvent dissociation to produce 
chemicals. In the recent decades, it has been typically studied for the production of valuable acid and base so-
lutions from salt streams. Although many works have been devoted to the experimental investigation of BMED, 
only a few efforts have focused on its mathematical modelling. In the present work, a comprehensive process 
model based on a multi-scale approach with distributed parameters is presented for the first time. Five models 
related to four different dimensional scales were fully integrated to form a comprehensive tool. The integrated 
model was developed by using the process simulator gPROMS Model builder and was based on a semi-empirical 
approach combining high prediction accuracy and low computational demand. Once validated through a wide 
range of experimental data, the model capability was shown by carrying out a broad sensitivity analysis assessing 
the performance of the BMED technology for industrial-scale applications. Results showed how the performance 
of a BMED unit changes with both varying process conditions and the installed membrane area. Particularly, the 
non-ideal phenomena that reduce the produced NaOH concentration and increase the energy consumption were 
thoroughly investigated. Finally, this study demonstrated that a Levelized Cost Of Caustic Soda of about 280 € 
ton-1

NaOH can be obtained, thus making this technology a possible candidate for the industrial production of 
caustic soda from brines in the future.   

1. Introduction 

Bipolar membrane electrodialysis (BMED) is an efficient method for 
the production of acid and base solutions [1]: its eco-friendly qualities 
have attracted increasing attention from both academia and industry 
[2,3]. A BMED device is characterized by the presence of bipolar 
membranes (BPMs) that allow the water to dissociate, separating proton 
and hydroxide ions, thus producing acid and base solutions. A scheme of 
the BMED process is depicted in Fig. 1. The repetitive unit of a BMED 
stack is named cell (or triplet) and it is composed of three channels (i.e., 
saline, basic and acid channel) and three different ion-exchange mem-
branes, IEMs (i.e., an anion-exchange membrane AEM, a cation- 
exchange membrane CEM and a BPM). 

In principle, fresh water enters the acid and base channels while salt 
water enters the salt channel (inlet streams in Fig. 1). In the interlayer of 
the bipolar membrane, thanks to the applied voltage, water dissociation 
occurs thereby producing proton ions and hydroxide ions driven to-
wards opposite directions by the electric field (Fig. 1). The salt ions in 
the salt channel are also forced to move towards opposite directions 

depending on their charge. As a result, the production of the acid and 
base is achieved. 

BMED is a very versatile technology as it may be used for synthesis 
processes and, very recently, it has been proposed in its reverse mode, 
namely the Bipolar Membrane Reverse ElectroDialysis (BMRED) [4], 
which allows the production of energy from the acid and base neutral-
ization. The BMED-BMRED combination has recently been studied for 
energy storage [5]. 

1.1. Industrial applications of the BMED process 

BMED has been studied for the production of several organic and 
inorganic acids, as well as alkaline solutions. BMED may be used in the 
food industry [6], chemical and biochemical productions [7], and 
wastewater treatment [3,8]. For example, BMED can produce high value 
citric acid [6], which can be used in food and pharmaceuticals [6,9]. 
Formic acid is also a potential output of BMED [10], and this has been 
shown to be an efficient process despite the well-known acid diffusion 
phenomenon. Unlike other methods, BMED has the advantage of the 
concurrent production of an alkaline solution (e.g., sodium hydroxide), 
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which can be sold or re-circulated into other processes [11]. Therefore, 
BMED may be smartly employed in those processes that need pH- 
control, e.g. whey acid neutralization [12–16]. Furthermore, BMED 
can also be utilised to recover other high value resources, including 
lithium and boron, with high separation efficiency [17–19]. 

Another possibility is the use of BMED for the recovery of sodium 
chloride streams [20], or in the desalination industry [21–23], by con-
verting the saline input into hydrochloric acid and sodium hydroxide 

solutions. HCl can be recirculated into the pre-treatment steps of the 
plant [22], and both acid and base can be used for membrane cleaning. 
Finally, the desalination of the brine allows it to be recovered, achieving 
a circular economy with zero liquid discharge [24,25]. The energy 
consumption of BMED depends on the operating conditions, with ranges 
of 2.3–17 kWh kg− 1 of NaOH produced at concentrations ranging be-
tween 0.18 M and 2.4 M [22], or 1.3–18 kWh kg− 1 of HCl produced at 
concentrations ranging between 0.45 M and 1.99 M [22,23]. The 

Nomenclature 

Symbols 
a (mol m− 3) ion activity 
A (m− 2) membrane area 
b (m) spacer width 
C (mol m− 3) molar concentration 
CapitalCost (€) initial total capital investment 
CostElectricity (€ y-1) annual cost of the electricity consumed by the 

BMED 
d (m) generic thickness 
D (m2 s− 1) diffusion coefficient 
E (V) triplet electromotive force corrected for concentration 

polarization 
F (C mol− 1) Faraday constant 
i (A m− 2) current density 
I (A) current intensity 
Iloss (-) % parasitic loss of current 
J (mol m− 2 s− 1) effective molar flux 
L (m) spacer length 
Lp (ml m-2h− 1 bar) osmotic permeability 
LCoNaOH (€ ton-1

NaOH) Levelized Cost of NaOH 
M (g mol− 1) molar mass 
Mass (ton) annual mass of caustic soda produced 
N (-) number of triplets 
O&M (€ y-1) annual cost of operation 
PPD (W m− 2) pumping power density 
Q (m3 s− 1) volume flow rate 
r (-) discount rate 
R (Ω) generic electric resistance 
Rg (J mol− 1 k− 1) gas constant 
SECm (kWh kg− 1 

NaOH) Specific Energy Consumption per kg of 
NaOH 

SECm,net (kWh kg− 1 
NaOH) Net Specific Energy Consumption per kg of 

NaOH 
SECv (kWh m− 3) Specific Energy Consumption per m3 of alkaline 

solution 
SP (kg m− 2 y-1) Specific productivity 
t (s) time 
ti (-) ion transport number 
t*
i (-) apparent ion transport number 

T (K) temperature 
TR (s) residence time 
u (cm s− 1) mean channel flow velocity 
U (V) potential difference applied to all the triplets 
Uext (V) overall applied potential 
V (m3) generic volume 
ΔV (V) generic voltage difference 
X (mol m− 3) fixed charge density in the membrane 
y (y) year 
z (-) ion charge 

Greek letters 
ηc,OH− (-) OH– current efficiency 

τNaOH (-) NaOH yield 

Subscripts/superscripts 
a acid 
av average over the triplet 
AEL anionic exchange layer 
b base 
bl blank 
BPL bipolar membrane layer 
c collector 
cell repeating unit (triplet) 
co co-ion 
ct counter-ion 
CEL cationic exchange layer 
d distributor 
diff diffusive 
ext external 
i ion species 
IEM ion exchange membrane 
in inlet 
int interface 
k generic cell-triplet in the stack 
left left side 
lim limiting 
m membrane 
man manifold 
mig migrative 
out outlet 
right right side 
s salt 
sol solution 
tr transition region (interlayer) 
x lateral (i.e., up or down) 
y year 

Acronyms/abbreviations 
AEL Anion-Exchange Layer 
AEM Anion-Exchange Membrane 
BMED Bipolar Membrane ElectroDialysis 
BMRED Bipolar Membrane Reverse ElectroDialysis 
BPM Bipolar Membrane 
CEL Cation-Exchange Layer 
CEM Cation-Exchange Membrane 
CFD Computational Fluid Dynamics 
DSA Dimensionally Stable Anode 
ECTFE Ethylene ChloroTriFluoroEthylene 
ERS Electrode Rinse Solution 
FCD Fixed Charge Density 
IEC Ion Exchange Capacity 
LCoNaOH Levelized Cost Of Caustic Soda 
NET Non-Equilibrium Thermodynamic 
N-P Nernst-Planck 
PVC Polyvinyl chloride 
SD Swelling Degree  
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common range of current densities is 250–1,000 A m− 2 [26], but it can 
be up to 2,000 A m− 2 with certain bipolar membrane (BPM) charac-
teristics [27]. However, current densities as high as 500 A m− 2 are a 
good compromise between reducing the membrane area [10] (and, thus, 
the capital cost [28]), and limiting the ohmic losses. 

