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In the framework of “energy transition and decarbonation”, green hydrogen has been proposed as the most promising future energy carrier. However, its cost is still higher than the Levelized Cost of grey hydrogen from steam reforming. Furthermore, there is an increasing demand of freshwater which must be covered. With this respect,esalination of salty water is a very promising option able to tackle this issue.
In this work a 1000 cell-pairs electrodialysis ED unit is studied and proposed to desalinate 5 g/L brackish water to the target value of 0.5 g/L. A typical ED stack consists of a repetition of membranes and spacers sandwiched by two electrodes only, whose cathode can intrinsically guarantee a low hydrogen production. The proposed idea is to insert additional shared electrodes in the cell package in order to increase the hydrogen productivity, without changing the freshwater production. The resulting configuration is named Hydrogen-Electrodialysis HED and allows the simultaneous production of water and a worthy amount of hydrogen. A preliminary techno-economic analysis is carried out to assess its feasibility and profitability. Preliminary results show an attractive minimum levelized cost of hydrogen of 3.43 €/kgH2, proving that there is a large room for future more-in-depth studies.
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[bookmark: _Toc110700450][bookmark: _Toc152862236]Introduction
During the 20th century, societies have developed and based their progress on the use of energy from coal and crude oil. Unfortunately, only in the recent years the ethical revolution has moved communities and nations towards a 'greener' point of view, aimed to an economic development being more sustainable and focused on the environment safeguarding. During the Paris Agreement [1] (COP21), in December 2015, a global framework was established to avoid drastic climate change. Few years later, these targets were updated and strengthened by the EU as part of the European Green Deal [2], in which European community aimed to cut emissions by 55% compared to 1990 levels by 2030. It also aimed to become a climate-neutral society, both as a challenge and an opportunity for building a better future by 2050. As a part of this ecological transition, and in an effort to move away from highly polluting energy sources such as carbon-fossil fuels, the challenge of hydrogen as a future energy carrier has been opened [3,4]. The scientific and the European community are very interested in obtaining hydrogen from clean energies, both (i) as an improvement of existing technologies, and (ii) as research in identifying new methods for its production. For example, one of the Green Deal objectives is to reduce the current cost of hydrogen obtained from renewable sources (i.e., green hydrogen) under 2 € kg-1H2 and to minimise emissions for its production. Today, green hydrogen production costs are strongly affected by multiple variables, such as electricity cost and consumption, working hours per year (or full load hours), plant size, electrolyser costs etc. The perspectives consider the green hydrogen production cost through water electrolysis about 4–8 € kg-1H2 [5,6].
A generic electrolysis unit can produce hydrogen by applying an external electrical potential sufficiently high to allow water electrolysis. The redox reactions involved occurs at the electrodes, in which hydrogen and oxygen are produced at cathode and anode, respectively. Renewable energies can be used (e.g., photovoltaics, wind power, etc.) to supply the energy drawn by the electrolyser, thus guaranteeing carbon-free hydrogen production. When the same pH is used at both electrodes, the thermodynamic standard redox potential of the electrolysis reaction is equal to 1.229 V, according to the Pourbaix water diagram. The water electrolysis reactions are schematised in Table 1, with the corresponding standard reduction potentials. However, this ideal potential is not sufficient for hydrogen and oxygen evolution reactions (HER and OER) to take place, and an additional energy supply (i.e., higher voltage) has to be given to the cell due to kinetic reasons and overvoltage.
[bookmark: _Ref125540424]Table 1 Water electrolysis reactions in acid or neutral/alkaline medium.
	
	Acid Medium
	Neutral or Alkaline medium

	
	Semi-Reaction
	Potential
[V/SHE]
	Semi-Reaction
	Potential
[V/SHE]

