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Abstract

Abstract

Electrodialysis with bipolar membranes appears to be a promising process for the
simultaneous production of acid and alkaline solutions. This process can be integrated
into circular economy approaches for waste streams valorisation or utilised alone,
especially in remote areas, to reduce transportation, storage and handling of these
hazardous chemicals. However, there is a lack of information on large-scale units in real
operational environments, and, as a result, there are no validated modelling tools that can
be used for its design, optimisation, simulation and control. The aim of the present PhD
thesis is to design and test a semi-industrial electrodialysis with bipolar membranes unit
and develop versatile modelling tools that can be adopted for the above-mentioned
application. The experimental investigation focused on evaluating well established and
new process configurations and operational schemes, as well as testing the process inside
an integrated treatment chain to valorise a seawater brine. The collected data were utilised
to develop the modelling tools. Firstly, a model with a first principles approach was
obtained and validated to simulate large-scale units also with complex stack configuration
(i.e., internal staging). The model was subsequently modified to account also for
nonstationary operations. In addition, the possibility of adopting innovative modelling
tools was considered. For the first time, artificial neural network models were used to
simulate the Electrodialysis with bipolar membranes process. Finally, the combination of
first principles and data-driven models was considered to develop innovative hybrid
models with superior performance compared to the two types of models used alone. The
obtained results can guide the selection of the most appropriate process configuration
depending on the applications, while the proposed models can be selected as realisable

tools to predict the process behaviour depending on the application.
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Introduction

The research for innovative and sustainable processes has been promoted in the
last years by governments to accelerate the transition towards a more suitable society.
One of the driving ideas is to recover valuable material from waste streams produced by
industrial activities with circular economy approaches. Electrodialysis with Bipolar
Membranes has emerged in recent years as an interesting way to in situ produce acid and
base streams. These chemicals are widely employed across different industrial sectors
from within the chemical industry to the water treatment and food industries. Moreover,
this process enables the use of waste saline streams as feed, thus allowing to convert them
into useful chemicals. For this reason, this technology can play a key role in circular

economy approaches which aim to recover valuable products from exhaust salt solutions.

The present PhD thesis aims to extensively characterize the Electrodialysis with
Bipolar Membranes technology and to develop reliable simulation tools, considering
traditional first principles as well as innovative data-driven and hybrid approaches, to

compressively describe its behaviour.

Particularly, the present PhD thesis is divided into 6 different chapters which are

briefly described below.

Chapter 1 shows interesting fields in which Electrodialysis with Bipolar
Membranes can play a key role in improving the sustainability of industrial processes. In
Chapter 2, the Electrodialysis with Bipolar Membranes process is introduced considering
its historical developments, working principle, industrial applications and new research
challenges. Chapter 3 describes the design and construction of an Electrodialysis with
Bipolar Membranes pilot plant and its extensive characterization from an experimental

point of view. Chapter 4 deals with the modelling of the Electrodialysis with Bipolar
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Membrane process adopting first principles approaches. A multi-scale model is developed
and validated with data obtained from the Electrodialysis with Bipolar Membranes pilot
plant. Both steady-state and transient conditions are considered, and useful analyses are
carried out to study the process potential. In Chapter 5, innovative modelling approaches,
such as artificial neural networks, are utilised to describe the behaviour of the
Electrodialysis with Bipolar membranes process in both steady-state and transient
operations, proving their effectiveness in describing complex nonlinear processes.
Chapter 6 evaluates the possibility of combining first-principles and data-driven
approaches into hybrid models to improve prediction performance. The results obtained
from the hybrid models are compared with the other modelling approaches. The research

activities conducted in this thesis work are part of the Horizon 2020 Water-Mining project

[1].

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

Chapter 1
Electrodialysis with Bipolar
Membranes in modern
sustainability challenges

Chapter 2
The Electrodialysis with Bipolar
Membranes process

Chapter 3
Experimental investigation of an
Electrodialysis with Bipolar
Membranes pilot plant

Chapter 5
Modelling of Electrodialysis
with bipolar membranes with
artificial neural networks

Figure 1. PhD thesis graphical outline
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1.  The role of Electrodialysis with bipolar membranes in modern sustainability

challenges

The transition towards a more sustainable society has been promoted in the last
decades to mitigate the effects of climate change and environmental degradation. These
effects, produced by anthropogenic activities, are causing severe problems such as food
safety issues, drying up of areas, ice and iceberg melting, animal extinction, and plant
damage [2]. In this context, the European Union is playing a leading role in the current
world scenario, enacting stricter policies to eliminate, as far as possible, or reduce
pollution and emissions arising from human activities as well as promoting widespread
use of renewable energy sources [3]. In the industrial context, this has led to the search
for innovative sustainable technologies, capable of reducing energetic and environmental
impact, and/or to the promotion of circular economy concepts which aim to reduce the
disposal of waste streams.

An emerging process which has gained attention from both academic institutions
and industrial companies for the useful streams produced and wide versatility in different
fields is Electrodialysis with Bipolar Membranes (EDBM) [4]. EDBM produces acid and
base aqueous solutions starting from the corresponding salt solution, through the
application of electrical energy. A conceptual representation of the EDBM process is
shown in Figure 2. Several applications have been proposed to prove the benefits of this
technology in different contexts of modern sustainability challenges. These applications
are reported below grouped into three main sections: 1) integration into circular economy
approaches for wastewater treatment; ii) in situ production of chemicals reagents; iii)

coupling with renewable energy resources to exploit variable energy sources.
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Figure 2. Conceptual diagram of Electrodialysis with Bipolar Membranes (EDBM) process operation.

1.1 Integration into circular economy approaches for wastewater treatment

The adoption of circular economy strategies for wastewater management is
promoted by governments (i) to minimize volumes discharged and their associated
environmental impact [5], (ii) to reduce water consumption [6] and (iii) to face the
increasing resource demand [7]. To this aim, minimal liquid discharge (MLD) [8] and
zero liquid discharge (ZLD) [9] have been proposed to improve the sustainability of
industrial processes. MLD strategies target the recovery of water up to 95%, whilst in
ZLD an entire water recovery could be achieved [10]. Another difference between the
two strategies lies in the treatment approach: ZLD is obtained focusing on primary

thermally driven technologies and membrane-based processes, whereas mainly the latter



The role of Electrodialysis with Bipolar Membranes in environmental protection

are used in MLD strategies [8], [10]. In general, MLDs are preferred to reduce capital
investment and energy consumption arising from thermal processes [11].

The recovery of valuable resources such as salts, minerals and chemicals, that can
be sold or reused in-situ, represents a prerequisite to widespread MLD and ZLD treatment
chains. High-purity salts or mixture of salts, used in food industries and agriculture,
respectively, can be easily recovered by adopting thermally driven phase-change-based
processes [12], [13]. However, different technologies such as reactive precipitation or
selective absorption/adsorption are necessary for precious resources recovery (e.g.,
magnesium, lithium, chrome and boron) [14], [15], [16]. In these cases, chemical reagents
such as acid and base solutions are required for the precipitation and regeneration phases.
In the field of seawater desalination, which aims to produce fresh water in drought-
affected areas, a waste-concentrated salt solution, known as brine, is produced [17].
Mg(OH), and Ca(OH); can be precipitated from desalination brine injecting a sodium
hydroxide solution (I mol L!) in innovative crystallizers [18]. Electroplating
wastewaters contain chrome ions which can be recovered by adopting ion exchange resins
(silica-supported pyridine resin) [16]. In this process, sodium hydroxide or hydrochloric
acid (1 mol L) is used as a desorption solution, while a lower concentration of
hydrochloric acid (0.1 mol L™!) is adopted for resin regeneration. Salt lake brines contain
a significant amount of lithium and boron, which account for 66 % and 50 % of the world
reservation [19]. Many efforts have been dedicated to their simultaneous recovery.
Recently, Lu et al. [20] observed that lithium-ion sieves and boron-chelating resins can
achieve this goal. For the regeneration processes of sieves and resins 0.3 mol L' HCl is
needed.

This information proves the importance of employing acid and alkaline solutions

in recovering high value-added materials. However, the purchase of these chemicals can
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affect the economic feasibility of ZLD and MLD strategies. Alternatively, Electrodialysis
with Bipolar Membranes (EDBM) can be used to produce chemicals, starting also from
waste saline streams [21]. In this way, significant benefits can be achieved from both
economic and environmental improvements.

Several works have been published in the literature demonstrating the
effectiveness of integrating EDBM in circular economy contexts for wastewater
valorisation. Adiba et al. [22] proposed two distinct integrated chains for the treatment of
high-salinity (NaCl and Na>SOs) streams, emulating coal mining wastewaters from
Bulianta (China). The integrated chains, adopting a ZLD strategy, combine membrane-
based technology, such as Reverse Osmosis (RO), NanoFiltration (NF), Electrodialysis
(ED) and EDBM, as well as an evaporative/crystallization unit. The objective of the
chains is to valorise the waste brine into pure salts and mixed of salts. The produced
chemicals by EDBM are utilized for pretreatment processes and cleaning procedures of
the membrane units. The pretreatment step aims to remove ions, such as F-, Mg?" and
Ca*, as well as to correct the brine pH, which exhibits a mild alkalinity. The two
suggested combinations differ for the salt solution sent as feed to EDBM and for the salt
produced. In the first chain, the NF permeate, mainly containing monovalent ions, is
concentrated through an ED step and then used as feed for EDBM. This leads to the
production of sodium hydroxide and hydrochloric acid via EDBM. The NF retentate is
evaporated and the dissolved ions crystallised into pure sodium sulphate and a salt
mixture. This chain results suitable, from an economic point of view, for treating
wastewaters streams with a higher NaCl content with respect to Na,SO4. In the second
chain, the NF retentate, containing monovalent and bivalent ions, is once again
concentrated by ED and sent to EDBM, which produces sodium hydroxide and a mixture

of hydrochloric and sulphuric acids. The NF permeate is concentrated through an RO,
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which produces fresh water, while the RO retentate is evaporated, leading to the
production of pure sodium chloride. This second alternative results more appropriate for
wastewaters containing mainly Na>SOs. Jiang et al. [23] suggested an MLD strategy,
integrating RO, ED and EDBM, for valorising cold-rolling wastewater. Specifically, the
chain is able to accomplish a concentration of the salt solution, through RO and two stages
of ED, along with the production of fresh water (RO permeate). Two pretreatment steps,
using ion-exchange resins (IEX) are adopted prior to RO and EDBM units for removing
bivalent cations. The concentrated salt solution and the produced water are, in turn,
converted into chemicals (i.e., sodium hydroxide and sulfuric acid) via EDBM, which
represent the only products of the chain. The work of Zhao et al. [24] presented an MLD
valorisation strategy for mine water generated during coal production. The integrated
chain is composed of Ultra Filtration (UF), RO, Selectrodialysis (SED) and EDBM. The
UF unit is employed to remove impurities such as colloids and suspended particles. The
SED is used to remove Mg?" and Ca*" prior to EDBM, while the fraction containing the
bivalent cations is concentrated through an RO unit before a precipitation step. Overall,
the chain generates a sodium hydroxide solution, a mixture of sulfuric and hydrochloric
acids, and a mixture of precipitated magnesium and calcium hydroxides.

All these examples demonstrate the versatility of EDBM in being integrated into
circular economy contexts for the valorisation of wastewater streams, thanks to its
valuable products. These chemicals are required by other units for pre-treatment,

precipitation and cleaning, ensuring the circularity of the treatment process.

1.2 In situ production of chemicals reagents

In the current industrial scenario, sodium hydroxide and hydrochloric acid
represent two of the most widely used bulk chemicals. They are used in different

industrial sectors as solutions, with concentrations in the range 1-30 wt.%.



The role of Electrodialysis with Bipolar Membranes in environmental protection

Sodium hydroxide, also known as caustic soda, is produced worldwide utilizing
the traditional chlor-alkali process [25]. In 2021, the use of sodium hydroxide was
approximately 9.000 kton throughout Europe [26]. Pulp and paper industry, organic and
inorganic chemical industries, as well as textile and aluminium sectors represent the main
industrial sectors in which sodium hydroxide is adopted, accounting overall for 65% of
the total production [27]. Concentrated solutions, between 10-30 wt.%, are usually
employed for these applications. On the other end, several important fields utilize lower-
concentrated NaOH solutions. Water treatment and food industries accounted for 5.1%
and 6.4%, respectively, of the applications of caustic soda in Europe in 2021 [26]. In water
treatment industry sodium hydroxide is adopted for pH corrections [28], cleaning
procedures [29] and the regeneration of ion-exchange resins [30]. These applications
require concentrations in the range 1-4 wt.%. In food industries, caustic soda is used for
cleaning procedures, pH corrections and for the production of starches and derivatives
[31]. Recently, it was reported that pre-treating the vinegar residue with a 3 wt.% NaOH
solution beneficially enhances methane production by 54% during anaerobic digestion
[32]. In the field of CO; capture, sodium hydroxide is considered an attractive absorbent
thanks to the conversion in sodium carbonate, which guarantees high stability, minimal
environmental impact, and low cost [33]. The concentration of sodium hydroxide
solutions used to this end is in the range 1-5 wt.% [34].

Aqueous solutions of hydrochloric are commonly obtained from the organic
chlorination sector, primarily from vinyl chloride production [27]. Among the main
applications there are: chloride manufacture, mineral dissolution, pickling and etching of
metals, alkaline stream neutralization, brine acidification, regeneration process, cleaning
procedures as well as production of plastics, cosmetics and detergents [27], [35], [36].

The pickling process is widely adopted in the steel manufacturing industry to remove
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oxidized layers from steel surfaces, using hydrochloric acid as removing agent. In this
sector, HCI solutions with concentrations between 1.5 and 17 wt.% are usually employed
[37]. Leaching processes, which focus on aluminium recovery from water treatment plant
sludges, adopt hydrochloric acid as a solvent with concentrations between 1-4 mol L™,
to achieve leaching efficiencies between 72-80% [38]. In the food industry, HCI is
employed as a food additive (known as E 507) with a low concentration to produce corn
syrups, gelatin, hydrolysed vegetable protein, and soy sauces [35]. For ion exchange resin
regeneration, 4 wt.% hydrochloric acid solutions are usually employed, especially for
strong acid cation exchange resins [39].

Acid and base solutions are often used in conjunction. Indeed, when an alkaline
solution is utilized, it is necessary to have an acid solution, and vice-versa; to perform pH
control, neutralization of effluents, and cleaning processes.

Sodium hydroxide and hydrochloric acid, as commodities, are produced in large
volumes in specific areas and must be concentrated to reduce their volume before being
shipped worldwide. However, these chemicals require careful handling, due to the
hazards they pose to human health, rising environmental and social concerns. Moreover,
concentration and transportation costs significantly contribute to the overall cost of the
final products. In remote areas, such as islands and peripheral regions, this issue is
exacerbated. All these aspects highlight the need to produce hydrochloric acid and sodium
hydroxide in situ, reducing transportation, handling, and storage costs as well as the
associated concerns. Electrodialysis with bipolar membranes represents one of the most
promising technologies to address these challenges, as it allows the simultaneous
production of hydrochloric acid and sodium hydroxide from sodium chloride solutions
[40]. Moreover, its modular nature enables the adaptation of productivity to meet industry

requirements.
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1.3 Coupling with renewable energy sources to exploit variable energy

The production of acids and bases via electrodialysis with bipolar membranes has
been widely proposed in the literature as an attractive option for the in situ production of
chemicals in circular economy approaches for waste streams valorisation or more
traditional industrial contests. Due to the significant energy burden associated with the
EDBM process, the possibility of powering the process with renewable energy sources
(RESs) has been suggested. In this way, a reduction in carbon footprint and cost of the
produced chemicals can be achieved. A few works investigate this coupling in literature,
although promising results have been found, regarding the coupling of EDBM with solar
panels. Herrero-Gonzalez et al. [41] realised a PV-EDBM system, coupling a lab-scale
EDBM stack (An=0.01 m?) with a photovoltaic solar simulator. A SCADA system was
adopted to control the plant, which was operated in a semi-batch configuration. More in
detail, the outlet flowrates were controlled through an on-off control, which was based on
the pH of the acid solution and on the conductivity of the saline solution. The authors
found a significant reduction in the specific energy consumption of the acid from 7.3 kWh
kg!, employing a fixed current density, to 4.4 kWh kg!, using a variable current density
and the designed control system. In another work, Herrero-Gonzalez et al [42] developed
a simulating tool using existing literature models to evaluate the techno-economic
feasibility of the integrated PV-EDBM system for chemicals production, adopting a
discontinuous operating mode. The system was analysed using irradiation and
temperature data from Lampedusa Island (Italy). Interestingly, the authors observed a
20% reduction in the levelized cost of sodium hydroxide (equal to 210 € ton™!) compared
to the use of electrical grid mix. These results raise the interest in coupling EDBM with

fluctuating energy sources, such as RES or in smart-grid contexts, for example, for peak-
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shaving, thanks to its adaptability in working in transitory regimes maintaining high

performance.
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2. The Electrodialysis with Bipolar membrane process

This chapter details the Electrodialysis with bipolar membranes (EDBM) process,
starting from the historical developments and reaching the latest developments as well as
the research challenges. In addition, working principles, industrial applications, process

configuration, and key performance indicators will be covered.

2.1  Historical developments

Electrodialysis with bipolar membranes is an elctro-membrane process, which
enables a mass separation operation. For this purpose, ion-exchange membranes (IEMs)
are employed. These membranes, carrying electrical charges, selectively control the
transport of charged species (i.e., ions) from a neutral mixture [40]. The first studies on
membrane systems date back to the mid-18th century when Abbe Nollet observed
osmosis through a membrane in the form of a pig bladder [43]. In the 19™ century,
Ostwald studied the properties of semipermeable membranes, discovering that they are
impermeable for both cations and anions [44]. A few years later, the concept of membrane
potential, arising from the different ion concentrations between a membrane and an
aqueous solution, was proved by the work of Donnan [45]. A milestone step towards the
widespread of the Electrodialysis (ED) process was the suggestion of the multi-cell
arrangement, which foresaw the alternation of cation-selective and anion-selective
membranes [46]. This configuration enables to minimize the irreversible energy losses at
the electrodes over a certain number of compartments. The first industrial-scale
application of electrodialysis has been proposed for brackish water desalination. In 1962,
more than twenty industrial-scale desalination plants were in operation in the United
States [47]. Vincent J. Frilette [48], in 1956, introduced the concept of the bipolar

membrane, referring to a layered membrane composed of a cation-exchange layer and an
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anion-exchange layer. His work described the preparation and characterization of these
membranes as well as proposed a multi-chamber arrangement, alternating bipolar
membranes with cation-exchange membranes for acid and base production from the
corresponding salt. This represents the beginning of the Electrodialysis with bipolar
membrane process (EDBM). In 1977, the three chambers configuration, the most
widespread EDBM arrangement, was presented to keep acid, base and salt solution
separated [49]. Moreover, an economic evaluation proved the attractiveness of this
technology compared to electrolysis for acid and base generation. The first industrial-
scale EDBM plant was installed in 1988 at Washington Steel (Pennsylvania) for acid
regeneration from pickling liquor [50]. With the introduction of EDBM, a completely new

area of application was opened up [40].

2.2 Working principle

This paragraph explains the working principles of electro-membrane processes.
Conventional electrodialysis ED is first introduced due to the similarities with EDBM.
Then the EDBM is comprehensively described, focusing also on the different stack

configurations presented so far in the literature.

2.2.1. The Electrodialysis process

Electrodialysis is an electrical-driven process in which ions are selectively
transported between solutions [51]. The key components in electro-membrane processes
are ion-exchange membranes (IEM). Two different types of IEM can be distinguished:
cation-exchange membranes (CEMs) and anion-exchange membranes (AEMs). The
former contains negatively charged functional groups in the polymeric matrix and allows
the selective passage of cations, whilst the latter presents positively charged groups and

permits the selective passage of anions [52]. IEMs resemble ion-exchange resins in sheet
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form (100-200 um thick in dry form) with high swelling capability [40]. In Figure 3 a
typical ED stack is depicted showing the transport of ionic species. The stack consists of
alternating series of AEMs and CEMs, separated by polymeric spacers and placed
between two electrodes. The spacers allow the creation of the channels in which the
solutions flow, with a velocity in the range of 1-10 cm s~! [53]. When an electric potential
difference is established between the electrodes an ionic current flows through the active
membrane area of IEMs. This current is given by the migration of anions towards the
anode (i.e., positively charged electrode) and the migration of cations towards the cathode
(i.e., negatively charged electrode). Anions easily permeate through the AEM but are
retained by CEM, and vice versa for cations. The net result of ion migration is the solution
concentration in alternate channels, separated by depleted ones. These channels are
commonly referred to as concentrate and dilute, respectively. The repetitive unit of an ED
stack, known as cell pair, is composed of two different channels (i.e., dilute and
concentrate) and two opposite charged membranes (i.e., CEM and AEM). An industrial-
scale stack can reach up to several hundreds of installed cell pairs [54].

ERS HIGH SALT ILOW SALT HIGH SALT ! LOW SALT HIGH SALT LOW SALT ERS
so..2 ! soL3 SOL. 2 SOL. 3 SOL. 2 SOL. 3
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I3 __2_, 3
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Figure 3. Schematic representation of key elements and working principle of an Electrodialysis (ED) stack. The three
compartments present in the stack are shown:1 ERS, 2 concentrated, 3 diluted. ERS: electrode rinse solution.
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2.2.2. The Electrodialysis with bipolar membranes process

Adding a bipolar membrane to the conventional ED process leads to
electrodialysis with bipolar membranes (EDBM) technology. This process combines
selective ion transport between solutions through ion-exchange membrane, typical of ED,
with the generation of protons and hydroxide ions, allowed by bipolar membranes
(BPMs). These special IEMs consist of overlapping two different charged layers joined
together: a cation-exchange layer (CEL) and an anion-exchange layer (AEL) [55]. The
region between the two ion-exchange layers is called the interlayer or transition region.
When an electric field is applied, the electrolyte concentration is deceased in this region
and the water dissociation reaction takes place, to maintain the ionic current. This reaction
is promoted by employing weak acid or base catalysts [56]. The generated protons and
hydroxide ions along with the ions coming from a salt solution are utilized to produce the
corresponding acid and base solutions. The schematic representation illustrating the acid

and base production in an EDBM unit is reported in Figure 4.
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Figure 4. Schematic representation of the key elements and working principle of an Electrodialysis with bipolar
membranes (EDBM) stack. The four compartments present in the stack are shown: 1 ERS, 2 acid, 3 base, 4 salt. ERS:
electrode rinse solution.

16



The electrodialysis with bipolar membranes process

Monopolar and bipolar membranes are stacked together between two electrodes,
ensuring that the AEL of the bipolar membrane faces the CEM. The channel formed
between the monopolar membranes (i.e., CEM and AEM) is the salt channel, while the
channels on both sides of the BPM are the acid and base channels, bounded by CEL and
AEM as well by AEL and CEM, respectively [57]. The repetitive unit of an EDBM
consists of three compartments and three different membranes and it is called a triplet
[58]. The net result of the process is the concurrently acid and base production and salt
solution desalination.

In the electrodic compartments, redox reactions take place on the electrode
surfaces to convert electricity into an ionic current. In general, a salt is dissolved into
water to increase the conductivity of these compartments, but it remains chemically inert

from a reaction point of view, while the reaction involves water.

2.3 Industrial applications

In the last decades, EDBM has been suggested for a variety of applications in
different industrial fields. In all applications, the water-splitting capability of BPMs,
which enables to generate acids and bases, is exploited.

The production of inorganic acid and base streams from the corresponding salts
represents the oldest application for which EDBM has been proposed. An elevated
number of salt solutions has been reported in the literature, ranging from sodium chloride
[59] and sodium sulphate, widely investigated, to sodium phosphate [60] and ammonium
nitrate [61], reported in a few works. However, these applications did not reach the
industrial scale due to some membrane limitations, affecting the concentration reached
and salt contamination of the produced chemicals. This affects the attractiveness and
affordability of selling these products in the market. On the other hand, in the field of

environmental protection, EDBM demonstrated its strength. Often these salts are
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produced in industrial contests as result of reactions, neutralisation and regeneration
processes, and need to be disposed of [40]. In these cases, EDBM can be used to valorise
these waste streams, producing acid and base that can be reused in situ with less strict
concentrations and purity requirements compared to the market. The first reported
industrial application of EDBM was related to the recovery of hydrofluoric and nitric
acids from a potassium nitrate and potassium fluoride stream obtained from a stainless-
steel pickling liquor. An economic evaluation was conducted demonstrating a cost
reduction in the pickling process and a pay-back period of the EDBM unit lower than 4
years [62].

Regarding organic acid production, EDBM has been demonstrated to be an
attractive complement to fermentation processes. Indeed, EDBM enables to covert the
organic salt into the desired acid products and, at the same time, produces a base stream
that can be employed to control the pH in the fermentation process [63]. Lactic acid can
be manufactured either by microbial fermentation or by chemical synthesis [64]. A
racemic mixture of lactic acid is produced in the chemical synthesis route, while optical
pure L- or D-lactic acid stereoisomers are synthesised in the fermentation process.
Calcium lactate is obtained by fermentation processes and must be treated with a strong
acid [65]. To this aim, a two-compartment EDBM (i.e., using CEM and BPM) has been
used due to the size of the organic anion, which slowly migrates through AEM. In
addition, the EDBM process has been utilized for the production of acetic acid [66], citric
acid [67], glutamic acid [68], salicylic acid [69] and amino acids [70], [71].

In the field of waste air stream treatment, to remove harmful substances, EDBM
has been adopted to regenerate the absorption media [72]. Acid and base scrubbers are
usually adopted to remove NOx, SO> and amines, leading to the production of salt

solutions. The recovery of sodium hydroxide used in coal-burning power plants to absorb
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SO; from exhausted gases has been studied to a large extent. Two main processes have
been reported in the literature using two different EDBM stack configurations [40]. The
first process utilizes sodium hydroxide to absorb SO in the form of NaHSOs. The latter
is oxidised leading to Na>SO4. A three-camber EDBM unit is employed to produce
sodium hydroxide, which is recirculated to the scrubber, and sulfuric acid is produced as
a byproduct. The second process, known as Soxal™-process, adopts Na,SO; as
an absorbing medium to remove SO; [73]. The absorption process produces a solution of
NaHSOs and NaySOs, thanks to the oxygen present in the fuel gas. A two-chamber EDBM
stack, adopting bipolar and cationic membranes, is used to produce Na>;SO3 and H2SO3
in the alkaline and acid compartments, respectively. The sodium sulphite is recirculated
to the scrubber while the solution containing sulphurous acid is further treated to generate
sulphuric acid or elementary sulphur.

In food industry, EDBM has been interestingly adopted to inhibit undesired
oxidation processes in apple juice industry and to separate soybean protein from other
components avoiding denaturation phenomena [50]. To produce high-quality unclarified
apple juice, preserving sensory and nutrient quality, it is necessary to reduce the pH to a
value of 2 and then restore its initial value (i.e., 3.5) [74]. In this way, polyphenol oxidases
can be irreversibly inhibited. The adoption of acid and base solutions to adjust the pH
induces dilution effects along with salt formation. which significantly affects the juice
flavour. Tronc et al. [75] introduced the use of two EDBM stages to accomplish this pH
change that inactivates polyphenol oxidases. For both stages, the adopted stack is
composed of four different compartments: three of which are fed with a KCI solution and
the other one containing the row juice. In this stack configuration, the position of AEM
and CEM is reversed to allow a replacement of ions with the same charge. Specifically,

in the first stage the row juice is introduced in the chamber bounded by CEL and CEM,
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where protons are introduced and potassium ions are removed thus, a pH reduction is
promoted. In the second stage, the juice is sent to the camber bounded by AEL and CEM
to generate hydroxide ions and, at the same time, transfer to the adjacent compartment
chloride ions. This second stage restores the original pH, equal to 3.5. The soya protein
is extensively utilised in the food industry to improve the nutritional value and functional
properties of food [76]. A procedure has been developed to precipitate soy proteins using
EDBM. A two-compartment (i.e., using BPMs and CEMs) EDBM stack is adopted
sending the protein solution into the acid chamber. The generated protons lead the
solution to the isoelectric point (in the pH range 4.2—4.6) to selectively separate proteins
by precipitation [77]. After the precipitation step, in which more than 90% of the protein
content is recovered, and the removal of by-products, it is possible to resolubilize the
proteins utilising the sodium hydroxide produced in the base chamber of EDBM.
Therefore, the production of soy protein does not use any external chemicals to adjust the

pH, since they are produced by EDBM and used in different stages.

2.4 Process configurations

This section describes the process configurations largely utilised for EDBM in
different industrial fields.

The closed-loop configuration, also known as batch mode, is a discontinuous
operating mode in which each solution, contained in its tank, is continuously passed
through the EDBM stack to accomplish a certain degree of conversion. Overall, an
increase in acid and base concentrations and a reduction of the salt concentration in their
respective tanks are observed over time, until the desired concentration is reached. In this
configuration, the process duration depends on the solution volumes and on the current
density applied to the stack. A schematic representation of the closed-loop configuration

is given in Figure 5a.
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The open-loop configuration, also known as once-through, is a continuous
operating mode which employs different solution tanks for inlet and outlet streams. Each
solution is continuously withdrawn from its inlet tank, passes through the stack to
accomplish a certain degree of conversion, and then it is sent to the outlet tank where the
solution is stored. The chemical concentrations reached along with the brine depletion
achieved depend on the current density applied to the stack and on the solution flowrates,
which determine the residence time. Due to the reduced conversion obtained with this
process configuration, several stacks can be used in series, or a certain acid and base
concentration could be used in the inlet tanks instead of water.

The feed and bleed configuration is a continuous operating mode that enables to
extend the residence time of the solutions within the stack, recirculating a portion of the
outlet flowrate back to the inlet. The desired outlet concentration could be produced
starting from water (demineralised water or reverse osmosis permeate), by adjusting the
recirculated flow fraction. In some cases, the feed and bleed configuration could be
adopted for the chemical lines (i.e., acid and base), and it is known as partial feed and
bleed, or for all the main compartments (i.e., acid, base and salt), depending on the
availability of the brine. Schematic representations of partial and whole feed and bleed
configuration (indicated as feed and bleed) are shown in Figure 5c, d.

The fed-batch configuration consists of two phases. In the first phase, the system
works in closed-loop mode for all compartments, usually with a small volume for acid
and base solutions. In this way, a rapid increase in the chemical concentrations could be
obtained. In the second phase, which starts when the required concentration is reached, a
makeup water flowrate is added to the acid and base tanks, with a value that depends on

the applied current density. This makeup of water is provided to keep roughly constant
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the chemical concentrations while their volumes increase. A schematic representation of
the fed-batch configuration is reported in Figure 5Se.
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Figure 5. Schematic representation of the principal electrodialysis with bipolar membranes (EDBM) process
configurations: a) closed-loop (discontinuous); b) open-loop (continuous); c) partial feed and bleed (semi-continuous);
feed and bleed (continuous); e) fed-batch (discontinuous).
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2.5  Performance indicators and multi-ionic transport parameters

This section deals with the description of the data analysis used to characterize
EDBM behaviour. Firstly, the main Key Performance Indicators (KPI) of the EDBM
process are introduced. Then, the parameters used to evaluate the transport of different

ions in the case of multi-ionic salt solution are shown.

2.5.1. Overall EDBM KPlIs

Current efficiency (CE), often referred as current utilization, is expressed as a
percentage. It represents the fraction of the total current supplied to the stack that is
converted into in either OH™ or H' in the alkaline or acidic compartment, respectively.

Equations (1) and (2) are used for a discontinuous and a continuous mode of operation,

respectively.
1000(Vt, ¢ Cpr — Vi, 0 Cpo) F
CE (discontinuous) = (Vepe pgt p0 Cpo) 100 (1)
Ner [, 1 Ap dt
C —QpinCoin) F
CE (continuous) =(Qp’0ut pout = Opin Cpin) 100 (2)

60 N,y i A,

where ¢ is the process time in seconds, the subscripts ¢ and 0 mean at time t and at the
beginning of the test, respectively, the subscripts in and out refer to the inlet and outlet,
respectively, and the subscript p indicates the product (i.e., acid or base). Vt,:, Vi, 0 are
the corresponding volumes of the solutions in the tanks (m?); Cp1, Cp.0, Cpoue and C i are
the concentrations (mol L™"); O, is the flowrate of the product solution (L min™'). F is
Faraday’s constant (i.e., 96,485 C mol '), N, is the triplet number (), 4 is the membrane
active area (m?), and i (A m™?) is the electric current density provided to the stack.
Specific Energy Consumption (SEC), expressed in kWh kg™!, indicates the

electrical energy that must be supplied to the EDBM stack to produce 1 kg of desired
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product, i.e., the acid or base solute. Equations (3) and (4) are adopted for a discontinuous

and a continuous mode of operation, respectively.

t .
fO Uext l Npacks Am dt

3
3.6 X 106 (V; Cpt — Vo Cpo) My ®

SEC(discontinuos) =

Uext { Npacks Am
60 (Qp,out Cp,out - Qp,in Cp,in) Mp

SEC (continuos) = 4)

where Uy is the external electric potential (V) applied to the stack, Npacks represents the
number of cell packs installed in the stack (—) and M, is the molar mass of the desired
product (g mol ™).

Specific Productivity (SP), expressed in ton y ! m™, provides the tons of
chemicals, i.e., acid or base solution, produced in a working year, considered equal to
8,000 h, per unit of total membrane area installed in the EDBM stack. Equations (5) and

(6) are employed for discontinuous and continuous modes of operation, respectively.

p_ 288 10* (Vty: Cpe = Vtyo Cpo) M, 0.096 M, CE [ i dt

(5)
3 Ay Nep t Ft

_ 0.48 (Qp,out Cp,out - Qp,in Cp,in) Mp _ 0.096 Mp CEi

SP
3 A, N,y F

(6)

where all other symbols have the same meaning as defined in the previous equations.
Yield (t,,), expressed as a percentage, represents the ratio between the produced
quantity of acid or base to the initial or inlet amount of NaCl. Equations (7) and (8) are

used for discontinuous and continuous modes of operation, respectively.

_ th,t Cp,t - th'o CP,O

T 7
P Vtr,o Cr,O ( )

I = Qp,out Cp,out - Qp,in Cp,in
p =
Qr,in Cr,in

(8)

where the subscript 7 refers to the reagent (i.e., the salt), while all other symbols have the

same meaning as defined in the previous equations.
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2.5.2. lon-specific parameters for multi-ionic solutions

The adoption of real multi-ionic salt solutions to feed the EDBM raises the need
to address the description of different ions transport across the ion-exchange membranes.
In the work of Filingeri et al. [78] a methodology to evaluate ion transport in multi-ionic
contests was presented. It is assumed that ion species different from protons and
hydroxides, are transported just through the monopolar membranes (i.e., CEM or AEM)
thus, exiting from the salt compartment and entering into the acid/base channel, Figure 6.
Indeed, the transport of these ions through the bipolar membrane can be neglected since
the salt-limiting current is considerably smaller compared to the current density at which
EDBM stacks are usually operated [79]. The salt-limiting current density represents the

current density at which all salt ions are removed from the transition region.
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Figure 6. Simplified representation of ion fluxes in an EDBM triplet (adapted from [78)). The subscript i indicates the
generic transported ion different from protons and hydroxide ions.
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The fluxes JFEM and JAEM, expressed in mol m™ s7!, are transported from the
saline solution to the base/acid, across the monopolar CEM and AEM, respectively. They

are calculated as follows for a continuous operation mode:

CEM _ (Qb,out Ci,b,out - Qb,in Ci,b,in) (9)
' 60 A,, N,

AEM _ (Qa,out Ci,a,out - Qa,in Ci,a,in) (10)
' 60 Ap, Ny

where the subscripts a and b represent acid and base, respectively. It should be noted that
the calculated fluxes include both migration and diffusion transport phenomena,
representing net fluxes.

Monopolar membranes are also crossed by part of the protons and hydroxide ions,
generated at the bipolar membrane interlayer, which migrates towards the oppositely
charged electrode. Indeed, the fluxes of H" and OH  through AEM and CEM,
respectively, can be attributed to the non-ideal permselectivities of ion-exchange
membranes and the partial ion-back-diffusion. Thus, resulting in a partial neutralization
and pH variation in the salt channel. These fluxes, expressed in mol m2s™!, are calculated
as the difference between the fluxes of protons and hydroxide ions generated at the bipolar

membrane, (i.e., Jos" and J5FY) and those fluxes of the two ions calculated from the

experimentally measured concentration in the base and acid channels. J I‘;‘EM and JSEM are

calculated for a continuous operation mode as:

AEM BPM (Qa,out CH+,a,out - Qa,in C[-1+,a,in)
Jyv" =Jg+ — (11)
60 A, N¢p

CEM _ [BPM _ (Qb,out COH‘,bout B Qb,in COH‘,b,in) (12)

The protons and hydroxide ions fluxes produced in the BPM are calculated as follows:
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N. ks L
]I’fl’fM = JEPM — % (13)

In this case, unitary transport numbers are considered. This assumption, although
simplistic, is reasonable since low parasitic currents through manifolds and a reduced
value of the salt limiting current density are expected [57].

1

The overall fluxes of ions, expressed in mol m™2 s™!, across monopolar ion-

exchange membranes are estimated as:

G = ) EE 4 g (14)
i

B = ) JEM 4 e (1)
i

where the subscript i refers to the generic ion present in the salt solution.
The dimensionless transport number is calculated for each ion i across monopolar

ion-exchange membranes (i.e., CEM and AEM) as:
MPM

i
ti,MPM = TMPM (16)
tot

the superscript MPM refer to CEM and AEM.

The selectivity of the monopolar ion-exchange membranes for the generic ion i is
defined as the ratio between flux of the generic ion i over the inlet concentration of ion i
in the salt compartment and the flux of the reference ion over the inlet concentration of

the reference ion in the salt compartment, as follows:

MPM
' JMEM

Sel; = ref 17
€ l/ref'MPM Ci,s,in/ ( )
ref,s,in

where subscript ref and s indicate the reference ion and the salt compartment, respectively.
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Acid and alkaline streams composition is also evaluated calculating anionic and

cationic purity (P), expressed in percentage and defined as follows:

CH"' a,out
Py+ , = =—100 18
Hha ant Ci,a,out ( )
CCl_ a,out
Pr-, = =———100 19
e Zani Ci,a,out ( )
Crnq+ 20
PNa*',b — Na™,b,out 100 ( )

ant Ci,b,out

2h

COH‘,b,out

Poy-p = =—222—100
OH™b Zani Ci,b,out

where subscript cat and ani indicate cations and anions, respectively. For anions purity is
possible to consider the valance of different ions through the computing of speciation
(Sp), expressed in percentage and defined as:

CCl',a,out Zcy1-

100 22
Eani Ci,a,out Zj ( )

SpCl‘,a =

Con—pout Zon-

100 23
Zani Ci,b,out Zj ( )

Svou-p =

where z; is the valence of ion i.

2.6 Latest developments

Besides the traditional application of electrodialysis with bipolar membranes
process that has been comprehensively described in 2.3, there is a variety of innovative
applications in which the advantages of this process can be interestingly used. Between
them there is the possibility of creating energy storage systems (acid/base flow battery),
combining with CO» capture systems, recovering critical raw materials such as Lithium,
and promoting hydrogen production at the cathode electrode in conjunction with

chemicals production.
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An acid-base flow battery (ABFB) is an environmentally friendly storage system
based on the reversible water dissociation process of bipolar membranes [80]. Electricity
is stored in the form of pH and concentration gradient (i.e., chemical energy) in acid and
base solutions [81]. During the charging phase, an electric field is applied through the
electrodes and the water dissociation reaction takes place in BPMs, leading to the
production of acid and base solution. In the discharging phase, no electrical energy is
supplied to the system from the outside, instead a load is connected to enable the flow of
current. Protons and hydroxide ions contained in the chemical streams are neutralized in
the bipolar membrane interlayer, leading to the formation of water. This discharge phase
is also known as forward bias or reverse electrodialysis with bipolar membranes [82]. In
order to reduce CO; emission, thus, preventing severe effects of climate change, capture
of CO; has been extensively studied in the last years. Sodium hydroxide is considered an
attractive media for CO, absorption as it leads to the production of sodium carbonate,
with several benefits (i.e., high stability, minimal environmental impact and low cost).
Ruan et al. [83] couple an EDBM unit with a hollow fiber membrane contactor, used as
an absorber. The EDBM unit is employed to convert a softened rejected brine into
chemicals, mainly hydrochloric acid and sodium hydroxide. The produced alkaline
stream is sent to the hollow fiber module lumen side, while a gas mixture containing CO»
is pumped shell side. By selecting proper operating conditions for the module, removal
higher than 90% can be achieved. The absorbed solution containing mainly sodium
hydroxide and sodium carbonate, is used to soften the reject brine, while the acid stream
produced by EDBM is employed for pH correction and cleaning process.