1.2. Modelling of the Bipolar membrane electrodialysis: state of the art 

Although BMED has been widely investigated by experimental 
works, further studies are required to develop effective simulation tools 
that are able to predict the functioning, to optimize the systems, and 
eventually to drive the scale-up to the industrial level [29]. Table 1 gives 
an overview of different BMED modelling approaches, highlighting 
some of their relevant characteristics. 

The models presented so far are simplified tools with lumped pa-
rameters, based at least on three empirical parameters [30], and with 
six-eight constants on average [31]. Mass balances are commonly 
included to predict the outlet concentrations from the unit [31,32]. 
However, only one model takes into account local mass balances [33] 
(distributed parameters). 

Regarding the trans-membrane flux calculations, the Nernst-Planck 
(N-P) approach is generally used [26,33–36], while the membrane 
fluxes are described by the non-equilibrium thermodynamics (NET) in 
some cases [37]. The concentrations at the membrane side of the 
solution-membrane interface are evaluated by applying the Donnan 
equilibrium equations [33,36,38]. 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 
[38]. Among others, this phenomenon is related to the diffusion-limited 
current at the monopolar membranes in the salt channel [37,39] (this 
should not be confused with the first bipolar limiting current [27]). 
Indeed, the diffusion-limited current is theoretically obtained when the 
electrolyte concentrations at the interface become zero [40]. 

Aside from very few cases ([33,36,38]) all the models presented in 
Table 1 do not take into account the ion concentrations in the membrane 
phase, as well as the Donnan equilibrium at the solution-membrane 
interfaces and the effect of the diffusion potential on the performance. 

Modelling tools for BMED systems are often limited to the compu-
tation of the migrative flux, while the ion diffusion is taken into account 
only in a few cases [31,37,41]. However, the diffusive flux is important 
for a more complete prediction of the proton leakage through the AEMs 
[32,41], as well as, in general, for predicting the leakage of all co-ions. 
Moreover, the water flux, due to the osmotic and electro-osmotic con-
tributions, has been included only in a few models [32,37]. 

Regarding the voltage-current behavior, the electromotive force has 

Fig. 1. Scheme of a Bipolar Membrane ElectroDialysis (BMED) unit. The purple 
block indicates the triplet (i.e., the repetitive unit of the stack). 

Table 1 
List of the main characteristics of BMED models presented in the literature.  

1 Nernst-Planck. 
2 Non-Equilibrium Thermodynamics. 
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been calculated by using the Nernst equation [35]. The electric potential 
applied to the electrodes is commonly calculated by considering an ideal 
equivalent electrical circuit, in which the electrical current circulating in 
the external circuit is identical to that circulating in the BMED stack (cell 
by cell), thus ignoring the effect of the so-called parasitic currents (also 
known as shunt currents). However, they are a source of irreversibility, 
which dramatically affects the BMED performance [42]. This phenom-
enon arises in a BMED module because the channels of the same type are 
arranged hydraulically in a parallel configuration. This leads to the ex-
istence of salt-bridges, which act as secondary pathways through the 
manifolds, i.e. the distributors and collectors, especially in the case of 
highly conductive solutions. With a fixed target acid/base concentra-
tion, and for any value of internal average current, parasitic currents 
cause an increase in the external current applied by the power supplier. 
Consequently, the BMED consumes higher amounts of energy. 

Although parasitic currents have been characterized for conven-
tional electrodialysis and reverse electrodialysis [42–44], they have 
been poorly studied so far for BMED processes. The effect of shunt 
currents was found to be greater when the internal resistance increases 
[45]. Therefore, the use of low-resistance membranes, as well as of thin 
spacers, may minimize these effects [46]. 

Although the BMED models presented in the literature do not ac-
count for parasitic currents, their predictions agree fairly well with 
experimental data. This is because the model validation has been per-
formed by using BMED stacks with a low number of triplets, within the 
range 1–10, which leads to low or even negligible effects of shunt cur-
rents [42]. Conversely, parasitic currents and their effects can be sig-
nificant in stacks with more triplets, which are of practical interest for 
pilot and industrial applications. Therefore, an effective modelling tool 
able to predict the behavior of a BMED unit by varying the main design 
stack features should include the simulation of shunt currents. 

Finally, the prediction of the BMED performance should incorporate 
the calculation of the pumping power consumption in order to evaluate 
the overall energy requirement. To this purpose, a set of hydraulic 
equations could be beneficial to estimate pressure losses throughout the 
stack, as well as the flow rate distribution channel by channel. 

All the aspects discussed so far may play an important role and 
deserve proper attention: all of the involved phenomena should be taken 
into full account to build a comprehensive tool with high prediction 
capabilities. The mathematical models already developed in the litera-
ture are not inclusive to such an extent, as they focus only on specific 
aspects. Therefore, these models have not a general validity but are 
strictly reliable under certain design and operating conditions only. 
Conversely, a comprehensive mathematical model is needed to thor-
oughly assess BMED systems’ performance, especially at a large scale 
where some detrimental phenomena may be crucial and become the 
actual bottleneck for the technology’s spread. 

This work aims at developing a simulation tool able to simulate 
simultaneously all the main phenomena occurring in BMED units and, 
thus, to provide reliable predictions of the process performance under 
very different conditions and scales. The present mathematical model 
was developed with distributed parameters and with a multi-scale 
approach by also including the simulation of parasitic currents. It was 
implemented to simulate the BMED process for the production of HCl 
and NaOH solutions. Experimental data across a wide range of operating 
conditions were collected to validate the model. A sensitivity analysis 
and a preliminary techno-economic assessment were performed to show 
the model capabilities and the potential application of the BMED 
process. 

2. Experimental 

A lab-scale test-rig was employed to validate the model. The exper-
imental setup was a FT-ED-100 module purchased from Fumatech BWT 
GmbH (Germany) and assembled with fumasep® FAB, FKB and FBM 
anion-exchange, cation-exchange, and bipolar membranes, respectively. 

The BMED unit was assembled with a number of cells (or triplets) 
ranging from 5 to 38. The membrane active area was a 100 cm2 square, 
and the membranes were separated by woven spacers made of PVC/ 
ECTFE and 475 µm thick. The solutions enter/exit respectively the 
channels via 3 inlet/outlet holes of 8 mm diameter. DSA were used as 
electrodes. The blank resistance (due to electrode chambers along with 
the end-membrane, the electromotive force of the anode/cathode re-
actions and the relevant over-voltages) was 72 Ω cm2 when using an 
aqueous electrode rinse solution (ERS) made up of 0.5 M in FeCl2/FeCl3 
(99% ChemSolute) and 0.6 M in HCl. The concentration of FeCl2/FeCl3 
and a mean flow velocity of 3 cm s− 1 in the electrode chambers were 
purposely chosen (as a result of preliminary mass balances calculation) 
in order to avoid any mass transfer kinetic control at the electrodes. HCl 
was added in the ERS to prevent the precipitation of oxy-hydroxide 
compounds. The acid, base and salt feed solutions were prepared with 
demineralized water, HCl (37% Merck), NaOH (98–100% Honeywell 
Fluka) and NaCl (NaCl 99.7% ChemSolute). Acid and base solutions 
were fed with a co-current layout, while the salt solution was fed with a 
cross-flow arrangement. All the solutions were forced to flow through 
the unit by BT601S volumetric pumps (Lead Fluid Technology, CO LTD, 
China). The experiments were carried out either in steady-state once- 
through mode with 10–38 triplets or in dynamic closed-loop mode 
(recirculation of the solutions into the tanks) with 5 triplets, as sche-
matically depicted in Fig. 2. In the former case, the flow velocity was 1 
cm s− 1, while in the latter case it was 0.2 cm s− 1. The experiments were 
conducted at room temperature. A constant electric current was applied 
in each experiment (galvanostatic mode) by using a BK Precision 1902 
DC Power Supply. To check the repeatability of the experiments, a test 
was conducted at the same operating conditions at least twice. Both 
titration and chromatography (Metrohm 882 Compact Ion Chromatog-
raphy, samples diluted with Milli-Q water) analyses were performed for 
evaluating the ion concentrations in the inlet and outlet solution 
samples. 