	Reduction
	
	0
	
	-0.828

	Oxidation
	
	1.229 
	
	0.401 

	Global
	
	1.229 V



Several electrolysers have been proposed in literature, among these, two are the mostly adopted at the industrial scale: (i) Alkaline Water Electrolysers (AWEs) [7–9] and (ii) Proton Exchange Membrane Water Electrolysers (PEMWEs) [9–11]. AWEs are the mostly used and consist of two electrodes separated by a diaphragm, and as electrolyte high concentrated KOH (~30 % wt.) is used. The hydroxyl ions produced by the water reduction at cathode go through the separator and are oxidised in the anode, producing oxygen. The separator is generally used to a better separation of the products to avoid the undesired mixing of the two gases (furtherly avoided by a no-zero gap configuration), although its presence causes an increase in the ohmic losses. Typical current densities for these systems range between 0.2–0.8 A cm-2 and required an average energy consumption of 56.5 kWh kg-1H2. Conversely, PEMWEs involve lower volume, higher purity of products and allow higher current densities (typically more than 1 A cm-2, up to 10 A cm-2). The PEMWE is a zero-gap electrolyser composed by a proton exchange membrane, a Catalyst Coated Membrane (CCM), which means that the membrane is coated on both sides with the cathode and the anode catalyst layer, Gas Diffusion Layers (GDL) and the bipolar plates of the cell. The cell uses as feed high purity water (>18.2 MΩ·cm), due to the Platinum Group Metals (PGM) used as catalysts, and it works with a wet anode and a dry or wet cathode, depending on the configuration chosen. Water firstly proceeds through the GDL, and once it reaches the anode catalyst layer, reacts according to the acid medium redox reaction, thus producing oxygen and protons. H+ ions pass across the membrane (typically a Nafion®), reach the catalyst layer, and react, thereby producing hydrogen. The operative conditions of the cell usually are 70–80 °C temperature and pressurised (< 70 bar) [6]. PEMWEs have been recently proposed at industrial scale (MW plant) in many projects (HOPE project 5MW [12], Gibson island project PLUG 550 [13], GALP Sines refinery of a PLUG 100 MW [14] etc.) and their use is growing steadily. Their advantages include: (i) high current and hydrogen productivity, (ii) high hydrogen purity, (iii) low electrolysers volume and (iv) possibility to compress the products, with a reduction of pressurization and storage costs. Another interesting electrolyser is the solid oxide electrolyser cell (SOEC) [15,16]. The strength point of this electrolyser is the significant reduction of the electricity requirements thanks to the high temperature involved (700-850°C). In this case, a solid electrolyte constituted by stabilized zirconia is placed between the electrodes, while the high temperature promotes the diffusion of the O2- from the cathode to the anode for the oxygen production. However, this technology has still a low Technology Readiness Level (TRL). In addition, high costs and the requested high temperature are currently inhibiting the spread of this technology. Among the emerging electrolysers, Anionic Exchange Membrane Water Electrolyser (AEMWE) is spreading as one of the most promising [17,18]. It has features similar to PEMWE and AWE: the cell is composed by two Catalyst Coated Substrate (CCS), the separator is an anion exchange membrane, thinner and with better performances than a diaphragm, as feed uses a 1 M KOH (5–6 % wt.) solution. The operation of the AEMWEs are the same of the AWEs, but comparing the two electrolysers, AEMWEs guarantee higher currents, the electrochemical pressurisation of the products and a lower risk of having explosive mixtures. Compared to PEMWEs, AEMWEs do not require PGM electrodes, usually Nickel based catalysts are used, and exhibit a lower environmental footprint. However, AEMWE is a recent technology and, although it looks promising, it is still in the research phase.
Another important topic for United Nations and Agenda 2030 goals is water [19]. Since freshwater is a limited resource (<2.5 % of the terrestrial water [20] and a minor part of it is easily available), researchers’ interest is to find new (or optimise) existing technologies able to produce freshwater from alternative resource, with special focus to brackish and seawater (BW and SW) through desalination. Among the existing desalination technologies, Reverse Osmosis (RO) [21], Multi-Effect Distillation (MED) [22] and ElectroDialysis (ED) [23,24] are the mostly studied. RO currently dominates the desalination field. When low salinity feeds are to be desalinate, ED become competitive compared to RO. Generosus et al. stated that ED can be more profitable when a salty feed lower than 10 g L-1 is treated. For a feed concentration ranging 2–10 g L-1, water costs are about 0.25–0.5 $ m-3w [25]. The electrodialysis unit is a stack constituted by two electrodes plates that enclose a repetition of cationic and anionic exchange membranes (CEMs and AEMs) separated by spacer-filled-channels. The repetitive unit of the system is called cell pair and it is composed of two Ionic Exchange Membranes (a CEM and an AEM) and two channels. While the feed to desalinate is flowing in the spacer-filled-channels of the stack, an electric voltage is applied at the electrodes through a power supply. As a consequence, red-ox reactions occur at the electrodic compartments and ions start moving across the IEMs according to their electrical charge (ideally, cations pass through the CEMs, while they are blocked by the AEMs). As a result, the feed solution is split into a low salinity one (i.e., freshwater, hereafter indicated with the subscript L) and a high salinity one (i.e., brine, hereafter indicated with the subscript H).
In conventional ED plants [24], as electrode rinse solution (ERS) at the electrodic compartments, demineralised water with a chosen electrolyte is employed. Typically, hydrogen at the cathode and oxygen at the anode are produced as a result of the red-ox reactions needed to close the circuit. These two gases are considered to be a by-product in ED plants and attention is paid to their handling and release. Electrodic compartments-related power drawn, due to (i) the electric potential, (ii) the overpotential needed for the red-ox reactions and (iii) the corresponding ohmic losses, is negligible in industrial plants where several (up to 1000) cell-pairs are assembled.
Reverse ElectroDialysis (RED) is the opposite process to ED: although the stack employed is the same, in RED a spontaneous controlled mixing of two different salty streams is made to generate energy [26]. There are some papers proposing the use of salinity gradient energy to produce green hydrogen via RED. Raka et al. [27] developed a model to estimate the feasibility of using RED with ammonium bicarbonate (AmB RED) solutions for thermally driven hydrogen production. Nazemi et al. [28] proposed a model to evaluate the hydrogen and electricity that can be obtained from a RED stack mixing artificial NaCl solutions. Recently, Pellegrino et al. [29] studied for the first time the possibility of using a RED system operating under short-circuit and Assisted-RED conditions to produce H2. They performed a preliminary techno-economic analysis showing a promising (under the best terms) levelized cost of hydrogen of 3.2 € kg-1H2, but a maximum productivity of 1.7 mol h-1 m-2, leaving room for further studies. Surprisingly, notwithstanding green H2 production via RED has already been studying in literature, there are only barely reference that use the traditional ED to this aim. In 2023, Alshebli et al. [30] experimentally studied the possibility to employ an ED unit producing H2 at the cathode as desired product for the desalination of a Na2SO4 solution 0.14 M. Results show a specific energy consumption of 9.9 kWh per m3 of desalinated Na2SO4 solution and a hydrogen production rate of 16 mmol h-1 with an electrode surface of 64 cm2 (corresponding to 2.5 mol h-1 m-2). Recently, Fonseca et al. [31] assessed the feasibility of water desalination with ED for the co-production of hydrogen with different feed concentration in the range 10–30 g L-1 of NaCl, different electrolyte solution concentration of Na2SO4 and two different membranes. They tested a 5 cell pairs, 56.3 cm2 of active surface system, obtaining a maximum hydrogen production up to 21.6 mL h-1 cm2 (almost 9.67 mol h-1 m-2) at a current density of 469 A m-2. The papers by Alshebli [30] and Fonseca [31] confirm the possibility to desalinate a salty solution and produce hydrogen via ED.
In this work, we propose a novel ED configuration able simultaneously to (i) desalinate brackish water (BW) and (ii) produce green (if a renewable energy source is adopted) H2 and O2 with higher productivities. A schematic representation of the proposed idea, hereafter named Hydrogen Electro-Dialysis (HED) is reported in Fig. 1. BW feeds the ED stack and it is desalinated thanks to the external electrical field applied, thus generating freshwater and a solution at higher concentration. Part of the freshwater produced is employed as make-up for the alkaline water used as ERS in the electrodic compartments (as it occurs in AWEs). Thus, when electric energy is supplied, the system is able to produce freshwater, H2 and O2 from brackish water.
An ED mathematical model previously developed by our group [32] was purposely modified to predict the behaviour and the performance of the HED unit, and to estimate the H2 production rate. Economic equations were also implemented to assess the economic feasibility of the technology. The idea is to find the HED configuration (for instance in terms of electrodes numbers, see section 3) able to provide an acceptable Levelized Cost Of Hydrogen (LCOH) for the case of a freshwater cost compliant with the current desalination market. To this purpose, the revamping possibility of an already-existing ED plant to convert it into HED is also investigated in terms of economic profitability.
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[bookmark: _Ref125558551]Fig. 1 Schematic representation of the HED technology. The broken rectangle indicates the repeating unit of the technology named cell-pair.
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[bookmark: _Toc110700453][bookmark: _Ref112410749][bookmark: _Toc152862238]Model main equations
Electrodialysis mathematical models are widely discussed in literature and further information can be found in [32–34]. Given the preliminary nature of the present work, the multi-scale, semi-empirical mathematical model (implemented on Excel VBA) here adopted [32] is based on the following assumptions:
1. The model is discretised along the main flow direction only;
2. Feed is assumed as a saline stream constituted by sodium chloride and water only;
3. Short-cut currents through the manifolds of the stack are neglected;
4. Faradaic efficiencies of OER and HER are assumed equal to 100%.
The ED model deals with the physics of the system using a multi-scale approach ranging from the channel level to the whole stack. The channel model is the low-scale model, where Computational Fluid Dynamics is used to provide suitable correlations for the Sherwood number. The cell-pair model is the intermediate-scale model: it accounts for the mass transport and balance equations including diffusive, convective and migrative fluxes. The high scale model is relevant to the whole stack which is modelled as a number of cell pairs () placed in parallel.
As stated above, the model is discretised along the main flow direction by dividing the domain into  elements. The concentrations, the flow rates, the physical properties, and the electrical variables are calculated for each  element. The system can be modelled with an equivalent electrical circuit, as schematically represented in Fig. 2. Each component of the cell pair is associated to an electric circuital item. The ohmic resistance of the spacer-filled channels can be calculated according to the following equation:
	