In recent years there has been an increase in lithium demand due to the spread of
lithium batteries in a variety of applications [84]. The possibility of recovering metals

from used lithium batteries or from salt solutions containing lithium ions represents a
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promising approach to meet sustainability standards. Jiang et al. [85] evaluated the
possibility of recovering a LiOH from a simulated lake brine adopting two chambers (i.e.,
CEM and BPM) EDBM unit. In addition, as a pretreatment process, an ED unit is used
for concentration purposes as well as a precipitation and filtration units are employed to
remove undesired compounds. Finally, a LiOH solution with purity of about 95% was
obtained. EDBM appears a promising environmental-friendly and cost-effective process
for producing LiOH compared with conventional processes.

Very recently. Pellegrino et al. [86], evaluated the simultaneous production of
hydrogen and chemicals via EDBM, in what they called Hydrogen-EDBM (H-EDBM).
Considerable high values of current density were achieved, up to 1,000 A m2, to emulate
operating conditions similar to the traditional electrolyser used for hydrogen production.
At 1,000 A m 2, a 98% faradic efficiency for hydrogen production was obtained as well
as a productivity of 18.4 mol h™! m2. A levelized cost of hydrogen equal to 2.4 € kg !

was found, proving the attractiveness of H-EDBM technology.

2.7 New research challenges

The electrodialysis with bipolar membranes process has been extensively
investigated at a laboratory scale in different application fields. Although few efforts have
been dedicated to the process scale-up, studying situations relevant to industrial contexts.
Between them the performance evaluation of different operating conditions and process
configurations to extensively characterize the system, also with real brines. Moreover, in
the modelling of this process, lumped or distributed parameters first principles models
have been used with some adjustable parameters. These models were validated using
small EDBM stacks with simple stack configurations, which limits their application in
simulating industrial scale units for design and optimisation processes Lastly, adoption of

this technology requires an appropriate control system, between them model predictive
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control (MPC) can allow a strict control of the produced chemicals also in high transitory
regimes. These control approaches require low computational demanding models that can
be easily simulated and optimised, such as data-driven models. From what was said
before, it follows that a significant effort should be dedicated to investigate situations
which are typical of industrial contexts and propose valid models which can fully
characterize the process in a variety of operating conditions and process configurations

for different applications.
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3. Experimental Investigation of an EDBM Pilot Plant

This section contains the results of an extensive experimental campaign conducted
with an electrodialysis with bipolar membranes pilot plant. Firstly, a description of the
experimental set-up is provided considering the designing and construction phases, main
characteristics, installation site and the contest in which it has been realised. Secondly,
information about the preparation of the solutions and analytical producers to characterize
the EDBM results is provided. Then, preliminary analyses are described to investigate the
system operating range and find adequate operating conditions for subsequent analyses.
Moreover, the conducted experimental campaigns are reported to provide useful
information for the process scale-up. Specifically, different process configurations are
compared in terms of KPIs as the operating conditions vary and novel schemes for brine
valorisation and water footprint reduction are suggested. Finally, two applications of
EDBM in real industrial scenarios are presented: adoption of a real seawater brine (i.e.,
EDBM integrated into the Water Mining treatment chain) and coupling with renewable

energy sources.
3.1 Experimental set-up

This section describes the Electrodialysis with bipolar membrane pilot plant
utilised to conduct the experimental campaign.
3.1.1. The Water Mining project: case study 1

The EDBM pilot plant was realized within the framework of the Horizon 2020
Water-Mining Project. This project, lasting four years, started in September 2020. A total
of 38 partners, between universities and companies, are involved coming from 12

different countries. The aim of the project is to implement important European legislation
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(i.e., Water Framework Directive and EU Green Deal), validating innovative water
resource solutions at a high Technology Readiness Level (TRL), up to 8. Specifically,
these solutions combine water management services with the recovery of value-added
substances mined from alternative resources, obtained from urban wastewater, seawater
desalination and industrial wastewater [1]. To this aim, 6 different Case Studies are
evaluated, two for each resource of interest. The Case Study 1 of the project, in which the
Universita degli Studi di Palermo is involved, has the objective to valorise saline streams
(seawater or desalination brine) recovering fresh water, chemicals (i.e., acid and base
streams), salts (i.e., sodium chloride and mixed salts) and minerals (i.e., Mg(OH)2,
Ca(OH)»), as well as exploit waste heat, adopting Zero/Minimum Liquid Discharge
(ZLD/MLD) strategies. The demonstration chain, installed on the island of Lampedusa
(Italy), employs six different technologies: (i) Nano Filtration (NF), (ii) Multiple Feed
Plug Flow Reactor (MF-PFR), (iii) Multiple Effect Distillation (MED), (iv) EDBM, and

(v) Evaporative Ponds (EPs). A representation of the whole treatment chain is illustrated

1° stage .I 2° stage .I

MF-PFR MF-PFR

in Figure 7.

Base

stream

Retentate

Seawateror Ca(OH), Acid

desalination brine ~ ¢ @W
:>n o wsion, sveam
Diluted brine

Permeate

Concentrated brine

Watern%% NaCl Salt A

mixture

Figure 7. Schematic representation of Case Study 1 treatment chain of the European Horizon 2020 Water-Mining
project.
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The inlet saline feed is firstly treated into an NF unit, a membrane process which
produces: 1) a permeate, containing mainly monovalent ions (such as sodium, potassium
and chloride) and ii) a retentate, enriched in bivalent ions (such as magnesium, calcium
and sulphates). The NF retentate is sent to an innovative reactive crystallizer, known as
MF-PFR, employed in two different stages. The first stage recovers a mixture of
magnesium hydroxide and calcium carbonate (in a small quantity), utilising sodium
hydroxide as a chemical reagent. The second stage operates at a higher pH to precipitate
a mixture of calcium/magnesium hydroxide. After solid separation the resulting clarified
solution underwent a polishing step with ion exchange resins (IEX) The obtained solution
is sent to the downstream EDBM unit to produce two chemical streams: 1) an alkaline
solution, mainly containing sodium hydroxide, which is recirculated inside the chain for
the precipitation steps, and ii) an acid solution, mainly containing hydrochloric acid,
which is partially used for cleaning procedures or as a by-product.

The NF permeate is fed to a Multi-Effect Distillation (MED) unit to further concentrate
the salty stream and to produce demineralized water. The MED unit employs low-grade
heat (~80°C) supplied by the local power station, achieving a concentration factor as high
as 8 [87]. The highly concentrated salt solution, produced by the MED unit, along with
the diluted brine from the EDBM are directed to the Evaporative Ponds where natural
evaporation is employed to crystalise sodium chloride (food grade purity) and a final

mixture of other salts (mainly KCI, NaCl and Na;SOs).

3.1.2. The EDBM Pilot Plant

The design of the EDBM Pilot Plant was carried out utilizing both modelling and
empirical approaches to define the layout of the stack, adopting 2D and 3D CAD software
(i.e., Autodesck® AutoCAD and Fusion 360) to select the best arrangement of measuring

instruments and control devices and employing electrical software (i.e., QElectroTech
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and LTSpice XVII) to design the electrical circuits. The EDBM stack design procedure
and the selection of measuring instruments and control devices can be found in the thesis

works [88]. In Figure 8, the result of the design phase is shown through a 3D CAD.
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Figure 8. 3D drawing of the EDBM Pilot Plant realized with Autodesk® Fusion360. Both skid-mounted units are shown.:
the Pumping station and the EDBM stack unit.

The design of the electrical circuit and the construction of the pilot plant was
realized, at the Universita degli Studi di Palermo, during this PhD thesis work and it is

briefly reported in the following paragraphs.

3.1.3.  Skid-mounted unit housing auxiliary instrumentation: The pumping station

In order to house all the auxiliary instrumentation needed for the correct operation
of the EDBM pilot plant, a skid-mounted unit was realized. This unit, known as
a pumping station, was built utilizing square-based (4040 mm) aluminium-profiled bars
(METRA S.p.A.). The construction of the pumping station was accomplished in two

phases: 1) connection of the hydraulic circuit, and i1) wiring of the electrical cabinets.
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The hydraulic circuit consists of four different lines, equal to the number of the
solutions circulating inside the stack: acid, base, salt and electrode rinse solution (ERS).
In addition, water and drain lines were connected to the main lines for cleaning and
draining purposes. As described in section 2.4, acid, base and salt lines can be operated
in different process configurations. This requires a flexible arrangement of these lines,
with appropriate instrumentation, to permit the adoption of all these configurations in the
same unit. On the other hand, the ERS solution is always operated in closed-loop mode
and a simpler arrangement was considered. The hydraulic circuit connects each solution
tank with the EDBM stack and vice versa. All the pipes and fittings were made in
polypropylene (PP) with a size of 3/4 inch (FIP-Formatura Iniezione Polimeri S.p.A.).
Measurement instruments were installed to monitor important process variables, such as
flowrates, conductivities, temperatures, pH values and pressures. For acid, base and salt
lines, the measurement instruments were installed both prior to and after the stack (i.e.,
inlet and outlet line) to register any variations, while in the ERS they were positioned just
before the stack. For each line, a turbine pump, equipped with an external inverter, was
adopted to tune the flowrate flowing inside the stack. Moreover, in acid, base and salt
lines electrically actuated valves were utilized to partially recirculate the outlet flowrates
to the stack inlet (i.e., feed and bleed configuration). Finally, an additional gear pump was
employed in the acid and base outlet lines to strictly control them in feed and bleed mode.
All the materials were selected to ensure chemical and mechanical stability. Detailed
information about the measuring instruments and control devices installed in the pilot is

provided in Table 1.
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Table 1. Measurement instrumentations and control devices installed in the pumping station.

Element Model Range Material DN (mm)

Magnetic induction  ppygy 17 4100C 0-30 1 min’ PTFE 20
flowmeter

Conductivity meter OPTISENS IND 1000 1-2000 mS ¢cm’! PP 20
pH meter SMARTPAT PH 8320 0-14 Glass AH 15
Pressure transducer OPTIBAR P 1010 C 0-6 bar AISI 316L 15
Turbine pump TEOREMA PTM 2.5x6 0-3,500 rpm PP 25
Gear pump TEOREMA FG200-300 0-5V AISI 316L 32
Electrically actuated FIP VKDIV/CE 0-100 % PP 15

valve

To retain coarse particles in solution before being sent to the EDBM stack, a 3/4

inch polypropylene y-strainer filter (FIPFormatura Iniezione Polimeri S.p.A.) and a

cartridge filter with a 1 pum mesh (Atlas Filtri S.r.l.) were installed. To collect potential

liquid leaks, 6 cm high polyvinyl chloride (PVC) basins were placed at the base of the

aluminium frame. Some instantaneous snapshots are shown to illustrate the construction

of the hydraulic circuit, Figure 9.
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Figure 9. The construction phase of the Pumping Station, housing all the auxiliary instrumentations and control
devices. a) skid-mounted structure made with aluminium bars and PVC basins, b) building of hydraulic circuits; c)
view of the completed hydraulic circuits; d) installation of all the monitoring and control devices.

Two electrical cabinets were used in the pumping station to contain all the
essential electrical elements, such as differential and thermal-magnetic circuit breakers,
power suppliers for low-voltage devices, inverters and acquisition and command cards.
Once all the necessary instruments had been selected, 2D CAD was realized to properly

place them inside the electrical cabinets, Figure 10.
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Figure 10. 2D CAD showing the layout of the electrical cabinets utilized in the pumping station. a) front view of the
upper cabinet, b) front view of the lower cabinet, c) interior layout of the upper cabinet, d) interior layout of the lower
cabinet; e) enlargement of the upper cabinet terminal connection box; f) enlargement of the lower cabinet terminal
connection box.

Specifically, the electrical devices were divided into high voltage (i.e., 400 V and
230 V) and low voltage elements (i.e., 24 V and 12 V AC as well as 24 V and 12 V DC),
and positioned into the upper and lower electrical cabinets, respectively. Several
instantaneous snapshots are provided in Figure 11 to show the wiring phase of the

electrical cabinets and the obtained result.
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d

Figure 11. Wiring phase of the pumping station electrical cabinets: a) wiring of the upper cabinet; b) wiring of the
lower cabinet; ¢) comprehensive interior view of both electrical cabinets; d) front view of both electrical cabinets.

3.1.4. Skid-mounted unit housing the stack: The EDBM stack unit

A separate skid-mounted unit was designed to house the EDBM stack. This choice
comes from the need to electrically insulate the EDBM stack due to the elevated voltages
and currents utilised. The structure of the skid-mounted unit was built utilizing square-
based (40x40 mm) aluminium-profiled bars (METRA S.p.A.). To collect potential liquid
leaks, a 6 cm high PVC basin was placed into the aluminium frame. Instantaneous
snapshots regarding the construction of the skid-mounted unit housing the stack are

provided in Figure 12.
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Figure 12. Construction of the skid-mounted unit containing the stack: a) aluminium frame; b) installation of the PVC
basin and positioning of the EDBM stack.

3.14.1 EDBM stack configuration and installed membranes

The EDBM stack utilized in the pilot plant is an FT-ED 1600-3-40-2 purchased
from FuMA-Tech GmbH (Germany). The unit consists of two cell packs, of 20 triplets
each, allowing the unit to reach a total membrane area of 19.2 m?. The two cell packs are
arranged hydraulically in series with a common manifold, which acts as a collector for
the first cell pack and as a distributor for the second one. Specifically, the entrance of the
solutions to the stack is located at the bottom left side, the solutions flow through both
cell packs, which are connected via a linking manifold, and the solution exit is placed at
the bottom right side of the stack. The same electric potential difference is applied to both
cell packs utilizing a shared anode (i.e., the positive electrode) and two distinct cathodes
(i.e., the negative electrodes). A schematic representation of the EDBM stack is reported

in Figure 13.
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Figure 13. Schematic representation of an EDBM stack adopting an internal staging configuration with a shared anode.
The orange arrows represent the three main solutions (i.e., acid, base and salt).

This stack configuration is known as internal staging with two pairs of electrodes,
one of which is shared (i.e., the anode) [40]. This electrode layout decreases the capital
cost of the stack, limiting the amount of material required for the most expensive
electrode, i.e., the anode, compared to the adoption of two different stacks in series. The
total current coming from the DC drive is split between the cell packs based on their
electrical resistance, supplying a larger current fraction to the cell pack with a lower

electric resistance.

The electrodes installed in the EDBM stack are dimensionally stable anode
(DSA®) and stainless steel (AISI 304) as anode and cathode, respectively. The membranes
installed in the EDBM stack are FUMASEP® FAB-PK as anion-exchange membrane,

FUMASEP® FKB-PK as cation-exchange membrane, FUMASEP® FBM-PK as bipolar
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membranes and FUMASEP® F-10150-PTFE as end-membrane. The active membrane
area is 0.16 m? (0.345 m length and 0.454 m width). The flow of the solutions through
the stack is co-current. Spacers are made from polypropylene, with a thickness of 350
pm. The number of holes in each spacer is equal to 6 with an equivalent diameter of 14.5
mm. Additional information about the ion-exchange membranes and spacers adopted in

the EDBM stack is reported in Table 2.

Table 2. Main characteristics of the ion-exchange membranes installed in the EDBM stack.

FUMASEP® FUMASEP® FUMASEP® FUMASEP®  FUMATECH FT-
FAB-PK FKB-PK FBM-PK F-10150-PTFE ED 1600-3
(CEM) (AEM) (BPM) (end-membrane) (spacer)
Reinforcement/ PK PK PK PTFE EVOI 125°V/PP
Material
Th'cﬁﬂﬁf)s' dry 110-140 120-150 130-160 150-200 350
Max teronperature na 40 40 na 60
(°C)
. bromide . Na* (CEL layer )/ + )
Counter ion (Br-) H* form CI* (AEL layer) H* form
pH stability range . ) )
at 25 °C 0-14 0-14 na na 0-14
Area resistance oM b) c )
(Q cm2) 50-9.0 <5 na <1
Selectivity 93-98 >08 na >95 -
Porosity (%)
(plan view/ flow - - - - 64/84
direction)

3.1.5. Installation site and commissioning phase

Once the construction of the skid-mounded units had been completed, they were
positioned in a 20 ft shipping container and transported to the island of Lampedusa (Italy),
where the Case Study 1 demonstration treatment chain of the Water-Mining project was

located. In Figure 14, the geo-localization of the installation site is shown.
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Figure 14. Geo-localization of : a) the island of Lampedusa in the Sicilian channel and b) the installation site, indicated
as “Container Area”. Images obtained from[89] .

The EDBM pilot plant was positioned in the container area, next to the local
desalination plant, and connected to a tank farm. In detail, two high-density polyethylene
(HDPE) IBC tanks, of 1 m® each, were utilized for the three main streams (i.e., acid, base
and salt). For the ERS, a single 0.125m® polyethylene tank was used. In addition, two
IBCs were utilized to store demineralised water and to drain the electrolytic solutions.

Figure 15 shows the EDBM pilot plant and the corresponding tank farm.
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Figure 15.Instantaneous snapshots shéwing: a) front view of the container which houses the EDBM pilot plant; b) tank
farm utilised to store the electrolytic solutions.
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3.2 Solution preparation and analytical procedure

In all the tests the ERS was prepared using RO permeate (~ 350 uS cm™) and
technical grade Na>xSO4 (CR GRUPO CRIMIDESA), reaching a concentration of 0.25
mol L', Depending on the test type, also the other solutions were prepared starting from
technical grade chemicals. The artificial brine (i.e., the salt solution) was prepared
by mixing reverse osmosis (RO) permeate (~350 uS cm ') and high-grade NaCl (>99.5%
purity, Saline di Volterra S.r.1.), up to the desired concentration (often 1 mol L™!). Artificial
acid and base solutions were prepared for closed-loop and fed-batch tests. In closed-loop
volumes of 0.3 m> were utilised, while in fed-batch mode 0.1 m? volumes were employed,
with a concentration of 0.05 mol L™! for both chemicals. To prepare the acid and base
solutions HCI (ACS reagent 37 wt %, Honeywell, Fluka) and NaOH (technical grade,
Inovyn) were, respectively mixed with RO permeate (~ 350 uS cm™'). This initial
concentration of 0.05 mol L' was employed to increase the conductivities of acid and
base solutions preventing the application of high voltage to the stack at the beginning of

the tests.

Titrations were performed with standard solutions of 0.1 mol L' HCI for the
alkaline sample and of 0.05 mol L' Na,COs for the acid one, using 10 wt.% methyl
orange solution (ACS dye content 85 wt.%, SIGMA-ALDRICH) as pH indicator. Sample
analysis was completed by ion chromatography (Metrohm 882 compact IC plus) to
measure cations and anions concentrations, using the cation (Metrosep C 4 —250/4.0) and
anion (Metrosep A Supp 5 — 250/4.0) columns, respectively. A 5.5 mmol L' H;POq4
solution for the cation and a mixture of 3.2 mmol L' Na,COs and 1.0 mmol L' NaHCO;
for the anion were used as eluents for the two columns, respectively. Free chlorine in the

ERS was measured employing N,N-diethyl-p-phenylenediamine colorimetric analysis.

45



Experimental investigation of an EDBM Pilot Plant

3.3 Preliminary analysis

Some preliminary tests were conducted with the EDBM pilot to verify the correct
functioning of the system: 1) absence of leakages in the hydraulic circuit, i1) negligible
internal leakage inside the stack, ii1) simultaneous production of acid and base solutions,
as well as to define the operative range and operating conditions for following analyses.

Firstly, the hydraulic circuit was tested, disconnecting the EDBM stack. The
turbine pumps (TEOREMA PTM 2.5x6) were activated and tested at different flowrates,
up to 30 L min~'. In addition, manual valves were partially closed to increase the pressure
of the hydraulic circuit up to 3 barg, verifying the complete absence of leaks. Secondly,
an internal leakage test of the EDBM stack was conducted with water utilising the closed-
loop configuration. During this test, only the pumps were activated, while the DC drive
was kept off. Four different tanks, one for each solution circulating in the stack, were
filled with water (approx. 100 L) and their levels were monitored. After a few hours of
operation, only negligible variations (less than 1 %) were observed in the level of the
tanks.

Additionally, the pilot plant was tested with artificial NaCl-containing solutions
to evaluate its effectiveness in producing chemicals. Also in this case, a closed-loop
configuration was utilised for all the lines, with solutions volumes of 100 L for each. tank.

The initial compositions of the solution are reported in Table 3.
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Table 3. Initial conditions of the solution utilised in the preliminary test.

Compartment Acid Base Salt ERS
Content HCI NaOH NaCl Na,S04

Concentration 0.05 0.05 2 0.25
(mol L)

During the test, the current was kept constant at 33 A, corresponding to a current
density of 100 A m2. Figure 16 depicts the main results of this test in terms of external

voltage and chemical concentrations over time.
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Figure 16. Preliminary test conducted in closed-loop mode at 100 A m™2: a) external voltage applied to the stack and
b) acid and base concentrations at the stack inlet and outlet as functions of time.

According to the graph in Figure 16a, the resulting external voltage was slightly
decreasing, starting from a value of 32 V and reaching a final value of 29.5 V. Overall,
the voltage decreased during the test was related to an increase in acid and base
concentrations. Indeed. the latter reduces the electrical resistance of the stack. Figure 16b
depicts the evolution of acid and base concentrations over time. It could be observed that

acid and base concentrations higher than 0.4 mol L™! were achieved in about 100 minutes.
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Moreover, it should be observed that the chemical concentrations increase in a passage
through the stack were limited due to the adopted current density, with values lower than
0.05 mol L', These findings indicate that EDBM performance is promising. Indeed, the
current efficiency was greater than 80%, with a Specific Energy Consumption of around
1.2 kWh kg !, for the alkaline product.
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Figure 17. Protons concentration and pH of the salt tank as functions of time in a preliminary test in closed-loop
mode at 100 A m™2.

Finally, Figure 17 depicts the proton concentration and pH of the saline solution
over time. The amount of protons diffused/migrated into the saline compartment is
negligible. In detail, the H" concentration in the salt tank was only 3 mmol L at the end
of the test, corresponding to a pH of approximately 2.5. This demonstrates the high

selectivity of the membranes and the possibility of reaching elevated current efficiency.

3.3.1. Analysis of EDBM performance in open-loop configuration

The effect of flowrates (acid, base, salt and ERS), initial concentrations in the
compartments and current densities on the increase of H* and OH™ concentrations and
KPIs was determined in open-loop configuration. The results shown in this section were

published in the scientific article Analysis of Operational Parameters in Acid and Base
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Production Using an Electrodialysis with Bipolar Membranes Pilot Plant [90]. Synthetic
sodium chloride solutions were utilised in the salt chambers, while the produced
hydrochloric acid and sodium hydroxide solutions were fed in the acid and base
chambers, respectively. Three sets of experimental runs were carried out, employing the
EDBM pilot plant described in 3.1. Table 4 summarises the operating conditions tested
during the experimental campaign. Two different values of current density (i.e., 200 A m~
2 and 400 A-m?) were employed as they result representative of the commonly utilised

range of current densities (i.e., 100-600 A m).

Table 4. Summary of the experimental conditions investigated in open-loop configuration.

Current Inlet Channel
. . Flowrate
Code dens[[ Line conc._1 (L.min—l) speegi1
(Am ") (mol-L ) (cm-s )
Acid 0.1 2.0-7.5 0.88-3.3
Base 0.1 2.0-7.5 0.88-3.3
T-200-1 200 Salt 1.0 2.0-7.5 0.88-3.3
ERS 0.25 20 4.4
Acid 0.1 2.0-75 0.88-3.30
Base 0.1 2.0-7.5 0.88-3.3
T-400-1 400 Salt 1.0 2.0-7.5 0.88-3.3
ERS 0.25 20 4.4
Acid 0.7 2.0-8.0 0.88-3.5
Base 0.7 2.0-8.0 0.88-3.5
T-200-F 2
00 00 Salt 0.5 2.0-8.0 0.88-3.5
ERS 0.25 20 4.4
Acid 0.7 2.0-75 0.88-3.3
Base 0.7 2.0-7.5 0.88-3.3
T-400-F 400
Salt 0.5 2.0-7.5 0.88 -3.3
ERS 0.25 20 4.4
Acid 0.1 6.0 2.6
Base 0.1 6.0 2.6
T-200-1-ERS 200 Salt 10 6.0 26
ERS 0.25 5.0-30 1.1-6.6
Acid 0.1 6.0 2.6
Base 0.1 6.0 2.6
T-400-1-ERS 400 Salt 10 6.0 26
ERS 0.25 5.0-30 1.1-6.6
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In the first set of investigated experimental conditions, constant initial
concentrations were maintained (ca. 0.1 mol-L™' of HCI and NaOH and 1 mol-L™! of

1

NacCl), while acid, base and salt flowrates were varied from 2 to 8 L-min ', at constant

ERS flowrate (20 L-min!). Only in experiment T-200-F solution flowrates of 8 L-min ™!
were reached, whereas in the other tests a maximum flowrates of 7.5 L-min~! were
investigated. This was due to the high pressure losses (>2 bar) that were observed at 8
L-min!, which caused external leakages. By working at 7.5 L-min ™!, the pressure losses
remained below 2 bar, avoiding the presence of an external leakage. In the second set of
investigated experimental conditions, higher initial chemical concentrations as well as a
lower salt concentration were tested (ca. 0.7 mol-L™! of HCl and NaOH and 0.5 mol-L™!
NaCl). In this case, the flowrates were varied within the same range. Finally, the third set
of experiments was focused on studying the effect of ERS flowrate variation (from 5 to
30 L-min!) at constant initial concentrations of the first set (ca. 0.1 mol-L™!' of HCl and
NaOH and 1 mol-L™! of NaCl) and by keeping the acid, base and salt flowrates at 6

L-min".

Figure 18 shows how the concentration of protons and hydroxide ions varies due
to the effect of flowrates. The concentration trend is equivalent in shape for changes in
acid, base and salt flowrates, Figure 18a-d. Specifically, the reduction of the
concentrations follows a trend inversely proportional to the flowrates. As expected, the
highest variation in the concentration was obtained at the lowest flowrate value (2
L-min!), due to the higher residence time inside the stack. More remarkable
concentration variations were obtained when lower initial concentrations were employed
(T-200-1 and T-400-I). In the tests T-200-F and T-400-F, higher initial concentrations led
to a relevant pH gradient across the bipolar membranes generating a voltage which must

be overcome to produce further chemicals. Thus, operating at the same current density
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intrinsically produces a lower inlet-outlet concentration variation. Moreover, higher inlet
concentrations favoured the appearance of non-ideal phenomena (such as osmosis,
electro-osmosis, diffusion and parasitic currents) that reduce the EDBM performance. On
the other hand, working at a higher current density (400 A-m?) increases the final acid
and base concentrations and, therefore, the variation of concentrations. This is related to
the presence of the electric field, which accelerates the kinetics of water dissociation at

the bipolar membrane junction, as stated by the second Wien effect [91].
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Figure 18. Values of concentration variations versus flowrate: a) T-200-1; b) T-400-1; c) T-200-F; d) T-400-F, e) T-200-
I-ERS; f) T-400-1-ERS. Acid, base and salt flowrates were simultaneously changed in tests T-200-1; T-400-I; T-200-F;
T-400-F, while only the ERS flowrate was varied during tests T-200-I-ERS and T-400-1-ERS.
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Different concentration profiles were observed between the T-200-I-ERS (Figure
18e) and the T-400-I-ERS (Figure 18f) tests. For test T-200-I-ERS, the acid concentration
slightly decreased when increasing the ERS flowrate, while the base concentration
slightly increased. However, the changes throughout the test were quite limited, for both
products (<0.02 mol-L—1). In test T-400-I-ERS, a maximum in the variation of
concentration was also observed for both products (<0.02 mol-L—1) at 20 L-min"!, which
was the flowrate recommended by the supplier for the ERS compartment. The final
concentration and, therefore, the variation of concentration increased along with the
current density. Almost twice the amount of concentration variation was achieved (for
both NaOH and HCI) when the current density was doubled (from 200 A-m 2 in T-200-1-

ERS to 400 A'm 2 in T-400-1-ERS).

In Figure 19, the trends of CE and SEC are reported for the three investigated sets
of experiments. As depicted in Figure 19a, the SEC slightly decreased when the flowrates
were increased in the first two sets of investigated operating conditions (T-200-I, T-400-
I, T-200-F, and T-400-F). The energy supplied resulted approximately the same and the
SEC variations were related to the production, which, in turn, depends on the flowrates
and the variation in concentrations. Even though the variation in concentration was quite
small, the production was slightly enhanced for higher flowrates, therefore, the SEC was
decreased. Doubling the current density in the first set of experimental conditions (i.e., T-
400-I) made the SEC 1.6—1.8 times larger, while in the second set of experiments (i.e., T-
400-F) the SEC was 1.2—1.3 larger. Surprisingly, the SEC followed a quite horizontal
tendency with the flowrates, except for the second set of operating conditions at higher
current density (i.e., T-400-F). In this test, the SEC started from a value of 3.2 kWh-kg !
and showed a decreasing trend as the flowrates increased. This was related to the fact that

the salt solution at the stack outlet was depleted (conductivity value of approx. 4
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mS-cm '), which caused: (i) an increase in the salt compartment resistance and therefore,
an increase in voltage, but also (ii) a limitation of the water splitting phenomena due to

the absence of counter-ions in the salt compartment that can compensate the charge

balance.
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Figure 19. Trends of specific energy consumption (SEC) and current efficiency (CE)of the base product as function of
flowrates. The first two sets of experiments (i.e., T-200-1, T-400-1, T-200-F and T-400-F) are shown in Figures a) and
b), while the third set of experiments (i.e., T-200-1-ERS and T-400-I-ERS) are reported in Figures c) and d).

Comparing tests with the same applied current density, the SEC was 1.8 times
higher for T-200-F with respect to T-200-I, and 1.2-1.4 times higher for T-400-F
compared to T-400-1. The variations were more remarkable in the tests with a lower salt

concentration and a higher chemical content (i.e., T-200-1 and T-400-I) due to the
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contribution of the ohmic resistance in the voltage. The stack resistance was higher when
the concentrations in the stack were lower (i.e., T-200-I and T-400-I) thus, the energy

input was increased due to a higher current and an increased resistance.

Considering the CE, Figure 19b, a small increase was observed as the flowrates
increased, which was related to an increase in productivity. For the same applied current
densities (T-200-I and T-200-F, or T-400-1 and T-400-F) the tests of the first set of
experiments had a better efficiency (1.8-2.0 times higher for T-200-1 compared to T-200-
F, and 1.3—1.4 times higher for T-400-I compared to T-400-F). This fact was attributed to
the higher variations in the concentration obtained in the first set of experiments. Looking
at the CE, when the current density was increased, a reduction of 20% was observed in
the first set of experiments, while only 10% differences were observed in the second set.

Both SEC and CE were slightly by the variations in concentration obtained.

Evaluating the effect of ERS flowrate on the performance indicators, a minimum
in the SEC was observed for the flowrate of 20 L-min"' (i.e., the nominal flowrate) for
both T-200-I-ERS and T-400-I-ERS. The SEC increased by 1.3—1.5 times when the
current density was doubled. Since the variation in concentration was doubled by
changing the current density, the increase in SEC was due to the higher power
consumption (ohmic losses). Similar behaviour was observed for the T-200-I-ERS and
the T-400-I-ERS tests where a maximum in the CE was observed for the flowrate of 20
L-min"'. For this reason, it was decided to use this value of ERS flowrate in the
subsequent experimental campaigns. The changes in CE throughout the test were <13%
for T-200-I-ERS and <5% for T-400-I-ERS. The changes in the CE by doubling the
current density were minimal (<5%) since twice the variation of the concentration was

achieved.
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3.4  Comparison between different process configurations

The EDBM npilot plant described in 3.1 was utilized to conduct a configuration
comparison analysis, which results of particular interest for the industrial production of
acid and base. The results reported in this paragraph were published in the scientific
article Electrodialysis with Bipolar Membranes for the Sustainable Production of
Chemicals from Seawater Brines at Pilot Plant Scale [92]. Specifically, different process
configurations (i.e., closed-loop, partial feed and bleed, fed-batch) were investigated to
evaluate for the first time the behaviour and performance of an up-scaled EDBM unit for
producing HCI and NaOH solutions. Each of the three process configurations was tested
by operating the EDBM pilot at two different current densities (i.e. either 200 or 400 A
m2), fixing a target concentration of 1 mol L™! of the base product. A summary of the

tests conducted is presented in Table 5.
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Table 5. Summary of the tests performed with the EDBM pilot plant in terms of process configurations, current density
and initial conditions of the four solutions. Volumes (Vt), concentrations (C) and flowrates (Q) are expressed in m>,
mol L-"" and L min™, respectively.

Test Configuration “ ,t”.z) Acid Line Base Line Salt Line ERS Line
th,o =03 th,o =03 Vt.o = 0.9 Vtgrs = 0.125
1 Closed-loop 200 Cp0=0.05 Cp0=10.05 Cyo=1 Crrs = 0.25
0=35 0=35 0=35 0=20
Vtyo=0.3 Vt,o=0.3 Vto = 0.9 Vigrs = 0.125
2 Closed-loop 400 Cpo = 0.05 Cpo = 50 Co=1 Crrs = 0.25
0=5 0=5 0=5 0 =20
Copin=10 Cpin=10 Vt,o= 0.9 Vigrs = 0.125
3 Feed and bleed 200 Opout = 0.48 Op,out = 0.48 Cyo=1 Crrs = 0.25
Orec =4.52 Orec =4.52 0=35 0=20
Cpin=0 Cpin=0 Vt.o= 0.9 Vigrs = 0.125
4 Feed and bleed 400 Opour = 1 Opour = 1 Co=1 Crrs = 0.25
Orec =4 Orec =4 0=35 0=20
S T V=09 Vs =0.125
5 Fed-Batch 200 p0 = p0 = Coo=1 Crrs = 0.25
=3 =3 0=35 0 =20
Qwater =05 Qwater =05
gt""’: 00515 gt”'o: 00'0]5 Vi =09  Vigrs = 0.125
6 Fed-Batch 400 po = PO — Cuo=1 Crrs = 0.25
0= 0= 0=5 0=20
Qwater =1 Qwa[er =]
Vtpo=0.3 Vt,0=0.3 Vt.o=0.9 Vtgrs = 0.125
7 Closed-loop 300 Cpo=10.05 Cpo=10.05 Cyo=1 Crrs = 0.25
0=35 0=5 0=35 0=20
Vtpo= 0.3 Vtpo=0.3 Vo= 0.9 Vigrs = 0.125
8 Closed-loop 500 Cp0=10.05 Cpo=10.05 Co=1 Cgrs =0.25
0=5 0=5 0=5 0 =20
Coin=10 Cpin=10 Vt,o= 0.9 Vigrs = 0.125
9 Feed and bleed 300 Opour = 0.75 Opous = 0.75 Co=1 Crrs = 0.25
QOrec =4.25 Orec =4.25 0=35 0=20
Cpin=0 Cpin =0 Vto = 0.9 Vigrs = 0.125
10 Feed and bleed 500 Opour = 1.2 Opour = 1.2 Co=1 Cers = 0.25
Qrec=3-8 Qrec:3~8 Q:5 QZZO
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3.4.1. Closed-loop configuration

The results of the closed-loop tests are shown in Figure 20 in terms of acid and
base concentrations as well as voltage, CE and SEC as functions of time for applied

current densities of 200 and 400 A m™2.
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Figure 20. Time-dependent profiles of a) acid and base concentrations, b) external voltage, c) Current Efficiency, and
d) Specific Energy Consumption for acid and base products for the tests performed at 200 and 400 A m™2. Pilot
operation mode: closed-loop (batch).

As could be observed from Figure 20a, the acid and base concentrations increased
linearly with time only during the first hours of the test (about 4 hours). Then, a less-than-

linear trend was observed as a result of non-ideal phenomena such as membrane
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permselectivity, osmosis, diffusion, electro-osmosis and parasitic currents phenomena
[93]. Mainly due to osmosis and electro-osmosis effects a volume variation of about 17%,
in the acid and base tank was observed. The base concentration increased faster than the
acid concentration for both the electric currents investigated. This phenomenon was
mostly related to the different impacts of the acid and base diffusion phenomena in the
saline solution channel. As a result of the high mobility of the protons, acid diffusion was
presumably dominant. The pH in the salt channel fell down from around 9 at the
beginning of the tests to less than 2 towards the end, while the pH of ERS reduced from

2.3 to 1.1, Figure 21.
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Figure 21. Dynamic trends of salt and ERS pH values for the tests conducted in closed-loop at 200 and 400 A m2.

The final concentrations reached at 200 A m~ were 1 mol L' and 0.895 mol L™
for the acid and base solutions, and 1.06 mol L™ and 0.964 mol L™ for the acid and base
solutions at 400 A m~, respectively (Figure 20a). Thus, the target concentration (i.e., 1
2

mol L' NaOH) was met in both cases. The target was attained in 9 hours at 200 A m™

and 5.2 hours at 400 A m. At 400 A m2, the process time was approximately 0.56 times
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that of the test conducted at 200 A m2. This fact proved that a slight reduction in current
efficiency was obtained at a higher current density (Figure 20c). The increase in the
volumes of the acid and alkaline solutions resulted in a yield of about 40%. The current
efficiency showed a decreasing monotonous trend with the process time (Figure 20c). At
200 A m2, the CE was in the range of 80-100% for the base and 96—71% for the acid,
while at 400 A m resulted in the range of 83-69% for the base and 76-61% for the acid.
The SEC results (Figure 20d) are directly related to the current efficiency and electric
potential values. Regardless of the applied electric current, the SEC trend showed an
increase over time. The SEC profile resulted almost linear in the test at 200 A m2,
whereas it was non-linear at 400 A m2, with a sudden increase in slope after about 3 hours
of operation. Indeed, the effect of two opposing phenomena occurred: on the one hand, a
decrease in potential over time, and on the other hand, a reduction in current efficiency.
The latter phenomenon prevailed, causing the SEC to rise over time. At the end of the
test, the SEC values were 1.4 and 1.7 kWh kg ™! for acid and base, respectively, at 200 A
m~2and 2.35 and 2.94 kWh kg ! for acid and base, respectively, at 400 A m 2. The voltage
showed an overall decreasing trend over time due to two opposing phenomena: a
decreasing trend in the average electrical resistance of the stack and an increasing the
Nernst potential. Overall, the reduction in the stack electric resistance was dominant,
determining the downward trend of the electric potential. The average electric potential
resulted 33 and 50 V at 300 and 400 A m2, respectively. Finally, the average Specific
Productivity for the test at 200 A m 2 was 0.63 ton y ' m2 for the base and 0.51 ton y !
m? for the acid. At 400 A m2, the base had an average productivity of 1.1 ton y ' m™2,

while a lower value resulted for the acid, equal to 0.88 ton y 2 m™2.
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3.4.2. Partial feed and bleed configuration

The results relevant to the continuous steady-state operation of the EDBM pilot
in partial feed and bleed mode are reported in Figure 22 for the two investigated current
densities (i.e., 200 and 400 Am™2). This process configuration, introduced in 2.4, utilises
recirculating loops for acid and base while the salt line is operated in closed-loop. This
guarantees continuous operation for a medium/short time period, depending on the
quantity of salt present in the salt tank. The conducted tests lasted about 2 hours utilising
a 0.9 m* of NaCl solution with 1 mol L™ concentration. Electric conductivities were
adopted as inferential variables for an online indication of the concentration obtained
thus, it was possible to observe when the steady-state condition was reached (dashed lines
in Figure 22). In partial feed and bleed mode, the inlet acid and base solutions were made
up of reverse osmosis (RO) permeate (~ 350 uS cm™'). This was possible thanks to the
recirculating loops that allowed to increase the conductivity of the solution entering the
stack. The target concentration of NaOH was achieved in this case by selecting
appropriate operating conditions in terms of flowrates (outlet and recirculated streams)

and electric current.
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Figure 22. Time-dependent profiles of a) acid and base electric conductivities and b) external voltage and current for
tests performed at 200 and 400 A m™2. Vertical dashed lines indicate the end of the transient start-up of the pilot. Pilot
configuration: partial feed and bleed.

In Figure 22a the start-up phases are shown until steady-state conditions are
reached. Prior to the test, the stack was stored with RO permeate (~ 350 uS cm™!) and a
certain time was needed to replace the permeate with the salt and the produced acid and
base solutions. For this reason, at the beginning of these tests, the stack was operated in
potentiostatic (i.e., constant voltage) to avoid excessive voltage rise due to the low
conductivity of the inlet distilled water streams. After about 0.15 hours, the electric
current stabilized, due to a certain production of chemicals, and the operating mode was
switched from potentiostatic to galvanostatic (i.e., constant current). The voltage
remained nearly stable after this transient start-up, with a 1 V drop throughout the test,
proving that the system reached a stable conditions. For both applied current densities,
the desired base concentration was achieved using this configuration by suitably tuning
the outlet and recirculated stream flowrates. The main performance parameters and outlet

flow rates for the two current densities are summarised in Table 6.
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Table 6. Summary of the main results obtained in partial feed and bleed configuration at 200 and 400 A m=.

i Qp,out CE SEC SP Cp,out
(Am™) (L min™) (%) (KWh kg™) (ton y ! m2) (mol L)

Acid/Base Acid Base Acid Base Acid Base Acid Base

200 0.48 41 60 3.0 1.8 0.3 0.48 0.68 1.01

400 1 50 66 33 2.1 0.74 1.06 0.8 1.06

Remarkably, the SEC at 400 A m 2 was only 17 % higher than at 200 A m2.
Furthermore, at 400 A m2, the current efficiency is 11 % higher than at 200 A m2.
Interestingly, this resulted in more than double specific productivity at 400 A m~2 than

that obtained at 200 A m 2.