In once-through mode, the unit operated continuously until a steady- 
state condition was reached (stable voltage). Steady-state voltage-cur-
rent curves were obtained. These may be grouped into two sets based on 
the presence or not of 0.25 M NaCl in the acid and base compartments. 
The different operating conditions tested are listed in Table 2. 

Regarding the closed-loop tests, these were carried out until one out 
of three possible conditions was met: (i) NaCl concentration approach-
ing zero in the salt compartments, detected by a sharp increase in 
external voltage; (ii) target concentration of NaOH of 1 M (typical of 
BMED testing) being attained; (iii) a constant value of NaOH concen-
tration being achieved. The experiments were conducted with the 
operating conditions and starting concentrations listed in Table 3. 

3. Description of the multi-scale model 

The most common BMED configuration with three-chamber repeti-
tive units (BPM-CEM-AEM membranes with acid, salt and base solu-
tions) was simulated. Four different scales were simulated with a multi- 
scale model composed of a total of five different models developed with 
a distributed parameters approach. Each channel in the stack had 30 
domain intervals along the main flow direction, which were more than 
sufficient to avoid grid-dependence problems, thus ensuring a good 
numerical accuracy. The model was discretized only in the axial direc-
tion, with no discretization in the cross-stream direction (i.e., perpen-
dicular to the membrane). Cross-stream concentration gradients, 
however, were estimated for each element of the axial discretization, 
both with reference to the channels and the membranes. Concerning the 
channels, for each element of the discretization domain, both the bulk 
and interface concentrations were calculated using suitable equations 
accounting for polarization phenomena [47]; regarding the membranes, 
for each element of the discretization domain, the membrane side con-
centration was calculated by applying the Donnan equilibrium to both 
membrane sides and assuming a linear concentration profile inside the 
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membrane. 
Except for the bipolar membrane model, the other models were 

developed in a previous work [47]. Fig. 3 depicts the structure of the 
multi-scale model. 

From the lowest scale of the channels and bipolar membrane up to 
the stack level (included), all the models simulate the steady-state 
operation. The highest scale includes the simulation of the external 
hydraulic circuit, which takes into account the dynamic behaviour of 
BMED with closed-loop configurations. All the models are integrated in 
the gPROMS Model Builder® platform, which is an equation-oriented 
software particularly suitable to build multi-scale model tools with a 

hierarchical structure. 

3.1. Lowest scale 

The lowest scale consists of two models: the channel model and the 
bipolar membrane model. The former calculates the chemical-physical 
properties of the electrolyte solutions, while the latter estimates the 
limiting current density of NaCl and the fluxes through the bipolar 
membrane layers. 

3.1.1. Channel model 
The model of the channels calculates the mass density using the 

approach of Laliberté and Cooper [48], the activity coefficients using the 
multi-electrolyte Pitzer virial equations [49,50], and the conductivity, 
viscosity and ionic diffusivities by means of the database of the OLI 
studio® software. It also derives the values of Sherwood numbers and 
Fanning friction factors in the spacer-filled channels from correlations 
provided by Computational Fluid Dynamics (CFD) simulations [47]. 

3.1.2. Bipolar membrane model 
The bipolar membrane is composed of two different layers, a cation- 

exchange layer (CEL) and an anion-exchange layer (AEL). The BPM 
model is devoted to the estimation of the salt limiting current, and ion 
fluxes through each of the two layers. 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, the 

Fig. 2. Schemes of the adopted experimental configurations: (a) once-through (steady state) and (b) closed-loop (transient).  

Table 2 
Operating conditions and inlet concentrations for the steady-state once through 
experiments. Areal blank resistance: 72 Ω cm2.    

without 
background salt 

with 
background salt 

N◦ triplets (N) – 20–38 10–30 
HCl concentration in the acid 

solution (Ca,HCl,in) 
mol 
m− 3 

200 200 

NaCl concentration in the acid 
solution (Ca,NaCl,in) 

mol 
m− 3 

0 250 

NaOH concentration in the base 
solution (Cb,NaOH,in) 

mol 
m− 3 

200 200 

NaCl concentration in the base 
solution (Cb,NaCl,in) 

mol 
m− 3 

0 250 

NaCl concentration in the salt 
solution (Cs,NaCl,in) 

mol 
m− 3 

250 250 

Mean flow velocity (uch,sol) cm 
s− 1 

1.0 1.0 

Applied current density (iext) A m− 2 20–250 20–250  

Table 3 
Operating conditions and starting concentrations for the closed-loop experi-
ments. Areal blank resistance: 72 Ω cm2.  

N◦ triplets (N) - 5 

HCl concentration in the acid solution (Ca,HCl,in) mol m− 3 100 
Acid solution volume (Va,in) l 0.6 
NaOH concentration in the base solution (Cb,NaOH,in) mol m− 3 100 
Base solution volume (Vb,in) l 0.6 
NaCl concentration in the salt solution (Cs,NaCl,in) mol m− 3 1,000 
Salt solution volume (Vs,in) l 0.6 
Mean flow velocity (uch,sol) cm s− 1 0.2 
Applied current density (iext) A m− 2 200  

Fig. 3. Scheme of the multi-scale model: levels or scales (frames with contin-
uous lines) and sub-models (frames with dashed lines, text in italics). 
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migrative flux is attributed to OH–, Na+ and Cl-, while the diffusive flux 
is calculated for Na+ and Cl- only. The calculation of the migrative fluxes 
involves the salt limiting current density. It is the maximum current 
before the interlayer becomes depleted of salt ions and water dissocia-
tion begins. By following Strathmann’s approach [27], the limiting 
current is assessed by computing a mass balance in the interlayer of the 
BPM (see Fig. 4) for the sodium ion. Indeed, these balances calculated 
using sodium ions are sufficient for evaluating the limiting current 
density. 

The mass balance in the BPM interlayer is calculated as: 

Vtr
dCNa,tr

dt
= A

(
Jmig,Na,AEL + Jmig,Na,CEL + Jdiff ,Na,AEL + Jdiff ,Na,CEL

)
(1)  

where Vtr is the BPM transition region (interlayer) volume, CNa,tr is the 
sodium ion concentration in the interlayer, A is the membrane area, 
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 diffusive 
fluxes of sodium ions in the AEL and CEL, respectively. In fact, following 
the Strathmann’s assumption, the bipolar membrane is modelled as 
symmetrical. Migrative and diffusive fluxes are calculated as follows: 

Jmig,Na,AEL =
tNa,AELilim
zNaF

(2)  

Jmig,Na,CEL = −
tNa,CELilim
zNaF

(3)  

Jdiff ,Na,AEL = DNaCl
CNa,AEL,ch − CNa,AEL,tr

dAEL
(4)  

Jdiff ,Na,CEL = DNaCl
CNa,CEL,ch − CNa,CEL,tr

dCEL
(5) 

in which ilim is the limiting current density, 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 (i.e., 2 × 10-11 m2 s− 1), CNa,AEL,ch and CNa,CEL,ch are the sodium 
ion concentrations in the AEL and CEL layers, respectively, at the 
channel side, CNa,AEL,tr and CNa,CEL,tr are the sodium ion concentration in 
the AEL and CEL layers, respectively, at the transition region, and dAEL 

and dCEL are thicknesses of the AEL and CEL, respectively. 
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 [27]. 
Therefore, the sodium and chloride ion transport numbers are related to 
ilim as: 

tNa,AEL = 0.01∙abs
(

ilim

i

)

(6)  

tCl,AEL = 0.99∙abs
(

ilim

i

)

(7) 

in which i is the cell current density, which is greater than or equal to 
ilim. 

Accordingly, the hydroxide ion transport number tOH,AEL is calculated 
as 

tOH,AEL = 1 − tNa,AEL − tCl,AEL (8) 

Given that the bipolar membrane is modelled as symmetrical, the 
following equalities apply: 

tNa,CEL = tCl,AEL (9)  

tCl,CEL = tNa,AEL (10)  

tH,CEL = tOH,AEL (11) 

The migrative flux of hydroxide ions through the CEL, as well as of 
proton ions through the AEL, are neglected, and thus their transport 
numbers as co-ions are null. 