	Eq. 1


where  is the spacer shadow factor,  is the spacer width and  is the solution conductivity (estimated via Islam’s modified equation [35]). The subscript  is referred to the generic solution that flows in the channel (i.e., either the dilute L or the concentrate H). IEMs can be modelled as ohmic resistances and generators: the resistance term () can be taken from the technical datasheet of producers. The overall cell resistance can be calculated as the sum of the ohmic losses through compartments and membranes: . Conversely, the generator-like term (i.e., the electromotive force) can be calculated as follows:
	
	[bookmark: _Ref152777154]Eq. 2


where  [33] is the average permselectivity of the membranes (i.e., the arithmetic mean between CEM and AEM),  is the gas constant, T is the absolute temperature, F is Faraday constant, z is the ion valence (for NaCl it is equal to 1),  is polarization factor [32], c and  are the bulk molar concentrations and the activity coefficients of the solution, respectively.
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[bookmark: _Ref151890062]Fig. 2 Equivalent electrical circuit of the electrodialysis unit. 
By solving Kirchhoff’s voltage law for Fig. 2, the current density can be calculated as follow:
	
	Eq. 3


where  is the stack electric potential difference (corresponding to the potential difference applied by the power supply),  is the end-membrane resistance and  is the electrode-compartment solution resistance.  is the overall voltage drop at the electrodes, including the thermodynamic (standard red-ox electrode potentials) and the kinetic contribution (i.e., overpotentials due to electrode activation, transport, etc.). Given the preliminary nature of the present investigation,  was considered constant and equal to the value of 1.7 V suggested by IRENA [36].  is the current density flowing in the external circuit defined as the sum, over the stack length L, of all the local current densities  estimated in each k-element, in formula: . Notably, in RED and ED literature, the sum  is typically indicated as the so-called blank resistance [32,33,37]. In other words, all the voltage losses which are not related to the cell package resistance  are grouped in the blank resistance, which corresponds to the sum of electrode potential losses, end-membrane resistance and ERS solution resistance. The blank resistance is typically low compared to the stack one, thus providing a negligible contribution to the total energy consumption, especially when a large number of cell pairs (as it occurs in industrially relevant stacks) is assembled in the system. In the HED technology, the contribution of the electrodes voltage might be significant, when several electrodes are inserted in the stack to increase H2 and O2 productivity (see Section 3). 
By solving the mass balance equations, once coupled with the electrical equations, it is possible to calculate the flow rate and the concentration of the outlet streams (full details can be found in [33]). Once the external current density i has been calculated, the molar flux of hydrogen and oxygen released at the electrodes can be easily calculated as follows:
	