3.4.3. Fed-batch configuration

Figure 23 shows the results of the fed-batch configuration in terms of
concentration, current efficiency and SEC profiles for acid and base, as well as the voltage
applied to the stack as a function of time. As described in 2.4, the fed-batch configuration
consists of two phases: 1) a standard closed-loop phase until the target concentration of
base is reached; ii) a closed-loop phase with an addition of make-up water in acid and

base tanks to maintain constant chemical concentrations.
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Figure 23. Time-dependent profiles of a) acid and base concentrations, b) external voltage, c) Current Efficiency, and
d) Specific Energy Consumption for acid and base for tests performed at 200 and 400 A m 2. Vertical dashed lines
indicate the end of the closed-loop phase and the start-up of the Fed-batch phase. Pilot operation mode: Fed-batch
(batch).

For both investigated current densities, the target concentration of base was
reached. Precisely, 1.04 and 1.06 mol L' concentrations were observed for tests
performed at 200 and 400 A m 2, respectively (Figure 23a). The acid concentration
reached was lower compared to the base one, with values of 0.85 and 0.95 mol L' for
tests performed at 200 and 400 A m 2, respectively. As mentioned for the other process

configurations, this effect was related to the larger diffusion fluxes across the AEM than
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the CEM, which ultimately causes a decrease in the acid current efficiency (Figure 23c¢).
Furthermore, the higher acid concentration at 400 A m 2 was due to the higher applied
current density. This effect was also observed for the other process configurations and
could be attributed to the relative impact increase of migrative fluxes compared to
diffusive ones at higher current densities. Regardless of the current density used, the
make-up stream of water was sent to the acid and base tanks around the third hour of
operation. Because of the small volume of solution used, concentrations rose rapidly in
the first three hours of operation, as shown in Figure 23a. As a result of the diluting effect
caused by the addition of make-up water, the concentration profiles for both the acid and
base flattened. The water make-up flowrate was chosen to ensure that the concentration
remained quasi-stationary. However, a slightly decreasing trend in concentration was
observed, particularly for the base, while the acid concentration was approximately stable.
At both 200 and 400 A m ™2, the electrical potential was somehow more stable than that
obtained with the conventional closed-loop configuration (see Figure 20), especially once
the water make-up enters the acid and base tanks. Since the initial conditions were the
same, the starting voltage values were similar to those obtained in the closed-loop
configuration. However, the average value of the electric potential was lower because the
system operates at a higher concentration (i.e., lower solution resistances) for most of the
test time than the conventional closed-loop configuration. Indeed, regardless of the
applied current density, the system operated in quasi-steady state conditions with average
concentrations of 0.89 and 1 mol L™! for acid and base, respectively. The advantage of
having a lower average applied voltage was offset by a decrease in current efficiency due
to the increased weight of non-ideal phenomena. These phenomena are exacerbated when
the system operates at high concentrations and/or concentration gradients across the

membranes. At the end of the test, the current efficiency was 63.2 % and 60 % at 200 and
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400 A m 2, respectively, for the base and 48% and 53% at 200 and 400 A m 2, respectively,
for the acid (Figure 23c). The acid product showed a 22 % lower current efficiency
compared to the base and an average value of 50.5%. The SEC reflected the current
efficiency and voltage values (Figure 23d). Regardless of the applied current, the final
SEC values were in the range 1.7-2.4 kWh kg ! for the base and 2.4-2.9 kWh kg ! for
the acid. Despite the decrease in average applied potential, the reduction in current
efficiency determined the increase in the SEC values compared to the conventional
closed-loop case. Finally, the obtained SP values for the base were 0.5 and 0.96 ton y !
m2 at 200 and 400 A m 2, respectively, and 0.35 and 0.78 ton y > m 2 for the acid at 200

and 400 A m2, respectively.

3.4.4. Additional tests in closed-loop and partial feed and bleed modes

From the tests conducted for each process configuration, it was observed that the
fed-batch mode led to low performance at both investigated current density (i.e., 200 and
400 A m2). Consequently, it was decided to exclude this process configuration from
further investigations, which aimed to map the process configuration performance in a
wider range with more data points (at least three points are needed to observe a trend).
Thus, closed-loop and partial feed and bleed were investigated also at 300 and 500 A m 2.

The results of the additional closed-loop tests are shown in Figure 24.
Concentration profiles show the same trends as those observed in Figure 20. The target
concentration of base was reached for both current densities, in approximately 4 and 7.2
h for the test at 500 and 300 A m ™2, respectively. On the other hand, the acid concentration
reached was 0.9 mol L2 in both cases. The voltage decreased as a function of time for
the whole test at 500 A m ™2, while a decreasing trend followed by a stable region was

observed at 300 A m 2.
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Figure 24. Time profiles of a) acid and base concentrations, b) external voltage, c) Current Efficiency, and d) Specific
Energy Consumption for acid and base for tests performed at 300 and 500 A m™2. Pilot operation mode: closed-loop
(batch).

A significant CE reduction was observed as a function of time due to the increase
of the chemical concentrations. The reduction rate was higher at 500 A m 2, but, due to
the lower process time, led to larger CE values (i.e., 59 % and 65 % for acid and base,
respectively) compared to 300 A m *(i.e., 56 % and 64 % for acid and base, respectively).
The SEC showed an increase, suggesting that the CE had a major effect on it compared

to the external voltage. The obtained values were 2.0 and 2.5 kWh kg™ ! for the base
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product and 2.5 and 3.1 kWh kg ! for the acidic product, at 300 and 500 A m 2,
respectively.
A summary of the results conducted at 300 and 500 A m 2 in partial feed and bleed

mode is reported in Table 7.

Table 7. Summary of the results obtained in partial feed & bleed configuration at 300 and 500 A m™.

i Qp,out CE SEC SP Cp,out
(Am?) (L min™") (%) (kWh kg™) (tony ' m?) (mol L)

Acid/Base Acid Base Acid Base Acid Base Acid Base

300 0.75 46 67 3.1 1.9 0.51 0.82 0.72 1.07

500 1.2 51 62 3.6 2.6 0.94 1.3 0.84 1.05

A base concentration slightly higher than the target was obtained for both current
densities, by setting the value of outlet chemicals flowrates equal to 0.75 and 1.2 L min™"

at 300 and 500 A m 2, respectively. The obtained CE values resulted comparable with

those obtained at 200 and 400 A m ™2 for the base product (in the range 59-67 %).

3.4.5. Comparison between process configurations

This paragraph presents a comprehensive comparison analysis of the performance
parameters for three investigated configurations, considering the target product (i.e.

sodium hydroxide).
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Figure 25. Performance comparison between the investigated process configurations: a) current efficiency, b) specific
energy consumption, c) specific productivity, d) external voltage. The key performance indicators refer to the alkaline
product at approximately 1 mol L™! concentration.

From Figure 25a it could be observed how current efficiency values in the range
60-80% were found in all the tests. Except for the closed-loop at 200 A m ™2, all the other
values resulted quite similar, with values between 60 % and 69 %. Thus, a clear trend of
the current efficiency as a function of the current density was not observed due to the
effect of the experimental error and of the slightly different concentration reached. The
SEC showed an increasing trend as a function of the current density for each process
configuration, due to the increase of the external voltage applied to the stack (Figure 25d).

Values of SEC < 2 were observed for current densities in the range 200-300 A m 2, while
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values between 2.1 and 2.6 kWh kg ' were observed in the range 400-500 A m 2.
Specifically, at 200 the lowest value of SEC was observed for the closed-loop
configuration (i.e., 1.4 kWh kg '), while at 400 A m 2 a reduced value was observed for
the partial feed and bleed compared to the other two. As expected, the SP showed an
increasing trend with the current density because of the linear dependence with the latter.
Values in the range 0.5-1.3 ton y ! m 2 were observed for the base product, with a slightly
higher value for the closed-loop configuration at 200 A m 2 and comparable values at
higher current densities.

Overall, the partial feed and bleed configuration would be preferred due to the
favourable performance parameters at high current densities and the fact that operates in
steady state conditions, guaranteeing more stable production and safer conditions than the

discontinuous configurations, in view of a scale-up of the EDBM technology.

3.4.6. Acid product evaluation in partial feed and bleed mode

From the previous paragraph, it was found that the partial feed and bleed mode
result the most promising process configuration for the EDBM process scale-up, thanks
to its performance and the possibility to operate in steady-state conditions. Thus, similar
to what has been done for the base product, this paragraph reports the KIPs and
concentration trends as a function of the current density for the acid product to
comprehensively investigate this process configuration. For the tests conducted in partial
feed and bleed mode, the same outlet flowrate was utilised for the two chemicals. These
flowrate values were chosen to maintain a base concentration equal to the target one (i.e.,
1 mol L"), while the acid was not controlled. It was observed that the acid concentration
varies significantly with the current density and, in tuns, also the KPIs. For ease of

visualisation, the trends are depicted in Figure 26.
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Figure 26. Acid product performance in partial feed and bleed configuration as a function of the current density: a)
concentration; b) current efficiency, c) specific energy consumption; d) specific productivity.

The outlet acid concentration increased as the current density rose, from 0.68 at
200 A m 2 up to 0.84 at 500 A m 2, while the target of 1 mol L™! was kept for the base.
Regarding the CE, an increase in the utilization of the current was observed for the acid
at a higher current density. This increase could be attributed to the lower impact of
diffusive phenomena due to the higher current density utilised and to reduced residence
time inside the stack (higher inlet/outlet flowrate). The SEC showed an increasing trend
with current density, despite the increase observed in the current efficiency of the acid
product, with values in the range 3-3.6 kWh kg™ !. The SP shows a monotonous increasing

trend as a function of the current density, with a value up to 0.94 ton y 'm™2 at 500 Am 2.
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3.5  Novel scheme for valorisation of waste brines

Electrodialysis with bipolar membrane represents a sustainable way for producing
acid and base solution from brines [94], [95]. However, water and energy consumption
limit the widespread of this technology. In this section, novel schemes are proposed to
reduce water consumption: as a modification of the conventional feed and bleed
configuration (3.5.1), or as a new process configuration (3.5.2).

When the EDBM is utilised in MLD or ZLD schemes for valorisation of waste
streams, the acid and alkaline solutions are reused within the chain and their saline
composition may become irrelevant, or favourable, depending on the application. Thus,
the possibility of adopting saline inlet streams instead of water for the chemical

compartments can be considered [96].

3.5.1. Non-conventional feed and bleed schemes: saline feed

In this paragraph, such novel operating schemes were explored as variation of the
convention feed and bleed configuration. The feed and bleed is here selected instead of
the partial feed and bleed configuration to prevent the progressive depletion of the salt at
the stack inlet thus, guaranteeing steady operation over time. For this reason, an additional
tank is used to collect the outlet salt stream from the EDBM unit (see Figure 5). Three
different schemes were investigated and compared with a reference one (i.e., conventional
feed and bleed configuration). Details about the investigated scenarios are reported in

Table 8.
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Table 8. Details of the feeding solution for the investigated schemes. “Water” refers to reverse osmosis (RO) permeate
(~ 350 uS cm™), while “Salt sol.” means 1 mol L™! sodium chloride solution.

Scheme Acid feed Base feed Salt feed
I 1 1 1 1
REF Water Water Salt sol.
WSS Water Salt sol. Salt sol.
SWS Salt sol. Water Salt sol.
SSS Salt sol. Salt sol. Salt sol.

The REF scheme refers to the reference feed and bleed configuration (Figure 27a),
which foresees feeding the salt solution only into the salt compartment, while the acid
and base compartments are fed with low conductivity water (i.e., ~ 350 uS cm™!). In this
layout, the main solutions exit from the EDBM are an exhausted saline solution from the
saline compartment as well as acid and base solutions from their respective
compartments. Generally, high-purity acid and base solutions are produced with a low
salt content, which depends on its transfer from the saline to the acid and base channels
due to diffusion, internal leakage, migrative effect and other undesired phenomena
occurring within the stack. In the WSS scheme, shown in Figure 27b, base and salt
compartments are fed with the salt solution, while the acid channel is supplied with low
conductivity water (i.e., ~ 350 uS cm™). In this case, the output solutions are a depleted
salt solution, an acid solution with low salt contamination and an alkaline brine, with a
salt concentration similar to the inlet one. The SWS scheme (Figure 27¢) is analogous to
the WSS scheme. Indeed, the brine is fed into the saline and acid compartments, while

low conductivity water (i.e., ~ 350 uS cm™) is provided to the base compartment. The
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produced solutions are a low salt content brine, a high-purity base solution, and an
acidified salt solution with reduced purity. In the SSS scenario (Figure 27d) all the
compartments, except for the electrode compartment, are supplied with brine solution. In
this case, the obtained solutions are a low concentrated brine as we all an acid and an
alkaline brine. This scheme almost completely eliminates the water consumption of the
EDBM process (except for the water needed to prepare the ERS), while, at the same time,
the volume of treated brine is three times larger. In scheme WSS and SWS the water

consumption is almost halved, while the brine treatment capacity of the EDBM system is

doubled.
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Figure 27. Tested schemes to reduce water consumption adopting the feed and bleed configuration: a) reference (REF)
scheme; water-salt.salt (WSS) scheme; c) salt-water-salt (SWS) scheme, d) salt-salt-salt (SSS) scheme.

The four schemes were tested in different operating conditions to evaluate their

performance. Specifically, four steady-state conditions were evaluated for each scheme
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in a wide range of current densities (i.e., 200-400 A m2), chemical flowrates (i.e., 0.5-2
L min!) and salt solution flowrates (i.e., 0.75-1.5 L min'). Table 9 illustrates the

investigated steady-state conditions.

Table 9. Operative conditions investigated for each scheme. The ERS compartment was operated at a constant flowrate
of 20 L min™" and at a concentration of sodium sulphate of 0.25 mol L™".

Steady- i Q. out Qpout Qs out
state (Am™) (Lmin™)  (Lmin)  (Lmin?)
A 400 2 2 15
B 400 1 1 15
c 200 1 1 0.75
D 200 05 05 0.75

It can be noted that the steady-state conditions at the two different current densities
are perfectly proportional in terms of outlet flow rates. For instance, when the current
density is doubled, the outlet flowrates of the three main solutions also double (steady-
state A is proportional to C, while B is proportional to D). Each scheme was investigated
in a single test in which the four operating conditions were evaluated. For each steady-
state condition, three samples were collected and analysed by performing manual
titrations. The average results from the three samples were used to compare the schemes.
In the following paragraphs, the results of each scheme are firstly reported separately and

then compared.

3.5.1.1. Reference (REF) scheme

Figure 28 shows the result obtained from the REF scheme. The start-up phase of
the system lasted half an hour until steady-state conditions were reached. For steady-state

condition A, concentration values higher than 0.5 mol L' were obtained for both
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chemicals, with values of 0.53 and 0.57 mol L™! for acid and base, respectively. Halving
the chemical flowrate, after approximately 20 minutes, the steady-state condition B was
reached, with values of acid and base concentrations well below 1 mol L™!. This is due to
the higher impact of non-ideal phenomena such as diffusion, parasitic currents, etc. at
higher concentrations, which result in a reduction of the overall current utilisation. The
base concentration reached a value of 0.88 mol L™!, which is significantly higher than the
corresponding acid concentration of 0.76 mol L™!. This can be attributed to the higher
diffusion of protons into the saline channels, producing a pH reduction of the latter and,
at the same time, decreasing the number of moles available in the acid compartment. The
current density was then adjusted from 400 to 200 A m 2 and the salt flowrate value was
halved (i.e., steady-state condition C). In this case, concentration values of 0.49 and 0.54
mol L™! were registered for acid and base, respectively. These concentration values result
slightly lower compared to those obtained in steady-state A. Finally, steady-state D was
explored halving acid and base flowrates at constant current density and salt flowrate.
This resulted in significantly lower concentrations compared to the corresponding steady
state at 400 A m? (i.e., steady state B). This can likely be explained by an increased
influence of the diffusive flux compared to the migratory flux, due to the lower value of

current density.

75



Experimental investigation of an EDBM Pilot Plant

a) b)
3 1.0
a 000
- S5 08 f SO 000
£ 2 0000 £ 600
E g c 06 2909 000
= 0000 000 2 & 0000 R9L:S
9 ©
""u' » 0.4 F
S 1} 000 000 = 8
3 000 000 S o2
e 000 S B
o
O 1 1 1 0.0 1 1 1
0 1 2 3 0 1 2 3
Time (h Time (h
9 (h) ) (h)
80 100%
80% |
B O000
—_ 60 & § 0000 %00
> 0000 w 60% F 000
‘; ' 000 (@] OO0
1) 40 g o000 OO0
8 090 oo 40% | 00
o
=20 | 20% R
O 1 1 1 O% 1 1 1
0 1 2 3
0 1 2 3 .
: Time (h
e) Time (h) f) (h)
5 1.2 0000
° o
— 4 — % 0000
S o T 09 & 000
0 060 €
< 3 —2> Co0 - °® 000
S | 0ooos oo c 0.6 [0
~ 0000 o %00 S 000
o 2T OO = 000
é 0%0 a o 000
1L v 0.3 B OO0
O 1 1 1 0.0 1 1 1
0 1 2 3 0 1 2 3
Time (h) Time (h)
<& Acid & Base <{ Salt

Figure 28. Representative trends of the REF scheme: a) flowrates; b) concentrations, c) external voltage; d) current
efficiency, e) specific energy consumption; f) specific productivity.

The trend of the external voltage is shown in Figure 28b. In the first part of the
test, during the unit startup, elevated voltage values were caused by the presence of water
in both the acidic and basic channels. Once the steady-state concentration had been
reached, the voltage remained almost constant throughout the sampling phase, with a
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value of about 51 V in steady-state A. Moving to steady-state B, a reduction in external
voltage was observed, reaching 44 V, which can be attributed to the decrease in stack
resistance due to the increased concentration of both acidic and basic solutions. Halving
the current density, in the last two steady-states the voltage reached values of about 35 V
to 32 V, for steady-state C and D, respectively. Considering the CE the highest value
where registered for steady-state A, with values of 66% and 72% for acid and base,
respectively. Reducing the value of chemical flowrates, leads to lower values of 48% and
55% for acid and base, respectively. Considering the steady-states at lower current
density, their CE values resulted significantly lower compared to the corresponding value
at 400 A m 2. In detail, reductions between 7% and 9 % were observed passing from
steady-state A to C, while more pronounced reductions were registered moving from
steady-state B to D, in the range 17-33 %, with a higher value for the acid product.
Regarding the SEC, shown in Figure 28d, values of 2.3 and 2.8 kWh kg ™! were obtained
for base and acid in steady state A. In steady state B, an increase in SEC was observed
due to the sharp reduction in CE, which decreases more than the external voltage. The
lowest values of SEC were obtained in steady-state C, with values of 2.1 and 1.7 kWh
kg™ ! for acid and base, respectively. In steady-state D, values slightly lower compared to
those found for steady-state B were observed, despite the significant voltage reduction.
The trends of SP can be seen in Figure 28d. The highest values were obtained in steady-
state condition A for both chemicals, equal to 0.96 and 1.2 ton y ! m 2 for acid and base,
respectively. It can be seen that the SP gradually decreased, reaching the minimum values

of 0.3 and 0.37 ton y ' m 2 in steady-state D for acid and base, respectively.

3.5.1.2. Feeding one chemical compartment with a brine: WSS and SWS schemes

Following the reference scenario, two mirrored schemes were performed, with the

saline solution fed first into the base compartment and into the acid compartment, referred
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to as WSS and SWS schemes, respectively. The concentration and voltage trends for these

two scenarios are shown in Figure 29. The concentration of acid and base reported in this

paragraph refers to their protons and hydroxide ions concentration, respectively.
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Figure 29. Acid and base concentrations in terms of protons and hydroxide ions concentrations, respectively, for a)
WSS scheme and b) SWS scheme; external applied voltage trend for: ¢) WSS scheme and d) SWS scheme.

As can be seen, concentration and voltage trends are very similar for the two

schemes. In the WSS scheme, despite the base channel being fed with the saline solution,

concentrations of 0.52 mol L™! for the base and 0.48 mol L™! for the acid product were

achieved in steady-state A. Feeding the saline solution into the acid compartment (i.e.,

SWS scheme), the results remained almost unchanged, with an output concentration of

78



Experimental investigation of an EDBM Pilot Plant

0.51 mol L! for the base and concentration of 0.46 mol L™! for the acid. In steady-state
B, adopting the WSS scheme, a slightly higher acid concentration of 0.66 mol L™! was
achieved compared to the SWS scheme (i.e., 0.63 mol L"), whilst for the base product
similar alkaline concentrations were reached (i.e., approximately 0.75 mol L™"). In the
steady-state C, almost the same concentration of acid and base were obtained between the
two schemes, with values of 0.41 and 0.47 mol L™! for acid and base, respectively. In
steady-state D, reduced concentrations for both chemicals were observed, with
concentrations below 0.6 mol L.

Considering the external voltage trends of the stack, it can be observed that
although both tests started with the same voltage of 45 V, during the initial transient phase,
the SWS reached a much higher voltage than the WSS scheme. This higher value of
voltage was also registered in steady-state A, with an increase of about 10%. The causes
of this increased resistance in the second scenario were not related to the concentrations
of acid and base, which, as seen, had very similar values in both scenarios, but rather to
the conductivity of the solutions. In fact, the presence of salt in the base compartment
(i.e., WSS scheme) helps to maintain a high electrical conductivity of the solutions within
the stack, resulting in a reduction of the overall resistance. On the other hand, in the SWS
scheme, the conductivity of the basic solution is significantly lower compared to the WSS
scheme because the base compartment is fed with low-conductivity water. The presence
of the brine in the acid compartments had a lower impact due to the higher conductivity
of hydrochloric acid compared to sodium hydroxide (i.e., the electrical conductivity is
approximately 2 times larger for the acid at the same molar concentration).

Considering the performance parameters for schemes WSS and SWS, the trends resulted

qualitatively similar to the reference scenario (Figure 30). Nevertheless, slight differences
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were observed between SWS and WSS schemes due to the different effects of the brine

in the acid and base compartments, respectively.
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Figure 30. Representative trends of acid and base performance indicators for WSS and SWS schemes: a) current
efficiency for WSS, b) current efficiency for SWS, c) specific energy consumption for WSS, d) specific energy
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In steady-state A, similar CE values were obtained between the WSS and SWS
schemes (Figure 30a-b), for both acid and base. Specifically, CE values in the range 63-
65 % for the base and 57-60 % for the acid were found. In steady-state B, fairly low CE
values (below 50 %) were obtained for both chemicals, with the acid CE dropping down
to 40 % in the SWS scheme. In steady-state C, similar values between the two schemes
were observed, reaching approximately 60 % for the base and 50 % for the acid. Finally,
in steady-state D, CE dropped below 40 % for both products. Moreover, a more
pronounced reduction in CE was observed for the base compared to the acid, with respect
to steady-state B. This can be attributed to a greater acid-base neutralization effect across
the membranes, which leads to a consequent reduction in CE for the base.

The trends of the SEC are shown in Figure 30c-d and, as observed for the CE,
very similar values were obtained between the two schemes. However, an increase in SEC
was observed in the SWS scheme due to its directly proportional to the external voltage
applied to the stack. Maximum values were observed in steady-state B, with SEC values
of 4.1 and 3.1 kWh Kg! for acid and base, respectively.

In terms of SP, almost overlapped values were obtained. Maximum SP values
equal to 0.9 ton y ! m 2 and 1 ton y ! m~2 were observed for acid and base, respectively,
in steady state A. Whilst minimum values of 0.2 ton y ! m2 and 0.3 tons y ' m! were

registered in steady-state D for acid and base, respectively.

3.5.1.3. Feeding both chemical compartments with a brine: SSS scheme

This section presents the results of the SSS scheme, in which the brine was fed
into acidic, basic, and salt compartments. Figure 31a shows the results of the conducted
test. In steady-state A, concentrations lower than 0.5 mol L™! for acid and base were
reached. Specifically, a base concentration of 0.45 mol L™! and an acid concentration of

0.41 mol L™ were achieved.
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Figure 31. Representative trends of the SSS scheme: a) flowrates; b) concentrations; c) external voltage; d) current
efficiency, e) specific energy consumption; f) specific productivity.

In steady-state B, a slight increase in the concentrations was observed, with values
of 0.52 and 0.63 mol L™! for acid and base, respectively. In the other two steady states at

200 A m 2 (i.e., steady-state C and D), quite low concentration values were observed. In
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detail, in steady-state C, values barely above 0.3 mol L' were reached for both acid and
base, while in the last steady-state D values of 0.35 and 0.43 mol L™! for acid and base
were found, respectively.

Looking at the external voltage (Figure 31c) at the beginning of the test, the
voltage reached values slightly above 50 V, then gradually decreased throughout the test
duration, reaching a minimum voltage of 33V in the last steady-state investigated (i.e.,
steady-state D). The obtained values were comparable with those obtained in the REF
scheme, suggesting that the presence of salt did not affect significantly the resistance of
the stack, leading to much lower resistance. What was observed, instead, was an almost
constant voltage in the transition from one steady-state to another at fixed current density.
Although the differences in acid and base concentrations between the steady states, the
salt presence mitigates this effect, contributing to a higher conductivity for these
compartments.

Considering the performance indicator, it can be observed from Figure 31d that
values of CE higher than 60 % were never achieved for both chemicals. In addition,
extremely low current efficiency values were obtained in steady-state D, with values of
21 and 26 % for acid and base, respectively. The current efficiency severely affects the
specific energy consumption, with values of the latter up to 5.6 kWh kg !. From Figure
31e, it can be observed that there is a significant difference between the SEC of acid and
base in all the steady states investigated. The results highlight how, in this case, the effect
of current efficiency prevailed over that of voltage in determining specific consumption.
Indeed, while the voltage remained close to 33 V in the steady-states at 200 A m 2, the
CE was extremely low, leading to a significant increase in the consumption. The values
of SEC in steady-state D resulted higher than the corresponding steady-state at 400 Am 2,

for both chemicals, despite the halved current density.
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The collapse in the current efficiency also impacted the specific productivity. In
steady-state A, SP values lower than 1 ton y ! m 2 were reached for both chemicals. The
SP these values decreased over the test, reaching a specific productivity of around 0.2 ton

y ' m™! for both acid and base in steady state D.

3.5.14. Comparison between non-conventional schemes

This paragraph provides a comprehensive comparison of all the innovative
schemes evaluated, focusing on the product of greatest interest, sodium hydroxide. Figure
32a presents bar charts showing the concentrations obtained in all the steady-states
investigated. A reduction was obtained in the hydroxide ions concentration passing from
the reference (REF) feed and bleed configuration to the saline feed schemes. It could be
noted that WSS and SWS schemes led to the same concentration values in all the
investigated steady-states. This means that the presence of a brine in one of the
compartments adjacent to the bipolar membrane leads to the same performance. An
increase in the salt-limiting current density is expected due to the transport of salt ions
from the chemicals compartment to the interlayer. This effect, in turn, reduces the water-
splitting capability of the bipolar membrane [79]. In the SSS scheme, this effect is
exacerbated because both the adjacent compartments of the bipolar membrane contain a
high salt concentration. Indeed, comparing the different steady-states, more significant
concentration reductions (compared to the REF scheme) were observed at low current
density (i.e., steady states C and D). Specifically, percentual reductions in the range 16-
35 % and 21-43 % were registered in steady-states C and D, respectively. In Figure 32b
the current efficiency trend is reported. At fixed steady-state, the CE of the different
schemes showed a trend similar to the corresponding base concentration. Indeed, the
higher the current efficiency in a scheme, the larger the concentration reached. As

expected, the CE decreases as the concentration rises and it was observed both at 200 and
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400 A m 2. What is worthy of note is the current efficiency increase observed at higher
currents. In fact, comparing steady-states A and C as well as B and D (which are
proportion to each other in terms of operating conditions) an increase in the current
efficiency was observed for the investigated schemes at higher current densities. This

results an interesting characteristic of the feed and bleed configuration that needs further

evaluation.
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Comparing the voltages value between the different schemes, almost constant
values were observed. The only exception was the voltage in steady-state A for the SWS
scheme, which showed an increase of about 10 % compared to the other schemes. This
effect could be related to the lower conductivity of the base compartment due to the
absence of salt and to the lower hydroxide ions concentration compared to the REF
scheme. The specific energy consumption depends on the CE because the voltage remains
almost unchanged. An inversely proportional trend to CE was observed with the lowest
values reached in steady-state C. Whilst, the highest values were observed in steady-state
B except for SSS scheme, for which a more substantial consumption was registered in
steady-state D. In terms of specific productivity, significantly higher values were obtained
in steady-state A for all the schemes, with values between 0.9 and 1.2 ton y ! m 2. These
results highlight that feeding the acid and base channels with saline solution leads to a
gradual decline in performance as well as in the maximum achievable concentration.
However, they allowed for the identification of operating conditions where there is no
significant drop in performance, which could be considered when implementing
innovative layouts for EDBM to reduce water consumption and improve the brine
treatment capacity. In this regard, the operating condition identified as preferable, in terms
of performance parameters, is steady-state A, confirming what has already been obtained

in previous studies.

3.5.2. Without Salt Discharge (WSD) configuration

A novel configuration for improving brine treatment and reducing water
consumption is described here: the "Without Salt Discharge" (WSD) configuration. A
schematic representation of the WSD configuration is shown in Figure 33. The EDBM
unit utilises two streams as inputs: a brine in the salt compartment and water (i.e., RO

permeate) in the base channels. Thus, only two inlet tanks are needed. The acid
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compartment, instead, is not fed with an inlet stream containing a high salt content, but
with the brine exiting from the salt compartment. In this case, the outlet salt flowrate is
equal to the inlet acid flowrate. This outlet brine has already been depleted of most of its
dissolved salts to produce chemicals. This innovative configuration offers significant
advantages over the previous. Although it is similar to the SWS scheme in terms of water
consumption reduction, an improvement in the quality of acid product can be obtained
due to the reduced salt content. Additionally, recirculating the outlet salt solution within
the unit eliminates the need for downstream treatment processes. Finally, this
configuration prevents the loss of produced acid that would normally occur during
standard operation. Indeed, due to the high mobility of the protons they pass through the
AEM reaching the salt compartment. The outlet solution obtained from the salt
compartment is here fed to acid one, which positively affects its overall performance,

since it already contains protons at the entrance of the acid comportment.
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Figure 33. Schematic representation of the Without Salt Discharge (WSD) configuration. The EDBM unit presents two
outputs: a base stream with high quality and an acid solution with reduced salt concentration.

The WSD was evaluated by adopting the same steady-state condition utilised for

the non-conventional schemes reported in section 3.5.1. Here the value of the acid
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flowrate was set equal to the salt flowrate value reported in Table 9, due to their
connection. Figure 34 shows the results related to the WSD configuration.

In the first evaluated steady-state (i.e., steady-state A), reached after the system
start-up phase, a current density of 400 A m 2 as well as an acid (equal to the salt) and
base flowrate of 1.5 and 2.0 L min!, respectively, were used. An acid product
concentration of 0.6 mol L™ was achieved, higher than the base concentration, equal to
0.5 mol L™!. Reducing the base flowrate to 1.0 L min! at fixed current density and acid
flowrate (i.e., steady-state B) produced a significant increase in base product
concentration, reaching more than 0.9 mol L ™!, at an almost fixed acid concentration (i.e.,
0.6 mol L™!). In general, lower acid concentrations promote higher base concentrations
as the two solutions interact. In the steady-state C, a current density of 200 A m ™2 as well
as an acid and base flowrate of 0.75 and 1 L min~!' were employed. The concentrations
reached in this case were 0.54 and 0.46 mol L™! for the acid and base, respectively. In
steady-state D, only the base flowrate was changed with respect to the third steady-state,
to a value of 0.5 L min~!. The acid concentration remained practically unchanged, while
the base concentration reached a value of approximately 0.7 mol L.

This new layout was tested in two additional steady-states compared to the non-
conventional schemes to further evaluate it. Increasing the acid flow rate to 2 L min !,
while maintaining a base flowrate of 1 L min~', led to an increase in base concentration
to 1 mol L' at a fixed current density of 400 A m 2. The acid concentration was
significantly lower than the base concentration, reaching a value of 0.5 mol L', The final
investigated steady-state involved a further increase in acid flowrate, up to 2.5 L min ..
As in the previous steady state, this increase had positive effects on the base

concentration, increasing it by 10% compared to the previous value. This highlights the

fundamental role of salt availability in EDBM process thus, the higher salt concentration
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in salt chambers leads to improved performance for the chemicals. This, of course, should
be balanced with the desired acid product salt content, which depends on the application
of the acid brine. Current efficiency values between 45 and 68 % were observed for the
base product in the investigated steady-states, while the corresponding SEC values were
in the range 1.8-2.4 kWh kg !, which resulted quite low considering the concentration
reached and the current density utilised. Specific productivites up to 1.1 ton'y ! m™ were

also registered in the last investigated steady-state.

89



Experimental investigation of an EDBM Pilot Plant

a) b)
3.0 1.2
i=400Am?2  1i=200Am? |i=400Am? o
25 | ' ' o = o ©
N : : g 09 | o0
£ 20 000 ' 1o =
€ : : S o
= 1.5 @ocoo 000! ! B 06 [0 oo
3 1 1 = ?00000 © 802 %00 o
C 10 000 | 000 Lo o c S
g 1000 OO0 03 p
= 05 | ! 000!
= | | S 7
OO 1 1! 1 1 1 00 1 1 1 1
0 1 2 3 4 5 d 0 1 2- 3 4
c) Time (h) ) Time (h)
80 100%
0, L
0 | 80%
> é
2 | o0 o ©
TRIRE T 60% e300 o8¢ oo
?30 40 000 o 0 v} g o o %08
S 000 000 40% ¢
20 1 20% P
O L L L L 0% L L L
0 1 2 3 4 5 0 1 2 3 4
e) Time (h) f) Time (h)
4 1.2
o
B _ 0000 o 3
T3 Lo o & 09 |¢ o0 o
2 Q7000 00 £ 00 P 00
.é 000 00 5.0 888 3 3 e o o
2 2 F <>°° g 0.6 :<>> .
(&) = (o
w 0
w1t & 03 | 800
O 1 1 1 1 0'0 1 1 1 1
0 1 2 3 4 5 0 1 2 3 4
Time (h) Time (h)
<& Acid < Base

Figure 34. Representative trends of the test conducted with the SWD configuration: a) flowrates; b) concentrations; c)
external voltage, d) current efficiency; e) specific energy consumption; f) specific productivity.

Comparing the WSD configuration with non-conventional schemes, a significant
performance increase could be observed. Figure 35 shows the performance of the WSD
configuration with respect to the corresponding non-conventional scheme (i.e., SWS) and

reference scheme (i.e., REF).
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Figure 35. Comparison between the WSD configuration, salt-water-salt (SWS) non-conventional scheme and reference
(REF) scheme, in terms of concentration and KPIs for the base product.

For steady-states A and B, which correspond to a lower alkaline product
concentration, a similar performance was observed between the WSD configuration and
the SWS scheme. The only significant difference was a SEC reduction, related to a
voltage decrease in the WSD configuration (Figure 35c). The latter resulted more
pronounced at higher current density (i.e. steady-state A), with a reduction of about 20%.
This effect could be related to the higher acid concentration reached along with a higher
salt solution conductivity due to the direct connection with the acid channels. At higher

alkaline product concentrations (i.e., steady-state B and C), the WSD configuration shows
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a meaningful performance enhancement, with values of concentration and KPIs perfectly
comparable with the REF scheme or slightly better. The reason for this could be attributed
to the lower acid concentration in the acid compartment due to the higher acid flowrate,
which leads to a reduction of underside diffusive fluxes.

These results proved the attractiveness of this innovative process configuration,
which can be employed in circular economy contexts that aim to valorise a brine, reducing

the water consumption and reusing on site the acid product, despite its salt content.

3.6  EDBM applications in moder sustainability challenges

This section presents two examples of applying EDBM in moder sustainability
challenges. Firstly, the operation ofthe EDBM pilot plant within the Water Mining
treatment chain (see 3.1.1 ) is described. Here the unit is fed with a real seawater brine,
pretreated by upstream units. Risk mitigation approaches adopted to guarantee continuous
operation are reported. Moreover, EDBM performance, as operating conditions vary, is
evaluated under two control strategies (i.e., flowrate and pressure control). Secondly, the
possibility of coupling EDBM with removable energy sources is described. Specifically,
a photovoltaic field is used to power the EDBM unit and the process capability to operate
under transitory regimes, maintaining constant product concentration, is evaluated in

normal day operations (i.e., summer and winter scenarios).

3.6.1. Testing of EDBM within the Water Mining treatment chain

As described in 3.1.1, the EDBM pilot plant is part of an integrated treatment
chain realized in the framework of the European Horizon 2020 Water-Ming project [1]
and installed on the island of Lampedusa (Italy). Utilising seawater to feed the chain
depicted in Figure 7, the resulting composition of the salt solution fed to the EDBM unit

is reported in Table 10. A synthetic sodium chloride solution, with the same electrical
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conductivity, was also employed to compare the performance of the system with real and

artificial solutions.

Table 10. Composition of the real and synthetic brines fed to the EDBM unit.

Brine Average Salt concentration (mol L_l) Conductivity
i )
_ 2- _
Na' K' Cl so, OH (mSem )
Real 0.72+0.03 0.01+0.001 0.52+0.02 0.055%0.004 0.100+0.02*%| 67£2%*
Synthetic 0.75+ 0.03 0.75+£ 0.03 67+2%*

*Corresponding to a pH in the range 12.9-13.1.
**Conductivity measured at 20°C

3.6.1.1. Process configuration and risk mitigation strategies

Aiming to evaluate the feasibility of employing the EDBM pilot plant in the
treatment chain presented in Figure 7 and to study his behaviour as the operative
conditions vary, the unit was tested in a long-run experience of 59 h. The EDBM pilot
was operated in feed and bleed configuration (continuous operating mode) for acid,
alkaline and saline streams, while the Electrode Rinse Solution (ERS) was operated in a
closed-loop fashion. Figure 36 shows the Process Flow Diagram (PFD) of the EDBM
plant. The total flowrates entering the stack were controlled by magnetically-driven
centrifugal regenerative turbine pumps (PTM 2.5x6, Teorema S.r.l.), while the outlet
flowrates from the system were controlled by gear pumps (FG200-300, Teorema S.r.1.) or
electrically driven valves depending on the outlet flowrate value (1.2 L min™ is split-
range value). For flowrate values lower than then 1.2 L min™ the gear pumps were
utilised, whilst for higher values both final control elements were used [97]. Throughout
the test, the acid and base compartments were fed with reverse osmosis permeate (~350
puS cm™). In the ERS compartments, a synthetic solution of sodium sulphate with a
concentration of 0.25 mol L™! was adopted. This solution was pumped through the stack

with a constant flowrate of 20 L min~! during the whole test.
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It is worthy of note how the knowledge gained from previous experimental
campaigns, conducted with artificial solutions, was utilized to implement safety strategies
for risk prevention that could occur during long-run operations, especially with real
solutions. Indeed, risk mitigation in an EDBM pilot plant is a critical aspect to ensure
successful and safe operations. The strategy regarded the identification of potential

hazards such as membrane fouling, voltage fluctuations, and material degradation.
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Figure 36. Process Flow Diagram (PFD) of the EDBM pilot plant.

Firstly, ion-exchange resins (IEX), Purolite® C104 Plus, were employed as
a pretreatment step to ensure that the content of calcium and magnesium ions was always
lower than 10 ppm (CaCOs3 equivalent), as suggested by the EDBM stack supplier. In

fact, a higher concentration of these species could lead to scaling phenomena via
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precipitation of magnesium and calcium hydroxide in the alkaline compartment causing
the clogging of the channels and damaging of membranes. Subsequently, to prevent the
voltage from reaching high values during transitory phases, a safety switch-off of the
plant was introduced in the programmable logic controller (PLC) avoiding the voltage
from exceeding 80 V, considered a safety limit. Moreover, the DC drive implements an
additional safety measure to improve the electrical safety of the system. Specifically, the
applied potential difference is placed between the ground potential (e.g., a voltage
difference of 50 V is obtained, utilizing the anode and cathode at values of 25 V and -
25V, respectively, with respect to the ground potential), to reduce the maximum absolute
operating voltage of the electrodes compared to the ground potential.