The following Donnan equilibrium is applied at each BPM layer 
(BPL) - solution interface: 

RgT
zNaF

ln
CNa,sol,int

CNa,BPL,int
=
RgT
zClF

ln
CCl,sol,int

CCl,BPL,int
(12)  

where Ci,sol,int and Ci,BPL,int are the ion concentrations at the solution-BPM 
interface on the channel (ch) or on the transition region (tr) side and 
BPM-layer side, respectively. Rg is the gas constant and T is the 
temperature. 

The electro-neutrality within the BPM layers is considered with the 
general expression: 

XBPL +
∑

Cco,BPL =
∑

Cct,BPL (13)  

where XBPL is the fixed charge group concentration in the BPL, and 
Cco,BPL and Cct,BPL are the co-ion and counter-ion concentrations in BPL 
phase. 

Following the Strathmann’s approach [27], within the salt transport 
region where current densities are lower than the limiting current 
density, it is assumed that the fixed charges are electrically balanced by 
the counter-ions in their respective layers. Therefore, at the membrane- 
solution interface on the interlayer side, the following assumptions are 
used 

CNa,CEL,tr = XBPL (14)  

CNa,AEL,tr = 0 (15) 

Once the limiting current condition has been reached, the sodium ion 
concentration will be zero. Therefore, ilim is obtained by solving the set of 
equations shown above, with the following condition: 

CNa,tr = 0 (16)  

3.2. Middle-low scale: Triplet model 

The triplet model regards the simulation of the repetitive units of the 
stack. This model was described in our previous work for the case of an 
acid-base flow battery [47] and is here adapted for BMED. It computes 
mass balances in each channel and provides the relevant electrical 
quantities such as the internal resistance, the boundary layer effect and 
the electro-motive force of the triplets. 

The electric potential generated across each triplet is calculated ac-
cording to the Nernst equation: 

E =
∑

IEMs

(

−
RgT
F

∫ right,IEM

left,IEM

∑

ions

t*i,IEM
zi

dlnai,int

)

(17) Fig. 4. Ion fluxes across the cation- and anion-exchange layers of the bipo-
lar membrane. 
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where ai,int is the activity of the i-th ion at the solution side of the 
membrane-solution interface (i.e., right, IEM and left,IEM, which are the 
right and left side of each membrane or membrane layer) and t*

i,IEM is the 
apparent ion transport number that are related to all the ions’ diffusion 
coefficients and the average ion concentration inside the membrane. 

The resistance of the triplet is calculated as the sum of a series of 
resistances: 

Rcell =
∑

sol
Rsol +

∑

m
Rm (18)  

where Rsol is the electrical resistance (perpendicular to the membrane) 
of an electrolyte solution (i.e., acid, base or salt) and Rm is the electrical 
resistance of a membrane (i.e., CEM, AEM, or BPM). The model is 
numerically solved over a discretized spatial domain made up of 30 
elements along the flow direction as for the channels model. 

The main triplet model input are reported in Table 4. 
The electrical resistance of the monopolar membranes was evaluated 

by model calibration by using the experimental data, starting from the 
manufacturer’s information [51] as an initial approximation. The 
resistance of the bipolar membrane (not provided by the manufacturer) 
was estimated as the sum of the series of resistances of the CEL, AEL and 
interlayer [27] by assuming the resistivity of the layers equal to that of 
the corresponding monopolar membranes. The fixed charge density 
(FCD) was evaluated by dividing the Ion-Exchange Capacity (IEC) by the 
swelling degree (SD), and then multiplying by the water density. The IEC 
was given by the manufacturer for the monopolar membranes [51], but 
was not given for the BPM. For the three membrane types, the SD was 
not available from the manufacturer. Since this information was not 
available from other studies, SD values of Fumasep FKD and FKS 
membranes were employed [52] to estimate the FCD. The values of 
water permeability shown in Table 4 come from conventional electro-
dialysis membranes [53] because the values of this property were not 
known for the membranes used in the present study. Finally, the diffu-
sivities in the membrane phase are tuning parameters of the model. 

3.3. Middle-high scale: Stack model 

This level includes the electrical sub-model for parasitic currents 
through the manifolds and the hydraulic sub-model. The former com-
putes the distribution of the electric (ionic) currents through the stack, 
while the latter predicts pressure losses and flow distribution through 
the module. 

3.3.1. Electrical model 
The equivalent electric circuit of the stack is shown in Fig. 5. The 

model calculates the electric current flowing through the cell resistances 
(Rk) perpendicular to the membranes, and the parasitic electric currents 
flowing through the longitudinal resistances (Rx,sol,k, x = up or down), 
and the manifolds (Rman,sol,k, man = distributor, d, or collector, c). i.e. 
collectors and distributors. 

Once the resistances (depending on the conductivity of the solutions) 
have been calculated, Kirchhoff’s law is applied to each node, and the 
first Ohm law is applied to each branch. Hence, electric currents through 
the branches and electric potential at the nodes are calculated. 

The cell current for the k-th node Ik and the external current Iext are 
calculated as: 

Ik =
(
ΔVk − Eav,k

)

Rav,k
(19)  

Iext =
Uext − U
Rbl

(20)  

where Eav,k and ΔVk are the average electromotive force (along the flow 
direction) and the total voltage drop, respectively, over the k-th triplet; 
Rbl and Rav,k are the blank and the average cell resistance of the k-th 
triplet; U is the overall potential difference applied to the triplets and 
Uext is the overall applied potential (including the blank voltage drop). 

3.3.2. Hydraulic model 
Fig. 6 reports a scheme of the hydraulic circuit simulated for one of 

the three solutions by the hydraulic sub-model at stack level. The circuit 
includes a distributor, a collector and the channel pathways of the 
electrolyte solution. 

The distributed pressure losses within the channels were computed 
as: 

ΔPfd,sol = f ρsol
L

4dsol
(
uch,sol

)2 (21)  

where f is the Darcy friction factor evaluated by CFD correlations [47], 
ρsol is the mass density, L is the spacer length, and uch,sol is the mean 
velocity of the solution (i.e., acid, base or salt) in the channel. The 
calculation of single pressure losses in the inlet/outlet part of the spacer- 
filled channel was carried out as 

ΔPl,sol = kspacer
ρsol
2
(
uch,sol

)2 (22)  

where kspacer is a local loss coefficient assessed by CFD correlations [47]. 
A similar equation was utilized to compute the pressure drop in the small 
tracts of manifolds between adjacent channels. 

The total stack pressure loss was assessed through the sum of two 
addends: the pressure difference between the inlet and outlet of the 
manifolds and a further contribution due to the distribution/collection 
of the solution entering or exiting from the stack through the three inlet/ 
outlet holes of the spacers mentioned in Section 2. 

3.4. Highest scale: External hydraulic circuit 

This model 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. It calculates pressure drops in 
the external hydraulic circuits for acid, saline and alkaline solutions and, 
via mass balances with accumulation term, simulates the dynamic 
behavior of the BMED unit, for example during a closed-loop operation 
[47]. More precisely, once a time step has been chosen, the “new” 
concentration calculated by these transient mass balances (e.g., time =
ti) is used as a new input for the EDBM steady state model equations 
(those relevant to the other model scales) which (as output) provide an 
outlet concentration. The latter is used as “old” concentration in the tank 

Table 4 
Main input of the triplet model.  