	[bookmark: _Ref125388912]Eq. 4


where  is the number of electrons that participate to the semi-redox reaction, 2 for hydrogen and 4 for oxygen. Multiplying the molar flux J by the molecular weight of the gas and by the active membrane area , the mass flow rate of hydrogen  and oxygen  can be calculated.
The Specific Energy Consumption (SEC) is calculated as the amount of power required by the unit in kW (defined as the product by the external potential  and the current ) divided by the hourly flow rate of product obtained. Thus, the water SEC (WSEC) and hydrogen SEC (HSEC) can be calculated as follows:
	
	Eq. 5

	
	Eq. 6


An experimental campaign was made in order to calibrate and validate the technical model. The experimental set-up consisted in an ED unit with an active area of 10 x 40 cm2, equipped with 10 cell pairs. The membranes used were Fujifilm Type 10 (Tilburg, The Netherlands), separated by woven spacers 155 μm thick (Redstack, Sneek, The Netherlands). A Nafion membrane was inserted as end membranes. The system was studied at the same current density (146.82 A m-2) of the scenario investigated in section 3, and a discrepancy of about 3% was found between the model and the experimental data. The technical model is assumed validated on in-house experiments. Only this comparison is reported here for the sake of brevity. Full details on the validation of adopted the multi-scale semi-empirical model can be found in [38].
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In order to assess the HED technology costs, an economic model was developed using the output values of the technical model as input. For instance, (i) the stack potential () defines how much energy has to be taken by the grid (or by standalone renewable energy sources); (ii) the H2 and O2 flowrates produced are used to calculate the technology revenues. Both capital and operating costs were estimated, and a cumulative cash flow diagram was calculated to estimate the plant profitability. The Fixed Capital Investment (FCI) is calculated as the sum of all the equipment and indirect costs as follows:
	
	Eq. 9


Each addendum is defined in Table 2, where the cost values are referred to specific geometrical features of the stack: e.g., for evaluating the overall spacers cost it is necessary to multiply the specific cost  reported in Table 2 by the total active membrane area (i.e., ). Concerning the cost of one electrode, being the active area  equal to , the electrode cost is equal to , etc. 
[bookmark: _Ref125389044]Table 2 Main cost items for the economic analysis.
	Membranes cost  [39–41]
	
	

	Electrodes cost  [39–41]
	
	

	Casing cost  [39–41]
	
	

	Spacers cost  [39–41]
	
	

	Pump cost  [42]
	
	

	Piping cost  [42]
	
	

	Labour cost  [27,41]
	
	

	Other costs  [39–41]
	
	

	*
**


Manufacturing and operative costs (OPerative EXpenditures, Opex) are the sum of maintenance and day-by-day operation costs, and were calculated according to Eq. 10:
	
	[bookmark: _Ref150438513]Eq. 10


where  is the electricity costs required by the HED unit and  (see Table 2) includes all the other manufacturing expenditures such as indirect costs, maintenance, etc. Depreciation  is estimated with a straight line method as equal to , according to Turton [43], where S is the salvage value and  is the project lifetime.
Finally, the product between the price of water  and the total amount of fresh water produced  provides the revenue obtainable from the selling of water. Clearly, in the case of HED technology, the co-production of hydrogen and oxygen represents a further plant revenue. Thus, the total revenue  can be calculated as follows: 
	
	[bookmark: _Ref158202190]Eq. 11


where  and  are the hydrogen and oxygen specific prices, respectively. Net Present Value (NPV) is calculated at the end of the project lifetime according to its standard definition [43] reported in Eq. 12: 
	
	[bookmark: _Ref125389233]Eq. 12


where i is the discount rate. Clearly, being expenditures, the capital and operative costs are negative economic items.  is also a negative economic item and is estimated as a percentage t of the yearly net profit (i.e., ).
Levelized Cost Of Hydrogen (LCOH) (Eq. 13) and Levelized Cost Of Water (LCOW) (Eq. 14) were adopted as additional profitability indexes in order to compare HED with conventional electrolysers and ED units:
	
	[bookmark: _Ref150438488]Eq. 13

	
	

	
	[bookmark: _Ref150438493]Eq. 14


Levelized cost corresponds to the selling price at which a product (i.e., either H2 or H2O) has to be sold in order to get a NPV equal to zero at the end of the project lifetime n. In other words, the Levelized cost is the minimum selling price of hydrogen (or water) to recover all the expenditures faced during the entire plant lifetime. Notably, in order to calculate the levelized cost of a product (i.e., either H2 or H2O), the revenue relevant to the other product has to be fixed: more precisely, it is necessary to set the water selling price to assess LCOH, and to set the hydrogen one for the LCOW calculation.
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The water considered in this work is a 5 g L-1 brackish water (BW), which is chosen to be diluted down to a target concentration of 0.5 g L-1. The feed enters the stack always at the velocity of 5 cm s-1 and 1000 cell pairs are always assembled in the system, thus corresponding to an overall flowrate of 89.1 m3 h-1 per stack. The aim of the present work is to evaluate the profitability of the HED technology. To this purpose, the scenario variables reported in Table 3 are adopted.
[bookmark: _Ref125381718][bookmark: _Ref125390986]Table 3 Technical and economic scenario variables
	Plant lifetime  [29,39]
	20
	