To ensure the stability and optimal performance of the pilot system, a distinctive
strategy was devised for the electrode rinse compartment. Indeed, a titanium plate heat
exchanger, cooled by seawater, was introduced to keep the temperature in the
electrochemical compartment lower than 40 °C. This was of primary importance as the
temperature of the ERS tends to naturally rise, due to Joule effect dissipations, especially
if operated in closed-loop mode. Uncontrolled temperature can lead to thermal
degradation of membranes and spacers. Furthermore, the accumulation of small quantities
of chloride ions within the ERS could generate chlorine compounds via competitive
reactions at the anode surface, which may provoke long-term chemical damage to the
stack components. To overcome this problem, a stripping column for the degassing of
gaseous compounds, such as hydrogen, oxygen and chlorine, was installed from the ERS
(Figure 36). Free chlorine content in the ERS was monitored every 2 h and the solution
was replaced either when the concentration of free chlorine reached a value greater than

10 ppm or at least every 6 h. Finally, a 3/4 inch polypropylene y-strainer filter (FIP®
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Formatura Iniezione Polimeri S.p.A.) and a cartridge filter with a I um mesh (Atlas Filtri
S.r.1.) were installed to retain coarse particles in the pilot circuit.
These integrated measures ensure the longevity and high performance of the

EDBM process.

3.6.1.2. Implemented Control strategies

This section describes the two distinct control strategies adopted during the test.
The flowrate control strategy is implemented to maintain equal velocities into the
channels and is widely adopted in lab-scale applications [98], [99] due to its simplicity of
implementation. In this case, a fixed flowrate of 5 L min~! (corresponding to a channel
velocity of 2.7 cm s™) was used for acid, base and salt streams. This control strategy was
utilised in the previous experimental campaigns. However, due to inherent differences in
pressure losses within the compartments, this results in unequal pressure distribution
among the channels. This pressure difference generates convective flows between the
compartments [40], which can lead to the neutralization of the produced chemicals, thus
reducing the performance of the system.

The pressure control strategy allows to minimise this effect since equal inlet
pressures (i.e., equal to 1 barg) are imposed in the acid, base, saline and ERS
compartments (all the outlet pressures are atmospheric). This approach requires different
recirculation flowrates for acid, base and salt solutions (operated in feed and bleed mode)
and, consequently, different velocities within the channels to maintain the same inlet
pressure. Instead for the ERS compartment, a lamination valve at the stack inlet is
employed to regulate the inlet pressure. These two control strategies were investigated

and compared by analysing the system performance under various operating constraints.
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3.6.1.3. Test description

During the long-run test, the EDBM pilot plant performance was evaluated under
different operating conditions and control strategies, employing both an artificial and a
real brine. The operating conditions were varied by either acting on the current density
supplied to the stack or changing the outlet flowrate of the acid, base and salt streams.
The test lasted 59 h, processing approximately 6 m? of real brine and 500 L of synthetic
solution. Three step variations in the unit operation were investigated during the test: 1)
from artificial to real brine, ii) from flowrate control to pressure control strategy and iii)
from real to artificial brine. Table 11 summarises the different phases of the test carried

out.

Table 11. Overview of the long-run test conducted with the EDBM pilot plant.

Test phase Solution Duration Collected Control
P (h) samples strategy
] 1 | 1 1 1
1 A 3.0 5 F
2 R 29.0 23 F
3 R 24.3 17 P
4 A 2.7 3 P
1 1 1 1 1 1
Total 59.0 48

A = artificial brine, R = real brine, F = flowrate control mode, P = pressure control mode

Most of the test was conducted employing the real brine in order to demonstrate
the stability of the system in a real operational environment. The different operating
conditions are codified and summarized in Table 12. The code comes from the acid, base

and salt outlet flowrates as well as the current density adopted.
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Table 12. Different sets of operating conditions tested with the EDBM pilot plant.

Current

Op_e_rating Solution Outlet ﬂ_O\{\{rate density Control
condition code (L min™) (Am?) strategy
Acid Base Salt
1-0.7-1.8-400* A 1 0.7 18 400 F/P
1-0.7-1.8-400* R 1 0.7 18 400 F
1-0.8-1.8-400* R 1 0.8 1.8 400 F/P
1-0.8-2.3-400 R 1 0.8 2.3 400 F
1-0.8-1.8-200 R 1 0.8 1.8 200 F
1-0.8-0.9-200 R 1 0.8 0.9 200 F
2-1.6-1.8-400 R 2 16 18 400 F
2-1.6-2.3-400 R 2 1.6 2.3 400 F
1.4-1.1-1.8-400 R 14 11 18 400 P
1.4-1.1-2.3-400 R 14 11 2.3 400 P
1.4-1.1-1.8-200 R 14 11 18 200 P
1.2-1-1.8400 R 1.2 1 18 400 P
1.5-1.1-1.8-400 R 15 11 18 400 P
1.5-1.1-2.3-400 R 15 11 2.3 400 P

A = artificial brine, R = real brine, F = flowrate control mode, P = pressure control mode.
*both flowrate and differential pressure control strategies were investigated.
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3.6.1.4. Flowrate control strategy results

The EDBM pilot was operated under flowrate control strategy for the first 32
hours, employing both artificial and real brines. For this control strategy, the performance
achieved with the two brines was compared. Moreover, several steady-state conditions
were evaluated employing the real brine, by letting both the current density and solutions
outlet flowrates to vary. In this way, the system behaviour was assessed in a wide range

of operating conditions.

3.6.14.1. Comparison between artificial and real solutions

The comparison between artificial and real multi-ionic brines was made for a
given conductivity (~ 67 mS cm ! at 20 °C) of the inlet salt solutions to the EDBM unit.
The operating conditions were maintained constant, keeping an outlet flowrate of acid,
base and salt equal to 1.0, 0.70 and 1.8 L min', respectively, and applying a fixed current
density of 400 A m 2 (code 1-0.7—1.8-400).

In Figure 37, the comparison is shown in terms of KPIs, outlet concentration and
measured external voltage for both acid and base products. The main differences in the
transition from synthetic to real brine lie in an increase in the external voltage U.. and,
consequently, in the specific energy consumption for both chemicals. For the alkaline
product, an increase of 3 % was observed in the current efficiency, specific productivity,
and concentration, with values of 49 % of CE, 0.8 ton y ' m™ of SP and 1.1 mol L! of
concentration, respectively. Regarding the SEC, an increase from 3.5 kWh kg™! to 4.0
kWh kg™! was noted for the base product. For the acid, conversely, a reduction of about
10 % in CE, SP and concentration was measured, with values of 35 % of CE, 0.52 ton y~
"'m™ of SP and 0.56 mol L™! of concentration, respectively. Also in this case, the SEC
showed an increase passing from 4.7 kWh kg™! to 6.2 kWh kg™!, moving from artificial

to real brine.
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Figure 37. Spider-plots highlighting the main differences in EDBM performance when an artificial and a real salt
solution are adopted, under flowrate control mode. KPIs, concentration and measured external voltage are shown for
both produced chemicals. Operating condition 1-0.7-1.8—400 (i.e., acid flowrate—base flowrate—salt flowrate—current
density) was used. The comparison was made at equal conductivity of the inlet salt solutions (~ 67 mS cm™ at 20 °C).

The utilisation of the real brine had a beneficial effect on the alkaline product, for
which the performance parameters such as CE and SP as well as the outlet concentration
increased. Conversely, the SEC was mainly affected by the voltage and an increase was
also observed. In general, the performance improvement could be attributed to the
presence of hydroxide ions in the brine (pH of around 13). Looking at the acid product,
the use of the real salt solution led to a performance reduction. Indeed, the acid channel
received hydroxide ions that neutralized the produced acid, leading to a concentration
reduction. This undesired effect can be tolerated since the alkaline product represents the
most valuable chemical. In Figure 38a, the pH of the inlet and outlet salt solution are
shown as a function of time, straddling the transition from artificial to real salt solution.
All the illustrated points represent samples collected in steady-state conditions. It could
be observed that the salt compartment reduced his pH in both cases, compared to the inlet
pH value. When an artificial solution was employed, the pH of the salt stream went from
an almost neutral pH to a value close to 2. Conversely, when the real brine was adopted,

the pH decreased from 13 to 9. The acidification of the salt solution is in general an
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undesired phenomenon, but in this case, it has a double beneficial effect: 1) it improves
the performance indicator (i.e., CE and SP) and the concentration of the base streams; ii)
it reduces the outlet salt stream pH to a value closer to the neutrality so that it can be sent
to the downstream processes (evaporative pounds) without any further treatment (i.e., pH
correction), Figure 38b. On the other side, the increase in external voltage can be
attributed to the smaller salt content of the real brine. Indeed, the comparison was made
keeping the conductivity of the inlet salt stream constant, but different values of outlet
conductivity were reached. This is related to the lower salt content of the real brine, which
passed through the same stack, at fixed operating conditions, led to a lower outlet
conductivity of the real brine. This reduction in the outlet salt concentration, produced an

increase in the external voltage, as already observed in a previous work [90].
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Figure 38. pH and conductivity trends for inlet and outlet salt solutions. The vertical dash-dotted line represents the
transition from real to artificial solution. Operating condition 1-0.7—-1.8-400 (i.e., acid flowrate—base flowrate—salt
Sflowrate—current density) and a flowrate control mode were used.

3.6.1.4.2. Comparison between different sets of operating conditions

Following the comparison between real and artificial solutions, the flowrate
control strategy was further studied evaluating different sets of operative conditions to
assess the behaviour of the system when a real brine is employed. The comparison of

these scenarios is reported in Figure 39.
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Figure 39. Values of chemical concentrations and key performance parameters recorded in the four different operating
conditions under flowrate control mode, employing the real salt solution. The operating conditions are reported with
the following coding: acid flowrate (L min~') — base flowrate (L min~') — salt flowrate (L min™') — current density (A m~

2),

In the first evaluated set of operating conditions, acid, base, and salt outlet
flowrate of 1, 0.8, and 1.8 L min’!, respectively were used, and a current density of 400 A
m 2 was applied to the EDBM stack (i.e., operating condition 1-0.8—1.8-400). Under
these operating conditions, values of concentration of 0.54 mol L™ and 0.93 mol L™ for
acid and base, respectively were obtained, (Figure 39a). The corresponding current
efficiency resulted quite low, and the SEC reached a value of 5.8 kWh kg ! and 3.8 kWh
kg! for acid and base, respectively. In the second condition, halving the current density
(i.e., 1-0.8—1.8-200), lower concentrations were obtained (0.3 mol L' and 0.53 mol L!
for acid and base, respectively). This resulted in an improvement of the system
performance in terms of SEC and CE, with values for the alkaline product of 2.4 kWh

kg™ and 53%, respectively. Conversely, a significant reduction in the SP was observed
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due to his proportionality to the current density and current efficiency, with values of 0.28
ton y! m™ and 0.44 ton y' m™ for acid and base, respectively. In the third operating
condition, reducing by half also the outlet salt flowrate (i.e., 1-0.8-0.9-200) an increase
of the acid concentration was observed, while the base concentration remained unchanged
compared to the second case. The concentration increase in the acid line might be
attributed to a passage of hydroxide ions from the salt to the acid chamber, being reduced
by the lower salt flowrate. In the fourth case, doubling all the flowrates and the current
density (i.e., 2—1.6—1.8-400) produced an increase of chemicals concentration to values
of 0.45 mol L' and 0.66 mol L' for acid and base, respectively. Interestingly, the
obtained concentration resulted significantly lower compared to the first scenario (i.e., 1—-
0.8-1.8-400), leading to higher performance, with values of CE between 54 % and 67 %
as well as value of SP 0.8 ton y ! m2 and 1.1 ton y~! m™2, for acid and base, respectively.
These results confirmed that the feed and bleed configuration shows better performance
once the current density is increased and the outlet chemical concentrations are reduced,
as reported also in [57], [92].

Lastly, the effect of increasing salt/acid and salt/base outlet flowrate ratio was
investigated at high current density (i.e., 400 Am2). Specifically, starting from operating
condition 2—1.6-1.8-400, the outlet salt flowrate was increased by 0.5 L min™! (i.e., up to
2.3 L min') and its effect on chemicals concentration and KPIs was evaluated. These
results are in Figure 40, and show how outlet acid and base concentration result almost
unchanged, while a significant reduction in the SEC (by 20%) was recorded. This effect
was related to the higher outlet salt conductivity, which passed from 5 mS cm ! to 17 mS

cm ', leading to a voltage reduction from 62.5 V to 53 V.
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Figure 40. Effect of the outlet salt flowrate increase (+ 0.5 L min™') at high current density. Results are obtained
employing the real salt solution and the flowrate control strategy.

3.6.1.5. Pressure control strategy results

The EDBM pilot was operated by adopting the pressure control strategy for 27
hours, testing both artificial and real brines. Several operating conditions were evaluated
employing the real brine, to investigate the performance of the system in a wide range of
operating conditions. In addition, a comparison between the two control strategies was
made at fixed operating conditions, using the real salt solution. Finally, artificial and real

solutions were compared under similar operating conditions.

3.6.1.5.1. Comparison between different sets of operating conditions

Several scenarios were investigated under pressure control strategy by letting
operating conditions to vary. The same values of current density (i.e., 400 A m~2 and 200
A m?) and salt outlet flowrate (i.e., 1.8 Lmin ' and 2.3 L min!) as in the flowrate control
case were evaluated. On the other hand, higher values of acid and base outlet flowrates
were considered in order to compare the system performance under similar values of
outlet chemicals concentration (due to the better performance achieved). The comparison

between different sets of operating conditions in terms of outlet concentration and KPIs

104



Experimental investigation of an EDBM Pilot Plant

is presented in Figure 41. In the first evaluated set of operating conditions (code 1.4—1.1—
1.8-400) values of concentration of 0.65 mol L™ and 1.03 mol L™! for acid and base,
respectively were obtained. Improved performance indicators were obtained, with values
of 71% % of CE, 1.2 ton y ' m2 of SP, and 2.6 kWh kg' of SEC for the alkaline product.
Comparing sets of operating conditions 1.4-1.1-1.8-400 and 1.4-1.1-1.8-200, a
reduction in concentration, SEC and SP in the range 40—43 % was observed for both
products in the second case. Whilst, an improvement in the CE of about 18 % was
registered for acid and base. Interestingly, for the base stream absolute values of 84 % of
CE, 1.5 kWh kg! of SEC were obtained at 0.62 mol L' of concentration. This
performance appears promising, considering the size of the unit (i.e., semi-industrial
scale) and the employment of a real brine with a reduced salt content (Table 10).
Decreasing the flowrate of both chemicals (i.e., 1.2—1-1.8-400) produced an increase in
concentration to values of 0.77 mol L™! and 1.1 mol L™! for acid and base, respectively.
Interestingly, the SEC showed a reduction of 8—19 % for both chemicals. This effect was
mainly related to the voltage reduction which was, in turn, produced by the conductivity
increase in the outlet brine (i.e., lower conversion of salt). Increasing the outlet flowrate
of the acid stream of 0.1 L min™! (i.e., operating condition 1.5-1.1-1.8-400) compared to
operating condition 1.4-1.1-1.8-400, allowed to study the potential interaction between
products. Specifically, it was possible to see whether a reduction in outlet acid
concentration can have a positive effect on the base product (i.e., the pH gradient between
the compartments is reduced). However, no improvements were observed for the base

product, suggesting that diffusive processes did not have a high impact.
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Figure 41. Concentration and KPIs as a function of different operating conditions under pressure control mode,
employing a real salt solution. In the X axis the operating conditions of the EDBM unit are reported in the following
form: acid flowrate (L min™') — base flowrate (L min™') — salt flowrate (L min™') — current density (4 m™).

Furthermore, also for this control strategy the effect of increasing the outlet
flowrate of the salt streams of + 0.5 L min! was evaluated in terms of outlet concentration
and KPIs are reported in Figure 42. An increase in the performance was observed,
especially for the base streams. The most meaningful effect was the SEC reduction (5-24
%) due to the higher conductivity of the outlet salt stream. These results suggested that
the higher availability of the real brine had a beneficial effect on EDBM performance of
the base product, while maintaining similar KPIs and almost constant concentration for

the acid one.
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Figure 42. Effect of the outlet salt flowrate increase (+ 0.5 L min™) in performance indicators, voltage and
concentration of both products, under pressure control strategy. Acid and base flowrates as well as current density
were maintained constant and equal to 1.5 L min™, 1.1 L min~' and 400 A m™, respectively.

3.6.1.6. Comparison between flowrate and pressure control strategies

Following the observation of better performance under pressure control strategy,
a quantitative analysis is here reported. The same operating condition was evaluated
utilizing the real brine. In Figure 43, the comparison between the control strategies is
presented in terms of outlet concentration and KPIs. A significant performance
improvement was observed moving from flowrate to pressure control. More in detail,
improvements in outlet concentration and KPIs in the range 32—43 % were observed, for
both acid and base products. For the base stream, a CE of 63 % and a SEC of 2.6 kWh
kg! were obtained at a concentration of 1.3 mol L' under pressure control. This
significant improvement in the performance was mainly related to the reduction of
convective fluxes through the membranes between adjacent compartments, generated
from the different pressure distributions. Although, the same geometry of the
compartments (i.e., acid, base and salt) and the same volume flowrates were used, during
several hours of operations meaningful differences in the pressure losses can be found.

This effect is allegedly generated by deformation processes for membranes and spacers
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and possible fouling phenomena. Indeed, inlet pressures of the compartment were
monitored under flowrate control strategy and average values of 1.0 barg, 1.5 barg and
1.1 barg for acid, base and salt, respectively, were found during the test under flowrate
control strategy.

In terms of purity, acid product quality improved significantly, passing from a
cationic purity of 50% to 85%. Instead, the anionic purity of the acid product remained
quite high passing from 95% to 90 % (from 90% to 80% in terms of speciation). Almost
constant purities were observed for alkaline products in both control modes, with values
higher than 95% for both cationic and anionic purity.

Employing the pressure control strategy allowed this undesired effect to be tackled, thus
guaranteeing high performance of the EDBM.

a) Baso b) Acid
SEC (kwh kg'%) SEC (kWh k%)

0.0 0.0

14 14

/2.8 2.8
u, V)

, 15 sP(tony™ m?) U V) o 15 sP(tony™ m?)

C(mol LY CE (%) C(mol LY CE (%)

= Base, Flowrate Control = Acid, Flowrate Control

= Base, Pressure Control Acid, Pressure Control

Figure 43. Comparison in terms of KPIs, concentration and external voltage between flowrate and pressure control
strategies at fixed operating condition (i.e., 1-0.8—1.8—400), employing the real brine.

3.6.1.7. Comparison between artificial and real solutions

The effect of utilising artificial and real brine was also evaluated for the pressure
control strategy and the results are shown in Figure 44. For the alkaline product, an

improvement of all the KPIs was observed at a constant concentration of 1.3 mol L™,
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reaching values of 2.6 kWh kg, 63 % and 1 ton y ! m™ for SEC, CE and SP, respectively,
in the case of real brine. On the other hand, the acid product was negatively affected by
the pH of the real brine, leading to a slight reduction in concentration and KPIs, with
variation in the range of 6-10 %. These results differ from what was obtained under
flowrate control strategy, where the major effect was an increase in the voltage passing to
from artificial to real solution. Under pressure control mode, the voltage remained

unchanged due to the outlet brine conductivity which was higher than 15 mS™.
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Figure 44. Comparison in terms of KPIs, concentration and external voltage between artificial (i.e., 1-0.7-1.8—400)
and real brine (i.e., 1-0.8—1.8—400), under pressure control mode.

3.6.1.8. lon transport analysis

To further assess the pilot operation with the real salt solution, an analysis of 1ons
transport across membranes was conducted. Transport numbers and selectivity of each
ion in IEMs were calculated from concentrations and flowrates of inlet and outlet streams
(see section 2.5.2). This analysis is here reported only for phase 3 of the test, in which the
pressure control strategy and real brine were used. Indeed, convective fluxes observed
under flowrate control mode (phases 1 and 2 of the test), related to the internal passage

of solution from one compartment to the adjacent ones through the membranes, would
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dramatically reduce the reliability of present results. The results of the analysis are
depicted in Figure 45.

For anion exchange membrane (AEM) similar values of transport number were
observed for Cl~ and H', ranging at 400 A m~ from 0.36 to 0.5, depending on the
operating conditions. It should be noted that the transport of these ions takes place in
opposite directions: Cl~ ions move from the salt to the acid compartment while H" ions
go from the acid to the salt compartment. Therefore, a considerable quantity of protons
was lost in the salt channel, thus reducing the CE of the acid product. When the current
density was halved, the transport number of protons was reduced, reaching a value of 0.3,
while the one of Cl increased to 0.55. This effect was mainly due to protons generation
reduction in the BPM, which led to a lower concentration of protons in the acid chamber.
The other ions (i.e, Na*, K" and SO4>") exhibited very low transport numbers with values
lower than 0.1. This was expected due to their ion charge, in the case of cations, and the
reduced concentration of SO4*" [78]. Looking at the selectivity of the AEM, which
employed Cl as a reference ion, a value around 1 was obtained also for the SO4>~ (thus
indicating a similar selectivity of the AEM to Cl1~ and SO4>"), whilst a reduced selectivity,
lower than 0.2, was found for the cations.

Analysing the CEM behaviour, high values of Na* transport number in range 0.6—
0.8 were observed. Hydroxide ions showed a transport number close to 0.3 at 400 Am >
and it was almost halved at 200 A m2. This was confirmed by higher values of CE found
at 200 A m2 (i.e., 84%). For the other ions (i.e., Cl~, SO4*, K*), values lower than 0.05
were observed. Regarding the selectivity of the CEM, similar values were observed

between Na* and K, while for other ions it appeared negligible being lower than 0.1.
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Figure 45. Transport numbers and selectivity profiles versus time under pressure control strategy and employing a real
brine. Red dashed lines delimit the region in which the current density was halved from the initial value of 200 A m~2,
to the final one of 200 A m 2. AEM= anion exchange membrane, CEM= cation exchange membrane.

3.6.2. Coupling EDBM with renewable energy sources

The electrodialysis with bipolar membranes process can benefit from coupling with
renewable energy sources due to its high energy consumption and wide flexibility in
working under transitory regimes. This is demonstrated by coupling the EDBM pilot
plant, described in 3.1, with photovoltaic (PV-EDBM). The pilot plant was tested in a
continuous process configuration (feed and bleed mode) under two different irradiation
scenarios, i.e. summer and winter. In order to operate under transitory regimes, the EDBM
pilot plant requires appropriate control systems to maintain the desired product quality.
To this aim, advanced control systems were developed and tested firstly through Matlab’s
dynamic simulation toolbox (Simulink). Subsequently, the controllers were implemented

in LabVIEW software and tested in the real plant mimicking a PV field. The objective of
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the control system was to allow continuous operation of the equipment in highly
transitory regimes, to maintain the desired concentration for both, acid and base. The
results described in this section were published in a scientific article Coupling
electrodialysis with bipolar membranes with renewable energies through advanced

control strategies [97].

3.6.2.1. Uncontrolled system characterisation

The analysis of the transient behaviour of the uncontrolled system was conducted
to determine its dynamic features. An extensive experimental campaign was conducted
to cover the entire operating range of the EDBM stack which exhibited a non-linear
behaviour. All the tests were performed by feeding 1 mol L™! of sodium chloride solution
in the salt compartment and RO permeate (~350 pS cm') in the acidic and alkaline

compartments. Table 13 summarises the dynamic tests performed.
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Table 13. Summary of the main dynamic tests performed with the pilot scale EDBM unit.

Test Inlet variable Step size Outlet variable Purpose
Voltage of the inlet +25% Design of the inlet
1 Inlet flowrate flowrate control
pump +50%
) Voltage of the inlet +25% Inlet pressure Design of the tmlf t
u
pump L50% p pressure contro
3 Opening degree of +25% Outlet flowrat Diz]s1gn Otf the (t)utiet
electro-actuated valve +50% uret Howrate owrate contro
Voltage of the outlet +25% Design of the outlet
4 o Outlet flowrate flowrate control
pump +50%
15% Design of composition
5 Outlet flowrate 150 0/: Outlet conductivity control
1259 Disturbances study on
6 Current density 150 0/0 Outlet conductivity the outlet conductivity
(V]
1959 Design of the DC drive
. (V]
7 Applied Voltage L50% Power control

Figure 46 shows the dynamic response of the acid and base conductivities, as a

consequence of different step variations in current density and output flowrates. The tests

were performed starting from two steady-state conditions at 200 and 400 A m 2. It is

possible to observe how disturbance of the same size led to different steady-state values

and time constants for the outlet conductivities (reported in Figure 46). Moreover, a faster

response of the acid was observed in most cases. To obtain a reliable relationship between

the inlet and the outlet variables, all the other variables of the process were kept constant

and equal to their steady-state values. All the dynamic trends were fitted using first order

or first order plus dead time transfer functions. From these transfer functions, it was

possible to create a linearized model of the process in a wide range of operating conditions

thus, allowing the design of all plant controllers.
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Figure 46. Dynamic response of the uncontrolled system to step variations of current density (i) and outlet flowrate
(Voump). Symbols: experimental data; solid line: Simulink Transfer Function trend.
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3.6.2.2. Performed step tests to develop control systems

Several control systems were designed and implemented inside the Programmable
Logic Controller (PLC) to allow the EDBM pilot plant to automatically operate under
dynamic conditions. The study of the uncontrolled system led to the development of four
advanced controllers: (i) an override solution flowrate-maximum pressure adopted to
prevent issues related to clogging phenomena which could damage the stack; (ii) a
product quality cascade control, where the slave controller is an outlet flowrate controller
with split range logic and the master is a conductivity control; (iii) a ratio control between
the salt and base solutions to guarantee the desired molar ratio; (iv) the DC drive control
system for PV maximum power point tracker. The latter allows to operate the system with

a variable power set-point, mimicking the real power produced by a solar field.

3.6.2.3. Sizing of the solar field

Two irradiation scenarios, representing summer (July) and winter (December)
seasons in Lampedusa Island (Italy), were taken from the European PV-GIS platform
[100]. From the irradiation data, a small solar field was designed adopting a commercial
panel with an efficiency of 21 % (JA SOLAR, type JAM72S30-540/MR) and a surface

area of 32 m? (i.e., peak power of 6.5kWp).

3.6.2.4. Summer scenario results

Figure 47 shows the main results of the summer scenario. Figure 47a compares
the simulated power from the DC with the real power obtained from the solar field,
showing a good agreement. The daily operation was limited between 6:00 and 18:00,
when about 10 % of the peak maximum is available. In Figure 47b the trends of external
applied voltage and current density are depicted. Their trends resulted qualitatively

similar to the available power. Indeed, the DC controller acts on the voltage in order to
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reproduce the trend of the available power. The EDBM unit worked in a highly transient

regime, with current density ranging from 50 A m 2 at 6:00 up to 450 A m 2 at 12:00.
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Figure 47. Trends of the main variables during the transient operation of the EDBM unit in the summer scenario: a)
real and simulated PV-power, b) applied voltage and current density, c¢) solution conductivities, d) product
concentrations, e) solution outlet flowrates.

Figure 47c shows the trends of the outlet conductivities for the acid, base and salt
solutions. The chemical conductivity trends provide insights about the performance of the
cascade composition control. As can be seen, an almost constant trend of chemical

conductivities was registered during the daily operation (except for the start-up phase).
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The controller was found capable of keeping the conductivity close to their set-points,
equal to 175 mS cm ! and 100 mS cm ™! for acid and base, respectively, which correspond
to approximately 0.5 mol L™! chemicals concentration. In Figure 47d the corresponding
chemical concentration trends are reported. The adoption of conductivities as controlled
variables (i.e., inferential variables) allowed to keep the product concentrations fairly
close to the desired targets, slightly higher prior to the maximum pawer point and sightly
lower after the maximum. The trend of the solution flowrates is shown in Figure 47e. The
hydraulically start-up of the pilot was programmed at 5:30 to enable a membrane
conditioning process, while the energy was supplied to the system at 6:00. During this
initial phase, the cascade control was deactivated due to the very low values of the power.
Thus, the outlet flowrate of the slave controller was fixed to a low-value of flowrate, equal
to 0.5 L min"!. When the conductivity values reached their set points, the cascade control
system was activated, approximately at 7:00. The flowrate of the salt solution was always
higher compared to the acid and base flowrates, due to the fixed ratio value of 2 (i.e., ratio
control between the salt and base outlet flowrates). This control strategy limits an

excessive impoverishment of the salt solution and improves acid and base productivity.

The trend of the KPIs is shown in Figure 48. The Current efficiency started from
values equal to 30% and 36% for acid and base respectively, during the initial transient
phase where the concentrations were very low. Once the set-point conductivities had been
reached, the CE started to increase, proportionally to the current density. The maximum
current efficiency values were found at the maximum power, resulting equal to 74 % and

91% for acid and base, respectively.
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Figure 48. Trends of the main performance indicators during plant operation in summer scenario: a) Current
Efficiency, b) Specific Energy Consumption; c) Specific Productivity.

The high value of CE positively affected the other performance indicators such as
SEC and SP. However, in the first part of the process test high values of SEC were
obtained, equal to 3.0 kWh kg ! and 2.2 kWh kg ! for acid and base, respectively. The
minimum SEC values were observed in correspondence with the maximum power
resulting equal to 1.8 kWh kg! for the acid and 1.3 kWh kg ! for the base. In terms of
SP, the trends were qualitatively similar to CE. The highest values of SP equal to 0.14 and
0.2 kg h™' m™2 for acid and base, respectively, were obtained close to the maximum

available power.

3.6.2.5.

Winter scenario results

The behaviour of the EDBM pilot under dynamic regimes was further tested
simulating in a winter scenario. The results are reported in Figure 49. The operating range
was limited to 8 h, with a current density supplied to stack ranging between 80 and 265
A m™2. The composition controller was able to keep the chemical conductivities to their
set-point conductivity values (i.e., 175 and 100 mS cm™' for the acid and base,
respectively), Figure 49c. The effectiveness of the control action was confirmed by the
concentration trends (Figure 49d). Indeed, apart from the start-up phase, a flat trend of

concentrations was obtained, equal to 0.5 mol L™! for both chemicals. The trends of the
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manipulated variables of the cascade controller are depicted in Figure 49¢. Also in this
case, the manipulated variable showed a maximum in correspondence of the maximum
power. After midday, the flowrates started to decrease, reaching values of 0.42 and 0.52

L min~! for the acid and base, respectively, at 16:00.
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Figure 49. Trends of the main variables during the transient operation of the EDBM unit in winter scenario: a) real

and simulated PV-power, b) applied voltage and current density, c¢) solution conductivities, d) product concentrations,
e) solution outlet flowrates.

The performance indicators of the EDBM pilot in winter scenario are reported in

Figure 50. The current efficiency increased slowly during the first part of the test due to
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the very low current density. Once the set point conductivity had been reached, and the
controller had been activated, the current efficiency raised up to values of 70 and 82 %
for acid and base, respectively. The SEC exhibited ana slightly decreasing trend along the
working day, with average values of 1.9 and 1.6 kWh kg™!. As a consequence of the low
2

current densities, small values of SP were obtained ranging between 0.02-0.08 kgh ™' m™

and 0.03-0.11 kg h™' m™2 of acid and base, respectively.
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Figure 50. Trends of the main performance indicators during plant operation in winter scenario: a) Current Efficiency;
b) Specific Energy Consumption, c¢) Specific Productivity.

3.6.2.6. Comparison between summer and winter scenarios

A comparison between the summer and winter scenarios is reported in this section.
The summer scenario, in Lampedusa, allowed to reach high peak irradiation up to 980 W
m 2. On the other hand, in the winter scenario a maximum radiation of 600 W m? was
reached. Consequently, it was also observed a significant drop in the maximum power
available, going from a maximum of 6.5 kWp in July to 3.2 kWp in December. This power
reduction played a significant role on the maximum current density that was reached in
the winter scenario, equal to 265 A m 2. Moreover, the sunny hours decreased
significantly from 12 h in July down to 8 h in December. However, in the summer
scenario, the power changed rapidly, and acid and base concentrations reached values
slightly higher with respect to the set-point value before the maximum, while slightly

lower values of concentrations were observed after midday, when the power decreased.
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In these conditions, the control system was unable to totally delete the offset since the
time required to reach the set-point value was greater than the disturbance variation time.
On the other hand, between 11:00 and 13:00, the available power remained almost
constant and, consequently, the control system was able to eliminate the offset. In the
winter scenario instead, the variation was less rapid thus, the control was able to maintain
the concentration constant and equal to the desired value throughout the working day.
Figure 51 shows an overall comparison between the two scenarios considering
average parameters. The average available power was found equal to 3.2 and 2 kW for
the summer and winter scenarios, respectively. As a consequence, the DC drive control
system supplied an 11% higher voltage in the summer scenario compared to the winter
one. Thus, the average value of current density resulted equal to 250 and 180 A m ?in
summer and winter, respectively. In terms of CE, high values were obtained in both
scenarios (higher than 60%), thanks to the target concentration and process configuration
used. It is worth noting that in the summer scenario the CE resulted 7% higher. This effect
is related to the adoption of the feed and bleed configuration, which offers better
performance at higher current densities, as demonstrated in previous works [92], [101].
Concerning the SEC, similar average values were found in the two scenarios. Due to the
voltage reduction in winter which balanced the lower current efficiency. Finally,
the average SP resulted 25% lower in the winter scenario with respect to the summer one

due to the lower average current density.
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Figure 51. Comparison between the two investigated scenarios with respect to the base product.

These results demonstrated that EDBM technology is perfectly suitable to work in
highly transitory regimes like those pertaining to the use of renewable energy sources.
Moreover, since the plant exhibits an improved performance with higher energy
availabilities, more sophisticated energy supply systems can be considered and integrated
(i.e., wind energy from smart grids), especially during the winter season. In this way,
stable operation of the system will be guaranteed even during periods of low energy

availability through enhanced control strategies.
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4. Modelling of EDBM with first principles approaches

In this chapter, the modelling of EDBM is considered utilising traditional
approaches based on the physical laws, which describe the mechanisms of the main
occurring phenomena. These models are referred to as mechanistic, deterministic or even
first principles models [102], [103]. They result the most widely adopted for membrane
processes thanks to their reliability and ease of interpretation.

This chapter is divided into steady-state and dynamic modelling of EDBM. Firstly,
the utilised multiscale modelling structure is described, and some analyses are conducted
focusing mainly on the feed and bleed process configuration. Then, the modifications
made to consider also transient conditions were described and the obtained model was

utilised to simulate the PV-EDBM system.

4.1  State of the art

Regarding the modelling of EDBM systems, several works have been published,
and a comprehensive review has been presented by Culcasi et al. [104]. Apart from a few
works that computed local mass balances [104], [105], [106], all the other models
reported so far adopted a simplified approach with lumped parameters [107] or the
computation of global mass balances [108], [109]. The Nernst-Planck approach is widely
used to estimate trans-membrane fluxes [104], [106], [107], while the non-equilibrium
thermodynamics (NET) approach is seldom adopted [105]. Concentration polarization
causes a difference in concentration between the bulk of the solution and the solution-
side of the solution-membrane interface. This effect is caused by the higher transport
number of counter-ions in the membrane phase than in the solution phase [40]. To predict
this effect, a few studies have applied Donnan equilibria [104], [105], [110]. Additionally,

the concentration polarization effect may have significant implications, especially for the
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salt compartment, where these phenomena can support the achievement of the diffusion-
limited current due to the concentration at the solution side of the solution-membrane
interface becoming zero [40]. In addition, osmotic and electro-osmotic water fluxes have
rarely been considered, even though they can lead to significant variations in the volumes
and concentrations of the solutions [104], [109]. Parasitic currents, also referred to as
leakage currents, are detrimental phenomena that reduce the current utilization of the
system and are generated by the presence of alternative paths for the ion current. These
paths arise from the parallel hydraulic connection between the triplets. Consequently,
solution channels of the same type are also connected through collectors and distributors
(also known as manifolds), which act as salt-bridges and prevent a portion of the useful
ion current from passing through the active membrane area. As a result, the ionic current
flowing through the manifolds diminishes the effective current across the membranes
responsible for chemicals production and desalination. Therefore, assessing parasitic
currents is crucial, especially in industrial applications where energetic consumption is
an important consideration. Only one previous study included parasitic currents in an
EDBM model [104]. In this previous work it was found that the effect of parasitic currents
is exacerbated as the resistance of the cell pack increases [93] and, thus, for industrial
scale EDBM stacks their effect must be considered.

Some of the models reported so far in the literature have been validated with
experimental results. In Table 14, a list of these models is reported showing the operating
conditions and the process configurations adopted to validate them. In some cases, a wide
range of current densities was utilized [107], [108], while others adopted only one current
density value [104], [109]. In almost all previous studies the range of acid and base
concentrations used for validation was between 0.1—-1 mol L™, with only a few exceptions

[104], [106]. Moreover, all the studies adopted only closed-loop process configurations
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in lab-scale EDBM units. Indeed, the number of triplets installed ranges between 1-5 with

an active membrane area in the range of 0.004-0.028 m?. The EDBM process has been

demonstrated to be more effective for low outlet concentrations, up to 1-1.5 mol L. At

higher concentrations the Nernst potential across the membranes can be significant,

leading to high energy consumption. In addition, high current densities cause high ohmic

losses and the transport of water inside the BPM can become detrimental. Membrane

manufacturers often suggest using a current density sufficiently lower than 1,000 A m™.

All these aspects must be considered to scale-up the EDBM technology and make it an

effective and competitive way of producing chemicals in-situ.

Table 14. List of the models reported in the literature, showing the processes configurations and operating conditions
adopted to validate them in comparison with the present work.

Validation range

Reference CDl;;;?tn; Voltage Acid Conc. Base Conc. N Process
-1 -1 r m H H
(A m?) V) (mol L) (mol L) Configuration
Mieretal. 554 1000 - 00515  0.05-2.0 1-4 0.01 cL
[107]
Gineste et al.
[109] 1000 - 0.1-5.8 0.1-5.7 1 0.004 CL
Koter and
Warszawski 250-1250 - 0.1-1.4 0.1-1.6 1 0.0049 CL
[108]
Leon et al.
[106] - 5 0.05-0.08 0.05-0.08 5 0.028 CL
Culcasi et al.
[104] 200 - 0.1-0.8 0.1-0.8 5 0.01 CL
Present 200-500  30-50 0.05-1 0.05-1 40 0.16 F&B, CL
model

CL: closed-loop, F&B: feed and bleed.

125



Modelling of EDBM with first principles approaches

4.2  Steady-state modelling

In this paragraph, steady-state modelling of the EDBM process is considered,
describing the developed multi-scale model and utilising it for analysis of EDBM
behaviour and potentials. The results described in this paragraph were published in the
article Multi-scale modelling of an electrodialysis with bipolar membranes pilot plant

and economic evaluation of its potential [57].

4.2.1. Multi-scale model structure

The model developed in this study adopts a multi-scale modelling approach with
distributed parameters to simulate the three-chamber EDBM configuration. This
configuration is widely adopted for the simultaneous production of chemicals. The model
comprises six different sub-models that span five different levels, from the
channel/membrane level up to the external circuit level. The solution channels are
discretized into 50 domain intervals along the flow direction to eliminate grid dependence
issues. However, no discretization is applied in the crossflow direction (i.e., perpendicular
to the membrane surface). Concentration gradients, for each discretization domain
interval, between the bulk and the membrane/solution interfaces are estimated using
polarization coefficients [111]. The multi-scale approach used in this study to simulate
EDBM has been previously presented [104]. The approach is here extended to simulate a
more intricate EDBM stack configuration, specifically with internal staging, which is of
significant interest for industrial applications. The structure of the model used in this

study is depicted in Figure 52.
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Figure 52. Graphical representation of the multi-scale model structure. Hierarchical levels of the 6 sub-models are
represented with the dotted-line areas.

Except for the highest level (i.e., the external circuit model), all other sub-models
simulate steady-state operations. The highest model level computes dynamic mass
balances in the solutions tanks, accounting for the dynamic behaviour of the EDBM
process in closed-loop mode.

A suitable software tool, gPROMS Model Builder® [112], is utilised to integrate
and solve all the sub-models. The full model is described in Appendix A, while the
following sections present a brief description of each model level, with more details on
the levels that are more relevant to the modifications made to extend the previous model

to the new simulation scenario.

4.2.1.1. Level 1

This level is composed of two different sub-models: the channel model and the
bipolar membrane model. The former evaluates solutions chemical-physical properties,
while the latter estimates the limiting current density and ion fluxes through the bipolar

membrane.
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4.2.1.1.1. The channel model

The channel model evaluates the chemical-physical properties of the solutions,
such as electrical conductivity, mass density, viscosity, activity coefficients and ion
diffusivity in solution using models from the literature or empirical equations. Sherwood
numbers are determined using correlations derived from Computational Fluid Dynamics
(CFD) simulations. Further details can be found in [111]. The main modification at this
level is the use of the model by McCleskey et al. [113] to determine the electrical
conductivities of multi-ion solutions.