Membrane properties          

AEM CEM AEL CEL BPM 

Thickness (dm) µm 130 130 95 95 190 
Areal resistance* 

(Rm) 
Ω cm2 8.1 6.9 – – 15 

Water 
permeability (Lp) 

ml bar- 

1h− 1 m− 2 
8 8 – – – 

H+ diffusivity 
(DH,m) 

m2 s− 1 1.4E- 
10 

4.7E- 
11 

2.0E- 
11 

8.8E- 
11 

– 

Na+ diffusivity 
(DNa,m) 

m2 s− 1 4.7E- 
11 

1.6E- 
11 

1.6E- 
11 

0.5E- 
11 

– 

Cl- diffusivity 
(DCl,m) 

m2 s− 1 8.5E- 
11 

2.8E- 
11 

1.7E- 
11 

0.6E- 
11 

– 

OH– diffusivity 
(DOH,m) 

m2 s− 1 9.4E- 
11 

3.1E- 
11 

2.4E- 
10 

0.6E- 
11 

– 

Fixed charge 
density (Xm) 

mol m− 3 5,000 5,000 5,000 5,000 – 

* ~18% higher areal resistances were experimentally observed when sodium 
chloride was present in the acid and base channels. This variation was included 
in the model. 
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transient mass balances, thus generating again a “new” concentration (e. 
g., time = ti+1) and closing the time step cycle. It is worth noting that this 
transient mass balances at the tanks do not make the multi-scale model 
fully dynamic as all the other model equations are written in a steady 
state regime. As a result, temporal interactions among processes are 
intrinsically not accounted for by the model which is unable to inves-
tigate the dynamics of any disturbance. These are not taken into account 
at the moment as the goal of the present paper is that of investigating the 
performance of EDBM units running continuously in a steady state mode 
in order to produce chemicals rather than trying to follow temporal 
variations due to disturbances. 

3.5. Evaluation of the process performance 

In this section, the main figures of merit used to characterize the 
performance of BMED processes are defined. 

The current efficiency (ηc,OH) is the percentage of the total trans-
ported charge effectively converted in hydroxide ions: 

ηc,OH =
F
(
Qout,bCOH,b,out − Qin,bCOH,b,in

)

NIext
(23)  

where COH,b,out and COH,b,in are the hydroxyl ion concentrations in the 
base solution at the stack outlet and inlet, respectively, and Qout,b and 
Qin,b are the total flow rate of the base solution at the stack outlet and 
inlet, respectively. 

The Specific Energy Consumption per unit mass (SECm) represents 
the kWh of energy consumed by the process to produce 1 kg of NaOH. It 

is given by [23] 

SECm =
UextIext

3, 600MNaOH
(
Qout,bCOH,b,out − Qin,bCOH,b,in

) =
Uext

3, 600MNaOH
∙

F
Nηc

(24)  

where MNaOH is the molar mass of the sodium hydroxide. 
The total or net Specific Energy Consumption of the process to pro-

duce 1 kg of NaOH (SECm,net) represents the total energy consumed by 
the process taking into account the energy spent for pumping: 

SECm,net =
UextIext + 3 PPD L b N

3, 600MNaOH
(
Qout,bCOH,b,out − Qin,bCOH,b,in

) (25)  

where PPD is the pumping power density calculated by the hydraulic 
model, L and b are the spacer length and width, and N is the number of 
repetitive units. 

The yield of the sodium hydroxide (τNaOH) is the ratio between the 
molar flow rate of OH– produced in the base compartments over the 
molar flow rate of sodium chloride at the inlet of the salt compartments 

τNaOH =

(
Qout,bCOH,b,out − Qin,bCOH,b,in

)

Qin,sCNa,s,in
(26)  

where Qin,s is the total inlet flow rate of the salt solution, and CNa,s,in is the 
sodium ion concentration at the inlet of the salt channel. 

The specific yearly productivity of tons of NaOH per unit membrane 
area is defined as: 

Fig. 5. Scheme of the equivalent electric circuit of BMED stacks.  

Fig. 6. Scheme of the hydraulic circuit for one of the three solutions: vertical ducts represent the channels, horizontal ducts represent the manifolds (distributor and 
collector) connecting the channels. 
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SPNaOH =
3.6∙8MNaOH

(
Qout,bCOH,b,out − Qin,bCOH,b,in

)

N 3 L b
(27) 

The % parasitic loss of current (Iloss) is the fraction of the external 
current lost due to the shunt currents via the manifolds. It is given by 

Iloss =
Iext −

∑N

1
Ik

N

Iext
(28)  

4. Results and discussions 

4.1. Model validation and comparison with the state of the art 

The model validation was firstly performed under once-through 
operation. Fig. 7 shows the polarization curves (i.e., voltage vs current 
curves) of the BMED process performed either without (graph (a)) or 
with (graph (b)) background salt in the acid and base solutions. 

The experimental data showed high repeatability: a maximum per-
centage error of ~ 2.8% was found (see error bars in Fig. 7). 

The model predictions were in good agreement with the experi-
mental results for a wide range of current density, i.e. 20–250 A m− 2. 
Overall, the average discrepancy was lower than 3% for both sets of 
experiments (i.e., with and without the background salt). 

Fig. 7 also reports the predictions of simplified versions of the model 
that neglect (i) shunt currents (dashed line), (ii) migrative transport of 
co-ions (dash-dotted line), (iii) or both phenomena (dotted line). 
Regardless of the presence of background salt, by not implementing the 
electrical model for parasitic currents, there was a significant over-
estimation (19.4% on average) of the external potential. As expected, 
the relative increase in external potential (to be applied to have the same 
current) was higher with higher number of triplets, reaching a maximum 
value of 31.3% in the case of a 38-triplet stack, without the presence of 
background salt. By not implementing the migrative transport of co- 

ions, there was an average increase of the external potential by 3.3%. 
Finally, when not including both the calculation of the parasitic currents 
and the migrative transport of co-ions, an average increase in the 
external potential of 23.5% is observed, with a maximum deviation of 
35.2%. 

A further comparison analysis between model predictions and 
experimental data was carried out in closed-loop configuration (i.e., 
dynamic operation). In order to evaluate the effectiveness of the present 
model, the simplified lumped model by Roux-de Balmann et al. [30] was 
also included into the comparison. It does not take into account the 
following aspects: diffusion of water and solutes, co-ion migration, shunt 
currents and concentration polarization. Fig. 8 shows the results in terms 
of NaOH and HCl concentrations in the base and acid tanks (assumed 
completely mixed), respectively, over the process time. 

The concentrations were well-predicted by the present model, 
(average discrepancy of 2.1% and 1.0% and maximum discrepancy of 
5.0% and 3.3% for the base and acid concentrations, respectively). For 
the simplified model, the average discrepancy was 14.6% and 13.9% for 
the base and acid concentrations, respectively, and the maximum one 
was ~ 24% regardless of the base and acid concentrations. 

A reduction of the concentration increase rate was observed both 
experimentally and in the simulation with the present model. This is 
mainly due to non-ideal phenomena such as diffusion of solutes and 
transport of water. To a much lesser extent it is due to shunt currents, 
which are small in a stack with 5 triplets [43]. Indeed, the average % 
parasitic loss was calculated to be ~ 5%. Notably, the effects of non- 
ideal phenomena are amplified over time, thus resulting in large dis-
crepancies between the simplified model and the experimental data. In 
the first minutes of the process, the curves of the two models are almost 
overlapped, while later on these curves depart from each other. This 
increasing disagreement over time should be considered somehow as 
also representative of what would occur over space in industrial scale 

Fig. 7. Voltage–current density curves for stacks with different number of triplets: comparison between model predictions (lines) and experimental results (circles); 
(a) without the presence of background salt and (b) with the presence of background salt in the acid and base channels. Mean flow velocity of the solutions in each 
channel equal to 1 cm s− 1. Areal blank resistance: 72 Ω cm2. 
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units working under once-through operation. 

4.2. Multi-scale model capability 

In order to demonstrate the greater predictive capability of the 
present model compared to existing ones, an industrial size BMED stack 
was simulated. In this case, the stack included 100 repetitive units with 
an active membrane area of 50 × 50 cm2 in closed-loop mode. The 
applied current density was 100 A m− 2. Other settings had the values 
reported in Table 5. 

The results are presented in terms of NaOH and HCl concentrations 
over time in Fig. 9. 

Particularly, Fig. 9 also reports the predictions of simplified models 
that omit (i) shunt currents (dashed line), (ii) migrative transport of co- 
ions (dash-dotted line), (iii) or both phenomena (dotted line). Shunt 
currents had a greater impact on the simulation with 100 triplets, which 
had ~ 21% of Iloss at the final concentration. Therefore, the final con-
centration of acid and base predicted by the model without shunt cur-
rents deviated from the present complete model by ~ 13.5%. Co-ion 
transport affected the behavior of the EDBM unit even more. The final 
acid and base concentrations predicted by the simplified model 
neglecting co-ion transport was overestimated by ~ 24%. Neglecting 
both shunt currents and co-ion transport caused dramatic differences in 
the concentration profiles compared with those predicted by the com-
plete model proposed in this study. In particular, the percentage dif-
ferences were 47.7% and 40.3% for the final concentrations of HCl and 
NaOH, respectively. These results indicate that simplified models pro-
vide unsatisfactory predictions, thus being unreliable for the process 
characterization. Conversely, the proposed multi-scale model provides 
realistic and reliable predictions, thus being an effective tool that can be 
used not only for designing the unit, but also for guiding and optimizing 
the process. 