	Discount rate  [29,39]
	3
	%

	Taxation rate t
	10
	%

	Salvage Value  (% of FCI) [43]
	10
	%

	Working hours 
	8000
	

	Membrane lifetime [39,40,44]
	7
	

	Electricity cost  [39]
	0.1
	

	Oxygen price  [29,45]
	0.2
	

	Stack length 
	1
	

	Stack width 
	1
	

	Spacers thickness (concentrate channel) 
	150
	 

	Spacers thickness (dilute channel) 
	450
	 

	Shadow factor  [39]
	1.5625
	-

	Number of cell pairs 
	1000
	-

	Inlet velocity of the feed  [23]
	5
	

	Permselectivity  1
	0.95
	-

	Membrane resistance  1
	1.85
	

	Membrane width  1
	135
	 

	1 Averaged from technical datasheet - Fujifilm IEM Type 10


An ED stack of 1000 cell pairs has been taken as reference in this work. A current density of 146.82 A m-2 guaranteed the dilution target of 0.5 g L-1 to be reached. This current would also allow a H2 production of 44 kgH2 year-1 in a conventional ED unit, where only one cathode is present. This productivity is quite low and makes this standard ED unit unsuitable for significant H2 production. This H2 production rate results from (i) the low current density and (ii) the active electrode surface available. The former is not an input variable of the process, because it is defined by the inlet concentration and the desalination target. The latter is a stack geometric variable considered as suitable for industrial stacks and it is not recommended to be changed. 
Industrial electrolyser stacks are constituted by several cathodes and anodes to increase the hydrogen productivity: by taking electrolysers as example, our idea is to insert multiple electrodes in the 1000 cell-pairs HED stack as explained in Fig. 3. Thus, the number of total cell-pairs (i.e., 1000) and the treated feed flowrate are not let to vary. The desalination target is kept constant as well. Trivially, the addition of the cathodes causes a proportional increase in the hydrogen production rate. The cathodes are inserted within the cell package and shared by the two adjacent sub-cell-packages formed. As a consequence, the stack can be imagined as packed between two cathodes and a number of anodes equal to the number of cathodes minus 1 (see Fig. 3). Moreover, for each added electrode an extra end-membrane has to be inserted. An explicative example is reported in Fig. 3 for the sake of clarity. In Fig. 3a, a HED stack composed of 16 cell-pairs is shown: by the addition of a new electrode, the cell package is divided up into 2 sub-cell-packages (Fig. 3b). Having two cathodes, this new stack is now able to produce a double quantity of hydrogen. By adding 2 more electrodes (Fig. 3c), 4 times higher hydrogen productivity can be obtained (compared to case a). Electrode addition can be further performed up to a superior limit corresponding to a couple of electrodes per each cell-pair.
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[bookmark: _Ref148090012]Fig. 3 Schematic representation of the HED technology for different R-values
The number of electrodes added is indicated by  and by the corresponding R-factor purposely defined as follows:
	
	Eq. 15


where  is the number of cell-pairs (set equal to 1000), and  is the total number of electrodes. According to the definition, when R increases, the number of electrodes of the system decreases: for R=1, HED is constituted by the repetition of 1001 electrodes (500 anodes and 501 cathodes) spaced by 1 cell-pair; when R=1000, all the cell-pairs are assembled between one single couple of cathode and anode (representing the standard ED configuration). It is worth noting that (i) the denominator () numerically corresponds to the number of sub-cell-packages in parallel, and (ii) R also corresponds to the number of cell pairs assembled per each sub-cell-package.
In addition, being the unit a hybrid technology between an electrolyser and an ED unit, two different efficiencies can be defined as follows:
	