The electrical conductivity (o) of an aqueous solution can be calculated from its

chemical composition using the following equation:
g = 2 limi (24)

where 4; is the ionic molal conductivity (S kg m' mol') and m; is the molality (mol kg')
of the i-the ion.
The ionic molal conductivity is a function of the temperature and the ionic strength

of the solution, through the following equation:

Ame(T) 151/ (25)
1+Bpe 122

A=2°(T) —

where A°and A, are function of the temperature (°C), By, is an empirical constant and

I; represents the ionic strength. The latter can be estimated as follows:
I = %Z m; z* (26)

where z; is the charge of the i-th ion.
McCleskey’s model prediction capabilities were tested by conducting some
laboratory experimental tests. A total of 10 different solution samples were prepared

mixing technical grade chemicals with demineralised water. Specifically, for acid (i.e.,
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HCI, ACS reagent 37 wt %, Honeywell, Fluka) and base (i.e., NaOH, technical grade,
Inovyn) three samples each were prepared by adding different quantities of sodium
chloride (>99.5% purity, Saline di Volterra S.r.1.) (i.e., 0, 0.05 and 0.25 mol L") to 1 mol
L' chemical solutions. While four samples were prepared for the salt solution, utilising
two different contents of sodium chloride (i.e., 0.5 and 0.7 mol L™!) and by adding
different quantities of acid (i.e., 0.1 and 0.2 mol L™!). The choice of preparing these
solutions is related to the fact that acid and base products can contain a salt quantity due
to the non-perfectly selectivity of the membranes, whilst the salt solution can be acidified
due to the passage of protons through the AEM. Thus, the concentration of the prepared
solution represents a wide range of possible solutions obtained from the EDBM process.
The conductivities of the solutions were measured utilising a conductivity meter WTW
Cond3310 (Xylem Analytics Germany Sales GmbH & Co. KG WTW) and compared
with the model prediction. The results are shown in Figure 53. A good agreement was
found for the tested solutions (maximum deviation equal to 11%), proving the reliability

of the model.
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Figure 53. Comparison between McCleskeys model prediction and experimentally measured conductivities.

4.2.1.1.2. The bipolar membrane model

The bipolar membrane model describes the behaviour of the key element of the
EDBM process, the bipolar membrane. The approach developed by Strathmann [79] is
adopted to estimate the limiting current density and ion fluxes through the two layers of

the bipolar membrane. The limiting current density represents the current density at which
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all salt ions are removed from the transition region. This value is obtained by computing
a mass balance in the transition region and it is then employed in the estimation of the ion
migrative fluxes. The model assumes that the ion transport numbers of counter-ion and
co-ion are 99% and 1% times the ratio between the limiting current density and the current
density, respectively. Moreover, the bipolar membrane is modelled as symmetric thus, the
transport numbers of Na", Cl"and H' in the CEL are equal to the transport numbers of CI°

,Na', OH in the AEL, respectively.
4.2.1.2. Level 2: the triplet model

The triplet model simulates the behaviour of the repetitive unit of the EDBM
process. At this level mass balances are computed in each channel, the electrical potential
generated across each triplet is evaluated through the Nernst equation, and, finally, the
electrical resistance of the entire triplet is estimated as the sum of the membrane
resistances and solution resistances in the direction perpendicular to the flow of the
solutions.

Mass balances for the acid channels are computed as follows:

0Q,Cy + G It,CEL
a

0Q.Ccr- Gsait,cEL
% = b Jiotcima T #IWNCI (28)

a
aQ CH+
% =b (]tot,H+,a _]tot,OH_,a) (29)

(—14—logCH+’a>
Con-q = 103 10 10° o
aQa a
a_xp = (]tot,Na*’,a My q+ +]tot,Cl_,a M- + (]tot,H"',a -
(31)

_ G Gsalt, _
Jeot.on—a) My+) b 1073 + %a + % + Jeot,on-.a Mu,0 b 1073
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where L, b, d, are the length, width and thickness of the acid channel, respectively, Ci, is
the molar concentration of ion 7 in the acid channel, Q. and p, are the volumetric flowrate
and mass density of the acid channel, Ji,iq is the total flux of ion i, Gy,« and G, cer are
the overall water mass flux entering in the acid channel and salt water flux through the
CEL layer, M is the molar mass.

Similar equations can be written for the salt channels:

aQ CN +'
Saxa 2 = b]tot,Na"',s (32)
0QsCc-,
— Sax > = b]tot,Cl‘,s (33)
aQ CH+
Sa 2 = b (]tot,H+,s _]tot,OH‘,s) (34)
X
(—14—loch+’S>
Con-s = 10310 10° (35)
3Qsps
a_xp = (]tot,Na+,s Mg+ + Jtot,ci-s Mci- + (]tot,H+,s -
(36)
—_ Gw,s —
]tot,OH_,s) MH+) b1073 + . + Jtot,on=,s Mu,0 b 10 3
Regarding the base channels, the mass balances are given by:
g g
0Q,Cpna+p Gsait,aEL
—<b"Na' b _p — A 37
ax ]tot,Na+,b + L 10_3 MNaCl ( )
0QuCer~p Gsait,aEL
— 2} _ _satAnt 38
ax ]tOt,Cl ,b + L 10_3 MNaCl ( )
0QpCon-p
—6 =b (]tot,OH‘,b _]tot,H+,b) (39)
X
CoH™ b
Cy+pp = 10° 10("14"]%’ 10 ) (40)
0Q
ZEbPh — (ftot,zva+,b Mo+ +]tot,cr,b M¢- + (ftot,OH‘,b -
ox
(41)

3, Gwp , Geait, _
Jeot i+ p) Mop=) b 1073 + =02 4 AL 4 [ ey My, o b 1073

All other symbols have the same meaning as defined in the previous equations.
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The electric potential generated across the IEMs in a triplet can be expressed as

where EMF 1is the triplet electromotive force, and 7p; accounts for concentration
polarization effects in the boundary layers.

The electromotive force is calculated by the Nernst equation

RgT rright,IEM

i
E = ZIEMS (_ T fleft,IEM ZiO’nsZ_i d ln aintli) (43)

where a;,;; 1s the activity of the i-th ion at the membrane-solution interface, solution
side, right, IEM and left, [EM are the right and the left side of each membrane.

ng. accounts for the non-Ohmic variation of the triplet electric potential due to
the effects of concentration polarization in the boundary layers on all the six solution-

membrane interfaces

RyT t; 44
— g i
NpL = — F Zint Zions z_iln gi,sol,int ( )
in which ; ¢,; i, are the polarization coefficients, computed as
0 Sgn(]diff,i,sol,inr) _ Cisolint (45)
( i,sol,int) -

Cisol
where C; ¢o; and C; o1 in¢ are the concentrations of the i-th ion in the so/ channel (i.e., acid,
base or salt) in the bulk and at the solution-membrane interface, respectively, and
sgn(]diff,i,sol,int) is the sign of the diffusive flux of the i-th ion at the interface with the

membrane, solution side

The triplet electric resistance R (in Q) is calculated as follows

R = Zsol Rsol + Zm RcalRm (46)

where Rg,; and R,, are the electrical resistance in the feed channels (i.e., acid, base, and

salt) perpendicular to the membranes and the electrical resistance of the membranes (i.e.,
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CEM, AEM, and BPM), respectively, and R.,; is calibration factor for the membrane
resistance.

R, is calculated as

dSO
Rso1 = fs : (47)

Ax 051

in which f; is the spacer shadow factor (which can be assumed, for example, equal to the
inverse of the volume porosity), b is the channel width, Ax is the length of a discretization
interval (e.g., equal to 1/50 of the channel length) and oy, is the electrical conductivity
of the electrolyte solution.

The inputs to this model are membrane and spacer properties. For parameters like
thickness, water permeability, and fixed charge density, values previously published in
[104] are utilized. While the main features of the spacers, such as thickness as well as
porosity in the flow direction and in the plan view, were obtained from the manufacturer.
These values are summarized in Table 15. Input parameters to the triplet model. Values
for membrane resistances and diffusivity coefficients are obtained from the calibration of

the model and they are described in 4.2.3.
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Table 15. Input parameters to the triplet model.

Property Unit AEM CEM AEL CEL BPM  Spacers
Thickness pum 130 130 95 95 190 350
permleaz:girlity mibar” b’ m” 8 8 i i i i
Fixggﬂg:‘t?/rge mol m> 5000 5000 5000 5000 ; ;
flol\j\;):jci)ftietc)iion % i i ) i i 84
pljgrzo\fiigv % - - - - - 64
Areal resistance Qm? 7 6 13
4.2.1.3. Level 3: the cell pack model

The cell pack model simulates a certain number of triplets connected hydraulically
in parallel. The equivalent hydraulic circuit, for all the solutions, is solved by computing
mass balances between the channels and the manifolds and assuming a negligible
variation in the mass density inside the stack. The following continuity equations can be
written for the distributor.

Qtot,in,solcin,i,sol - Qx:O,l,sole=O,1,i,sol

Qd,l,solcd,l,i,sol = N (48)
holes
Qtot,in,sol - Qx=0,1,sol
Qd,l,sol = N (49)
holes
Qx:o,k,solcx=0,k,i,sol
Qak,s01Cakis01 = Qak-1,501Ca k1,500 ~ " (50)
holes
Qx:O k,sol
Qak,sot = Qak-1,501 — N (51)
holes
Qd,N,solCd,N,i,sol = Qdis,N—l,solCdis,N—l,i,sol (52)

where Cgisorand Cy=okis0 are the concentration in the distributor in position k of

ion i in the sol (i.e., acid, base and salt) compartment and the concentration of ion 7 at the
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entrance of k-th triplet of the so/ compartment, Ci, ;0 1s the inlet concentration of ion 7 in
the sol compartment, Qiorinsor and QOx=oksor are the total flowrate entering in the sol
compartment and the entering flowrate in k-t4 triplet of the sol compartment, Njoes in the
number of holes in the spacers and Qu s is the distributor volumetric flowrate in position
k of the sol compartment. Equations (50) and (51) are valid for & in the range 2 to N-1,
where N is the number of triplets in the cell pack. Constant mass density is considered in
equations (49) and (51), since the same solution with fixed concentration is distributed in
all the channels.
For the collector, the following equations are utilised:

Qx:L,l,solpl,sol

Q¢ 1,501Pc 1,501 = (53)
Nholes
Q =L,k lC =L,k,i,sol
Qc,k,solCc,k,i,sol = 2= ,;\;) S + Qc,k—l,solCc,k—l,i,sol (54)
holes
Qx=L,k,sol pk,sol
Qc,k,solpc,k,sol = + Qc,k—l,solpc,k—l,sol (55)

Nholes

where Q5o and Ox=1 k501 are the collector volumetric flowrate in position & of the
sol compartment and the exit flowrate from the k-t triplet of the so/ compartment, pe  sor
and px 5o are the mass density in position k of the sol collector and the mass density of the
of the sol compartment in the k-th triplet, Cexisor and Cy=r k50 are the concentration in
the collector in position & of ion i in the so/ compartment and exit concentration of ion i
in k-th triplet of the so/ compartment and d. is the dimeter of the collector. Equations (54)

and (55) are valid for £ in the range 2 to N.

4.2.1.4. Level 4: the stack model

The stack model calculates the solutions resistances in the manifolds and channels
and provides the voltage and current profiles along all the triplets installed in the EDBM

stack. The voltage profile is used to calculate the voltage applied to the stack. Instead, the
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current profile is employed to compute the percentage of unused current due to the
parasitic currents effect. The equivalent electrical circuit of the EDBM stack was obtained
considering the main features of the internal staging configuration (i.e., a unique manifold

and a shared anode between the two cell packs). Figure 54 shows a schematic

cell pack are reported for the sake of simplicity.

Acid line

representation of the equivalent electrical circuit of the stack where only two triplets per

Base line
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R
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Figure 54. Representation of the equivalent electrical circuit of the EDBM stack, adopting an internal staging
configuration with a shared anode. For the sake of clarity, only two repetitive units were represented in each cell pack.

Ry represents a lumped parameter known as blank resistance and its meaning and values are described in Appendix A.
The dotted lines represent the interruption in manifold 1, allowing the cell packs to work in series.
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Each triplet is modelled as a voltage source and an electrical resistance in the
direction perpendicular to the membranes. Instead, two longitudinal resistances are
assumed in the flow direction. All these electric components are evaluated in the triplet
model.

The resistance related to the connection manifolds between two consecutive

channels are evaluated through the following equation:

lml-,k

Rmi,sol,k = (56)

Nholes Smi Umi,sol,k
where R is the solution resistance in the manifold m; (i.e., m; or my) of the sol (i.e., a, b
or s) compartment, in position k (between / and N,-1, where N, is the total number of

triplets in the stack); Ly, x is the length of the manifold m; in position £, Sy, is the section
of the manifold m;, 0y, 501k 18 the conductivity of the solution so/ in position £ in the

manifold mi, Nioles 1s the number of holes in the spacers. It should be noted that each of
these resistances represents the equivalent resistance of parallel resistances, equal to the
number of holes in the spacers.

The electrode compartments are represented using a lumped parameter known as
blank resistance (indicated as Ryi) e described in Appendix A. This parameter accounts
for: 1) standard electrical potentials, ii) over-voltages of the redox reactions occurring at
the electrodes, and iii) the ohmic voltage drops due to the two end-membranes (CEMs),
the two electrode compartment channels and the additional acid channel installed to better
separate the cell packs from the electrodes chambers (see Figure A1). The blank resistance
was obtained by performing a laboratory test described in Appendix A. The DC drive that
powers the system is represented as an electrical generator.

The hydraulic connections between the two cell packs can be electrically

modelled as additional branches of the electric circuit with an electric resistance. The

138



Modelling of EDBM with first principles approaches

presence of these electric branches determines the onset of additional parasitic ionic
pathways. The cell packs share a central common anode (positive electrode), while two
distinct cathodes (negative electrodes) are positioned at the two extremes of the stack.
The voltage for both cathodes is considered to be zero (i.e., the ground potential).

This model simulates two manifolds: the lower (designated as 1) and the upper
(designated as 2). According to the scheme in Figure 54, an interruption is placed in the
anode position of manifold 1, with the two cell packs only connected through manifold
2. This interruption in the manifold 1 is simulated by setting the Ry, so1,n, t0 108 Q for
all three solutions (where NV; is the number of triplets in the first cell pack). The resistance
of manifold 2 denoted as Ry, 501 v, is derived for the three solutions using equation (56),
where the length of the linking manifold section connecting the two cell packs, I, ., is

fixed to 6 cm. This difference in length is due to the presence of the anodic chamber
between the cell packs. Due to this different length, this resistance is about two orders of
magnitude greater than the other manifolds resistances.

Kirchhoff’s and Ohm’s laws are applied to the nodes and branches of the
equivalent electrical circuit, respectively, to obtain the current and voltage profiles along
the entire stack.

For the first cell pack the following equation are employed:

Iml-,sol,l = (Vmi,sol,z - Vmi,sol,l)/Rmi,sol,l (57)

where Iy, 5011 18 the current flowing in the manifold m; of the so/ compartment, in position
I and Vp,, 501k 18 the voltage in the manifold m; of the so/ compartment in position k. For

the upper and down branches, the following equation ca be written:

Iup,sol,l = (szso,l,l - Vl)/Rup,sol,l (58)
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Idown,sol,l = (le,sol,l - Vl)/Rdown,sol,l (59)

where I, ;115 the current flowing in the x (i.e., up, down) part of the channel of the sol
compartment in position /, Ry s, 11s the resistance of x (i.e., up, down) part of the channel

of the sol/ compartment in position / and V;is the voltage of the stack in position 1 (see

Figure 54).

Vi = IlRav,l/Am + Eqvn (60)
where I;1s the current flowing between V; and the left cathode, E,;, jand R, jare the
average triplet membrane potential and the average cell resistance of the cell in position

1, respectively.

Iy = I + zl(lup,sol,k—l + laown,sot,k-1) (61)
I, sotk=1 = laown,sotk + Imy,soLk (62)
I, sotk-1 = lupsork + Imy,sotk (63)
Imi,sol,k = (Vmi,sol,k+1 - Vmi,sol,k)/ Rmi,sol,k (64)
Lup,sotk = (Vmy,souk — Vi) / Rup soik (65)
Idown,sol,k = (le,sol,k —Vi)/ Rdown,sol,k (66)
Vik = Vi1 + kRavk/Am + Eavk (67)

The validity interval of equations between (61) and (67)(67) is for k [2 to N;], where N,
is the number of triplets installed in the first cell pack.

For the second cell pack the following equation are used:

Igyo = Iipq + Zl(lup,sol,k + Idown,sol,k) (68)
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(69)
Iml,sol,k—l = Idown,sol,k + Iml,sol,k

(70)
Imz,sol,k—l = Iup,sol,k + Imz,sol,k

(71)
Imi,sol,k = (Vmi,sol,k+1 - Vmi,sol,k)/Rmi,sol,k

(72)
Iup,sol,k = (sz,sol,k - Vk+1)/Rup,sol,k

(73)
Idown,sol,k = (le,sol,k - Vk+1)/Rdown,sol,k

(74)
Vir1 = Vi + Ik+2Rav,k/Am + Equk

The validity interval of equations between (68) and (74) is for k [N;+1 to N,-1].

INtr+2 = INtT+1 + Zl(lup,sol,Ntr + Idown,sol,Ntr) (75)

(76)
Iml,sol,Ntr—l = _Idown,sol,Ntr

(77)
Imz,sol,Ntr—l = _Iup,sol,Ntr

(78)
le,sol,Ntr - VNt,.+1 = Idown,sol,Ntr Rdown,sol,Ntr

(79)
sz,sol,Ntr - VNtT+1 = Iup,sol,Ntr Rup,sol,Ntr

(80)

Vn,.+1 = In, +2Rav N, /Am + Equn
tr tr tr tr

In the anode position, to connect the two cell packs, the following equation are

applied:
VN1+1 = Uext (81)
IN1+1 + IN1+2 = Iext (82)
I+ Iz = lexe (83)
Uext = Ry lext (84)
(85)

Vo1 = Vn, + Iny41 Rot/Am

141



Modelling of EDBM with first principles approaches

(36)
V41 = Vg2 + Inge2 Rot/Am

Where U,,; and I, are the external voltage and current supplied by the DC drive and
Ry is the apparent electrical resistance of the entire stack.

Once the current and voltage profiles (i.e., I and V) along the entire stack are
determined two key metrics are computed: the percentage of unused current due to
parasitic effects and the external voltage applied to the stack.

The percentage of unused current due to parasitic current effects is calculated
using the following equation:

tni =3 (R 2N ) + 2N D) @7

- 100
i A

where N, is the number of triplets in the second cell pack.
The voltage applied to the stack is equal to the voltage in the anode position which

represents the maximum value observed across the stack.

4.2.1.5. The external hydraulic circuit model

At the highest hierarchical model level, the elements constituting the external
hydraulic circuit, including solution tanks, recirculating loops and hydraulic nodes, are
simulated. This level differs depending on the process configuration adopted, i.¢e., closed-
loop or feed and bleed.

For the closed-loop configuration, only the solution tanks for acid, base and salt
are simulated. Dynamic mass balances are computed, assuming perfect mixing of the
solutions. It is noteworthy that the dynamic equations implemented at this level do not
make the model fully dynamic as all the other levels simulate steady-state conditions.
However, the model can simulate dynamic process configurations, such as the closed-

loop, as the dominant dynamic of the system (i.e., the tanks) is simulated.

142



Modelling of EDBM with first principles approaches

Dynamic mass balances within the acid and salt storage tanks can be written as

follows:

d(PT,sothsol) 88
dt = Qr,in,s01 PT,in,sol — QT 0ut,s0l PT,0ut,sol (83)
d(CT,HCl,sothsol) 89
dt = QT,in,sol CT,HCl,in,sol - QT,out,sol CT,HCl,out,sol ( )
d(CT,NaCl,sothsol) _ (90)

dt - QT,in,sol CT,NaCl,in,sol - QT,out,sol CT,NaCl,out,sol

where Vtg,; 1s the solution volume inside the tank, pr ¢, is the mass density of the
solution within the tank, Q7 in so1> Q1,0utsor are the inlet and outlet volume flowrates,
respectively, Cr nctin,sol» Ct HCLout,sol> CT,Nactin,sol> CT,Nacl,out,sol 8T€ the inlet and outlet
hydrochloric acid as well as the inlet and outlet sodium chloride concentrations .

For the base storage tank, the following equations can be written as

d(prpVtp) 91
dt = QT,in,b PT,inb — QT,out,b PT,out,b ( )
d(Cr.NaonbVtp) 92
—Zt = QT,in,b CT,NaOH,in,b - QT,out,b CT,NaOH,out,b ©2)
d(CrnacipVip) 93
dt = QT,in,b CT,NaCl,in,b - QT,out,b CT,NaCl,out,b ©3)

The feed and bleed configuration is a continuous operating mode and no dynamic
equations are implemented. In this case, the recirculation loop from the outlet back to the
stack inlet is simulated to increase the residence time of the solution inside the stack. Two
hydraulic nodes, for each solution, connecting the recirculating loop to the main flow
stream are simulated. Here steady-state mass balances are computed.

For the feed and bleed process configuration, the following equations are employed for

the convergent and divergent nodes.
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The convergent node represents a mixing element for the entering and the
recirculated solution from the stack outlet. The following equations are applied for acid

and salt compartments:

an,sol,out = an,sol,rec + Qsol,in (94)

an,sol,outCcn,HCl,sol,out = an,sol,recCdn,HCl,sol,rec + Qsol,inCHCl,sol,in (95)

an,sol,outCcn,NaCl,sol,out = an,sol,recCdn,NaCl,sol,rec +
(96)

Qsol,in CNaCl,sol,in

where Qgo1in, Qan,sorrecs @en,soloutr are the volume flowrate entering from the tank,
recirculated from the stack outlet and leaving the convergent node, respectively,
Chcisolins Canncisolrecs ConHelsolout are the hydrochloric acid concentration entering
from the tank, recirculated from the stack outlet and leaving the convergent node,
respectively, Cnqcisotins Cannacisorecs Cennacisoiout are the sodium  chloride
concentration entering from the tank, recirculated from the stack outlet and leaving the
convergent node, respectively.

For the base compartment, the following equations can be written.

an,b,out = an,b,rec + Qb,in 97)
an,b,outccn,NaOH,b,out = an,b,rechn,NaOH,b,rec + Qb,inCNaOH,b,in (98)
an,b,outhn,NaCl,b,out = an,b,reccdn,NaCl,b,rec + Qb,inCNaCl,b,in (99)

For the divergent node, which represents a splitting point between the solution
leaving the stack and the solution recirculated to the stack inlet, the following mass

balances can be expressed for acid and salt compartments:
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an,sol,in = an,sol,rec + Qsol,out (100)

an,sol,in Ccn,HCl,sol,in = an,sol,recCdn,HCl,sol,rec + Qsol,out CHCl,sol,out (1 01 )

an,sol,inCcn,NaCl,sol,in = an,sol,recCdn,NaCl,sol,rec +
(102)

Qsol,outCNaCl,sol,out

where Qansorins Qansoirecs @sorour are the volume flowrate leaving the stack,
recirculated to the convergent node and entering in the outlet tank, respectively,
Canncisotins CanHcisolrecs CHclsolout are the hydrochloric acid concentration leaving
the stack, recirculated to the convergent node and entering in the outlet tank, respectively,
Can.Nacisolin> Cannacisolrecs CNacisolout are the sodium chloride concentration leaving
the stack, recirculated to the convergent node and entering in the outlet tank, respectively.

For the base storage tank, the following equations can be written as

an,b,in = an,b,rec + Qb,out (103)
an,b,inCcn,NaOH,b,in = an,b,reccdn,NaOH,b,rec + Qb,outCNaOH,b,out (104)
an,b,inCcn,NaCl,b,in = an,b,rechn,NaCl,b,rec + Qb,outCNaCl,b,out (105)

4.2.2. Economic model

The economic model evaluates the competitiveness of the EDBM process to
produce sodium hydroxide, which results the more profitable product. To this end, the
levelized cost of sodium hydroxide (LcoNaOH) is estimated. The LcoNaOH, expressed
in € ton!, represents the minimum sale price of the produced NaOH to guarantee a net
present value (NPV) equal to zero at the end of the project life. The model considers all
the major components of both capital and operating expenditures. Moreover, the

compound interest calculation is applied in determining the LcoNaOH. Several
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parameters are employed as model inputs: stack features, capital costs and economic

parameters. All the parameters are described in Table 16.

Table 16. Input parameters of the economic model.

Symbol Unit Value/Eq  Reference
Stack Parameter
Active membrane area An m? 0.16 -
Number of triplets in the stack N - 40 -
Number of stacks in series Ns - 1-2 -
Capital Costs
BPM cost BPMcost US$ m? 300
AEM/CEM cost MPMcost US$ m? 135 [114]
Spacer cost Scost US$ m 10
Economic parameters
US$/€ conversion Ceonv € US$™! 0915 [115]
Electricity price E, € kWh'! 0.1 [116]
Discount rate ] % 5 [104]
Membrane and spacers lifetime M y 5 [117]
Peripherals and electrodes lifetime PEy y 10
Project lifetime Py y 10
Performance indicators”
Specific energy consumption SEC kWh kg!
Specific productivity SP ton y! m?

*Inputs to the economic model obtained from the multi-scale model.

The triplet cost (US$ m™) is estimated through the following equation:

106
Teost = BPMioge + 2 MPM o5 + 3 Scost ( )

where BPM,,s; and MPM_,s; are the cost of bipolar and monopolar membranes
respectively and S, is the spacers cost. A triplet cost of 600 US$ m2 is obtained as a
reference value.

The cost of the cell packs installed in the stack (€) is calculated as follows:

107
IM¢ost = TeostCoonvNerAm ( )

where C,,,,, coverts from USS$ to €. The electrodes as well as plates and frames cost can

be obtained as a function of the cell packs cost [114].
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108
EPF,y = 0.5 [M,yq (108)

The total cost of the stack, in €, can be written as:

109
TScost = IM¢ost + EPFeost ( )

The cost relative to peripheral equipment (i.e., pumps, DC drive, electrical
cabinet, monitoring instrumentation and control systems) can be estimated through the

following equation:

110
PE,,o = 1.2 TS,pe;(1 + 0.3(N, — 1)) (110)

where N;is the number of stacks in series. Consequently, adding a second stack in series
increases the cost associated with the peripheral equipment by 30%, since some of them
are already installed or should only be increased in size.

The initial capital investment (ICI) at the start of the project life is given by:

ICT = TS,qN; + PE, gy (111)

Often the lifetime of the membranes and spacers M;; is lower than the project
lifetime P;;. Subsequently a replacement of the cell packs in necessary at the end of M;;.
Maintenance cost (Maintcos) and the Total Energy Consumption (TEC) are
considered as operating costs of the EDBM plant. Maintenance cost (€ y ') are estimated

as follows [114]:

Maint,og = 0.11CI (112)

The total energy consumption (€ ton!) is calculated using the following equation:

TEC = 1.1 SEC E,10° (113)
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where E), is the electricity price, the factor 1.1 accounts for the electrical consumption of
the EDBM stack and the peripheral equipment (calculated as 10% of the stack energy
consumption [114]), 103 coverts the units from € kg™! to € ton™".

The Process Capacity (PC), expressed in ton y !, is calculated as follows:

PC = SP N, Ap, (114)
The LcoNaOH is calculated using the following equation:

Maint ICI(1 + )P + IM,, o N (1 + j)Mue
LCoNaOH = cost+TEC_|_ ( 7 P costNs( 7) (115)
PC PC nyl(l + ) Pre=y)

where j is the discount rate.

4.2.3. Model calibration

The model was calibrated with the experimental test in feed and bleed mode to
increase its predictive accuracy, accounting for non-ideal phenomena occurring in the
EDBM unit, such as internal leakages, pressure differences between channels, membrane
deformation and fouling. But also, to account for uncertainties in some membrane
properties, such as membrane ion diffusivities and electric resistances.

The parameters used for calibration are: 1) an additional term in the Nernst-Planck
equation, which accounts for the non-ideal phenomena mentioned above, ii) ion-
diffusivities in the membranes, iii) a correction factor for the cell packs resistance.

The Nernst-Planck flux equation is a widely used approach to describe the
transport of ions in ion-exchange membranes. Specifically, the ion transport is given by

the sum of two contributions: a diffusion term and a migrative term.

timl
Jim= — Z D;jmVCim + ZF (116)
j
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where J; , is the total molar flux of the specie i across the generic membrane m (i.e.,
AEM, CEM or BPM), the sum is extended to all the ionic species, D; jn, is the cross-
diffusion coefficient, Cj pppy 1s the concentration of the species j in the membrane phase,
t;m 1s the transport number of the species i in the membrane at the solution-membrane

interface, z; is the valence of ion i.
This equation is derived assuming some standard approximations [118] and
consequently, its validity is limited to dilute electrolyte solutions.

The modified Nernst-Planck equation adopted in this work is reported here.

]tot,i,sol = ]Ohm,i,sol +]diff,i,sol + ]cal,i,sol (117)

where [0 i so1 15 the total flux of the ion i across the two membranes bounding the channel
sol (acid, base or salt), Jopm,isor and Jaiff,isor are the total ohmic and the total diffusive
flux (calculated as described in Appendix A), respectively and J.q; ; 501 1S the calibration
parameter used to correct the Nernst-Plank equation.

There are twelve J.q;; 50 calibration parameters in total, since the ions under
consideration are four (Na“, C1 -, H", OH") and the solutions are three (i.e., acid, base and
salt). However, certain relationships exist among these parameters. One of these is the

mass balance equation between the calibration fluxes of the three solutions flowing in an

EDBM stack:

]cal,i,acid +]cal,i,base + ]cal,i,salt =0 (118)

The second relationship is the electroneutrality requirement between the

calibration parameters:
Z]cal,i,acid Zi = 0 (119)

120
Z]cal,i,base Zi = 0 ( )
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where the sum is extended to all the ions. The flux calibration parameters and ion-diffusivities used in the model are
reported in

Table 17. All the calibration fluxes ranged, in all the cases, from 2% to 7% for the main

ion of each compartment compared to the total flux of these ions in the channel.

The ion-diffusivities in the membranes were also obtained from the calibration of
the model due to the difficulty in estimating their values from the experimental tests.

Finally, a correction factor for the cell pack areal resistance is considered because
a decrease in the apparent stack areal resistance is observed as a function of the current
density at a fixed target concentration of the base solution. This reduction is attributed to
the membrane resistance, which is the predominant resistance of the stack, and the
variations of the solution resistances are considered in the model. In Figure 55, the
apparent stack areal resistance is reported as a function of current density for a target

concentration of 1 mol L™! NaOH.
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Figure 55. Apparent stack resistance, obtained as the ratio between the external voltage and the current density, as
a function of the current density for a fixed target concentration of 1 mol I of NaOH, using the feed and process
configuration.

The same correction factor for the stack resistance is applied to all the membranes

and it is reported as a function of the current density.
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Req =37107%i2-411073i+23 (121)

Table 17. Calibration parameters adopted in the model to account for non-ideal phenomena such as internal leakages,
pressure differences between channel, deformation and fouling of membranes.

Acid base salt AEM CEM AEL CEL
(mol m?2s1) 10° (m?s1) 10"
Jealsol Na 7 -13.2 6.2 Dyam 3.1 1 4.1 5.7
Jeatsorct - -14.2 8.2 5.99 Dcim 1.6 1.6 2.2 8.5
Jealsol OH 0.8 -22.4 21.6 Dowm 9.5 7.5 6 6
Jealsorr -20.4 -1 21 Dum 7.35 7.1 2 14.6

The above calibration procedure resulted in the simulated vs experimental trend
illustrated in Figure 56, where acid and base concentrations as well as the voltage applied
to the stack are shown for a feed and bleed operating configuration. The discrepancy
between the model results and the experimental values was evaluated, with an average
discrepancy of 5% identified across all variables. In all cases, discrepancy values lower
than 11% were recorded. When comparing this discrepancy will the experimental error
(i.e., 4-5%), the values seem comparable, further confirming the high predictive

capability of the model.

151



1.2

1.0 |

0.8

0.6

Model Conc. (mol L?)

02 |

0.0

@ Base
@ Acid

0.0

0.2

0.4

0.6

0.8

1.0

Experimental Conc. (mol L)

Modelling of EDBM with first principles approaches

b)

Model Voltage (V)

80

60

40

20

20 40 60 80
Experimental Voltage (V)

Figure 56. Comparison between experimental and model results in terms of acid and base concentration as well as of

voltage applied to the stack.

4.2.4. Model validation

To validate the model calibration, the tests conducted in closed-loop with the

EDBM pilot plant were employed. The model was validated under three different process

conditions, specifically at current densities of 300, 400 and 500 A m 2 (tests described in

3.4). The comparison between the model predictions and experimental results is

illustrated in Figure 57. Both chemical concentrations and stack voltage profiles, as

functions of time, are presented. The model accurately predicts the concentration profiles

and the applied voltage is also well predicted, except for the initial phase of the test. Table

18 reports both the maximum and average discrepancies for performed tests.
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Table 18. Average and maximum deviation between model and experimental results and comparison with the

experimental error made in measuring concentrations and voltage.

300
Am?

400
Am?

500
A m?

Discrepancy
(%)

Exp. Error

(%)

Discrepancy

(%)

Exp. Error
(%)

Discrepancy

(%)

Exp. Error
(%)

Average Max Average Max

Average Max Average Max

Average Max Average Max

Cacia 3.2 6.2 3.7 8.0 6.1 8.6 6.7 9.1 3.1 7.0 34 6
Chase 1.7 2.5 3.7 8.0 3.7 8.1 6.9 9.1 53 11 33 6
Uext 4.4 21 3.9 4.1 8.4 20 34 3.5 4.3 26 3.1 33

At 300 A m?, the maximum discrepancies found for the acid and base profiles
resulted 6.2% and 2.5%, respectively. For the voltage profile, a maximum discrepancy of
21 % was observed, but only at the beginning of the voltage profiles when the
conditioning of the membranes was not completed. Indeed, before testing the stack was
stored in RO permeate (~ 350 puS cm™') and some time is required after the start-up of the
test for the permeate to be replaced by the solutions. Predicting this behaviour using
traditional modelling tools is challenging, and a certain membrane conditioning time
period should be determined experimentally. Increasing the current density to 400 A m>
does not alter the model predictive capability. Indeed, the average discrepancies ranged
between 3.7% and 8.4%. As in the previous test, a maximum voltage discrepancy of 20%
was noted at the beginning and can also be attributed to the membranes incomplete
conditioning. At 500 A m 2, the maximum current density tested, discrepancies remained
lower than 10% apart from the voltage, for which a maximum voltage discrepancy of
26% was observed at the beginning (due to membranes’ incomplete conditioning), while
on average the discrepancy was 8.4%. It is worth noting that the average discrepancies
found resulted comparable with the experimental errors observed in the measurement of

these variables, typically between 3—6%.
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Figure 57. Trends of the main variables of the EDBM process (acid and base concentration as well as voltage applied
to the stack) for the three different tests performed in closed-loop mode at constant current densities. Symbols represent
experimental results, while the continuous line represents model results.

4.2.5. Electrical profiles and parasitic currents evaluation for the internal staging

configuration

In this section, the main output of the stack model, i.e., current and voltage
profiles, are shown to better understand how the internal staging configuration works.

Additionally, the impact of parasitic currents on the stack performance is also evaluated.
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Voltage and current profiles as a function of the number of triples are reported in
Figure 58 for a test conducted in feed and bleed mode at 400 A m? and fixing a target
concentration of base of 1 mol L™!. An inlet concentration of 1 mol L™! of NaCl was
employed for the salt steam, while, for acid and base lines, water with a low salt content
(1 mmol L™! of NaCl) was utilised.

The total current is supplied from the anode to the cell packs, and it is split
inversely proportional to the cell pack resistances. This fact can be observed in the current
profile (Figure 58a) where two red symbols are shown. The current supplied to the second
cell pack was slightly higher due to its lower resistance. Along the cell packs, the current
displayed a minimum around the middle, at triplets 11 and 30 for the first and second cell
packs, respectively. Moving from the anode to the cathode, the current divides in each
triplet and a certain portion flows through parasitic paths (manifolds and channels) instead
of passing through the active membrane area. The observed minimum in the current
profile for each cell pack is correlated to the relative weight of the cell pack resistance
and the resistance of the parasitic pathways in each stack position (i.e., in each triplet). At
the end of the cell packs (cathode side), the electrical current in the final triplets (i.e., 1
and 40) equals that reaching the cathode. Ultimately, the sum of the currents in the two
cathodes is equal to the total current supplied to the stack.

The voltage profile was determined by setting the cathode voltage to zero and
evaluating the voltage drop across each triplet of the cell pack and its respective cathode.
The trend was almost symmetric between the two cell packs, with small changes due to
the difference in the conductivities of the solutions flowing inside. The red symbol in
Figure 58b represents the anode voltage, i.e., the external voltage applied to the stack.
For the current profile depicted in Figure 58b the percentage of unused current due to

parasitic currents was evaluated using equations (87). This value represents the
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percentage reduction of the average current utilized by the stack to produce chemicals
compared to the total current supplied by the DC drive. A value of 3.1% was found for
the entire stack while at minimum points of the current profile local unused current values
of 4.5% and 4.7% were found for the first and second cell packs, respectively. These low
values resulted from the small number of triplets present in each cell pack and from the
well-designed EDBM stack in terms of channel length and manifold diameter.
Consequently, it can be stated that the internal staging configuration with a shared anode
effectively allows for a reduction of the parasitic currents, despite the linking manifold,

and minimises the capital expenditure compared to the use of two separate EDBM stacks
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Figure 58. Current and voltage profiles along the entive EDBM stack obtained with the model. The blue and green
symbols represent the first and the second cell pack, respectively; the red symbols represent the anode, which supplies
the current to both cell packs. The voltage read at the anode is equal to the external voltage (the voltage in the cathodes
is assumed equal to 0). The profiles were obtained at 400 A m?, fixing the target concentration of NaOH to 1 mol I,

4.2.6. Techno-economic analysis of EDBM potential

In this section, the validated model is used to conduct a sensitivity analysis based
on the main process variables and, secondly, an economic evaluation of the Levelized
Cost of sodium hydroxide (LcoNaOH). In both cases, the feed and bleed process
configuration was used as it is attractive for industrial applications.

The sensitivity analysis investigates the effect of varying current density and target

concentration of sodium hydroxide on the key performance indicators of the EDBM
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process, (described in section 2.5). The variation range of these operating variables was
selected to offer insights pertinent to industrial applications. The target concentration
varied between 0.5-1 mol L! aligning with the interests of various applications
highlighted in section 1.2 The current density, instead, was tested between 320-600 A m™
2, which guarantees high specific productivity (SP), reasonable ohmic loss and safe
conditions for the bipolar membranes. Also in this case, an inlet concentration of 1.0 mol
L' of NaCl was employed for the salt steam, while, for acid and base lines, water with a
low salt content (1 mmol L™! of NaCl) was utilised, emulating RO permeate. Different
target concentrations were obtained by changing the outlet flow rates from the entire
EDBM unit while maintaining constant flowrates through the stack (constant channels
flow velocities) equal to 5 L min~!. The outlet flowrates of acid and base were maintained
equal whereas the salt outlet flowrate was twice as high reaching up to 4.4 L min!. For
values of chemicals outlet flowrates higher than 2.2, the salt outlet flowrate was
maintained constant at 4.4 L min'. In the simulated conditions, the limiting current
density, calculated with the Strathmann’s approach (Section 4.2.1.1.2), was considerably

lower compared to the applied current density, with value up to 20 A m™2. The results of

the sensitivity analysis are reported in Figure 59 in terms of key performance indicators.
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Figure 59. Trends of key performance indicators, CE, SEC and SP, as a function of current density and target
concentration of sodium hydroxide.

The Current Efficiency (CE) shows a decreasing trend as the target concentration

rises at a fixed current density. Instead, it increases when the current density rises at
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a constant target concentration. The decrease as the concentration rises could be easily
explained: by increasing the sodium hydroxide target concentration at a constant current
density the average concentration in the base channel increases. This in turn results in a
greater concentration difference across the CEM (and similarly across the AEM) thereby
intensifying the diffusive flux of hydroxide ions to the salt channel. The rise in current
efficiency, at a constant target concentration, by increasing the current density is less
intuitive. This phenomenon is strictly related to the simulated process configuration, in
which both the outlet concentration and flowrate that pass through the stack remain fixed
for the base stream. Therefore, when increasing the current density the EDBM system
increases its productivity reducing the concentration of the base stream at the stack inlet.
This has a positive effect on the current efficiency due to the lower average concentration
of NaOH in the base channel, which decreases the diffusive phenomena across the CEM.
At 600 A m? the highest current utilisation is observed, with values in the range 72-95%,
while, reducing the current density to 320 A m 2, gives a CE between 38% and 88%.
The SEC depends directly on the voltage applied to the stack and inversely on the current
efficiency. The voltage in turn shows an increase with the current density while its
dependence on the base concentration is inversely proportional and quite weak. This is a
consequence of the dominant resistance of the system which is the resistance of the cell
packs. Overall, the SEC shows an increase with the concentration due to the dominant
effect of the decreasing CE while its trend as a function of the current density is more
complex because both voltage and CE play a counteracting role.