4.3. Simulations of industrial scale BMED units 

In this section, the potential of the BMED for use at the industrial 
scale is assessed by a preliminary sensitivity analysis. The simulated 
process regards the BMED treatment of industrial brines with concen-
tration within the interval of 0.5–2 M NaCl in once-through mode. The 
main input data are reported in Table 6. 

Firstly, three case studies are considered by letting the active mem-
brane area to vary, 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 concerns the sensitivity 
to the current density within the interval of 100–500 A m− 2 at a fixed 
mean flow velocity of 1 cm s− 1; the second regards the sensitivity to the 
mean flow velocity within the interval of 0.5–5 cm s− 1 at a fixed current 
density of 300 A m− 2. Both of these sets of simulations were performed 
at 1 M inlet NaCl concentration. Secondly, a set of simulations was 
performed for case study B to assess the sensitivity to the inlet salt 
concentration within the interval of 0.5–2 M NaCl (see section 4.3.3). In 
this case, the simulations were performed at fixed current density of 300 
A m− 2 and fixed mean flow velocity of 1 cm s− 1. 

4.3.1. Sensitivity to current density 
Fig. 10a shows the yield as a function of the applied current density 

for the three case studies. 
The yield increases with the current density slightly less than linearly 

due to the presence of non-ideal phenomena, such as ion diffusion and 
water transport. The increase in yield from cases C to A is simply caused 
by an increase in the amount of moles transported per unit time across 
the membrane, whose area is larger. The yield clearly increases with 
greater applied current density as a result of the higher water dissocia-
tion rate for producing acid and base. Within the same current range, the 
average yield values obtained are 41, 27.3 and 12.6% for the three 
investigated scenarios A, B and C, respectively. Furthermore, as the 
active membrane area increases, the yield does not proportionally in-
crease as would be expected. For example, if spacer length increases 
from 0.25 m to 0.75 m, the average yield should rise from 12.6% to 
37.8%, thus tripling the value. However, the average yield of 41% in 
scenario A is higher than expected. This results from the effects of two 
contrasting phenomena. Firstly, ion diffusion and water transport (i.e., 
osmosis and electro-osmosis) increase with greater active membrane 
area. However, in the investigated scenarios, the spacer length tripled 
when passing from scenario C to scenario A. This leads to an increase in 
the longitudinal resistances Rx,sol,k (see section 3.3.1), which causes a 
reduction in the Iloss from 15.7 to 2.7%, thus ultimately improving the 
yield. 

Fig. 8. Concentration vs time curves: comparison between model predictions (lines) and experimental results (triangle) for (a) hydrochloric acid and (b) sodium 
hydroxide in the acid and base channels, respectively. Mean flow velocity of the electrolyte solutions in each channel equal to 0.2 cm s− 1. Applied current density: 
200 A m− 2. Areal blank resistance: 72 Ω cm2. Number of triplets: 5. Additional details are reported in Table 3. 

Table 5 
Operating conditions and starting concentrations for the industrial size closed- 
loop simulations. Areal blank resistance: 72 Ω cm2.  

N◦ triplets (N) - 100 

HCl concentration in the acid solution (Ca,HCl,in) mol m− 3 50 
Acid solution volume (Va,in) l 300 
NaOH concentration in the base solution (Cb,NaOH,in) mol m− 3 50 
Base solution volume (Vb,in) l 300 
NaCl concentration in the salt solution (Cs,NaCl,in) mol m− 3 2,000 
Salt solution volume (Vs,in) l 300 
Mean flow velocity (uch,sol) cm s− 1 1.0 
Applied current density (iext) A m− 2 100  
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Higher yields are associated to higher outlet concentrations. Fig. 10b 
shows that the maximum concentration is ~ 0.7 M, which corresponded 
to a yield just below ~ 70%. Therefore, this preliminary analysis shows 
that the use of feasible BMED designs (in terms of triplets number, 
membrane area) may allow the attainment of high NaOH yields in 
continuous once-through mode. 

Fig. 11 shows the Specific Energy Consumption and current effi-
ciency for the three case studies. 

The SECm values range from a minimum of 0.68 kWh kg-1
NaOH for 

case A at 100 A m− 2, to a maximum of 1.71 kWh kg-1
NaOH for case C at 

500 A m− 2 (Fig. 11a). The increase in current density from 100 to 500 A 
m− 2 causes an increase in SECm of ~ 2.4 times on average. Indeed, SECm 
is directly proportional to the ratio between the external potential and 
the current efficiency, as shown in Eq. (24). The latter shows a negligible 
increase when increasing the current density, thus the trend of SECm is 
mainly due to the Uext variation. Particularly, Uext is partly a function of 
the external current (according to the first Ohm law), and partly related 
to the electromotive force. The ohmic contribution increases almost 

linearly with the external current, thus becoming ~ 5 times greater 
when changing the current density from 100 to 500 A m− 2, whilst the 
electromotive force shows an increase of only ~ 17% across the same 
range of current. In absolute terms, the three case studies show similar 
performance when varying the applied current density, with an average 
SECm of 1.24 kWh kg-1

NaOH (Fig. 11a). Indeed, the increase in membrane 
area leads to two contrasting effects. On the one hand, there is a higher 
effect of ion diffusion and transport of water. On the other hand, there is 
a reduction of shunt currents due to the higher longitudinal resistances 
Rx,sol,k (see section 3.3.1). 

A more detailed analysis can be made by plotting the energy con-
sumption as a function of the yield. As shown in Fig. 11b, the case study 
A is again the best option when the yield is fixed. As a matter of fact, in 
this case with higher spacer length, the reduction in parasitic currents 
predominates over the increase in other detrimental phenomena [43]. 

The lower values of energy consumption for case study A are related 
to a higher current efficiency, as it can be seen in Fig. 11c. The average 
current efficiencies are 95.5, 92.7 and 82.3% for cases A, B and C 
respectively. Additionally, as the current density increases, the current 
efficiency increases. This is the result of both direct and indirect phe-
nomena with counteracting effects. One of them is the electro-osmotic 
flux, which is enhanced by an increase in current density. Moreover, 
although the diffusion phenomenon is not directly related to the current 
density (as the driving force of diffusion is the concentration gradient of 
the species), it can be augmented by the resulting increase in the average 
concentration difference along the channels. On the other hand, the 
higher the current density, the lower the effect of parasitic currents. In 
particular, this effect is dominant over the increase in the non-ideal 
transport phenomena. However, especially in cases A and B, the high 
values of current efficiency suggest that co-ions transport is only mar-
ginal, and thus most of the carried current is being used to produce acid 
and base molecules. 

4.3.2. Sensitivity to mean channel flow velocity 
Fig. 12a shows the yield as a function of the mean flow velocity for 

the three case studies. 
The average yield is found to be ~ 22.8, 15.1 and 6.94% for case 

Fig. 9. Concentration vs time curves: comparison between model predictions for (a) hydrochloric acid and (b) sodium hydroxide in the acid and base channels, 
respectively. Mean flow velocity of the electrolyte solutions in each channel equal to 1.0 cm s− 1. Applied current density: 100 A m− 2. Areal blank resistance: 72 Ω 
cm2. Number of triplets: 100. Additional details are reported in Table 5. 

Table 6 
Main model input of the industrial scale simulations.  