	Eq. 14

	
	Eq. 15


where  is the SEC of an equivalent electrolyser,  is the SEC of an equivalent ED unit, and  is the SEC of the HED technology defined in section 2.1.
RESULTS AND DISCUSSION
[bookmark: _Toc152862243]Technical analysis
HED technology can be compared to 2 opposite limit cases: (i) classical electrodialysis process (ED, corresponding to R=1000), where freshwater is the target and hydrogen is a by-product with an overall negligible economic worth; (ii) alkaline electrolyser composed of 1000 units in parallel (H2-El.), operating at the same current of the ED unit and producing H2 and O2. HED is a mixture of these 2 limit cases, and its main peculiarity is the simultaneous production of (i) freshwater and (ii) H2. This is why HED main features are compared to equivalent electrolysers for the H2 production and to an equivalent ED unit for the freshwater production. Note that oxygen is also a product of HED, but its worth was assumed constant, and no profitability analysis was performed on it given its low market value.
Fig. 4 shows the energetic analysis of the HED unit in terms of water and hydrogen specific energy consumption compared to the energy demand of the equivalent ED and Electrolyser H2-El. (dashed lines in the figures). For the case of low R-values, H2 production plays a crucial role and a much higher power has to be supplied to the HED system compared to the standard ED, thus resulting into a higher WSEC value as well (Fig. 4a). For instance, at R=1000, ED WSEC is 0.97 kWh m-3w, which is about five times lower than the WSEC at R=1. It is not surprising because the flowrate of freshwater produced is the same while R is letting to vary. In other words, the higher R, the lower the gross power required due to the lower number of cathodes. Notably, for R values higher than 100, the curves asymptotically approach the ED dashed lines, because the electrodes voltage drops are almost negligible compared to the total amount of power supplied for the brackish water desalination.
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[bookmark: _Ref125389831]Fig. 4 Energetic analysis of HED technology and comparison with equivalent Electrodialysis (ED) unit and with equivalent electrolyser (H2-El.): gross power drawn and the specific energy consumption SEC as a function of the R-value and of the number of electrodes. a) focus to water, b) focus to hydrogen.
The power drawn and the hydrogen specific energy consumption HSEC for the H2 production are shown in Fig. 4b. Also in this case, for the scenario closest to the 1000-units electrolyser (R=1), the power required by the HED unit is higher than that of the equivalent electrolyser, due to the additional electrical consumption required by the brackish water desalination (about 64 kW as observable also in Fig. 4a). Compared to Fig. 4a, the trend of the SEC versus R is the opposite: HSEC increases with R. As a matter of fact, the higher R, the lower the number of electrodes and the H2 production, while the freshwater produced (and the energy to do it) is the same. Thus, the overall amount of energy consumed is divided by a decreasing amount of H2 produced, even reaching the unrealistic value of almost 5.6 MWh kg-1H2.
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[bookmark: _Ref125390084]Fig. 5 Water and hydrogen efficiency trend versus R-value and of the number of electrodes.
Fig. 5 shows the trend of the efficiencies as a function of R. An increasing R-value significantly reduces the hydrogen efficiency as expected. Conversely, for low R-values the hydrogen efficiency increases, becoming almost 50% for R=4, and reaching 80% for R=1. The asymmetry between the two efficiency curves is due to the fact that the power required by the system to desalinate the feed is comparable with the one required by the electrodes when R=1. Conversely, for the case of high R-values, the electrodes contribution become negligible with respect to the energy required by desalination.
[bookmark: _Toc152862244]Economic analysis
In Fig. 6 the Fixed Capital Investment (FCI) normalized with both the water and hydrogen production is shown as a function of R: the trends reported somehow recall the behaviour of the corresponding WSEC and HSEC trends shown in Fig. 4. FCI variation with R mainly depends on the addition of electrodes. When R is low and the hydrogen production is the highest, the specific hydrogen FCI reduces with a minimum value of 0.45 € kg-1H2 for the case of R=1. When R is high and hydrogen productivity is low, the hydrogen specific FCI increases because the capital costs for the water production (i.e., membranes, spacers, etc.) count more, reaching a value of 21.71 € kg-1H2 when R=100 (almost 48 times higher than the value obtained for the R=1 case). Conversely, when FCI is normalized with the water production, it decreases with R as expected, but the variation range is lower (it only about halves with R) due to the constant freshwater production.
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[bookmark: _Ref152783426]Fig. 6 Specific fixed capital investment FCI, normalized with respect to hydrogen (in blue) and water (in orange).
The FCIs are limited to the initial investment for the plant production, conversely, levelized costs allow the profitability of the investment to be assessed. Fig. 7a and Fig. 7b show the trend of the levelized costs of freshwater and hydrogen for the HED technology versus the R-value for the input values reported in Table 3. The figures also provide a comparison with standard equivalent ED unit (R=1000) and 1000-cells electrolyser. Those trends are calculated assuming, respectively, the price of hydrogen, for the LCOW calculation, and the price of water, for the LCOH calculation, equal to zero. In Fig. 7a, when R is low, the HED LCOW is the highest with a value of 0.43 € m-3w, due to the additional electrodes and the corresponding increase in power requirement for hydrogen production. As R increases, the two curves approach each other up to match a common value of almost 0.14 € m-3w, that is the LCOW found for the case R=1000 (ED) where hydrogen production is irrelevant. 