Two different trends of SEC as a function of the current density are observed
depending on the target concentration of sodium hydroxide. At low concentration (i.e,
lower than 0.8 mol L™!) an increasing trend with the current is observed, while a trend

with a minimum is observed at a high concentration (i.e, higher than 0.8 mol L™"). For
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low target concentration of sodium hydroxide, the effect of the voltage is dominant in the
SEC. In contrast both the effects of voltage and CE become significant at high
concentrations and a minimum value is observed around 500 A m 2. The minimum values
observed for the SEC are in the range 1.5-2.5 kWh kg ™! for target concentration between
0.5 mol L' and 1 mol L', respectively.

The SP behaviour is quite similar to that observed for the CE. Under a constant
current density, the SP and CE show a proportional relationship. When the current density
is not fixed, the SP depends both on the CE and the current density. Maximum values
between 2.3 ton y! m2 and 1.7 ton y' m? are observed at 600 A m2, for sodium
hydroxide concentration in the range 0.5—-1 mol L.

The economic analysis (Figure 60) evaluates the LcoNaOH using the same operating
conditions applied in the sensitivity analysis, considering variable current density and
target concentration of NaOH. Additionally, the effect of varying the specific cost of
electricity and the triplet cost on the LcoNaOH is examined for three different NaOH

target concentrations, namely: 0.5, 0.75 and 1 mol L.
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Figure 60. a) Levelized cost of sodium hydroxide (LcoNaOH) as a function of NaOH target concentration and current
density for a fixed triplet cost (600 US$ m™) and electricity price (0.1 € kWh™'). b) variation of LcoNaOH with
electricity price and triplet cost, for the target concentration of 0.5 mol L™, ¢) 0.75 mol L™ and d) 1 mol L. Current
density is fixed to 500, 520 and 600 A m™, for cases b, ¢ and d, respectively.

The LcoNaOH rises with increasing concentration due to the decreasing CE of the
process. At 320 A m2, the obtained values of LcoNaOH are in the range 310-680 € ton™
!, while lower values, in the range 290-370 € ton™!, are observed at 600 Am, for the
entire range of concentration studied (0.5-1 mol L™!). Raising the current density, a
minimum can be identified for target concentrations lower than 0.86 mol L', while a
decreasing trend is observed for higher NaOH concentrations. The minimum lies between
500 A m 2 and 560 A m 2, with LcoNaOH values in the range 280-320 € ton' (NaOH
concentration in the range 0.5-0.86 mol L™!). The observed minimum results from the
counteracting effects of TEC and PC on the LcoNaOH. The TEC is associated with the

SEC while the PC is linearly proportional to the SP. In fact, in the region of the low
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concentration values (< 0.8 mol L), the SEC shows an increasing trend with the current
density, which, in turn, produces an increase in the TEC. In the same region, the SP shows
a growing trend with the current density, which produces an increase in the PC.

For high NaOH concentrations (> 0.8 mol L"), the TEC variation becomes dominant on
the LcoNaOH, especially at low current densities. On the other side, the PC shows an
increasing trend with current density, resulting in a noticeable downward trend of
LcoNaOH.

From Figure 60b, ¢, d, it is evident that E}, has a dominant effect on the LcoNaOH,
while the triplet cost has a lower influence. Interestingly, in the most favourable
conditions, indicating a scenario with low electricity and membrane costs, a production
cost below 150 € ton"! of NaOH can be achieved when a target of 0.5 mol L' is fixed,
while increasing the target to 1 mol L' the minimum in LCoNaOH rises to 180 € ton™.
All that shows that the current price of membranes enables the production of valuable
chemicals at a cost lower than the current market price of NaOH , ranging between 360 €
ton! and 680 € ton! [119], [120]. Moreover, the obtained production costs result
comparable or even lower to those already reported in the literature, in the range 340-370

€ ton! [104], [121], for similar concentrations of sodium hydroxide.

4.2.7. Preliminary analysis of multi-stage EDBM potential

As an example of the use of the presented model for process intensification
analysis, a double-stage EDBM unit has been simulated in similar operating conditions.
Specifically, two stacks with equal features as the one described in section 3.1, are

connected in serial arrangement as indicated in Figure 61.
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Figure 61. Schematic representation of the simulated double-stage EDBM configuration.
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The same inlet concentrations and outlet flowrate ratio (described in 4.2.6) were
employed for acid, base and salt lines. The outlet streams from the first stack are directly
sent to the second stack, while the flowrate in the recirculating loop is chosen to maintain
the same channel speed in the two stacks (i.e., 2.6 cm s™}).

The double-stage configuration enables to distribute the concentration variation
of the produced chemicals, in a way that the operating conditions of each stack can be
optimised for that specific variation. In this case, the system is employed to produce 1
mol L' NaOH, fixing the outlet concentration of each stack equal to 0.6 mol L™ and 1
mol L' for the first stack and second stack, respectively. The choice of a higher
concentration variation (from ~0 to 0.6 mol L) in the first stack, is due to the higher CE
at lower concentration, which allows to produce more product in the first stage. The
operating conditions of the first stack are those identified as optimal in the economic
analysis above. For the second stack, inlet/outlet concentrations are fixed, while the
current density is determined by the model itself.

The results of the analysis are reported in Table 19, showing a comparison with a
single stage EDBM unit used to produce the same target. As expected, the first stage

works much more efficiently than the single unit, due to the lower average concentration
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in the channels. Instead, in the second stage, a slightly poorer performance is observed,
due to the higher average concentration inside the base channel (0.88 mol L~! compared
to 0.83 mol L!). However, comparing the overall performance of the double stage with
the single stage, an important improvement in all energetic performance indicators can be
observed, with an 8% reduction in SEC and a 4% increase in CE. The SP shows a slight
reduction (6%), but this effect is attenuated by the doubled total membrane area. Finally,
comparing the two configurations in terms of LCoNaOH, a reduction of 10% is observed
for the double stage, highlighting the benefits of using multi-stage EDBM to reduce the

production cost of NaOH.

Table 19. Comparison between single and double-stage EDBM s configurations for a target concentration of 1 mol L
! NaOH. The performances of each stage as well as the overall are reported for the base stream.

E_DBM_ Stage Targe_t1 i , SEC . CE S_F1> , LCoNa_Cl)H
Configuration (molL) (Am®) (kWhkg) (%) (tony m") (€ton)
Single stage - 1 600 25 72 1.7 372
1 0.6 500 1.8 90 1.8 -
Double stage 2 1 573 2.9 61 14 -
Overall 1 - 2.3 75 1.6 334
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4.3 Dynamic modelling

A dynamic model of the EDBM process has been developed to effectively
simulate and study its behaviour under transient regimes, considering the inertia of the
system in response to variations. Transient regimes are common in the field of renewable
energy sources and load levelling in power stations thus, the importance of developing a
dynamic model. To the best of the author's knowledge, no previous fully dynamic EDBM

models have been developed and validated.

4.3.1. Multi-scale model modification

This section describes the modification made to the steady-state model described

in 4.2 in order to predict also transient regimes.
4.3.1.1. Level 1: the channel model and the bipolar membrane model
At the first level, no modifications were made with respect to the model described
in4.2.1.1.
4.3.1.2. Level 2: the triplet model

At this level, mass balance are computed for each channel, considering all the
entering or leaving fluxes to obtain concentration profiles along the channels. The
modification involves the introduction of the accumulation term in the mass balances.

The mass balances for the acid channels are calculated as follows:

aCNa+ a aQaCNa"' a Gsalt CEL
bd a 4 — b Y103 Mo >
e = JtotNa*a L1073 Myaq "
aCCl‘ a aQaCCl' a Gsalt FL
bd : =P eteta Y 1705 My ’
« T T o Jotcma + 703 Myaci -
aCH+ aQ CH+
bd, ot =+ Czﬁx 2=b Usotita ~ Jtot,01~a) (9
( 141 CH"',a)
—14-log
Cona = 103 10 1’ o
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0Qqp
aa;c a _ (]tot,Na+,a MNa"' +]tot,Cl_,a MCl_ + (]tot,H+,a _

_ Gy, Gsalt, _
Jroton=a) My+) b 1073 + =08 4 S 4 4 oy 0 Myg,0 b 1073

where L, b, d, are the length, width and thickness of the acid channel, respectively, C;, is
the molar concentration of ion i in the acid channel, O, and p, are the volumetric flowrate
and mass density of the acid channel, Ji;q is the total flux, Gw,. and Gsauy, cer are the

overall water mass flux entering in the acid channel and salt water flux through the CEL

layer, M is the molar mass.

Similar equations can be written for the salt channels:

aCNa*’,s n aQsCNaL*',s

b ds at ax = b]tot,Na+,s

aCCl_,s + aQsCCl_,s

b dy ot ox = b]tot,Cl‘,s

aCH+' aQ CH+,
bd, - S+ Sa - > =b (Jorn+s — Jrot.on-s)

(—14—logCH+'s>
Con-s = 10310 10°

9Qsp
6Sx t= (]tot,Na+,s Mya+ + Jeot,ci-s Mcr- + (]wtrHJr'S N

- GW,S -
Jtotons) My+) b 1073 + 2+ Jrot,on=s Mu,0 b 107°

Regarding the base channels, the mass balances are given by:

0Cnarp  9QbCratp Gsait,aEL
' ~ =5 —sabarn
G TR Jrornats + 77073
0Ccrp  9QCerp Gsait,AEL
bd : 2 —p _ ;
b= 5t + Ox Jeot.cr-p + L10°3 My,q
dCon-p , 9QpCon-p
bdy dat + dx =b (]tot,OH‘,b _]tot,H"',b)

11 1-.CoH™ b
Cyvp = 10° 1ol-14-1087555")
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9Q»Pp
9x (]tot,Na+,b Mya+ + Jeot,cimp Mci- + (]tot,OH_,b -

(136)
]tot,H"',b) MOH‘) b1073 + GVLV_'b + % + Jtotu+p Mu,0 b 1073
all other symbols have the same meaning as defined in the previous equations.
An assumption made in deriving the above equations is that the variation in mass
density over time is negligible. Specifically, the mass density is calculated at the channel
entrance and it is maintained constant along the channel. This assumption is reasonable

since a small amount of ions are dissolved in solutions and, consequently, the mass

density remains nearly constant (variations lower than 1% are expected).

4.3.1.3. Level 3: the cell pack model

Also in the cell pack model, the accumulation term was introduced in mass
balances to consider unsteady-state conditions in the manifolds (i.e., collector and
distributor). For the distributor, the following equations can be written as follows:

7Tdd2 dcd,l,i,sol Qtot,in,solcin,i,sol_Qx=0,1,sole=0,1,i,sol
) - - Qd,l,solcd,l,i,sol (137)
4 dt Nholes

_ Qtot,in,sol - Qx=0,1,sol

Qd,l,sol - N (138)
holes
dg? dCqk,isol _ Qx=0k,s01Cx=0k,isol
—=6—=— = Qqk-1,50Cak-1,is01 — +
4 dt Nholes
(139)
_Qd,k,solCd,k,i,sol
Qx:O k,sol
Qak,sot = Qaj-1,501 = N (140)
holes
Qd,N,solCd,N,i,sol = QdiS,N—l,SOlCdiS,N—l,i,SOl (141)

where d; and 0 are the diameter of the distributor and the thickness of a triplet,
Cakisorand Cy=oisor are the concentration in the distributor in position & of ion 7 in the
sol (i.e., acid, base and salt) compartment and the concentration of ion i at the entrance of

k-th triplet of the sol compartment, Ci, ;s 1S the inlet concentration of ion i in the so/
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compartment, Qror,insor and Ox=0,k 501 are the total flowrate entering in the so/ compartment
and the entering flowrate in k-th triplet of the so/ compartment, Nyoes in the number of
holes in the spacers and Qu i sor 1s the distributor volumetric flowrate in position & of the
sol compartment. Equations (139) and (140) are valid for & in the range 2 to N-1, where
N is the number of triplets in the cell pack. Constant mass density is considered in
equations (138) and (140), since the same solution with fixed concentration is distributed
in all the channels.
For the collector, the following equations are utilised:

Qx:L,l,solpl,sol
Qc,1,501Pc,1,501 = N (142)
holes

2
d, Y dCck,isol _ Qx=L k,so0lCx=Lk,isol

+ Qex-1s01Cer-1isol +
4 dt Nholes c,k—1,s0l%c,k—1,i,s0

(143)

_Qc,k,solCc,k,i,sol

Qx=L,k,sol pk,sol

Qc,k,solpc,k,sol = + Qc,k—l,solpc,k—l,sol (144)

Nholes

where Q¢ 5o and Ox=1 50 are the collector volumetric flowrate in position & of the
sol compartment and the exit flowrate from the k-th triplet of the sol/ compartment, pc i sor
and px 5o are the mass density in position k of the sol collector and the mass density of the
of the so/ compartment in the k-th triplet, Ceisor and Cy=r kiso are the concentration in
the collector in position k of ion i in the so/ compartment and exit concentration of ion i
in k-th triplet of the so/ compartment and d. is the dimeter of the collector. Equations
(143) and (144) are valid for k in the range 2 to N.
4.3.14. Level 4: the stack model

At the fourth level, no modifications were made with respect to the model

described in 4.2.1.4.
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4.3.1.5. Level 5: the external hydraulic circuit model

In addition to the dynamics of the EDBM stack, it is essential to consider the
dynamic of the external hydraulic circuit composed of tubes. Indeed, in feed and bleed
process configuration the recirculating loops significantly impact the dynamic of EDBM
process. Therefore, it is important to account for the total volume of tubes connecting the
stack outlet and inlet. To this end, two tubes for each compartment are introduced, after
the convergent node and before the divergent node, in the simulated process flow sheet

and unsteady-state mass balances are computed utilising the following equations:

T[Dtubez aCcn,i,sol,out +0Q aCcn,i,sol,out -0 (145)
4 ot cn,sol,out Ox

nDtubez aCdn,i,sol,in + Q ] aCdn,i,sol,in -0 (146)
4 ot dn,sol,in dx

where Dupe 1s the internal diameter of the tube, Cenisorounr and Cedisorin are the molar
concentration of ion i in the so/ line exiting from the convergent node and entering in the
divergent node, Qcn sol,ous aNd Qan 50,01 are the volumetric flowrate in the sol line exiting

from the convergent node and entering in the divergent node.

4.3.2. Dynamic model validation

In order to validate the developed dynamic model of the EDBM process, the pilot
plant described in section 3.1 was adopted, using the feed and bleed process
configuration. Step variations in the chemical volumetric flowrates and in the current
density were considered. To verify the prediction capabilities of the model, it is essential
to compare the entire process dynamic from one steady-state condition to another. Instead
of collecting a large number of samples at high frequency, which can introduce errors, the
model was validated in terms of chemical conductivities. Indeed, conductivities can be
utilised as an effective inferential variables to online monitor the concentration of

electrolytic solutions, as observed in previous sections. For the validation test a synthetic
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sodium chloride solution, with 1 mol L™ concentration, was employed in the salt
compartment and RO permeate (~ 350 uS cm™') was fed to the acid and alkaline
compartments, adopting the feed and bleed process configuration. In this way, chemicals
with a high purity are expected, thereby enhancing the reliability of using the conductivity
for model validation. The results of the model validation are reported in Figure 62. The
left side of the figure refers to a step variation in the outlet chemical volumetric flowrates,
from 2 L min! to 1 L min™!, as shown in Figure 62a. The corresponding variation in the
outlet chemical concentrations and conductivity are shown in Figure 62b and Figure 62c,
respectively. The time span depicted is sufficient to reach the new steady-state condition.
Three samples were collected in the stable zones and manual titrations were performed.
The results were compared with the trends predicted by the model showing very similar
values. Finally, the conductivity trends obtained from online conductivity meters were
compared with those predicted by the model. Interestingly, the model accurately captures
the entire dynamic for both products. On the right side of Figure 62, the validation for a
step change in current density from 400 A m2 to 200 A m 2 is shown. The results are
presented in a similar way as those for the step change in the flowrates. In this case as
well, the model shows good agreement with the experimental results in terms of steady-
state outlet concentrations and conductivity trends. In all the cases, discrepancies lower

than 15 % were observed, demonstrating the high fidelity of the model.
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Figure 62. Validation of the dynamic model utilising a first principles approach. a) trends of the chemical flowrates, b)
chemical outlet concentrations profiles and c) chemical outlet conductivities trends due to the step variation in the
chemical flowrate; d) trend of the current density, e) chemical outlet concentrations profiles and f) chemical outlet
conductivities trends due to the step variation in the current density.

4.3.3. Analysis of the dynamic behaviour of EDBM

The developed dynamic model was utilised to conduct a time response analysis
of the EDBM system for the step variation in the current density and in the outlet flowrate
of products. The analysis was performed adopting the continuous feed and bleed process
configuration and the results are reported for the alkaline product, which represents the
more profitable one. However, analogous results are expected for the acid, since it shows

the same functional dependence on the current density and on the corresponding outlet

170



Modelling of EDBM with first principles approaches

flowrate. The simulations were carried out utilising the layout of the EDBM pilot plant
described in section 3.1, in terms of geometry and installed membrane area. The inlet

concentration and operating conditions fixed during the simulation are summarised in

Table 20.

Table 20. Inlet concentrations and operating conditions set in the model during the simulations.

Compartment
Acid Base Salt
1 1 1 1 1
Chclsol,in
1 0 1
(mol m=3)
CNAOH,sol,in
0 1 0
(mol m3)
CNaCI,soI,in
3 3 1000
(mol m=)
Q i
sol,in 5 5 5
(mol m3)

The simulations were conducted at constant outlet base flowrate during the step
variation in the current density and vice versa. The outlet flowrates of acid and base were
maintained equal whereas the saline solution outlet flowrate was twice as high reaching
up to 4.4 L min~!. Step variations of different amplitudes (i.e., £12.5 £25, +£50) were
considered, starting from two different initial conditions: i) 400 A m of current density
and 2.7 L min! of outlet base flowrate, ii) 200 A m~? of current density and 1.1 L min™!
of outlet base flowrate. Both conditions correspond to an outlet base concentration of 0.5
mol L!. The response time was calculated as the time needed to reach 98% of the new
steady-state concentration after the step change. The results of the analysis are shown in

Figure 63.
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Figure 63. Starting from initial condition of 400 A m™ of current density and 2.7 L min™' of outlet base flowrate: a)
step variations in the current density at constant flowrate of 2.7 L min™!, b) step variation in the outlet base flowrate at
constant current density of 400 A m=; Starting from initial condition of 200 A m™ of current density and 1.1 L min™' of
outlet base flowrate: c¢) step variations in the current density at constant flowrate of 1.1 L min~', d) step variation in
the outlet base flowrate at constant current density of 200 A m=.

Interestingly, the results proved that moving towards higher current densities leads
to a reduction in response time for both initial conditions. This effect could be related to
the higher rate of protons and hydroxide ions generation, which allows to achieve quicker
the new outlet concentration. It should be noted how a low value of the outlet base
flowrate severely affects the response time, Figure 63c. Indeed, this is also related to the
employed process configuration (i.e., feed and bleed) which slows down the dynamic of
the system as the recirculated base flowrate increases (i.e., lower outlet base flowrate).
This effect can be observed also from Figure 63b and Figure 63. These charts depict a
significant response time reduction as the new outlet flowrates moves towards higher

values. The combined action of high current density and elevated outlet base flowrate can
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reduce the response time down to 5 min, whilst the response time can increase up to 25
min in the case of reduced current density and low base outlet flowrate. This analysis
gives an indication of the response time of the system as the operating conditions vary
which can be used in the design of control systems for coupling EDBM with non-

stationary energy sources.

4.3.4. Simulation of EDBM powered by renewable energy sources

As an application of the developed dynamic model, the coupling of the EDBM
process with a photovoltaic (PV) system was considered to further reduce the carbon
footprint of this process. A solar panel model, available in the literature, was utilised to
reproduce the electrical and thermal behaviour of this element. The EDBM process was
operated in continuous feed and bleed mode, and a proportional-integral (PI) feedback
controller was developed to maintain constant chemical concentrations despite the
variations in available power. The results confirmed the versatility of this process, which

is able to work also with non-stationary energy sources maintaining high performance.
4.34.1.1. The solar panel model

To simulate solar panel modules an integrated thermal and electric model was
employed. The model is derived from existing photovoltaic simulators available in the
literature. Specifically, the electrical behaviour of the module is modelled through the
commonly used single-diode approach [42]. This approach utilises five parameters, which
are not provided in the manufacturer’s datasheet, and must be extracted from other
information available. In this case, a simplified method reported by Ibrahim and Anani is
adopted [122], in which two of the parameters are neglected (i.e., the series and the shunt
resistances). On the other hand, the dynamic thermal behaviour of the module is
reproduced with the approach of Torres-Lobera and Valkealahti [123]. In this approach,
the module temperature is calculated by solving a heat balance, accounting for the heat
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exchange of the module with its environment (i.e., due to convection and long-wave

radiation).
4.3.4.1.2. Solar irradiation data and sizing of the solar field

Solar irradiation data were taken from the European PV-GIS platform [100].
Average daily irradiation data in a specific month were obtained considering Palermo
(i.e., latitude/longitude of 38.104/13.349) as location and choosing clear sky irradiance
as well as fixing a plane slope of 30° and azimuth of 0°. To simulate the coupled PV-
EDBM system in different irradiation scenarios, four months were selected to represent
the four seasons: January for Winter, April for Spring, July for Summer, and October for
Autumn. PV-GIS platform data are available with a frequency of one hour thus, gaussian
curves were utilised to fit the data and implemented in the process simulator. In this way,
much smaller time discretion can be used in the process simulator to effectively study the
EDBM process powered by a solar energy source.

The utilised gaussian curves have the following expression:

—(3600¢t — Bgauss)2>

> (147)

f =A exp <
gauss gauss 2 Cgauss

where Aguass, Bouass and Cguass are the gaussian constants and ¢ is the process time is
seconds. The gaussian constants obtained from the fitting process are reported in Table

21.
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Table 21. Gaussian constants utilised to fit PV-GIS data.

Season Agauss Bgauss Cgauss
1 1 1 1 1
Winter 540 11 2.3
Spring 800 11 2.8
Summer 950 11 2.85
Autumn 700 10.5 2.5

In Figure 64 the comparison between PV-GIS data points and fitting

curves.
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Figure 64. Comparison between PV-GIS data points and fitting gaussian curves. PV-GIS refer to Palermo (i.e.,
latitude/longitude of 38.104/13.349) as location and choosing clear sky irradiance as well as a fixed plane slope of 30°
and azimuth of 0°.

The PV module selected to power the EDBM unit is a monocrystalline Glass-

Glass 430 W TEN HCD (Solarday®, Italy). The main characteristics of the module are
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reported in Table 22. The dimension of the solar field requires the definition of the number
of modules arranged in parallel and in series. The maximum power consumed by EDBM
as well as the corresponding current and voltage were considered for the dimension of
the solar field, corresponding to ~11 kW, 192 A (i.e., 600 A m~) and 57 V, respectively.
Finally, a total of 14 modules were arranged in series and 2 in parallel, enabling to power
the system up to ~12 kW (i.e., 186 A and 65 V). The maximum power points of the EDBM
unit and of the solar field resulted quite close to each other, thus guaranteeing that

the coupled system is well dimensioned.

Table 22. Main characteristics of the monocrystalline module Glass-Glass 430 W TEN HCD (Solarday®, Italy). The
reported values were obtained in standard test conditions (STC): 1000 W m™ of solar irradiance, Air Mass (AM) 1.5
spectrum, and a cell temperature of 77 °F(25 °C).

Characteristic Value Units
I Peak Power (P ) I 430 I W I
Voltage P __ (Vmpp) 32.31 \%
CurrentP (Impp) 13.32 A
Open circuit voltage (V) 38.31 \%
Short-circuit current (I ) 14.13 A
Efficiency (1) 22 %
Temperature Coeff. Of V__ (1, ) -0.25 % °C
Temperature Coeff. Of I (u,) 0.05 % °C
Number of cells (Ncen) 108
Length (Lmod) 1134 mm
Height (Hmod) 1722 mm
Width (Wmod) 35 mm
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4.3.4.1.3. Development of the EDBM feedback control system

An important aspect of coupling EDBM with renewable energy sources is the
development of control systems which maintain constant outlet product concentrations
despite the fluctuations in the power supply. Two different control systems must be
designed to effectively control the acid and alkaline products. As manipulated variables
of these control loops, the outlet flowrates of products were utilised since the existent
strong correlations between outlet concentration and flowrate of the same product. The
current density, which has also a significant correlation with the product concentrations,
was considered as a disturbance as it varies when employing renewable energy sources.
However, online measurement of outlet product concentrations is not feasible, requiring
samples to be collected and analysed offline. A potential solution to this problem is the
use of electrical conductivities as an indirect measure of product concentrations. Indeed,
the solution conductivities can be easily measured online and employed in product quality
control. On the other hand, the conductivity measure can be utilised in the case of
electrolytic solutions with high purity, because the conductivity is an overall measure and
does not allow to consider ion contribution to the total solution conductivity.
Hydrochloric acid and sodium hydroxide solutions have electrical conductivities in
the ranges 160-340 mS cm™' and 90-180 mS cm!, respectively, for product
concentrations in the range 0.5—1 mol L, at ambient temperature. A low sodium chloride
contamination, which has lower conductivity (i.e., 50-80 mS cm™' at ambient
temperature) in the same range of concentrations, is expected in a well performing
system, thus guaranteeing the effectiveness of this measuring method for product quality
controllers.

Step tests were performed varying the outlet chemicals flowrates, in the range

+£12.5 % — +50 %, at fixed current density (i.e., 400 A m2) and monitoring the dynamic

177



Modelling of EDBM with first principles approaches

responses of the outlet conductivities. From the analysis described in section 4.3.3., it was
observed that the response time of the system is in the range 5-16 min, depending on the
outlet flowrate value. Consequently, the total simulated time was set to 16 min. The results
of the step tests are shown in Figure 65. Notably, the EDBM system exhibits a non-linear
behaviour. For example, step variations in the outlet chemical flowrates of equal
magnitude but opposite directions, result in outlet conductivities that are asymmetrical
relative to the starting value. This effect can be also observed by plotting the outlet

concentration trends due to the step variations.
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Figure 65. Trends of: a) outlet base conductivity due to step variations in the outlet base flowrate, b) outlet acid
conductivity due to step variations in the outlet acid flowrate. All the step tests were performed at a constant current
density of 400 A m™, starting from constant acid, base and salt outlet flowrate of 2.5 L min™', 2.5 L min™ and, 4.2 L
min~!, adopting the continuous feed and bleed configuration.

Proportional-integral (PI) feedback controllers were designed adopting the
Internal Model Control (IMC) method. Each dynamic response to step variations was
approximated with first-order plus dead time transfer function. The controller parameters
were calculated utilising IMC tables [124] and utilising the calculated transfer function
constants (i.e., gain, time constant and dead time). All the obtained control parameters of
a specific product were averaged between those obtained for each step test, to obtain
controllers which perform well in the entire range of operating conditions. Finally, an
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online tuning was performed, reducing the obtained gain values to have a more robust

response, Table 23.

Table 23. Average control parameters obtained from the IMC method and final version obtained from a fine tuning for
product quality controllers.

Base Controller Acid Controller
Average Final Average Final
I 1 1 1 I 1
K (“m) -0.057 -0.035 -0.034 -0.025
¢ \minmS
1. (s) 187 190 163 160

4.3.4.1.4. Testing of the PV-EDBM integrated system

The dynamic EDBM model, the PV modules simulator and the product quality
controller were implemented in the process simulator (i.e., gPROMS Model Builder®)
and PV-EDBM integrated system was tested in four different irradiation scenarios: 1)
winter, ii) spring, iii) summer and iv) autumn. The feed and bleed process configuration
allows the system to work in a wide range of chemical outlet flowrates, between 0.5-4.5
L min ' at fixed channel speed of 2.7 cm s~'. The minimum irradiation to start the system
was selected to guarantee product concentrations equal to 0.5 mol L' at the minimum
flowrate (i.e., 0.5 L min!). The solar radiation which enables to reach this condition is
around 220 W m2, corresponding to a total generated power of approximately 1.3 kW.
The simulation starts at the daily time at which the minimum solar radiation is available,
and it ends when the same solar radiation is reached in the decreasing part of the fitted
gaussian curve. The simulated process time varies significantly depending on the
scenario, ranging from 9.7 h in summer to 6.1 h in winter. The set point fixed in the

product quality controller were 175 mS cm™' and 95 mS cm™! for acid and base,
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respectively. These values approximatively correspond to a product concentration of 0.5
mol L ™! with low salt contamination at ambient temperature. The results of the PV-EDBM

integration are reported in Figure 66.
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Figure 66. Simulation of the integrated PV-EDBM system for the four different irradiation scenarios (i.e., winter,
spring, summer and autumn). The represent trends are a) the outlet flowrate from the base compartment; b) the outlet
conductivity of the base product,; c) the outlet concentration of the base product; d) the outlet flowrate from the acid
compartment,; b) the outlet conductivity of the acid product; c) the outlet concentration of the acid product. The outlet
salt flowrate was maintained twice the value of the base outlet flowrate up to the value of 4.2 L min™', for higher value
it remained constant.

It could be observed from Figure 66a that the outlet flowrate varies with a gaussian
trend as the available power, from a minimum of around 0.5 L min™! to a maximum of
4.2 L min~! in the summer scenario. The maximum outlet base flowrates reached in the
other scenarios resulted equal to 2.2 L min!, 3.0 L min' and 3.5 Lmin! 2.2 L min!, in

winter, autumn and spring respectively. The obtained maximum flowrates correspond to
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a percentage of utilisation of the EDBM unit ranging from 43 % in winter up to 92 % in
summer. From Figure 66b it could be seen that the conductivity controllers effectively
maintain the set point in all the scenarios. Also in terms of alkaline concentration, an
almost constant value was reached, demonstrating that the conductivity controller can be
utilised to control the product concentration. A slightly higher concentration was observed
at the beginning of the tests because minimum power was selected to reach a
concentration of both chemicals at least equal to 0.5 mol L7, but, in general, the base
product is produced with a higher efficiency leading to a higher concentration at the
beginning of the test. From Figure 66d it could be observed that the same consideration
can be applied also to the acid product, but with slightly lower flowrates. The maximum

outlet flowrate varies from 2 L min~' to 4.1 L min™!

, in winter and summer, respectively.
Almost overlapped trends of acid conductivities and concentrations were registered
compared to the set point and the target concentration, respectively.

These results confirmed what was already observed in section 3.6.2 for the EDBM
pilot plant despite the higher range of current density investigated (up to 600 Am2). Thus,
proving the effectiveness of the developed simulation tools. The PI linear control enables
to effective control the system products quality in all the scenarios, suggesting that the
PV-EDBM systems can be easily operated in an industrial context also adopting
traditional reliable control strategies. The developed modelling tools can be utilised to

solve optimisation problems that can arise in the design of EDBM systems powered by

variable energy sources in order to minimise the cost of the produced chemicals.
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5. Modelling of EDBM with Artificial neural networks

The improvement in computational capacity along with the broad availability of
data (the era of big data) has promoted the adoption of machine learning techniques across
a variety of fields, from industry to law [125]. In this chapter, the potential of applying
these techniques to model the FElectrodialysis with Bipolar Membranes process is
evaluated under both steady-state and dynamic conditions. The described activities were
conducted during two research periods at the University College London (UCL), London
(UK).

Artificial neural networks (ANN) are biologically inspired learning algorithms
that have recently been utilised as an alternative way to model complex non-linear
processes [126]. This modelling technique does not require the formulation of physical
equations to describe a process, and thus it falls under the category of black-box models
[102]. Instead, the knowledge of the process is reconstructed from available data, through
a suitable training procedure. The data are usually divided into two groups: inputs and
outputs data, and a relationship between inputs and outputs variable is created [127].

Among the advantages of employing ANN there are: 1) the capability of capturing
complex non-linear relationships between process variables; ii) the ability to model
multiple-inputs multiple-outputs systems; 1iii) the reduced computational time
requirements; iv) the possibility of incorporating dynamic elements (i.e., delays or
feedback loops) to simulated un-steady-state conditions; v) the ease of updating the
current model with new data. However, some limitations also exist that complicate the
use of this powerful modelling approach. These include i) the need for a high-quality
dataset, with significant variability and volume; i1) the lack of standardised procedures to
select network type and structure (e.g., number of nodes and hidden layers); iii) the over-

fitting problem that severely affects the performance of this type of models, that can be
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mitigated with appropriate training procedure; iv) the under-fitting issue, caused by

convergence to a local minimum in the objective function.

5.1 Literature review

Over the last three decades, several studies have been conducted in modelling
membrane-based processes adopting ANN. Microfiltration (MF) is a pressure-driven
filtration process that uses porous membranes to separate suspended particles, with a size
in the range 0.1-1 um, from a liquid [128]. During the operations, particles deposit on the
membrane surface and inside the membrane itself, reducing the permeate flux. Thus, it
results important to predict this reduction to stop the operation on time for cleaning
procedure or membranes replacement. Joki¢ et al. [129] proposed a feed-forward ANN to
model a cross-flow microfiltration modelling unit, utilised for bacillus velezensis
cultivation broth filtration. A network architecture with one hidden layer and five inputs
(i.e., process time, transmembrane pressure, superficial feed velocity, superficial air
velocity, and presence of static mixer) was adopted to predict the permeate flux.
Experimental data, obtained using a single channel ceramic membrane, were employed
to develop the model. A coefficient of determination (R?) value of 0.992 was obtained
over the entire dataset, proving the successful application of the ANN model. Hamachi et
al. [130] utilised a recurrent artificial neural networks to obtain a dynamic model of a
cross-flow MF unit for bentonite suspension treatment. The network, trained on
experimental data, is capable of predicting the deposit thickness and the permeate flux,
using one hidden layer and three inputs (i.e., concentration, crossflow velocity and
transmembrane pressure). Comparing model results and experimental data, it could be
observed that the model is able to predict the time trend of both outputs, with relative
error lower than 7 % and 20% for the permeate flux and the deposit thickness,

respectively. Nanofiltration (NF) is a pressure-driven filtration process that uses
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membranes with pore size in the range 1-10 nm, intermediate between ultrafiltration and
reverse osmosis [127]. Al-Zoubi et al. [131] developed ANN models to predict the NF
process performance. The data used to develop the model were obtained from
experimental tests, using three different nanofiltration membranes (NF90, NF270, and
N30F) and different salts (KCl, Na2 SO4, and MgSO4). The models adopt the same
network architecture with three inputs (feed pressure, permeate flux and salt
concentrations) and one hidden layer, and can predict membrane rejections. The ANN
models effectively tracked the nonlinear behaviour of rejection vs. pressure and rejection
vs. permeate flux, with deviations lower than 8%. Shim et al. [132] developed a recurrent
deep neural network model to investigate the variations in NF performance and fouling
growth. Laboratory-scale experiments were conducted and 2D images were acquired via
optical coherence tomography to quantify the layer of cake formed on the membrane
surface. The network architecture consists of seven different layers, six inputs (operating
conditions, process time and fluorescence excitation-emission matrix, and two outputs
(permeate flux and fouling thickness). The model exhibits satisfying performance, with
R2>0.97 in the validation set. Membrane Distillation (MD), which combines the use of
thermal energy for heating the feed and a hydrophobic membrane to separate the vapour
from the concentrated brine [133], has been also modelled utilising ANN. Indeed,
Porrazzo et al. [134] presented a non-recurring feedforward dynamic network to describe
the behaviour of a solar-powered MD unit. The structure of the network presents one
hidden layer and three inputs (i.e., radiation, feed flowrate and inlet temperature of the
cold channel) to predict the distillate flowrate. The data used to develop the network were
recorded from a six days experimental campaign with the MD unit. Values of
the regression coefficient (Reg) higher than 0.95 were obtained for the validation and

testing sets. Regarding the adoption of ANN to predict the behaviour of the electrodialysis
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(ED) process, a few works are available. Sadrzadeh et al. [135] applied ANN to predict
the removal of Pb?" ions from wastewater through ED. A feedforward network was select,
utilising two hidden layers, four inputs (i.e., voltage, flowrate, temperature and
concentration) and predicting the separation percentage of Pb>" ions or, alternatively, the
current efficiency. The network was trained and verified adopting experimental data
obtained from a laboratory scale ED unit. The authors claim that values of relative error
of'about 1% were obtained for most of the data. In another work, Jing et al. [136] modelled
the separation percentage of sodium chloride solution in an ED unit. A feedforward neural
network was adopted and trained on experimental data utilising different training
algorithms (i.e., adaptive learning rate method and flexible back propagation algorithm).
The network uses one hidden layer, four inputs (i.e., feed concentration, dilute flowrate,
temperature and voltage) and predicts one output (i.e., the separation percentage). A good
correlation was found with all the tested training algorithms, with value of Reg higher
than 0.98. Table 24 summarises the main neural network models architecture utilised in
membrane processes and their performance. To the best of the author’s knowledge, no
application of ANN for predicting EDBM behaviour was reported in the literature. Thus,

suggesting the possibility of extensively investigate this interesting filed.
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Table 24. Application of artificial neural network models in membrane processes. The main characteristics of the model architectures as well data information and performance assessment are

reported.
Membrane N. Hidden Performance
Reference process Network model Data type N. of data layer Inputs Outputs assessment
I 1 I 1 I I 1 1 1
- Experimental 2
Joki¢ et al. MF FFENN data points 1115 1 5 1 R", MSE
. NAR Experimental 4900 training .
Hamachi et al. MF neural network data points 1750 testing ! 3 2 Relative error
. Experimental 6 training .
Al-Zoubi et al. NF FENN - I 1 3 1 Relative error
data points 12 verification
Experimental -
Shim et al. NF LSTM data points 429068;:ﬁ=2;2?0n 7 6 2 RZ, MSE
+ 2D images
Porrazzo et al. MD NION Experimental 540 1 3 1 Reg, MSE
data points
: 50 training .
Sadrzadeh et al. ED FFENN Experlmgntal 11 validation 2 4 1 Relative error,
data points - MSE
10 testing
Jing et al. ED FFNN Experimental 270 1 4 1 Reg, R’, MSE

data points

FFNN: FeedForward Neural Network
NAR: Nonlinear AutoRegressive
LSTM: Long-Short Term Memory
NION: Nonlinear Input Output Network
MSE: Mean Squared Error
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5.2 Background

This section introduces some fundamental aspects of modelling steady-state and

transient processes with artificial neural networks.

5.2.1. Network architecture

Artificial neural networks are black box models capable of reproducing nonlinear
relationships between inputs and outputs. Their structure is composed of processing
elements, indicated as nodes, neurons or perceptrons [137]. A single input node is
schematically represented in Figure 67. The input of the node, p, is multiplied by a
constant factor w, known as input weight, and sent to the summation element along with
a bias, bi. The result of the summation, called net input, is passed through a transfer

function (or activation function), which calculates the output of the node, a.

Input Node

N B

|

p S

bi
NN J
a = f(wp + bi)

Figure 67. Representation of a single input node. Adapted from [138].

The input weight and the bias are the adjustable parameters of the node. They are
usually initialised before the training process starts, and then their values are updated,
depending on a certain learning rule, during the training phase. The transfer function is a
bounded continuous function, which could be linear or nonlinear. It is selected in the

design phase and it remains fixed during the training phase. A variety of transfer functions
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are commonly utilised depending on the application. It is worth noting that a nonlinear
transfer function enables the network to reproduce the nonlinear behaviour of a system.

The most widely used transfer functions are depicted in Figure 68.

a) Linear b) Log-sigmoid b) Hyperbolic tangent sigmoid
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Figure 68. Trends and equations of typical adopted transfer functions. “a” represents the output of the node, while “n’
is the result of the summation element (net input).

To improve the prediction capabilities several nodes can be arranged in parallel
into a network layer. In a network layer composed of s nodes, each of the  inputs is linked
to all the nodes through weights. A matrix of weights, W, with s rows and » columns, can
be used to contain the weight values obtained. Similarly, it is possible to define an s-rows
vector, bi, which contains the bias value of each node. The schematic representation of an

artificial neural network layer is shown in Figure 69.
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Figure 69. Representation of an s-nodes network layer. The matrix of weights “W” and the bias vector “bi” represent
the adjustable parameters of the network layer.
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The performance of an ANN model can be also enhanced by adding other layers
of nodes in a series arrangement. This configuration results particularly suitable to predict
complex behaviours, thanks also to the possibility of adopting different transfer functions
in each layer. The last layer of a network, whose outputs are the network outputs, is
denoted as the output layer, whilst the other layers are indicated as hidden layers. A
simplified representation of a three-layer network is reported in Figure 70

Input First hidden layer Second hidden layer Output layer
N A N\ 7 N
P

\fx_lj  six1 51)  $x1 SZJ  $x1 53J
al = fl(Wlp + bll) a2 — fZ(WZal + blz) a3 — f3(W3a2 + bl3)

Figure 70. Representation of a three-layer network. The second hidden and the output layer utilise as input the output
from the previous layer. Each layer has a set of adjustable parameters (W and bi) indicated with a superscript which
refers to the layer.

In a layer, the output of each node is linked with all the node inputs of the
following layer. On the other hand, there are no connections between node outputs of the
same layer or with node inputs different from the following layer. This kind of network
is known as feedforward [139]. It should be noted that the number of nodes in the output
layer is equal to the number of outputs of the ANN model. Thus, its value is already
determined and only the hidden layer nodes number should be defined in the design phase
of the network. Moreover, the transfer function of the output layer depends on the output
type of the ANN model. Usually, if the model produces output values in a wide range, the

linear transfer function is used.