Geometrical features   

Scenario   

A B C 

Spacer length (L) cm 75 50 25 
Spacer width (b) cm 75 50 25 
Spacer thickness (dm) µm 475 
N◦ spacer holes (Nholes) – 3 
Spacer hole diameter (dman) mm 8 
N◦ triplets (N) – 100 
Process conditions 
HCl concentration in the acid solution (Ca,HCl,in) mol m− 3 50 
NaOH concentration in the base solution (Cb,NaOH) mol m− 3 50 
NaCl concentration in the salt solution (Cs,NaCl) mol m− 3 500 – 2,000 
Mean flow velocity (uch,sol) cm s− 1 0.5–5 
Applied current density (iext) A m− 2 100–500 
Blank resistance (Rbl) Ω cm2 72  
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studies A, B and C respectively. As the mean flow velocities increases, 
the yield drastically decreases, with a tendency to flatten at high ve-
locities. This trend is due to the reduction in the stream (i.e., along the 
channel) concentration change, which is taken accurately into account 
in the multi-scale model through the numerical discretization of the 
channel domain. 

The SECm values (Fig. 12b) result in average values of 1.18 kWh kg- 

1
NaOH. By increasing the mean flow velocity, the energy consumption 

decreases only slightly, due to the small effects of non-ideal transport 
phenomena. The trend in the current efficiency (Fig. 12c) as a function 
of the velocity is slightly decreasing because the current efficiency is 

inversely proportional to the SECm (see Eq. (24)). The current efficiency 
is not such a significant limitation for the three case studies; indeed, its 
average values are higher than 84%. 

Fig. 12d shows the SECm as a function of the yield. The slight 
increment in SECm as the yield increases is due to the higher effect of 
non-ideal phenomena such as the parasitic currents and diffusion when 
the NaOH concentration difference between inlet and outlet increases. 
Cases A and B show similar performance, while scenario C has the worst 
performance because there is a visible increase in specific consumption 
with the same yield in NaOH. Similarly, to section 4.3.1, the greater the 
active membrane area, the lower the SECm. This is mainly due to the 

Fig. 10. a) Yield of sodium hydroxide and b) outlet sodium hydroxide concentration as functions of the current density for the three case studies (A, B and C) of 
active area (75 × 75, 50 × 50 and 25 × 25 cm2) with a fixed mean channel flow velocity of 1 cm s− 1. 

Fig. 11. Specific Energy Consumption per kilogram of produced NaOH as a function of a) the current density and b) the yield. c) Current efficiency as a function of 
the current density. The three graphs refer to the three cases (A, B and C) of active area (75 × 75, 50 × 50 and 25 × 25 cm2), with a fixed mean channel flow velocity 
of 1 cm s− 1. 
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increase of the longitudinal resistances (Rx,sol,k, x = up or down), which 
ultimately leads to a reduction in parasitic currents (Iloss from ~ 13.5% 
of scenario C to ~ 2% of scenario A). 

Finally, Fig. 13 reports a comparison between net and gross Specific 
Energy Consumption. 

The curves of the SECm,net show trends with minimum values at 1.6, 
2.3 and 1.6 cm s− 1, for cases A and B and C, respectively. As expected, 

this chart indicates that the difference between gross and net energy 
consumption increases as the mean flow velocity increases, as a result of 
the higher pressure drop. This result suggests that lower velocities may 
be beneficial to decrease the energy consumption, even though they lead 
to slightly lower current efficiencies. 

4.3.3. Sensitivity to inlet salt concentration 
In this section, the effect of varying the NaCl concentration in the salt 

compartment is investigated in two different scenarios, namely with or 
without background salt in the acid and base channels. Fig. 14a shows 
the Specific Energy Consumption per kg of produced NaOH as a function 
of the inlet NaCl concentration in the salt compartment for case study B, 
either without (black line) or with (red line) background salt (i.e., 0.25 
M NaCl) in the acid and base channel feed solutions. The latter situation 
in which background salt is present may occur when waste saline so-
lutions are used to feed the acid and base compartments. See (Fig. 15). 

The results shown in Fig. 14 indicate that the performance of the 
EDBM stack is poorly dependent on the NaCl concentration in the saline 
compartment. In fact, regardless of the presence or absence of back-
ground salt in the acidic and alkaline solutions, both SECm and current 
efficiency only slightly decrease as the sodium chloride concentration in 
the saline feed is increased from 0.5 to 2 M. The slight decrease in SECm 
is caused by two different phenomena. On the one hand, current effi-
ciency decreases slightly as the NaCl concentration in the salt 
compartment increases (Fig. 14b), implying an increase in the SECm (see 
Eq. (24)). On the other hand, the external electric potential (see Eq. (24)) 
decreases with the same increase in NaCl concentration due to reduced 
(i) electromotive force and (ii) cell resistance. These reductions prevail 
on the current efficiency increase, leading the SECm to decrease from 
1.23 to 1.15 kWh kg-1

NaOH in the absence of background salt and from 

Fig. 12. a) Yield of sodium hydroxide, b) Specific Energy Consumption per kilogram of produced NaOH, c) Outlet sodium hydroxide concentration and d) Current 
efficiency as functions of the mean flow velocity for the three cases (A, B and C) of active area (75 × 75, 50 × 50 and 25 × 25 cm2), with a fixed applied current 
density of 300 A m− 2. 

Fig. 13. Gross and Net Specific Energy Consumption per kilogram of produced 
NaOH as functions of the mean channel flow velocity for the three cases (A, B 
and C) of active area (75 × 75, 50 × 50 and 25 × 25 cm2), with a fixed applied 
current density of 300 A m− 2. Continuous lines: SECm (gross). Dashed lines: net 
SECm,net. 

A. Culcasi et al.                                                                                                                                                                                                                                 



Chemical Engineering Journal 437 (2022) 135317

14

1.28 to 1.20 kWh kg-1
NaOH in the presence of background salt. 

Regarding the presence of background salt in the acid and base 
compartments, this has a small effect on SECm (i.e., slight increase), 
while it does not affect the current efficiency. Again, two counteracting 
factors contribute to the increase of SECm: the salt background leads the 
bipolar membrane potential to decrease and the membrane resistance to 
increase. The latter phenomenon is prominent, thus resulting in a 4% 
increase in the average SECm. 

These results indicate that under the conditions here investigated, 
the saline compartment’s concentration and the presence or absence of 
background salt in the acid and alkaline compartments has a small effect 
on the unit’s performance. The small effect is clearly an outcome of the 
high selectivity of the Fumatech membranes adopted in this study. 
However, it is worth noting that the simulation results reported in 
Fig. 14 are relevant to once-through operational mode and a larger 
impact is expected in closed-loop applications when a fixed target of 

high acid/base concentration is requested. 

4.3.4. Sensitivity to the membrane properties: Preliminary techno-economic 
analysis 

In this section, a study on the effect of membrane properties is car-
ried out. The results obtained when using standard membranes, as made 
for the sensitivity analysis discussed in sections 4.3.1, 4.3.2, and 4.3.3, 
are compared with two scenarios using enhanced membranes. The 
improvement in the membrane properties consists of reducing the 
electrical resistance, ionic diffusivities and water permeability. As 
shown in Table 7, these properties are halved in the scenario number 1, 
while they are reduced by three times in the scenario number 2. The 
reduction used in the enhanced scenarios should be regarded as opti-
mistic yet still realistic, as similar values have been previously reported 
in the literature [52,54]. 

The study on the membrane properties is performed for case B of 

Fig. 14. a) Specific Energy Consumption per kilogram of produced NaOH and b) Current efficiency as functions of the inlet NaCl concentration in the salt 
compartment for the case B of active area (25 × 25 cm2), with a fixed applied current density of 300 A m− 2 and a fixed mean channel flow velocity of 1 cm s− 1. Black 
lines: without background salt in the acid and base channel feed solutions. Red lines: with 0.25 M NaCl in the acid and base channel feed solutions. 