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[bookmark: _Ref125390573]Fig. 7 Levelized costs versus R and the number of electrodes: a) LCOW of ED and HED technologies assuming a selling price for hydrogen equal to 0 € kg-1H2; b) LCOH of HED and of the equivalent electrolyser H2-El. assuming a selling price for water equal to 0 € m-3w.
Conversely, Fig. 7b shows the levelized cost of hydrogen. LCOH of the corresponding electrolyser is found equal to 3.43 € kg-1H2, while the HED technology always exhibits higher values due to the additional costs relevant to water production. Due to the decreasing number of cathodes (and according to the HSEC trend), the higher R, the higher LCOH. 
Notably, the trends shown in Fig. 7 are calculated without giving a worth to the other product but, clearly, a couple of possible prices for hydrogen and freshwater can always be given. This is why LCOH is plotted in Fig. 8 as a function of R and of the selling price of water. Each line shown represents the locus of points where NPV is equal to zero for a specific R value. The higher the R-factor, the higher the line slope, i.e., small variation on water price corresponds to large difference in the LCOH. All the lines intercept in one single point, corresponding to the couple of values 0.14 € m-3w and 3.43 € kg-1H2, seen in Fig. 7 for the standard ED and electrolyser, respectively. As R increases, the lines exhibit a clockwise rotation around this last point, reaching the ED limit of the plot corresponding to the vertical dashed blue line (for R=1000). The two dashed lines (limit LCOH of the ED and electrolyser cases) also identify 3 different regions identified by: (i) lower selling prices of water and hydrogen (pink colour region in Fig. 8), in which NPV is always negative and there is no revenue by the plant; (ii) higher selling prices (green colour region in Fig. 8), where NPV is always positive and there is room for economic profitability; (iii) the grey colour regions indicate the possible couple of selling prices for which NPV=0.
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[bookmark: _Ref125391378]Fig. 8 LCOH versus the price of water. The curves are parameterized with R-value.
Similar considerations can be inferred from Fig. 9 where LCOW vs R is reported as a function of the hydrogen selling price. Increasing H2 selling price allows water to be sold at a lower price to breakeven after n years (i.e., lower LCOW). Clearly, LCOW is equal to 0.14 € m-3w when H2 selling price is 3.43 € kg-1H2. Thus, LCOW is found lower than 0.14 € m-3w when H2 selling price is higher than 3.43 € kg-1H2. In particular, for values higher than 5 € kg-1H2 and low R, a negative LCOW occurs, meaning the freshwater should be sold at a negative value to breakeven after n years: being this unrealistic, a positive NPV is expected even if water would be given for free. Note that, the chosen hydrogen prices reported in the figure refer to the price of grey hydrogen (2 € kg-1H2, [5]), the lower green hydrogen (5 € kg-1H2, [5,6]), the upper green hydrogen (8 € kg-1H2, [5,6]), and the today price in refuelling station (12 € kg-1H2, [46]).
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[bookmark: _Ref125395351]Fig. 9 LCOW versus R and number of electrodes as a function of the hydrogen selling price. 
An interesting point of view could be the one of a water producer, who already holds an ED plant and needs only to add the electrodes and the end-membranes to the stacks (i.e., ED plant revamping). In this case the FCI takes into account the addition of the new equipment only (i.e., electrodes and end membranes), and the operative costs account for the increment in power required for the water electrolysis (i.e., overall voltage drop at the electrodes,  ). The contour plot in Fig. 10a shows the NPV provided by the revamped plant (hereafter named NPVrevamping) when the price of water is fixed to the LCOW of the equivalent ED unit (R=1000), i.e., 0.14 € m-3w. As shown and as expected, positive NPV can be achieved for hydrogen selling prices higher than 3.43 € kg-1H2 and low R-values. Interestingly, a NPVrevamping of 2.7 M€ can be reached when H2 is sold at 8 € kg-1H2 and R=1. It is worth noting that this value is relevant to a single stand-alone HED unit, while in industrial ED plants several stacks are installed. In that case, NPVrevamping would increase proportionally. As an example, if the described HED configuration is applied to the Electrodialysis Reversal EDR plant in Abrera (Spain) [47] that is able to produce 220,000 m3 per day of drinking water, the corresponding NPVrevamping would be equal to 376 M€. When H2 selling prices is reduced and R is increased, the plant profitability reduces. Just to give an example, NPVrevamping decreases from almost 950 k€ for R=1 to 11 k€ for R=100 when a price of 5 € kg-1H2 is considered.
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[bookmark: _Ref125394222]Fig. 10 Economic features of an ED plant revamped to HED as a function of R and hydrogen selling price: a) NPVrevamping, b) Specific water NPVrevamping. The corresponding water selling price is fixed to the one required by an equivalent ED unit of 1000 cell pair (i.e., 0.14 € m-3w).
The specific water NPV reported in Fig. 10b represents how much money can be earned for each cubic meter of freshwater produced by the revamped ED plant (now HED). As expected, there is room for profit especially for a hydrogen price higher than 3.43 € kg-1H2 (corresponding to a specific water NPV of 0 k€, x-axis). Its influence becomes negligible for high values of R, while a significant profit is possible for low values of R: e.g., a maximum of 13.1 € m-3w would be earned if hydrogen were sold at the value of 12 € kg-1H2.
[bookmark: _Toc152862245]Sensitivity analysis
A sensitivity analysis was performed only for case of the ED plant revamping. In Table 4, the economic data are reported for the worse, the base and the better scenario. The base case corresponds to the values adopted above in the previous sections. Trivially, the “better” scenario represents all those values that lead to an increase in the plant revenue, and the “worse” scenario is related to the values that cause a worsening of the plant remunerability.
[bookmark: _Ref125452887]Table 4 Economical data input for the scenario analysis
	Input Scenario
	Worse
	Base case
	Better