5.2.2. Dynamic networks

Dynamic networks represent a particular class of artificial neural networks in
which the time plays a key role. These networks incorporate dynamic elements, such as
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delays, integrators and feedback loops, which enable the network to reproduce time-
dependent behaviours. Specifically, the output of the network can depend on both
previous and current inputs as well as on previous outputs and states of the network [138].

The main dynamic elements used in a network are illustrated in Figure 71. The
Tapped Delay Line (TDL) element (Figure 71a), in which the delay value, dy, is selected,
produces a dy-rows vector which contains the delayed input, from time step / (t-1, first
row) to time step dy (t-dy, dy-row). A vector of initial condition, ay, is specified to provide
values of the input vector at time zero. This is done by removing the first dy-rows from
the dataset and saving their values in ao. The integrator element (Figure 71b) calculates
the integral of the input variable from time zero to current time, providing an initial
condition ao. A feedback loop is introduced in a network to estimate the output of the
network from previous output values (Figure 71c). This element is essential to predict
non-linear behaviour since their time evolution depends on the position from which the
process starts. It should be noted that this loop presents a TDL element as only the past
outputs can be employed to predict the new output. The past outputs are connected,
through weight, to the first hidden layer, thus used as additional inputs. A feedback loop
can also connect the first hidden layer with the outputs from this layer or from other
hidden layers, referred to as states. In general, networks with feedback connection loops

are referred to as recurrent[130] .
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a) Tapped delay line b) Integrator
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Figure 71. Elements used to convert static networks into dynamic: a) tapped delay line, which produces a delayed input
vector; b) integrator, which integrates the input variable from time 0 to the current time step, c) feedback loop, which
is used to estimate future output of the network from previous outputs.
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5.3 Steady-state modelling

The experimental data collected with the EDBM pilot plant, described in chapter
3, were utilised to develop a steady-state ANN model. Data-driven models require well
distributed, high quality and abundant data to show good performance. In this case, the
feed and bleed process configuration was chosen as the majority of the tests were
conducted with this configuration thus, a larger dataset could be employed for the
development of the model. Considering the whole set of operating conditions investigated
in feed and bleed, a total number of 34 data points (one for each steady-state condition)
were registered, adopting a synthetic solution (i.e., 1 mol L™! of sodium chloride). The

distribution of these data, in terms of current density, is reported in Table 25.

Table 25. Number of operating conditions evaluated in feed and bleed mode for fixed current density. Both conventional
and unconventional schemes (salt solution also in the chemicals compartments) are shown. These operating conditions
refer to chemical concentrations in the range 0.3-1.2 mol L.

Current density (A m™2)

200 300 400 500
T 1
Conventional 3 1 13 1
scheme
Unconventional 8 0 8 0

schemes

As can be observed from Table 25, the operating conditions are not uniformly
distributed between current densities for the convention scheme, as most of them utilised
a current density of 400 A m 2. On the other hand, a uniform distribution is available for
unconventional schemes between 200 and 400 A m™. In all the cases the number of
evaluated operating conditions results rather restricted. This is related to the fact that the
feed and bleed configuration is a continuous operating mode and once the operating

conditions are set, the system reaches a stable condition (i.e., steady-state). Thus, if
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several data are collected at different time, they result almost unchanged. This limit the
information that can be acquired in a single test, also because several minutes (i.e., 5-30
min) are necessary to move from a stable condition to another. From the literature review
summarised in Table 24, it was possible to note that larger datasets are commonly used,
in the range 71-6650 points, with only one exception [131]. The complexity of the
network (number of inputs, outputs, nodes and layers) depends on the available data. A
good rule of thumb is to employ a network with a number of parameters which is similar
to the number of available data points [138]. This produces a network with high
generalization capabilities thus, avoiding the undesired overfitting problem.

It was decided to model the conventional EDBM scheme utilising ANN, as this
scheme presents a wider range of application and a lower complexity compared to the
unconventional scheme. To develop an EDBM neural network model it is important to
define the input and output variables needed to comprehensively describe the EDBM
system. To this end, several measured variables can be used, also depending on the
measurement instrumentations available. Aiming to reduce the complexity of the model,
the most significant variables were considered. Specifically, outlet chemical
concentration and voltage were used as model output, while, as inputs, the outlet flowrates
and current density supplied to the system were adopted. The outputs were selected to
evaluate chemical concentrations reached and the electrical energy consumed by the
system. On the other hand, the inputs were chosen to provide the variables with a greater
impact on the output, while are commonly set during EDBM operation. It is important to
note that the use of the outlet flowrates allows to correctly account for the quantity of the
produced chemicals as well as provides an indication of the water consumption (needed
for the acid and base compartments). A negligible variation between inlet and outlet

flowrate of the same compartment can be assumed for the feed and bleed configuration.

193



Modelling of EDBM with data-driven approaches

Due to the importance of a uniform distribution of the data across the input and
output range, it was decided to use only the data referred to a current density of 400 A m~
2 (i.e., 13 data points). In this case the number of network inputs can be reduced to 3 (i.e.,
acid, base and salt outlet flowrates) as the current density remains constant across all the
data, thus do not providing any information to the network. The architecture of the

network in reported in Figure 72.

Input Hidden layer Output layer
N W4 N\
3
Wl,l W2,1
+ ) + ) —>
bil bi?
st 3
\__/ J L J

Figure 72. Structure of the artificial network utilised to model the steady-state behaviour of EDBM adopting a
conventional feed and bleed configuration. The 3 network inputs represent the outlet flowrate of acid, base and salt
compartments, while the 3 network outputs are acid and base concentrations and voltage.

A single hidden layer was utilised as it results sufficient in most applications
[140], but also to reduce the number of network parameters. As transfer functions in the
hidden and in the output layer, sigmoid and linear transfer functions were adopted,
respectively. To define the number of nodes in the hidden layer different networks were
trained by changing the number of nodes between 1 and 3, to limit the number of
parameters up to 24 (s'=3). To train the feedforward network, MATLAB's fitnet function
was utilised, adopting the Bayesian Regularization training algorithm. This algorithm is
recommended for small dataset because the validation set is not needed to stop the train
and to reduce overfitting problems [138]. The data were manually distributed into two
sets: training, and testing sets. A total of 10 data were used for the training, while 3 data

were employed for testing the network. This data distribution between the sets prevents
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that in the testing sets there are data point which are out of the training range, since neural
networks are not able to efficient with extrapolation processes [141]. As a cost function

the Mean Squared Error (MSE) was employed, defined as follows:

Nip

MSE = L (a(k) — h(k))? (148)
Nep k=1

where a(k) represents the k-th predicted value and h(k) is the desired value. The
summation is extended to the number of training point (i.e., Nyp). To account for the 3
outputs an average MSE was used. Moreover, to avoid issues related to the different scale
of inputs and outputs, they were rescaled in the range 0-1, dividing them by their
maximum value (all the input variables are positive values). This enables to reduce the
effect of higher relative importance due to higher absolute value. A random weight
initialisation was utilised, with values also in the range 0-1. Once satisfying performance
had been achieved, the network was retrained using as initial values the weights obtained
from the previous training. The best performance was obtained with a network with 2
nodes in the hidden layer (i.e., corresponding to a total number of weights equal to 17),
with a value of MSE = 0.00129. The trend of the MSE during the training processes is

reported in Figure 73.
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Figure 73. Trend of the mean squared error as a function of epochs during the training phase. In figure a) a random
initialization is used, while in figure b) the weights were initialised with the value obtained from the previous training.
Bayesian Regularization is used as a training algorithm.

It could be observed from Figure 73a that the MSE decreases with the number of
epochs (i.e., the number of iterations of the training algorithm) for both data sets,
suggesting the absence of overfitting. The best performance is obtained at epoch 50,
which was set as the maximum number of epochs. A second training was conducted to
see whether further improvement could be achieved, Figure 73b. The minimum MSE was
obtained at epoch 13, with a slightly lower value compared to the previous training. In
Figure 74 the predictions of the trained network are compared with the output

experimental data (i.e., desired values).
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Figure 74. Comparison between network predictions (x-axis) and experimental values (y-axis) for training and testing
sets: a) acid concentration; b) base concentration, c) external applied voltage. The network structure is the following:
3 inputs, 1 hidden layer with 2 nodes and 3 outputs.
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As could be observed from Figure 74 the network shows satisfying performance
for all the output, despite its quite simple structure. Indeed, the average discrepancy (i.e.,
relative error) between experimental data and model prediction is lower than 4 %, with
a maximum value lower the 8.6 % in all the cases.

These results suggest that a reduced number of data can be sufficient to develop
steady-state networks, also for complex non-linear processes such as EDBM. This model
presents a low computational demand compared to first principles models thus,
representing a flexible tool for on-site evaluation. As an example, the operating conditions
needed for certain target specifications can be found with the ANN model and then set in
the EDBM unit. A larger dataset can be adopted to investigate a wider range of operating

conditions (by varying also the current density) maintaining high performance.

5.4  Dynamic modelling

Artificial neural networks are also suitable for predicting the performance
variation of a system with time. This aspect has led to several applications in the field
of membrane processes to predict fouling effects, which represent the deposit of
substances onto membrane surfaces and/or into their pores [142]. This is crucial to plan
membranes cleaning in place and maximize their lifespan. Different approaches have
been utilised so far: i) the adoption of a static network, introducing the process time as an
additional input; ii) the use of a dynamic network with a feedback loop from the network
outputs to its inputs; iii) the utilisation of both dynamic network and introducing the time
as input. Regarding the first approach, it has been proven to be effective to predict the
permeate flux [129] or water permeability constant decline [141] as a function of the
process time. The main advantage of this approach is to generate easy to train networks,
adopting a standard approach. As a drawback, it could be used only for those processes

that present always the same time evolution, as in the case of performance decline due to
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fouling. The second approach, overcome this limit by utilising dynamic networks. As
mentioned in section 5.2.2, these networks present dynamic elements, such as delays and
feedback loops, which enable to describe complex dynamic behaviour, without the use of
the process time as additional inputs. This guarantees, higher generalisation performance
and the capability of predicting processes with different time evolution. Hamachi et al.
[130] effectively employed a recurrent network to model two different time behaviour of
deposit thickness on the membrane surface (i.e., quasi-parabolic and quasi-linear) with
the same network. The third approach results similar to the first approach, showing the
same drawback. On the other hand, the use of a more complicated network enabled to
describe more intricate processes. This approach was adopted by Geissler et al. [143] to
model the permeability decline during operation of filtration process in membrane
bioreactor systems. An Elman network, which presents a single hidden layer and a
feedback connection between the hidden layer outputs and its inputs, was developed
utilising 9 operational parameters as inputs (between them the filtration time). An average
relative error of 2.7 % was found, highlighting the prediction capability of this network.
To model the EDBM time evolution, due to the different temporal trends of the
system that can arise from the adoption of renewable energy sources or variable target
concentrations during operation, it was decided to develop a general neural network
model adopting the second approach (i.e., dynamic network without the use of the process
time as additional inputs). The network must predict increasing and decreasing trends
towards the new stable condition, due to the variation of different outputs. Moreover,
significantly different time constants can be observed between the output s (e.g., voltage
and chemical concentrations), but also between inputs and outputs due to the inertia of
the system. Thus, a dynamic neural network, with a feedback loop from the output layer

to the inputs of the hidden layer (known as Jordan network) was selected, considering
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also the possibility of adding tapped delay lines for the inputs. The results described in
this paragraph were published in the article Dynamic Modelling of Electrodialysis with
Bipolar Membranes using NARX Recurrent Neural Networks [144]

To train the network it was decided to use the data obtained from the experimental
campaigns conducted with the EDBM pilot plant described in chapter 3. Unfortunately,
due to problems with the acquisition of some variables, such as flowrates, voltage and
current, it was not possible to use a significant part of the available data. Once the signal
problems had been solved, due to the assistance of a technician, other experimental
campaign campaigns were conducted but the number of acquired data was reduced
because an expected problem with the stack occurred, due to the formation of chlorine
compounds in the electrode compartments, which led to degradation of end-membranes
and electrodes cases. For these reasons, it was decided to generate the needed amount of
data utilising the validated dynamic model described in section 4.3. The model was used
to simulate the EDBM pilot plant (FT-ED 1600-3 FuMA-Tech GmbH) operated in feed
and bleed process configuration for all the lines (i.e., acid, base, and salt). Four different
datasets were generated by varying the operating conditions as a function of time and
observing the dynamic response of the system. Fixed inlet concentrations of the solutions
were used in all the datasets. A concentration of 1 mol L™ of NaCl was employed for the
salt steam, while, for acid and base lines, water with a low salt content (1 mmol L™ of
NaCl) was utilized. Outlet acid and base flowrate were maintained constant to each other,
while a constant ratio of 1.5 was kept between outlet salt and acid flowrate. This
represents typical operating conditions in feed and bleed mode [97]. Step changes were
given to the outlet flowrates of the solutions and to the current density, also at the same
time, to investigate several operating conditions of interest for industrial applications. For

each dataset consecutive changes were simulated with alternating periods of stable
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conditions (40 min) to observe the system behaviour, adopting a discretization time of 1
min. A graphical representation of the generated datasets as a function of the operating

conditions is shown in Figure 75.
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Figure 75. Representation of the generated datasets with the validated dynamic model adopting a first principles
approach. Each point represents a steady-state condition, while the arrows, connecting the points represent a variation
in the operating conditions toward the new steady-state condition.

From Figure 75 it can be noted that each dataset contains different steady-state
conditions, represented by coloured dots. The dataset 4 evaluates values of flowrates and
current densities (i.e., 0.75, 1.25,..., 2.25,2.75 L min"!, and 150, 250,..., 450, 500 A m"
%) which were not considered in the first three datasets. Indeed, this dataset was created
to externally test the generalization capability of the network, while the first three datasets
were adopted for the training phase. Additional information about the datasets is reported

in Table 26.
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Table 26. Additional information about the four datasets.

N. data Duration N. step

Dataset points (h) changes
1 357 5.95 9
2 422 7.03 10
3 376 6.27 9
4 376 6.27 9

The choice of utilising three different datasets for the training instead of one larger
dataset had the objective of reproducing situations that can happen during experimental
campaigns. Moreover, the datasets utilised for the training process present a different
number of data points and, a as consequence, a dissimilar duration.

The variables subjected to step changes represent the inputs of the network, while
as output physically meaningful and easy to measure online variables were selected. In
particular, the outlet conductivity of the acid and alkaline solutions as well as the voltage
applied to the stack were chosen. Acid and base conductivities were here adopted as
inferential variables for an online indication of the concentration obtained, as the salt
contamination of acid and base product is negligible. The structure of the dynamic
network utilised to model the EDBM pilot plant is reported in Figure 76. This network,
known as Jordan network, belongs to a class of nonlinear autoregressive models with
exogenous inputs (NARX). NARX artificial neural networks have been successfully
implemented in many dynamic systems with complex nonlinearities, such as hysteresis

phenomena [145].
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Figure 76. Structure of the artificial network utilised to model the dynamic behaviour of EDBM adopting a Jordan
configuration. This network belongs to the class of NARX neural networks, The 4 inputs represent the outlet flowrate
of acid, base and salt compartments as well as the current density, while the 3 network outputs are acid and base
conductivities and voltage. a) series-parallel configuration, adopted for the training phase; b) parallel configuration,
employed for multi-step ahead predictions.

The network structure presents four inputs, one hidden layer, and three outputs.

The Elliot symmetric sigmoid and the linear function were adopted as activation functions

for the hidden layer and the output layer, respectively. The number of nodes in the hidden

layer, the order of the Tapped Delay Line (TDL) of input and output must be selected for
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NARX neural network. The mean squared error was used as a cost function to train the
network.

To train the NARX network, MATLAB’s Neural net time series toolbox was
employed. The structure described above was implemented and the Levenberg-Marquardt
training algorithm was used. Three different datasets (i.e., datasets 1 to 3) were employed
for the training phase, employing the catsamples function. Whist dataset 4 was adopted
for subsequent testing. The NARX network was trained in series-parallel configuration
(also known as open loop, Figure 76a), while its performance was evaluated using the
parallel configuration (also known as closed loop, Figure 76b) for multi-step ahead
predictions. Initialization of the network weight was adopted to avoid instability issues in
closed loop. The Levenberg-Marquardt training algorithm was employed. The training
data were randomly divided into three subsets: training, validation and testing subsets. In
particular, 70 % of the data was used for training, 15% for validation and the remaining
15% for verification, adopting block of data (i.e., divideblock option) instead of random
division (i.e., dividerand option). It is important to note that this division is useful to stop
the training phase. Indeed, the training phase stops at the number of epochs at which the
error in the validation set starts to increase and the weights and biases determined at that
point are selected.

To define the number of nodes in the hidden layer and the order of TDL of inputs
and outputs, different networks were trained by changing the number of nodes between 1
and 15 as well as the number of TDL of the outputs between 1 and 5. The MSE obtained
in dataset 4 was calculated using the network in a parallel configuration and predicting
the entire dataset. The average value of MSE between all the outputs was adopted as the
evaluation criterion of the network performance. The best performance was obtained for

a NARX network with 5 nodes and a TDL of 2 for the output. Finally, it was checked
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whether an increase in performance could be obtained using a non-zero value for the TDL
of the input, and values between 1 and 3 were investigated. No improvements were
observed, consequently a zero order TDL was used for the input. In Figure 77, the trend
of the MSE during the training processes is reported along with the obtained network

structure in a parallel configuration.
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Figure 77. a) trends of MSE as a function of the number of epochs during the training phase. It is important to that the
minimum in the validation dataset is adopted as stopping criteria (Levenberg-Marquardt training algorithm); b)
obtained structure of the NARX network in a parallel configuration.

The generalization performance of the NARX network in predicting dataset 4 are
shown in Figure 78. As it can be observed the NARX network, in parallel configuration
and doing multi-step ahead predictions, is able to reliably predict the entire dataset 4. The
dynamics of all the EDBM outputs were accurately predicted despite the much faster
behaviour of the voltage compared to the conductivities. The local discrepancy between
the predicted value and the true value was evaluated. Average values lower than 0.5 %
were found for all the outputs, while maximum error resulted lower than 5 %,
demonstrating the high generalization capability of the NARX networks on new data (i.e.,

unseen in the training phase).
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Figure 78. Comparison between the NARX prediction and the true value for dataset 4. The NARX neural network was
employed in closed loop mode for multi-step ahead prediction. The time-dependent profiles are shown for: a) voltage
applied to the stack, b) outlet conductivity of the acid line and c) outlet conductivity of the base line.

Finally, as external testing of the network performance it was decided to compare
the prediction of the network with the real data obtained from the EDBM pilot plant,
Figure 79. It can be observed that the network is capable of preproduce the dynamic trend
with good agreement for all the outputs, showing a maximum deviation of 15 %. A slight
underestimation of the voltage is observed in the first part of the voltage trend that can be
related to the higher salt conversion reached in the salt compartment, which leads to an

increase of the stack resistance (i.e., anincrease of the channel and membrane

resistances).
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Figure 79. Comparison between the NARX prediction and the real data obtained from the EDBM pilot plant. The NARX
neural network was employed in closed loop mode for multi-step ahead prediction. The time-dependent profiles are
shown for: a) voltage applied to the stack, b) outlet conductivity of the acid line and c) outlet conductivity of the base
line.
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These results show the effectiveness of NARX networks in describing complex
nonlinear electro-membrane systems, suggesting that they can be used for advanced
control systems (such as model predictive control) and to optimize the EDBM process
also in transitory scenarios. Moreover, these results suggest that if a similar amount of
real data is available, NARX networks can be effectively used to develop a high-fidelity
model considering also of non-ideal phenomena and thermal effects, usually neglected in

first principles approaches.
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6.  Modelling of EDBM with hybrid approaches

To comprehensively evaluate EDBM modelling approaches, in addition to first
principles and data-driven models, it was decided to also test hybrid approaches that
combine both model types. Hybrid models, also known as grey-box models, can leverage
the advantage of both approaches, retaining physical meaning while accounting for non-
ideal phenomena which are difficult to describe. The interaction between mechanistic and
data-driven models in hybrid models can vary depending on the objective and the
complexity of the process. In general, hybrid models can be categorised into serial and

parallel structures [146], as shown in Figure 80.
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Figure 80. Hybrid model structures. a) serial; b) parallel. Adapted from [146].

In a series structure, the data-driven model is utilised to estimate calibration
parameters required by the mechanistic model to solve the physico-chemical equations.
These parameters are often not constant across the entire range of operating conditions
and can be influenced by several variables. Therefore, the data-driven model helps to map

these complex dependencies. In a parallel structure, the two models work in synergy to
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predict the final outputs. The same inputs can be provided to both models, or they can be
fed with diverse inputs. Typically, data-driven models are employed to estimate complex

phenomena that are not accounted for by the mechanistic model [147].

6.1 State of the art

A few hybrid models have been developed in the field of membrane processes,
considering mainly filtration processes. Rall et al. [148] developed a serial structure
hybrid model, integrating membrane synthesis (data-driven) and process plant
(mechanistic) models. A single NF unit is simulated in this case. The process plant model
solves mass balances, describes the behaviour of a feed pump and considers also cost
correlations. The membrane synthesis model estimates salt retention and membrane
permeability, utilising membrane properties as inputs. Specifically, two different ANN
models were developed, one for each output of the synthesis model. These outputs are
shared with the process plant model. The whole process is optimized considering two
objectives: 1) minimal annual operation costs, ii) minimal permeate concentration. This
hybrid model expands the number of variables that can be changed to obtain favourable
results. Lower impurities at comparable costs were found compared to a commercially
available nanofiltration membrane. Liu et al. [149] developed a hybrid model with a
parallel structure to predict short-term fouling formation in an ultrafiltration unit. A
Gaussian process regression model (GPRM) was adopted as a data-driven model. As a
first principles model, a simple model based on the Darcy’s equation was utilised to
describe filtration and backwash phases. This equation contains the hydraulic resistance,
which varies from cycle to cycle for both filtration and backwash phases due to fouling.
The parameters were obtained from the model solving a minimisation problem
(comparing the estimated transmembrane pressure with the measured one) at the end of

a cycle. Thus, the parameters estimated at the end of a cycle were used in the subsequent
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cycle leading to inaccurate predictions. The data-driven model supports the mechanistic
model, compensating for these mismatches. The adoption of this hybrid model leads to a
significant improvement in transmembrane prediction (R?=0.96) compared to the first
principles model (R*=0.5). Hwang et al. [150] proposed a hybrid model with a parallel
structure. As a first principles model, they applied the Hagen—Poiseuille equation along
with filtration models (cake formation) to predict the performance of a hollow fiber
microfiltration membrane, in terms of transmembrane pressure. As a data-driven model,
ANN models were developed: 1) the first ANN model predicts the transmembrane
pressure starting from six inputs, mainly operating conditions; ii) the second ANN model
estimates the specific flux and a fouling index utilizing six inputs which refer to feed
water quality. Thus, with this hybrid model, it was possible to predict the transmembrane
pressure and membrane filtration capability (i.e., specific flux and fouling index)
simultaneously. The comparison of the hybrid model calculations with experimental
results revealed good agreement, suggesting that the hybrid model can be useful in
evaluating membrane fouling characteristics.

This literature review proved the effectiveness of hybrid models in predicting the
behaviour of membrane processes. Although they have proposed to predict the effect of
fouling, their capability can be also used to improve the estimation of process

performance in those membrane processes in which fouling has a limited impact.

6.2  Steady-state modelling: conventional scheme

The possibility of using a hybrid model to predict the behaviour of EDBM was
investigated for the feed and bleed configuration, in steady-state conditions. A parallel
structure was considered as it results the most widespread in the literature. As data-driven
model a feedforward neural network was employed. To train the network, the data

collected for the conventional feed and bleed scheme at 400 A m™ (Table 25) were
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utilised. Specifically, these data were compared with the mechanistic model (MM)
predictions and their difference was calculated (experimental — MM prediction), indicated
as deviation. The network has three inputs, which are the solution flowrates, and predicts
voltage as well as acid and base product concentrations. The input and output variables
(i.e., the deviations) utilised to train the network were scaled utilising the following

approach [141].

UV— Vg
Uscaled = T (149)
std

where v represents the generic input or output variable, v,,, is the average value of v and
Vgeq 18 the standard deviation of v. The unscaled outputs assume both positive and
negative values in a limited range thus, increasing the complexity of the network. Thus,
this scaling strategy is convenient, leading to inputs and outputs with unit standard
deviation which can assume positive and negative values. The data were divided into two
sets, training (10 data points) and testing (3 data points), and the Bayesian regularization
algorithm was utilised during the training process due to the reduced number of data
points. The trend of the MSE a s function of the number of epochs and the structure of

the network selected are shown in Figure 81.
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Figure 81. a) trends of MSE as function of the number of epochs during the training phase; b) obtained structure of the
feedforward neural network.

The best results in terms of minimum percentual error between predicted and
target deviation values in the whole dataset were obtained with a single hidden layer
network with three nodes. As stopping criteria for the training process the minimum MSE
in the training set was considered (Figure 81a). The comparison between the network
predictions and the target values, in terms of deviation (experimental — MM prediction),

is shown in Figure 82 for the three network outputs.
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Figure 82. Comparison between network protection and target values of deviation (Experimental value- Mechanistic

model prediction) for training and testing sets. The network structure is the following: 3 inputs, 1 hidden layer with 3
nodes and 3 outputs.

As can be observed from Figure 82 the network is not able to reach a perfect data

regression for all the outputs. This fact is related to the quite low absolute values of the
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target outputs, which in turn depends on the elevated prediction capability of the
mechanistic model (average discrepancy between 4 % and 5 %). The deviation values
result in some cases comparable with the experimental error thus, better regression of the
ANN model would lead to an overfitting of the data. In Figure 82, instead, the errors
found in training and testing data are comparable and the trend of the MSE is similar for
training and testing sets (Figure 81a), proving the reliability of the data-driven model.

Connecting the developed ANN model with the first principles model developed
in section 4.2, the hybrid model (HM) was made and its predictions were evaluated,
Figure 83a and b. A good agreement between experimental values and hybrid model
predictions is observed for the three outputs, with discrepancies always lower than 10%
(dashed black lines). More in detail, average discrepancies between 2.7 % and 3.7 % were
registered, which results slightly lower compared to the MM model (in the range 4-5 %),
Figure 83¢c and d. Whilst, a maximum discrepancy lower than 8 % was found for the
hybrid, compared to 14 % registered for the MM. Fore sake of convenience, also the
predictions of the pure data-driven ANN model developed in 5.3 (i.e., trained with
experimental data ) in comparison with the experimental values are shown in Figure 83e
and f. The ANN model alone shows intermediate performance between the hybrid and
mechanistic models, with maximum and average discrepancy equal to 9.3 and 3.7 %,
respectively.

These results proved that ANN can effectively compensate the prediction of the
MM for those operating conditions in which its results less accurate, leading to improved
protection. This means that the ANN model is considering those unideal phenomena,
which are difficult to model with first principles approaches, such as leakages, undesired

fluxes as well as variations in membrane and fluid properties, etc.
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Figure 83. Parity plots comparing experimental and model results in terms of acid and base concentration as well as
of voltage applied to the stack: a) and b) hybrid model with a parallel structure (mechanistic model plus artificial
neural network model); c) and d) mechanistic model developed in section 4.2; e) and f) artificial neural network model
obtained in section 5.3. The dashed black lines represent percentual discrepancy of +10 % and — 10%.
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6.3 Steady-state modelling: non-conventional schemes

To further prove the capability of hybrid approaches in describing complex
processes, non-conventional feed and bleed schemes were considered. These schemes
have been introduced in section 3.5.1 and consist of feeding a brine solution also in the
chemical compartments (one at a time or both) to reduce water consumption. The
production of alkaline or acid brine is accompanied, but a more complex process is
obtained. Indeed, the presence of salt in the acid and base chambers exacerbates the salt
transport inside the bipolar membrane and increases the salt-limiting current density, but
also competitive ions transport is obtained through the monopolar membranes.

The network structure changed considerably compared to the conventional
scheme. Indeed, the number of network inputs passed from 3 to 6. As additional inputs,
the current density and the presence of brine in the acid and base compartments were
considered. For the latter, the presence was indicated with value 1, while the absence of
salt was indicated with 0. The same network outputs were maintained compared to the
conventional scheme.

As for conventional schemes, the network was trained using deviation values with
experimental and mechanistic model (experimental — MM prediction). Input and output
variables (i.e., the deviations) utilised to train the network were scale utilising Eq. (149).
The data were divided into two sets, training (12 data points) and testing (4 data points),
and the Bayesian regularization algorithm was utilised during the training process. The
trend of the MSE as a function of the number of epochs and the structure of the network

selected, also with 3 nodes in the hidden layer, are shown in Figure 84.
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Figure 84. a) trends of MSE as a function of the number of epochs during the training phase; b) obtained structure of

the feedforward neural network.

The comparison between the network predictions and the target values, in terms

of deviation (experimental — MM prediction), is depicted in Figure 85.
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Figure 85. Comparison between network protection and target values of deviation (Experimental value- Mechanistic
model prediction) for training and testing sets in the case of non-conventional schemes. The network structure is the
following: 6 inputs, 1 hidden layer with 3 nodes and 3 outputs.

Fairly good agreement was observed between network prediction and deviation

values for the three outputs, with similar results for testing and training sets. Also in this

case, a comparison between the obtained hybrid model and the mechanistic model was

made in terms of final output variables. The results are reported in Figure 86.
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Figure 86. Parity plots comparing experimental and model results in terms of acid and base concentration as well as
of voltage applied to the stack for the non-conventional feed and bleed schemes: a) and b) hybrid model with a parallel
structure (mechanistic model plus artificial neural network model); c) and d) mechanistic model developed in section
4.2. The dashed black lines represent percentual discrepancy of +10 % and — 10%.

From Figure 86 a remarkable improvement of the prediction capability could
clearly observed when passing from the mechanistic to the hybrid model. Indeed, all the
data points are contained between the dashed black line which represents discrepancies
of +10 % and — 10%. Specifically, average discrepancies between 2.6 % and 3.0 % were
obtained for the HM, whilst the MM shows significantly higher values, in the range 7.6-
8.3. In terms of maximum discrepancy, the improvement results more evident. Indeed, a

value of 7.9 % was obtained for the HM compared to 24% for the MM.
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These results proved the wide range of applicability of the hybrid model,
suggesting that their effectiveness could be crucial for those complex processes for which

the mechanistic models exhibit reduced prediction capability.
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Conclusions

This PhD thesis aimed to study the behaviour of Electrodialysis with bipolar
membrane process to promote its adoption at industrial level. To this end, different
strategies were followed: experimental investigation and the development of high fidelity

modelling tools.

An overview of EDBM potential in addressing modern sustainability challenges
was presented in Chapter 1 highlighting the importance of further studies and
optimisations. Chapter 2 provides an in-depth background on EDBM, starting with its

history and reaching the latest research challenges.

Chapter 3 describes the wide experimental investigation conducted with a semi-
industrial scale EDBM pilot plant. Firstly, the design and assembly phases of the pilot
were briefly described, highlighting the flexibility to operate in a wide range of operating
conditions and process configurations. Secondly, the experimental investigation
conducted on the Island of Lampedusa, where the Water Mining treatment chain was
located, was described. Following a few preliminary tests, which aimed to verify the
correct functioning of the unit and to define the operative range of the unit, several
research investigations were conducted. A comparison between three different process
configurations was carried out, considering both discontinuous operating mode (i.e.,
closed-loop and fed-batch) and continuous (i.e., partial feed bleed). The results
demonstrate the behaviour of the EDBM unit depends on the adopted operating condition
and process configuration. The analysis suggests that the partial feed and bleed mode
should be preferred in an industrial context since it combines high performance at
elevated current density with continuous production. Therefore, for further experimental

analyses, this process configuration was employed. Novel schemes for brine valorisation,
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adopting the feed and bleed configuration, were tested to reduce water consumption and
improve the brine treatment capacity of the process. The results indicate that feeding a
brine in one of the chemical compartments, leads to performance reduction between 9
and 14% in terms of concentration, at 400 A m 2, for the base production. While a
significant lower performance was observed when feeding the brine in both chemical
compartments, with reduction up to 44%. The adoption of these schemes should be
economically evaluated considering water cost reduction and environmental benefits
obtained from a larger volume of treaded brine. An innovative process configuration,
indicated as WSD, was tested for the first time. A remarkable improvement
in performance was observed with respect to the non-conventional schemes, reaching
comparable performance with the conventional feed and bleed at high target
concentrations or even slightly better. This process configuration should be preferred in
all the fields in which acid brines could be tolerated, such as in the desalination
compartment. Risk mitigation strategies were found to ensure a safe operation of the
EDBM system with real brines: 1) adoption of ion-exchange resins; ii) automatic switch-
off of the system and reduction of the maximum absolute operating voltage of the
electrodes; iii) installation of a heat exchanger and of a stripping column; iv) free chlorine
content of ERS monitoring and ERS replacement. These strategies should be strictly
followed to avoid irreversible stack damages. Comparing the performance of the system
with artificial and real brines, on a parity base of conductivity, no significant variations
were observed, proving the effectiveness of the process in working also with real multi-
ionic solutions. Two different control strategies (i.e., flowrate and pressure control) were
tested for the feed and bleed configurations. In the presence of non-uniform pressure
losses between the compartments, the pressure control strategy must be adopted. Indeed,

improvements in concentration and KPIs up to 40% were registered moving from

219



Conclusions

flowrate to pressure control mode for the EDBM pilot plant fed with a real brine. This
effect was related to the minimization of convective fluxes between compartments
through membranes. These results highlighted the adaptability of the EDBM process in
real industrial scenarios, showcasing the technology potential within MLD and ZDL
treatment chains for the recovery of high value-added materials. Finally, the use of
photovoltaic modules was considered to power the EDBM pilot plant, which requires the
adoption of control strategies to maintain constant product concentrations. These results
of the tests suggested that the EDBM technology combined with control strategies is
particularly suitable for working with variable energy sources and maintaining constant
products, thanks also to the adopted feed and bleed configuration. This positively reduces

the environmental footprint of the process as well as the cost of the produced chemicals.

In Chapter 4, a comprehensive multi-scale model capable of simulating EDBM
units, also with complex stack configuration (i.e. internal staging), was developed. The
model was validated by adopting two process configurations (i.e., closed-loop and feed
and bleed) with experimental data coming from the EDBM pilot plant. Discrepancies
between 2 and 14% were obtained. This validation allows the model to provide reliable
results when simulating industrial scale stacks. The internal staging configuration was
analysed from an electrical point of view, deriving an ad hoc equivalent electrical circuit
(i.e., stack model) to show current and voltage profiles along the entire stack. The effect
of parasitic currents on the stack performance was analysed to understand if the linking
manifold could promote this detrimental effect. It was observed that the unused current
due to parasitic effects was limited suggesting that this stack layout can be adopted to
reduce the cost of the most expensive electrode (i.e., the anode). A techno-economic
analysis was conducted for the feed and bleed process configuration. The economic

analysis evaluated the Levelized Cost of sodium hydroxide (LCoNaOH) at different
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process conditions changing the current density and the target concentration of sodium
hydroxide. A LCoNaOH between 280380 € ton™' depending on the target concentration
was found. Scale-up potentials of the model were shown simulating a double stage EDBM
unit with two stacks in series. The overall performance was compared with a single stage
EDBM unit working at the same target concentration. The results showed higher
performance for the double stage, with a reduction of 10% in the LCoNaOH. These results
suggest that the number of stages can be optimised to further reduce the cost of the
products. Moreover, a dynamic version of the multi-scale model was developed to predict
also nonstationary conditions of the EDBM unit. The model was utilised to study the
dynamic behaviour of the system in terms of response time to step variations. The results
proved that moving towards higher current densities or larger outlet chemical flowrates
leads to a reduction in response time. This effect could be related to the higher rate of
protons and hydroxide ions production and to the reduction of the residence time of the
solution inside the stack. The combined action of high current density and elevated outlet
chemical flowrates can reduce the response time down to 5 min, so these conditions
should be maintained when working in fast transient regimes. As an application of the
developed dynamic model, the coupling of the EDBM process with a photovoltaic system
was considered. The results showed that the conductivity control effectively maintains
the set point in all the scenarios. Also, in terms of chemical concentrations, an almost
constant value was reached, demonstrating that the conductivity controller can be utilised
to keep stable product concentrations. These results confirmed what was already
observed in the experimental investigation despite the higher range of current density
investigated (up to 600 A m2). Thus, proving the effectiveness of developed modelling
simulation tools, that can be used for solving dynamic optimisation problems aiming to

maximise the use of the available power or minimise the product costs.
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Chapter 5 describes the adoption of artificial neural networks to model the EDBM
process. This innovative modelling approach was evaluated for the first time considering
both steady-state and transient operating modes. Firstly, a steady-state network was
developed to simulate the EDBM process in conventional feed and bleed mode.
Experimental data collected with the EDBM pilot plant were utilised to this end. Due to
the reduced number of available data, a simple structure network with one hidden layer
was utilised and the best performance, in terms of mean squared error, was found for two
nodes in the hidden layer. The model can predict the voltage applied to the stack and
the chemical concentrations starting from the set outlet flowrates at a fixed current
density (i.e., 400 A m2). Comparing the predictions of the trained network with the
experimental data, an average discrepancy lower than 4% was found, with a maximum
value lower the 8.6 % in all the cases. These results suggested a slight improvement in
prediction performance compared to the multi-scale model with a first principles
approach. Thus, a reduced amount of data can be sufficient to develop an effective steady-
state network to model complex non-linear processes such as EDBM. This low
computational demand model can be utilised for on-site evaluations and/or for optimising
the operating conditions. A recurrent dynamic network, NARX, was adopted to predict
the transient behaviour of the EDBM pilot plant in feed and bleed operation mode. Due
to some difficulties in collecting a large amount of data with the pilot plant, it was decided
to utilise the available dynamic model with a first principles approach to generate data.
Four different datasets were generated simulating consecutive step changes with
alternating periods of stable conditions. A network architecture with four inputs, four
outputs and one hidden layer was employed. The best number of nodes and the order of
tapped delay line of input and output were determined by evaluating different

architectures. The best performance was obtained for a NARX network with 5 nodes, a
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TDL of 2 for the output and a zero order TDL for the input. The generalization
performance of the NARX network in predicting a new dataset was evaluated, showing
an average discrepancy value lower than 0.5 % and a maximum discrepancy lower than
5 %, demonstrating the high generalisation capability of the NARX networks on novel
data. This model can be adopted for advanced control strategies of the process such as

model predictive control.

Chapter 6 pertains to the modelling of EDBM employing hybrid data-driven and
first principles approaches. The feed and bleed process configuration was considered in
steady-state conditions for both conventional a non-conventional schemes. A parallel
structure was adopted for the hybrid model in both cases. The neural network model,
adopted as data-driven model, was trained with deviation values between experimental
and mechanistic model predictions. For the conventional scheme, the network was made
of a single hidden layer of three nodes, three inputs (i.e., solutions flowrates), and three
outputs (i.e., voltage and chemical concentrations). A good agreement between
experimental values and hybrid model predictions was observed, with discrepancies
lower than 10% and average values in the range 2.7-3.7 %. This performance resulted
slightly superior compared to the two types of models utilised alone. In addition to the
conventional scheme, non-conventional schemes were considered and a hybrid model
was developed changing the neural network model. Additional inputs (i.e., current density
and the presence of brine in the acid and base compartments) were adopted compared to
conventional schemes, while the same number of nodes in the hidden layers and number
of outputs were used. Comparing the prediction capability with the first principles model
a significant improvement in the performance was obtained, with a maximum discrepancy
reduction from 24% to 7.9 %. These results proved that data-driven models, such as neural

networks, can effectively compensate the mechanistic model deviations, leading to
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improved protection. Hybrid models appear more effective for those cases in which a
higher deviation between mechanistic models and experimental results is observed, due

to simplifying assumptions in the occurring phenomena.