Fig. 15. Spider plot of Specific Energy Consumption per kg of produced NaOH, Specific productivity, % Current efficiency, % Yield, and Levelized Cost Of NaOH for 
the reference scenario and the scenarios 1 and 2 with enhanced membranes. Active area: 50 × 50 cm2. Applied current density: 500 A m− 2. Mean flow velocity: 1 
cm s− 1. 
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active area (50 × 50 cm− 2) with an applied current density of 500 A m− 2 

and a mean flow velocity of 1 cm s− 1. 
The different scenarios simulated for the membrane properties are 

used to perform a preliminary techno-economic analysis of the BMED 
process. The technical performance parameters considered are SECm, 
specific productivity, current efficiency, and yield. Additionally, the 
Levelized Cost Of Sodium Hydroxide (LCoNaOH), or Levelized Cost of 
Caustic Soda, is assessed to evaluate the potential economic competi-
tiveness of the BMED technology. The LCoNaOH is the minimum sale 
price of 1 ton of sodium hydroxide required in order to obtain a Net 
Present Value (NPV) of zero at the end of the project lifetime: 

LCoNaOH
[ €
ton NaOH

]
=
Capitalcost +

∑nyears
y=1

O&My+Cost Electricityy
(1+r)y

∑nyears
y=1

MassNaOH,y
(1+r)y

(29)  

where Capitalcost is the initial total capital investment, O&My is the 
annual cost of operation, CostElectricityy is the cost of the electricity 
consumed by the BMED process, MassNaOH,y is the mass of sodium hy-
droxide produced, y is the year, and r is the discount rate. The used 
economic parameters are reported in Table 8. Capital and maintenance 
costs are calculated according to Lei et al. [28]. The average 2021 Euro- 
to-dollar conversion rate of 1.18 was assumed. 

The comparison between the standard and enhanced membranes is 
illustrated through the spider plot reported in Fig. 14, where each point 
represents a performance outcome of the techno-economic analysis. 
Each axis reports more desirable values from the center towards the 
vertices of the pentagon. 

The SECm values are 1.7, 1.1 and 0.96 kWh kg-1
NaOH for the reference 

case, scenario 1, and scenario 2, respectively. The reduction of energy 
consumption is 31.4% and 41.8% in the improved membrane scenario 1 
and 2, respectively. The lower diffusion coefficients together with the 
lower water permeabilities lead to a slightly better specific productivity 
of the produced caustic soda solutions, as it increases of 1.6% and 2.2%, 
when passing from the reference membranes to the scenario 1 and 2 
membranes, respectively. Similarly, current efficiency (94.7% on 
average) and yield of caustic soda (45% on average) do not show sig-
nificant differences when simulating improved membrane properties. 

However, the lower values of energy consumption result in larger 
reductions of the LCoNaOH. Compared to the reference case, the LCo-
NaOH decreases of about 17% and 22.7% for the scenario 1 and 2, 
respectively. Specifically, the LCoNaOH drops to 288 € ton-1

NaOH (341 
US$ ton-1

NaOH) when the membrane properties are reduced by one third 
(scenario 2). Therefore, the use of improved membranes would lead to 
an important economic saving, provided that their own cost may be 
assumed to be unchanged compared to that of reference membranes. On 
the other hand, unlike other estimates reported in the literature [56,57], 
the LCoNaOH here evaluated also includes the effect of the discount 
rate. 

Currently, the most common process for the production of NaOH is 
the chlor-alkali process. According to what has been reported in the 
literature, the price of caustic soda from chlor-alkali has been highly 
variable in recent years, with average values around 300 € ton-1

NaOH 
(355 US$ ton-1

NaOH) [56], which is higher than the LCoNaOH calculated 
in this study. However, the output NaOH production from chlor-alkali 
has a higher concentration (around 10–30% by weight [57]) 
compared to that shown in this study (~2%). The outlet concentration of 
the BMED process may be increased by using a higher applied current 
density. However, this would lead to higher SECm values and, conse-
quently, higher operating costs. An alternative process layout would be 
the coupling of the BMED unit with a caustic soda concentration unit, 
such as through vacuum evaporators with one or multiple effects. The 
benefits of the BMED process include the simultaneous production of an 
acid (i.e., HCl in this work), and of (at least partially) desalinated water. 
Moreover, BMED is a highly flexible technology as it can easily be 
adapted to the production of other bases and/or acids of commercial 
interest, e.g. for the production of potassium hydroxide starting from a 
potassium chloride feed solution. 

5. Conclusions and future remarks 

In this work, for the first time, a fully integrated BMED process model 
with distributed parameters was developed, following a multi-scale 
simulation strategy. Specifically, a configuration comprising three- 
chamber repetitive units was simulated. For the first time, a simula-
tion tool was proposed to predict the effect of major non-ideal phe-
nomena on the BMED operations. 

The simulation tool was shown to be comprehensive and reliable 
through comparison with experimental data collected in steady-state 
and closed-loop configurations. The thoroughness of the present 
model enables the fully prediction of all the experimental data across 
varying operating conditions and number of triplets, thus confirming the 
predictive capability of the model for industrial scale simulations. 

Additionally, a sensitivity analysis was carried out using this model 
simulating units with scaled-up dimensions in order to assess the po-
tential performance for industrial applications. The results suggested 
that high yields of sodium hydroxide (about 70%) can be reached by 
increasing the applied current density to 500 A m− 2 in stacks with 75 ×
75 cm2 of membrane area. Moreover, the higher the current density, the 
higher the resulting current efficiency. Similarly, higher current effi-
ciencies may be reached when using greater active membrane area, due 
to the reduction of parasitic currents. Moreover, it was found that typical 
ranges of mean flow velocities (1–5 cm s− 1) do not significantly affect 
the module performance. Finally, a techno-economic analysis was 

Table 7 
List of the improved membrane properties.  

Improved membrane 
properties 

Scenario 1 Scenario 2 

Electrical resistance (Rm) Current value ( 
Table 4)/2 

Current value ( 
Table 4)/3 

Ion diffusivities (Di,m) Current value ( 
Table 4)/2 

Current value ( 
Table 4)/3 

Water permeability (Lp) Current value ( 
Table 4)/2 

Current value ( 
Table 4)/3  

Table 8 
Input parameters of the economic model.  

Economic parameters 

Working hours 8,000 h y-1  

Project lifetime 10 y  

Discount rate 5% [55] 

Electricity price 0.08 € 
kWh− 1 

0.1 US$ 
kWh− 1 

[28] 

Capital costs 
AEM/CEM cost 114 € m− 2 135 US$ 

m− 2 
[28] 

BPM cost 1,140 € 
m− 2 

1,350 US$ 
m− 2 

[28] 

Spacer cost 10 € m− 2 12 US$ 
m− 2  

Total cost of 
membranes and 
spacers 

35,000 € 41,400 US$  

Cost of membrane 
stack 

52,500 € 62,100 US$ 1.5 × Total cost of 
membranes and spacer,  
[28] 

Cost of peripherals 78,700 € 93,100 US$ 1.5 × Cost of membrane 
stack, [28] 

Total capital cost 131,200 € 155,100 US 
$ 

Cost of membrane stack +
Cost of peripherals, [28] 

Maintenance costs 
O&M cost 13,100 € y- 

1 
15,500 US$ 
y-1 

0.1 × Total capital cost,  
[28]  
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carried out, which assessed the cost of producing caustic soda from 
brines by means of a BMED unit. Specifically, the Levelized Cost Of 
Sodium Hydroxide (LCoNaOH) was evaluated across three different 
scenarios. In particular, this analysis demonstrated that the 50x50 cm2 

stacks provided with current membranes would lead to LCoNaOH of 348 
€ ton-1

NaOH (411 US$ ton-1
NaOH), while membranes with improved 

properties in terms of reducing the resistance, diffusivity, and water 
permeability by a factor of two or three, would lead to LCoNaOH of 303 
€ ton-1

NaOH (358 US$ ton-1
NaOH) or 288 € ton-1

NaOH (340 US$ ton-1
NaOH), 

respectively. 
This techno-economic analysis was carried out with the aim of 

providing a first reliable assessment of the BMED competitiveness in 
relation to the currently used technology. 

The developed innovative simulation tool can be utilized effectively 
for guiding the operations of BMED units, designing improved modules 
for the industrial scale, and enhancing their performance by identifying 
the optimal process conditions. 

As future steps, in order to improve the sustainability of EDBM 
technology, industrial stacks are expected to be connected with 
renewable energy generation units which intrinsically operate in tran-
sient mode. Therefore, a further development of the multi-scale model 
making it fully dynamic will be mandatory to suitably track the fluctu-
ating nature of these alternative energy sources. Finally, the present 
model could also be coupled with machine learning techniques [58] in 
order to predict complex and less deterministic phenomena such as 
membrane ageing and fouling. 
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