The results presented in this PhD thesis have shown the potential of the
Electrodialysis with Bipolar Membrane process in different fields. Further studies should
focus on real brines, developing appropriate modelling tools, and on the optimisation of
the operating conditions and stack design to further reduce the chemical production cost.
Moreover, the coupling of EDBM with other variable energy sources, such as smart grids,
should be considered developing also optimising control strategies. This will widespread

EDBM use in different contexts.
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Nomenclature

Acronyms/abbreviations

2D
3D

A
ABFB
AC
AEL
AEM
ANN
ANNM
BPM
CAD
CE
CEL
CEM
CFD
CL
DC
DSA
ED
EDBM
EP
ERS

F&B
FFNN
GPRM
H2ccys
HB
HDPE
H-EDBM
IBC
ICI
IEM
IEX
KPI

Two-dimensional
Three-dimensional

Artificial brine

Acid-base flow battery
Alternating current

Anion exchange layer

Anion exchange membrane
Artificial neural network
Artificial neural network model
Bipolar membrane

Computer aided design

Current efficiency

Cation exchange layers

Cation exchange membrane
Computational fluid dynamics
Closed-loop

Direct current

Dimensionally stable anode
Electrodialysis

Electrodialysis with bipolar membranes
Evaporative pond

Electrodes rinse solution
Flowrate control strategy

Feed and Bleed

Feedforward neural network
Gaussian process regression model
Carbocysteine

Hybrid model
High-densitypolyethylene
Electrodialysis with bipolar membranes for hydrogen production
Intermediate bulk containers
Initial capital investment
Ion-exchange membrane
Ion-exchange resins

Key performance indicator
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Nomenclature

LCoNaOH
LSTM

MD

MED

MF
MF-PFR
MLD

MPM
MSE
NAR
NARX
NET
NF
NION
NPV

PC
PFD
PI
PK
PLC
PP
PTFE
PV
PVC
PV-EDBM
R
REF
RES
RO
SCADA
SEC
SED
SP
SSS
SWS
TDL
TEC
TRL

Levelized cost of sodium hydroxide
Long-short term memory
Membrane Distillation

Multiple effect distillation
Microfiltration

Multiple feed plug flow reactor
Minimum liquid discharge
Mechanistic model

Model predictive control
Monopolar membrane

Mean squared error

Nonlinear autoregressive

Nonlinear autoregressive models with exogenous inputs
non-equilibrium thermodynamics
Nanofiltration

Nonlinear input output network

Net present value

Pressure control strategy

Process capacity

Process flow diagram
Proportional-integral

Aliphatic polyketone
Programmable logic controller
Polypropylene
Polytetrafluoroethylene
Photovoltaic

Polyvinyl chloride

Electrodialysis with bipolar membranes powered by photovoltaic modules

Real brine

Reference scheme
Renewable energy source
Reverse osmosis
Supervisory control and data acquisition
Specific energy consumption
Selectrodialysis

Specific productivity
Salt-salt-salt scheme
Salt-water-salt scheme
Tapped delay line

Total energy consumption

Technology readiness level
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Nomenclature

UF Ultrafiltration
WSD Without salt discharge configuration
WSS Water-salt-salt scheme
ZLD Zero liquid discharge
Symbols
a(-) Node output
ao (-) Initial condition
Agauss (-) Gaussian constant A
Am (m?) Active membrane area
Ame (-) McCleskey model’s constant
AEMcosc (US$ m?) Anion exchange membrane cost
b (m) Channel width
Bume (-) McCleskey model’s constant
bi (-) first Sherwood number correlation coefficient
ba (-) second Sherwood number correlation coefficient
Bgauss (-) Gaussian constant B
bi (-) Bias vector
BPMcost (US$ m2) Bipolar membrane cost

C (mol L) or (mol m™)
Ceonv (€ USS™)
Coauss (-)

CEMeost (US$ m?)
d (m)

D (m?s™)

de ()

da (-)

Diube (m)

dy (-)

E (V)

E, (€ kWh™)

EMF (V)

EPFcost (€)

£(-)

F (C mol ™)

faauss (-)

NG

G (kgs™)

Molar concentration

USS$/€ conversion

Gaussian constant C

Anion exchange membrane cost
Channel thickness

Diftusion coefficient

Collector diameter

Distributor diameter

Internal diameter of the tube
Delay value

Triplet membrane potential
Electricity price

Triplet electromotive force
Electrodes and plates and frames cost
Activation function

Faraday constant

Gaussian function

spacer shadow factor

Mass flowrate
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Nomenclature

h (m)

Himod (mm)
i(Am?)
L(A)

I ext(A)
ilim (A m?)
Lnpp (A)

Is (mol kg™)
L (A)

ICI (€)
IMcost (€)

j (%)

J (mol m?s™)

k(-)

K. (L cm min"! mS™)

ke ()

I (m)

L (m)

Limod (mm)
M (g mol™)
m (mol kg!)
Mt (y)
Maintcos (€)

MPMeos (US$ m?2)

n(-)
N()

Ni ()
N2 (-)
Neen ()
()
Nhotes (-)
Npacks (')
Ne ()
Nip (-)
Nir (-)

P (%)
p()

Py (y)
Pax (W)
PC (ton y™)

Desired value

PV module height
Current density

Generic current

External current
Limiting current density

PV module currentatP

Ionic strength

PV module short-circuit current
Anion exchange membrane cost
Cell packs installed in the stack cost
Discount rate

Molar flux

Generic triplet (mechanistic model), generic predicted value (ANN model)

Controller gain

regression coefficient

Generic length

Channel length

PV module length

Molar mass

Molality

Membranes and spacers lifetime
Maintenance cost

Monopolar membranes cost

Net input

Generic number of triplets

Number of triplets in the first cell pack
Number of triplets in the second cell pack
PV module number of cells

hydration number

Number of holes in the spacers
Number of cell packs installed in the stack
Number of stacks in series

Number of training point

Number of triplets

Purity

Node input

Project lifetime

PV module peak power

Process capacity
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PEcost (€)
PEx (y)

Q (L min™)
r(-)

R (Q)

R2 ()

R, (J K mol ™)
Ry (V)

Re (-)

Reg (-)

s(-)

S (m?)

Scost (US$ m™?)
Sc ()

Sel (%)

Sh (-)

Sp (%0)

T (K) or (°C)
t(s)

Teost (US$ m?2)
ti ()

TEC (€ ton™)
TSeost (€)
u(-)

Uext (V)

V()

V (V)

Vipp (V)

Ve (V)

Volira (M3)
Vt (m3)
w(-)

W)

Winod (mm)

X (m)

z(-)

Nomenclature

Peripheral equipment cost
Peripheral equipment and electrodes lifetime
Volumetric flowrate

Number of network inputs
Generic electrical resistance
coefficient of determination
Ideal gas constant

Apparent electrical resistance of the stack
Reynolds number

Regression coefficient

Number of nodes in a layer
Generic section

Spacer cost

Schmidt number

Apparent membrane selectivity
Sherwood number

Speciation

Temperature

Process time

Triplet cost

Ion transport number

Total energy consumption
Total cost of the stack

Generic variable

External voltage

Generic input or output variable
Generic voltage

PV module voltage at P

PV module open circuit voltage

BPM transition region (interlayer) volume
Solution volume inside the tank

Weight

Matrix of weights

PV module width

Discretised channel length

Ion charge
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Nomenclature

Greek letters

o (mol m3)

5 (m)

Ax (m)

n (%)

neL (V)

ni (%)

9 ()

X (S kg m™ mol™)
A0 ()

(% °C™)

uy (% °C™)

p (kgm™)

o (Sm) or (mS ecm™)
T (8)

T (-)

Q)

Ion activity

Thickness of a triplet

Discretization interval length

PV module efficiency

Potential due to concentration polarization effects in boundary layers
Unused current due to parasitic currents effect
Polarization coefficient

Ionic molal conductivity

McCleskey’s model constant

Temperature Coeff. Of I

Temperature Coeff. Of V.

Mass density

Electrical conductivity

Controller integral time

Yield

Generic physical property
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Nomenclature

Subscripts and superscripts

a acid

AEM Anion exchange membrane
ani Anions

av Average

b base

BPL Bipolar membrane layer
BPM Bipolar membrane

c Collector

cal calibration

cat Cations

CEM Cation exchange membrane
ch channel

cn Convergent node

co co-ion

ct counter-ion

d Distributor

diff Diffusive

dn Divergent node

down Lower branch

i Generic ion specie

IEM Ion-exchange membrane

in Inlet

int Interface

k Generic triplet in the stack
m Membrane (i.e., AEM, CEM or BPM)
m; Manifold (i.e., m;or m>)
MPM Monopolar membrane

ohm Ohmic

out Outlet

p Product

r Reagent

rec Recirculated

ref Reference

s salt

sol Solution (i.e., acid, base or salf)
std Standard deviation

t Generic time instant

T Tank
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Nomenclature

tot
tra

up

Total

Transition region
Upper branch
Water
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Appendix A

Appendix A

Description of the multi-scale model

The mathematical model of the EDBM used for this study was partially developed in
previous works [104], [111] and it is here described comprehensively in detail for the

reader's convenience.

Level 1

The channel model

Mass density is calculated following the Laliberté’s model [151]. lon activity and osmotic
coefficients are evaluated adopting the Pitzer virial equations for multi-electrolyte
solutions [152], [153].

The electrical conductivity of multi-ion solution is estimated through the model of
McCleskey et al. [113].

The electrical conductivity () of an aqueous solution can be calculated from its chemical

composition using the following equation:

o= Z/limi (150)

Where 4; is the ionic molal conductivity (S kg m' mol') and m; is the molality (mol kg")
of the i-the ion. The ionic molal conductivity is a function of the temperature and the ionic

strength of the solution, though the following equation:

Ap(T) 1,2 (151)

A=20(T) —
1+ By, 1,2

Where A°and A, are function of the temperature (°C), By, is an empirical constant and

I represents the ionic strength. The latter can be estimated as follows:

I, = %z m; z?2 (152)

Where z; is the charge of the i-th ion.
For the generic physical property obtained from OLI studio, correlations assume the

following general expression.
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G =Gy +kei2C0 + ks (153)

where (; is the considered physical property ¢ (i.e., dynamic viscosity u or ions diffusivity
D) in the solution 1 (i.e., acid, base or salt), k¢ ;1, k712 and k¢35 are the regression
coefficients, C;; is the molar concentration of the ion 1, and Cj; is the molar concentration of
the ion j, expressed in mol m™ (see Table A). All the regression coefficients are computed at
25 °C.

The following correlation was adopted for the Sherwood number (Sh) for the fully

developed region:

Sc )0'5 (154)

Sh= (bl.Re-I_bz)(SC P

where Re is the Reynolds number, Sc is the Schmidt number, Sc,.ris a reference value for
the Schmidt number (equal to ~615), and the other symbols indicate coefficients
depending on the geometry.

A woven spacer with 90° angled filaments, pitch to height ratio equal to 2, and flow attack
angle of 45° was considered. For this configuration, the following values of the coefficients

were derived from CFD simulations [111] (Re<30): b; = 2.81, and b, = 14.5.
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Table A1. List of the physical properties in the acid (a), base (b) and salt (s) solution and the regression coefficients
used to compute them by Equation (153).

¢ | [ j kzia k2 kgis
Dynamic U a H* - 2.8E-9 0 0.928E-3
viscosity U s H* - 2.8E-9 0 0.928E-3
(Pas) U b OH~ - 0.215E-6 0 0.927E-3

lon diffusivity Dy a H* - -1E-13 0 2E-9

(ms?) Dya a  Na* - -5E-14 0 1E-9

Don a OH~- - 0 0 4E-9

D¢ a cl- - -7TE-14 0 2E-9

Dy S H* - -1E-13 0 2E-9

Dya S Na* - -5E-14 0 1E-9

Doy S OH~ - -1E-13 0 5E-9

D¢ S cl- - -7E-14 0 2E-9

Dy b H* - 0 0 8E-9

Dna b Na* - -2E-13 0 1E-9

Doy b OH- - -5E-13 0 5E-9

D¢ b cl- - -2E-13 0 2E-9

The bipolar membrane model

The mass balance in the BPM interlayer is calculated as:

dCNa,tra _
. Am (]ohm,Na,AEL + JonmnNaceL T JaiffNaaEL T

Volyrg (155)

Jaiff Na,cEL)

where Vol is the BPM transition region (interlayer) volume, Cyg ¢4 1s the sodium ion
concentration in the interlayer, A is the membrane area, J,nm nag gL a0d Jopm NacEL are
the Ohmic fluxes of sodium ions in the AEL and CEL respectively, J4irf na,ag. and
Jaiff.NaceL 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. Ohmic and diffusive fluxes are calculated as follows:

J _ tNaaEL bim (156)
ohm,Na,AEL Zn o F
Na
__ tnacELlim (157)
]ohm,Na,CEL - = an F
Na
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-D CNa,AELch—CNa,AELtra (158)
Jaiff na,aeL = Dnac Y.

_ CNa,cELch—CNa,CELtra 159
JaiffNa,ceL = Dnact donL (159)

in which i, is the limiting current density, tyg g, and tyqcpy are the sodium ion
transport numbers in the two layers of the BPM, zy,, is the sodium ion valence, F is the
Faraday constant, Dy,¢; is the salt diffusion coefficient (i.e., 2x10™"! m* s™"), Cng agLcn
and Cyq cgL cn are the sodium ion concentrations in the AEL and CEL layers, respectively,
at the channel side, Cyq 4gL trq and Cyng,cELtra are the sodium ion concentration in the

AEL and CEL layers, respectively, at the transition region, and dyg; and d g, are
thicknesses of the AEL and CEL, respectively.

The sodium and chloride ion transport numbers are related to ij;,, as:

tugas = 0.01- abs () (160)

tCl,AEL = 099 - abS (ll%) (161)

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

Accordingly, the hydroxide ion transport number topy 45, 1s calculated as

tomaer = 1 — tnaaeL — terakL (162)

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

apply:
tna,ceL = teuaEL (163)
teicer = tnaAEL (164)
tu,cer = ton,AEL (165)

The Ohmic 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:
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Rg4T In CNasolint __ RgT In Cclsolint (166)

zZNaF  CngBpLint  ZclF  CciBPLint

where C; o1 int and C; ppy, ine are the ion concentrations at the solution-BPM interface on
the channel (c/) or on the transition region (#ra) side and BPM-layer side, respectively.

Ry is the gas constant and T is the temperature.

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

Xgpr + 2 Ceoppr = X CerppL (167)

where Xpp, is the fixed charge group concentration in the BPL, and C., gp;, and Ct gpy,
are the co-ion and counter-ion concentrations in BPL phase.
At the membrane-solution interface on the interlayer side, the following assumptions are

used:

Cna,cELtra = XBpL (168)

CnaaeLtra =0 (169)

i1;m 1s obtained by solving the set of equations shown above, with the following condition:

CNa,tra =0 (170)
The salt mass flux (Ggq;¢) due to the migration of sodium and chloride ions through the
bipolar membrane layers is computed as follows:

GatepL = — (tNa,BPLz"';Cl,BPL) L Mygc; - 1073 (171)

where My ,¢; 1s the molar mass of the sodium chloride.

Level 2: the triplet model

The ion transport through the membrane is given by the sum of the diffusive and Ohmic

terms and follows the general expression

tim J
Jim = =2 DijmVCim + 3 = (172)

in which J; ,, 1s the total molar flux of the i-th ion across the generic membrane m (i.e.,

CEM, AEM or BPM), D; j , is the cross-diffusion coefficient (defined later), C; ,, is the
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concentration in the membrane phase of the j-th ion, j = 1,2, ..., n (where n is the number
of ion species), t; n, is the transport number of the i-th ion within the membrane, i is the
current density, z; is the ion charge and F is the Faraday constant. J;,, is positive if
entering the channel, negative if exiting the channel.

The overall Ohmic fluxes of the species i across the two membranes bounding the three

compartments can be calculated as

_ (ticeL—tiaem)i (173)
johm,i,a - ziF
ticEmM—ti, i 174
Jormis = w (174)
Jonmis = (ti,AEMZ_‘;i,CEM)i (175)
14

where Jonm.ia> Jonm,ip» Jonm,is are the overall Ohmic fluxes of each acid, base and salt
channels respectively, t;cgr, tiagL, ticem» tiagm are the transport numbers of the i-th
ion in the cation and anion exchange layers of the bipolar membrane and in the cation and
anion exchange membranes, respectively. J/,nm i so1 are positive if entering the channels,
negative otherwise.

The ion transport numbers in the membranes are given by
_ _Zi’DimCym (176)
ti,m TN.,.2n.
2j2j*DjmCym
in which D;,, is the diffusion coefficient of the i-th ion, and C,,, is the average ion

concentration within the membrane.

The following n-1 Donnan equilibrium equations at the membrane-solution interfaces are
applied

RyT In Cisolint __ Rg4T In Ci+1,s0lint (177)

zZiF Cim,int Zi41F Ci+1,mint

where C; o1 ine and C; y, ine are the ion concentrations at the interface on the solution and
membrane side, respectively, R, is the gas constant and T is the temperature.

Moreover, the electro-neutrality within the membrane is considered with the general
expression:
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Xm + ) Cco,m = Cct,m (178)

where X, is the fixed charge group concentration in the IEM, C¢, ., and C,; ,, are the co-
ion and counter-ion concentrations in the membrane phase.

The diffusive flux of the ion species i through a membrane m is
Jairfim = =2 DijmVCim (179)
where the cross-diffusion coefficients D; ; , are expressed as follows:

tim
Di,j,m = Di,m6ij + Z_iZj(Di’m — D],m) (180)

The total i-th ion flux across the two membranes bounding each channel Jir ;5o 15

calculated as
]tot,i,sol = ]ohm,i,sol + ]diff,i,sol + ]cal,i,sol (1 8 1)
]tot,i,sol = ]ohm,i,sol + ]diff,i,sol + ]cal,i,sol (1 82)

where J¢o¢ i 501 15 the total flux of the ion 7 across the two membranes bounding the channel
sol (acid, base or salt), Jopmisor and Jgifr,isor are the total ohmic and the total diffusive
flux, respectively and J 4501 18 the calibration parameter used to correct the Nernst-

Plank equation.

From the mass balance equation between the calibration fluxes of the three solutions

flowing in an EDBM stack it follows:

1
]cal,i,a +]cal,i,b + ]cal,i,s =0 (183)

The second relationship is the electroneutrality requirement between the calibration

parameters:

184
Z]cal,i,a z;=0 ( )

(185)
ZJcal,i,b z;=0

where z; is the charge of the ion i, and the sum is extended to all the ions.
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The osmotic fluxes are generated by the osmotic pressure difference across the membrane.

In formulae:
G _ Pwlp (Tosm,a,2=Tosm,s,1) (186)
osma = = 3.610°
G _ Pwlp (”osm,b,l_”osm,s,z) (1 87)
osmb = = 3.6 109

where Gosm a, Gosm p are the osmotic mass fluxes of the acid and base channels, expressed
in kg m? s, p,, is the water mass density at 25°C in kg m~, L, is the Osmotic
permeability (expressed in ml m™ h™ bar™), ysm a,2> Tosms,1» ar€ OSMOtic pressures at
the left and right side respectively of the AEM and 7 ,g .1, Tosm 5,2 are those of the CEM
(all expressed in bar). G,gm 501 18 negative when entering the channel, positive otherwise.

The electro-osmotic fluxes can be calculated as
Ge.osm,sol =107 MHZO Zi]i,sol Npi (183)

where My, is the molar mass of water in g mol™ andny; is the number of water

molecules with the solvation shell per each ion.
In the acid and base compartments, the stoichiometric water flux through the BPM due

to the water dissociation is

t i _
Gsplit,sol = _H/OZH%MHZO +1073 (189)

where tyop 151 18 the transport number of proton or hydroxide ion in the CEL or AEL of
the BPM, respectively Ggpiit sot-
The overall water mass fluxes G, 5, (positive when entering the channel, negative

otherwise) for the acid and base channels are evaluated according to the equations

Gw,sol = Ge.osm,sol - Gosm,sol + Gsplit,sol (190)

The water mass flux for the salt channels is related to the water fluxes calculated for the

acid and base compartments

Gw,s = _Gw,a - Gw,b (191)

The electric potential generated across the IEMs in the triplet E can be written as
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Where EMF is the triplet electromotive force that would be generated by the membranes
in contact with the bulk solutions, and ng; is the contribution to E due to concentration
polarization boundary layers.

The electromotive force is calculated by Nernst equation

RgT right,IEM

ti
E = ZIEMS (_ T fleft,IEM Zionsz_i d ln aint'i) (193)

where a;y,,; is the activity of the i-th ion at the membrane-solution interface, solution
side, right, IEM and left, I[EM are the right and the left side of each membrane.

np. accounts for the non-Ohmic variation of the triplet electric potential due to
the effects of concentration polarization in the boundary layers on all the six solution-

membrane interfaces

Ry4T t;
NpL = — F Zint Zions Z_i In ei,sol,int (194)
in which ; ¢,; ¢ are the polarization coefficients, computed as
0 Sgn(]diff,i,sol,int) _ Cisolint (195)
( i,sol,int) -

Cisol

where C; 5o; and C; 501 int are the concentrations of the i-th ion in the so/ channel (i.e., acid,
base or salt) in the bulk and at the solution-membrane interface, respectively, and
S gn(]diff,irsol,mt) is the sign of the diffusive flux of the i-th ion at the interface with the
membrane, solution side

Imposing the continuity of the total flux at the interface, it can be calculated as

(ti,m_ti,so ) i 196
Jaifsisovint = Jaiffim + TI (196)

where t; 5, 1s the ion transport number in the solution

ZiZDi,solCi,sol (197)

tisor =
i,sol
Zijsz,sole,sol
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in which D; ¢,; 1s the ion diffusion coefficient of the i-th ion in the solution. From the

definition of the Sherwood number, it follows that the polarization coefficient can be

calculated as

Q. .., = <1 _ Jdiffisotint 2 dsol )Sgn(]diff'i's"l'i”t) (198)
Lsolint Shsol,int Di,sol Ci,sol
where d,, is the spacer thickness and Shg, ;¢ is the Sherwood number in the considered

interface, which is evaluated by CFD correlations.

The triplet electric resistance R (in Q) is calculated as follows

R = Zsol Rsol + Zm RcalRm (199)

where R, and R,, are the electrical resistance in the feed channels (i.e., acid, base, and
salt) perpendicular to the membranes and the electrical resistance of the membranes (i.e.,
CEM, AEM, and BPM), respectively and R_,; is calibration factor for the membrane
resistance.

R, are calculated as

dSO
Root = fi a2~ (200)
in which f; is the spacer shadow factor (which can be assumed, for example, equal to the
inverse of the volume porosity), b is the channel width, Ax is the length of a discretization
interval (e.g., equal to 1/30 of the channel length) and g; is the electrical conductivity of
the electrolyte solution.

Mass balances for the channels line are:

9Cnata  9QCyata Gsait,cEL
bd -t —=b t 201
a It Ox ]tot,Na+,a L 10-3 Myacy (201)
aCCI‘ a aQaCCl‘ a Gsalt CEL
' —=b at Ty 202
bdqg ot Ox Jeot,clma T L 103 My ey (202)
aCH+ aQ CH+
b da o ,a + aax a _ b (]tot,H"',a _]tot,OH_,a) (203)
( 14-1 CH+'“>
~14-log
Con-a = 103 10 10° (204)
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0Qqap
a«; a _— (]tot,Na+,a MNa"' +]tot,Cl_,a MCl_ + (]tot,H"',a —

(205)
Jeot,on=a) My+) b 1073 4 e 4 SaleCBL 4 j e My, b 1073
where L, b, d, are the length, width and thickness of the acid channel, respectively, C;, is
the molar concentration of ion 7 in the acid channel, Q. and p, are the volumetric flowrate
and mass density of the acid channel, Jiiq is the total flux, Gy« and Gsuy, cer are the
overall water mass flux entering in the acid channel and salt water flux through the CEL

layer, M is the molar mass.

Similar equations can be written for the salt channels:

0C y g+ 00Q,C g+
b d; IaV;l = + Sa;\la =2 = b]tot,Na+,s (2006)
dCc;- 00Q.Ccr-
b ds 52 = + Sa;l = = b]tot,Cl_,s (207)
aCH+' aQ CH+,
b ds ot > + Sax = = b (]tot,H+,s _]tot,OH_,s) (208)
1 CH+,S
Con-s = 10 1o<‘“‘ or ) (209)
9Qsps
a_xp = (]tot,Na+,s Mo+ +]t0t,Cl_,S Mc- + (]tot,H+,s -
(210)
—_ Gw,s —
Jeot.ons) My+) b 1073 + . T Jtotons Mu,o0 b 10 3
Regarding the base channels, the mass balances are given by:
Cnatp  0QpChatp Gsait,AEL
bd . — =) —_— 211
b at + ax ]tot,Na+,b + L 10_3 MNaCl ( )
Cci-p  9QpCeimp Gsait,AEL
bd — + —=b e e e S — 212
b at ax ]tOf,Cl ,b L 10_3 MNaCl ( )
0Con-p  0QpCon-p
b dy, 5t T ax b Urot.on=p = Jeotutp) (213)
(—14—10 COHJ)
Cy+p = 103 10 57107 (214)
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9Qppp
ax (]tot,Na+,b Mg+ + Jeot,cim b Mci- + (]tot,OH_,b -

(215)

]tot,H"',b) MOH‘) b1073 + % + GsalLt_'AEL +]tot,H+,b MHZO b 1073

All other symbols have the same meaning as defined in the previous equations.
An assumption made in deriving the above equations is consider a negligible mass
density variation over time. This assumption results reasonable since a low amount of

ions are dissolved in solution and, consequently, the mass density is almost constant.

Level 3: the cell pack model

For the distributor, the following equations can be written as follows:

2
Tdgis dCdis,l,i,sol _ Qtot,in,solcin,i,sol_Qo,l,solco,l,i,sol
) - - Qdis,l,solCdis,l,i,sol (216)
4 dt Nholes

_ Qtot,a - QO,l,sol

Qdis,l,sol - N (217)
holes
ndgis® o ACaiskisol _  QoksolCokisol
Yy 0 T Ty + Qais k1,501 Cais k1,501 —
holes (218)
+Qdis,k,solCdis,k,i,sol
QO,k,sol
Qdis,k,sol = Qdis,k—l,sol - N (219)
holes
Qdis,N,solCdis,N,i,sol = Qdis,N—l,solCdis,N—1,i,sol (220)

where duis and 0 are the dimeter of the distributor and the thickness of a triplet,
Cuis kisorand Co i sor are the concentration in the distributor in position k& of ion i in the sol
(i.e., acid, base and salt) compartment and inlet concentration of ion i in k-th triplet of the
sol compartment, Ciy,isor 1S the inlet concentration of ion i in the so/ compartment, Qyorin,sol
and Qo kso are the tot flowrate entering in the so/ compartment and the inlet flowrate in -
th triplet of the so/ compartment, Nj.s in the number of holes in the spacers and Quis 50!
is the distributor volumetric flowrate in position & of the so/ compartment. Equations

(218) and (219) are valid for & in the range 2 to N-1, where N is the number of triplets in
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the cell pack. Constant mass density is considered in equation (217) and (219), since the
same solution with fixed concentration is distributed in all the channels.
For the collector, the following equations are utilised:

Ql,l,solpl,sol

Qcol,l,solpcol,l,sol = N (221)
holes
mdeot® o dCcolkisol _ Q1ksolCikisol
) - + Qcol,k—l,solCcol,k—l,i,sol -
4 dt Nholes (222)
+Qcol,k,solCcol,k,i,sol
_ Ql,k,sol pk,sol
Qcol,k,solpcol,k,sol - + Qcol,k—l,solpcol,k—l,sol (223)

Nholes

where Qcorksor and Qjksor are the volumetric flowrate in position & of the sol
collector and the outlet flowrate from the k-#4 triplet of the so/ compartment, peosk sor and
Dksol are the mass density in position k of the sol collector and the mass density of the the
k-th triplet of the sol compartment, Ceoikisor and Ciiisor are the concentration in the
collector in position k£ of ion 7 in the sol/ compartment and outlet concentration of ion i in
k-th triplet of the so/ compartment and d...,; is the dimeter of the collector. Equations (222)

and (223) are valid for £ in the range 2 to N.

Level 4: the stack model

Kirchhoff’s and Ohm’s laws were applied to the independent nodes and branches of the
equivalent electrical circuit, respectively, to obtain the current and voltage profiles along
the entire stack.

The resistance related to the connection manifolds between two consecutive
channels are evaluated through the following equation:

lmi,k

(224)

R, soLk =
v Nholes Smi Gmi,sol,k

where R is the solution resistance in the manifold m; (i.e., m; or m>) of the so/ (i.e., a, b

or s) compartment, in position k (between / and N;-1, where N, is the total number of
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triplets in the stack); I, x 1s the length of the manifold m; in position &, Sy, is the section
of the manifold mi, o, 5ok 18 the conductivity of the solution so/ in position & in the
manifold m;, Nhoes 1s the number of holes in the spacers. It should be noted that each of
these resistances represents the equivalent resistance of parallel resistances, equal to the
number of holes in the spacers.

The electrode compartments are represented using a lumped parameter known as blank
resistance, expressed as follows for the stack described in section 3.1:

Ry, = 0.4024 {06018 (225)

For the first cell pack the following equation are employed:

(226)

Imi,sol,l = (Vmi,sol,z - Vmi,sol,l)/Rmi,sol,l
Where Iy, 011 18 the current flowing in the manifold m; of the so/ compartment, in
position / and Vi, 501k 18 the voltage in the manifold m; of the so/ compartment in position

k. For the upper and down branches, the following equation ca be written:

Iup,sol,l = (szso,l,l - Vl)/Rup,sol,l (227)

(228)
Idown,sol,l = (le,sol,l - Vl)/Rdown,sol,l

where I, 5 115 the current flowing in the x (i.e., up, down) part of the channel of the so/
compartment in position /, Ry ¢, 11s the resistance of x (i.e., up, down) part of the channel
of the so/ compartment in position / and V;is the voltage of the stack in position 1 (see
Figure 54).

Vi=hLRaw1/Am + Egv1 (229)
where I;is the current flowing between V; and the left cathode, E,;, ;and R, ;are the
average triplet membrane potential and the average cell resistance of the cell in position

1, respectively.
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lpy1 =1 + Zl(lup,sol,k—l + Idown,sol,k—l) (230)

(231)
Iml,sol,k—l = lgown,sork T Iml,sol,k

(232)
Imz,sol,k—l = Iup,sol,k + Imz,sol,k

(233)
Imi,sol,k = (Vmi,sol,k+1 - Vmi,sol,k)/Rmi,sol,k

(234)
Iup,sol,k = (sz,sol,k - Vk)/Rup,sol,k

(235)
Idown,sol,k = (le,sol,k - Vk)/Rdown,sol,k

(236)

Vi = Vi1 + kRavk /Am + Eavk
The validity interval of equations between (230) and (236) is for k [2 to N;], where N; is
the number of triplets installed in the first cell pack.

For the second cell pack the following equation are used:

Ik+2 = Ik+1 + Zl(lup,sol,k + Idown,sol,k) (237)

(238)
Iml,sol,k—l = Idown,sol,k + Iml,sol,k

(239)
Imz,sol,k—l = Iup,sol,k + Imz,sol,k

(240)
Imi,sol,k = (Vmi,sol,k+1 - Vmi,sol,k)/Rmi,sol,k

(241)
Iup,sol,k = (sz,sol,k - Vk+1)/Rup,sol,k

(242)
Idown,sol,k = (le,sol,k - Vk+1)/Rdown,sol,k

(243)

Vitr = Viego + Ik+2Rav,k/Am + Eav,k

The validity interval of equations between (237) and (243) is for k [N;+1 to Ng,-1].

INtr+2 = INtr+1 + Zl(lup,sol,Ntr + Idown,sol,Ntr) (244)
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(245)
Iml,sol,Ntr—l = _Idown,sol,Ntr

(246)
Imz,sol,Ntr—l = _Iup,sol,Ntr

(247)
le,sol,Ntr - VNtr+1 = Idown,sol,Ntr Rdown,sol,NtT

(248)
sz,sol,Ntr - VNtr+1 = Iup,sol,Ntr Rup,sol,Ntr

(249)

Vn,.+1 = In, +2Rav N, /Am + Equn
tr tr tr tr

In the anode position, to connect the two cell packs, the following equation are

applied:

VN1+1 = Uext (250)

251)
Ingv1 + v 42 = lexe

(252)
I+ Iy 42 = lext

(253)
Uext = Ry lext

(254)
Vo1 = Vn, + Iny41 Rot/Am

(255)

Vn,+1 = V2 + Ingv2 Rot/Am
Where U,,; and I, are the external voltage and current supplied by the D¢ drive and Ry
is the apparent electrical resistance of the entire stack.
Once current and voltage profile (i.e., I and V) along the entire stack were
determined two key metrics are computed: the percentage of unused current due to

parasitic effects and the external voltage applied to the stack.

Level 5: the external hydraulic circuit model

For the closed-loop configuration, only the solution tanks for acid, base and salt
are simulated. Dynamic mass balances are computed, assuming perfect mixing of the
solutions. It is noteworthy that the dynamic equations implemented at this level do not
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make the model fully dynamic as all the other levels simulate steady-state conditions.
However, the model can simulate dynamic process configurations, such as the closed-
loop, as the dominant dynamic of the system (i.e., the tanks) is simulated.

Dynamic mass balances within the acid and salt storage tanks can be written as

follows:

d(PT,sothsol) 256
dt = QT,in,sol Pr,insol — QT,out,sol PT,0ut,sol ( )
d(CT,HCl,sothsol) 257
dt = QT,in,sol CT,HCl,in,sol - QT,out,sol CT,HCl,out,sol ( )
d(CT,NaCl,sothsol) _ (258)

dt - QT,in,sol CT,NaCl,in,sol - QT,out,sol CT,NaCl,out,sol

where Vt,, is the solution volume inside the tank in m®, py g,; is the mass density of the
solution within the tank, Q7 in so1> QT 0utsor are the inlet and outlet volume flowrates,
respectively, Cr uciinsot> Cr Hetout,sol> CT Naclinsols Cr Nacl,out,sor are the inlet and outlet
hydrochloric acid and the inlet and outlet sodium chloride concentrations (all expressed
in mol m).

For the base storage tank, the following equations can be written as

d(pr,pVtp) 259

dt = QT,in,b PT,inp — QT,out,b PT,out,b ( )
d(CT NaoHbVED) 260
—Zt = Qrinb Cr.Naon,inb — QTout,b CT,NaoH 0ut,b (260)
d(CrNactpVtn) _ (261)

dt - QT,in,b CT,NaCl,in,b - QT,out,b CT,NaCl,out,b

The feed and bleed configuration is a continuous operating mode and no dynamic
equations are implemented. In this case, the recirculation loop from the outlet back to the

stack inlet is simulated to increase the residence time of the solution inside the stack. Two
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hydraulic nodes, for each solution, connecting the recirculating loop to the main flow
stream are simulated. Here steady-state mass balances are computed.

For the feed and bleed process configuration the following equation are employed for the
convergent and divergent nodes.

Convergent node:

an,sol,out = an,sol,rec + Qsol,in (262)

an,sol,outCcn,HCl,sol,out = an,sol,recCdn,HCl,sol,rec + Qsol,inCHCl,sol,in (263)

an,sol,outCcn,NaCl,sol,out = an,sol,recCdn,NaCl,sol,rec +

(264)
Qsol,in CNaCl,sol,in

where Qgorins Qansorrecs @en,sorour are the volume flowrate entering from the tank,
recirculated from the stack outlet and leaving the convergent node, respectively,
Cucisotin> Canncisolrecs CenHelsolout are the hydrochloric acid concentration entering
from the tank, recirculated from the stack outlet and leaving the convergent node,
respectively, CNaCl,sol,ina Cdn,NaCl,sol,rec> Ccn,NaCl,sol,out are the sodium chloride
concentration entering from the tank, recirculated from the stack outlet and leaving the
convergent node, respectively.

For the base storage tank, the following equations can be written as

an,b,out = an,b,rec + Qb,in (265)
an,b,outhn,NaOH,b,out = an,b,rechn,NaOH,b,rec + Qb,inCNaOH,b,in (266)
an,b,outhn,NaCl,b,out = an,b,reccdn,NaCl,b,rec + Qb,inCNaCl,b,in (267)

For the divergent node the following mass balances can be expressed for acid and

salt compartment:

279



Appendix A

an,sol,in = an,sol,rec + Qsol,out (268)

an,sol,incdn,HCl,sol,in = an,sol,recCdn,HCl,sol,rec + Qsol,outCHCl,sol,out (269)

an,sol,inCdn,NaCl,sol,in = an,sol,recCdn,NaCl,sol,rec + (270)

Qsol,outCNaCl,sol,out

where Qansorin» Qansoirecs @sorour are the volume flowrate leaving the stack,
recirculated to the convergent node and entering in the exit tank, respectively,
Canncisotins CanHclsolirec> Chclsolout are the hydrochloric acid concentration leaving
the stack, recirculated to the convergent node and entering in the exit tank, respectively,
Can.Nacisolin> CanNacisolrecs CNaclsolout are the sodium chloride concentration leaving
the stack, recirculated to the convergent node and entering in the exit tank, respectively.

For the base storage compartment, the following equations can be written as

an,b,in = an,b,rec + Qb,out (271)
an,b,inCcn,NaOH,b,in = an,b,rechn,NaOH,b,rec + Qb,outCNaOH,b,out (272)
an,b,inCdn,NaCl,b,in = an,b,reccdn,NaCl,b,rec + Qb,outCNaCl,b,out (273)

Two tubes for each compartment are introduced, after the convergent node and
prior to the divergent node, in the simulated process flow sheet and unsteady-state mass

balances are computed utilising the following equations:

7-’--Dtube2 aCcn,i,sol,out + Q aCcn,i,sol,out =0
4 ot cn,sol,out dx (274)
71-Dtubez aCdn,i,sol,in + Q ] aCdn,i,sol,in -0 (275)
4 ot dn,sol,in Ox
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where Duspe is the internal diameter of the tube, Cepisorowr and Cedisorin are the molar
concentration of ion 7 in the so/ line exiting from the convergent node and entering in the
divergent node, Qcn,sot,ous aNd Qun,so,0ur are the volumetric flowrate in the so/ line exiting

from the convergent node and entering in the divergent node.
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Blank resistance

The blank resistance is a lumped parameter that accounts for the voltage drop in the
electrode compartment. It is often employed in electro-membrane processes where the
effects of the electrodes are not of primary importance and can be represented by a single
parameter. This resistance accounts for the standard potential and overvoltage of the
electrode’s reactions, as well as for the resistance of the end-membranes and solution
channels associated with the electrode compartments.

For the stack described in section 3.1, a sodium sulphate solution is employed as the
electrode rinse solution. This salt is used to increase the conductivity of the electrodes
rinse solution (ERS) compartments, but it remains chemically inert from a reaction point
of view. The redox reactions are the production of hydrogen and oxygen.

At the cathode the production of hydrogen is obtained though the following electro-

chemical reaction:

1
H*+e S H, (276)

while at the anode oxygen is produced according to:

2H,0 2 0, + 4e + 4H* @77)

A blank resistance test was conducted employing a lab-scale EDBM (FT-ED-100,
Fumatech BWT Gmbh, Germany) unit. The choice of using a lab-scale EDBM unit
instead of the semi-industrial unit was due to the difficulty of disassembling and
assembling the larger unit. Moreover, the blank resistance is usually obtained as a lumped
value expressed as areal resistance and it generally causes a small variation of the overall
stack voltage of about 10%. Consequently, it is sufficient to have a rough estimate for

modelling purposes. The laboratory unit has an active membrane area of 10 x 10 cm? and
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includes PVC/ECTFE woven spacers (thickness =480 pum). The electrode compartments’
configuration consists of two ERS compartments adjacent to the electrodes, two end-
membranes (CEM, FUMASEP® FKB-PK) and an acid compartment between the two
end-membranes. A schematic representation of the electrode cell test set-up is reported in
Figure Ala. The configuration of the ERS compartments mimics that of the semi-
industrial unit simulated in this study. A DC power supply (1902B, B&K precision) was
used to power the EDBM unit. Two multimeters (Fluke 175) were connected to measure
the electrical current and voltage provided by the power supply to the stack.

The tests were conducted utilizing solutions. Specifically, the ERS was prepared using
demineralized water and adding 35.5 g L™ of Na,SOs (technical grade, CR GRUPO
CRIMIDESA). The acid solution was prepared from demineralized water, adding HCI
(ACS Reagent 37%, Honeywell, Fluka) to reach a concentration of 0.5 mol L. This acid
concentration is representative of an intermediate condition of a closed-loop test, in which
the acid concentration varies in the range of 0.05—1 mol L. The solutions were fed into
the stack using two peristaltic pumps (YT15, BT601S Lead Fluid, CO LTD, China) and
adopting an open-loop configuration. The flow rates of the solutions were chosen to
guarantee a channel flow velocity of 2.7 cm/s, which is the same as that used for the tests
with the semi-industrial unit.

During the blank resistance tests the current density supplied to the stack was varied
between 50 and 500 A m~, in increments of 50 A m™. 3—5 minutes were allowed between
adjustments to ensure that the steady-state condition was reached. At each steady-state,
both voltage and current data were recorded. The apparent specific areal stack resistance
was calculated by dividing the voltage by the current density for each steady-state
condition. The trend of blank resistance as a function of the current density is reported in

Figure A1b.
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A regression curve, fitted to the experimental data, was used in the model to predict the

electrode voltage drops.

a) b)
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ES As ES
t 0.04 .
y = 0.4024303x0-6017794
CATHODE 2 0.9931650
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Figure Al. a) configuration of the electrodes compartments of the stack described in section 2.1, with two end-
membranes (CEM) and three channels (two ERS and one acidic). b) experimental trend of the blank resistance as

a function of the current density. The regression curve employed in the model to account for the blank resistance is
shown.

284



		2024-12-01T07:44:57+0000
	GIOVANNI VIRRUSO


		2024-12-01T11:54:39+0000
	Giorgio Domenico Maria Micale