	Discount rate 
	[]
	[39–41]
	6
	3
	0

	Membrane cost 
	[]
	[38,39,41,48]
	100
	25
	4 

	Electrode cost 
	[]
	[6,29]
	500
	100
	-

	Electrode lifetime 
	[]
	[6]
	-
	17(60000 h)
	20

	H2 selling price 
	[]
	[5,46]
	2.00
	3.43
	12.00

	Tax rate 
	[]
	[39]
	40
	10
	0

	Electricity cost 
	[€ ]
	[38,39]
	0.12
	0.10
	0.05

	Labour cost 
	[]
	[27,39,41,48]
	20
	10
	0

	Other costs 
	[]
	[29,41,48]
	6
	4
	3

	Working hours 
	[
	[39,49]
	2500
	8000
	-


The tornado diagrams of Fig. 11 assess the effect of the economic data input for the case of R=1, on the NPVrevamping and the specific water NPVrevamping (Fig. 11a) and the LCOH (Fig. 11b). In the case of Fig. 11a, H2 selling price is set equal to the LCOH of 3.43 € kg-1H2, which, coupled with the freshwater selling price of 0.14 € m-3w (i.e., the ED LCOW), makes the NPVrevamping for the base case equal to zero. The main variation in NPVrevamping is due to H2 selling price and it ranges between -800 k€ to +5000 k€, respectively, for variation between 2 and 12 € kg-1H2. The second most affecting parameter is electricity cost as it represents the main cost associated with the operative expenditure. Both ED and electrolyser are energy-intensive processes, and an increase in the electricity cost can be dramatically disadvantageous for the economy of the process. The increase of only 2 euro cent causes an LCOH increase of 34% (Fig. 11b). On the other hand, if the cost of energy becomes 50 € MWh (according to the today price of renewable energy [50]) the corresponding LCOH becomes incredibly low and equal to a value lower than 1 € kg-1H2.[image: ]
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[bookmark: _Ref148108031]Fig. 11 Tornado diagrams for different economic data input: a) NPVrevamping and Specific water NPVrevamping and b) LCOH. The hydrogen selling price is set equal to 3.43 € kg-1H2 for (a). In both figures the selling price of water is 0.14 € m-3w.
The membrane cost is another economic data that can importantly affect the NPVrevamping: a membrane cost of 100  which is high, yet still comparable with some current ones, may lead to a negative NPVrevamping, or to a still acceptable increase of LCOH up to 5.23 € kg-1H2. The impact of the membranes on the costs are related to the additional end membranes which have to be added to the ED stack together with the additional electrodes. Working hours may also be an important parameter. In case one wants to supply the plant with renewable energy sources without installing an electric energy storage system, the working hours per year might drop down to 2500 h per year (typical values for a PV working 7 hours per day, [49]). In such a scenario, LCOH would encounter a ~60% increase. All the other parameters variation investigated were found not to have a significant impact on the results. Importantly, in the worst scenario investigated, the corresponding LCOH was found equal to a still promising 5.51 € kg-1H2, thus suggesting that HED might have good chance to be a profitable idea. 
[bookmark: _Toc152862246]Conclusions
In this work an electrodialysis unit constituted by 1000 cell pairs for the desalination of a (5 g L-1 of total dissolved salts) brackish water to a target concentration of 0.5 g L-1 was investigated. Traditionally, hydrogen is produced in the one only cathode closing the stack, but its productivity is so low that cannot be considered a worthy product. Modifications to the standard desalination ED unit were proposed for the simultaneous production of freshwater and a worthy amount of hydrogen: additional electrodes and relevant end-membranes were inserted into the stack, while keeping the amount of freshwater produced unchanged. This novel configuration is named Hydrogen Electrodialysis, HED. An existing ED multi-scale model was purposely modified in order to predict the performance of this novel configuration. An ad-hoc parameter named R-factor was adopted to somehow indicating how many electrodes have been added (more precisely, in how many sub-packages the stack has been divided). Results show that the number of electrodes added has a high impact on the HED unit performance and profitability. The higher R (i.e., the lower the number of added electrodes), the similar the behaviour of the HED to the conventional ED unit. The two intrinsically coincides when R=1000, thus corresponding to a LCOW of 0.14 € m-3w, somehow independently of the H2 selling price. Conversely, when R is low the behaviour of the HED becomes similar to that of an alkaline electrolyser composed of 1000 cells. In this case no match is found, because, as a difference from an electrolyser, HED is always producing freshwater, whose amount is always considered to be constant in the present work. LCOH was found equal to 3.43 € kg-1H2 when R=1 and freshwater is sold at a price equal to 0.14 € m-3w.
The scenario of revamping an existing ED stack to convert it into a HED stack by adding electrodes and end-membranes was also investigated. When H2 is sold at 3.43 € kg-1H2, NPV relevant to the revamping was found always positive: for instance, for the case of R=1 and a H2 selling price of 8 € kg-1H2, NPVrevamping was found equal to 2.7 M€. Notably, this value refers to a single HED unit made of 1000 cell-pairs. A proportionally higher gain can be earned when many HED units are used as it typically occurs in a real plant. For instance, for the case of the existing EDR plant located in Abrera (Spain), the NPVrevamping would reach 376 M€, showing a really promising potential profit. Lastly, a sensitivity analysis was performed for the case of R=1, being the latter the most promising case for the simultaneous production of water and hydrogen. Results suggest that the electricity cost, the membranes cost, and the working hours are the most important parameters. Interestingly, a reduction in the electricity cost down to 0.05 € kWh-1 might decrease LCOH to a value lower than 1 € kg-1H2. 
The economic analyses performed in the present work is at a preliminary stage and there is large room for further specification and improvements. However, the interesting profitability results collected are encouraging. These justify additional scientific efforts to be devoted to more detailed analyses of HED and suggest it as a promising technology for the simultaneous production of freshwater and green hydrogen.
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	Symbols

	Am
	m2
	Membrane area

	b
	m
	Stack width  

	c
	mol·m-3
	Concentration

	
	€·unit-1
	Specific cost

	
	€ year-1
	Annual cost

	
	€ 
	Cost

	d
	-
	Discount rate

	
	€ year-1
	Depreciation (Straight Line method)

	E
	V
	Voltage

	F
	C·mol-1
	Faraday constant

	FCI
	€
	Fixed capital investment

	fx
	-
	Spacer shadow factor

	HSEC
	kWh kg-1H2
	Hydrogen specific energy consumption

	I
	A
	Current

	i
	A·m-2
	Current density

	J
	mol m-2 s-1
	Molar flux

	k
	-
	Element of discretization

	L
	m
	Stack length

	LCOH
	€ kg-1H2
	Levelized cost of hydrogen

	LCOW
	€ m-3w
	Levelized cost of water

	n
	year
	Plant lifetime

	ne
	-
	Number of electrons

	
	-
	Number of electrodes

	
	-
	Number of discretized element

	
	€
	Net Present Value

	Opex
	€·year-1
	Operating expenditures

	P
	W
	Power

	PS
	-
	Permselectivity

	
	-
	Number of cell pairs

	
	m3·s-1
	Mass flow rate

	
	€·year-1
	Revenue

	R
	-
	Ratio

	
	J·mol-1·K-1
	Universal gas constant

	r
	Ω·m2
	Generical resistance

	S
	€
	Salvage value

	T
	K
	Temperature

	Tax
	€ year-1
	Taxes

	tm
	year
	Membrane lifetime

	
	m3 s-1
	Volumetric flow rate

	v
	m·s-1
	Velocity

	WSEC
	kWh m-3W
	Water specific energy consumption

	z
	-
	Ion charge



	Greek letters

	
	-
	Activity coefficient

	δ
	m
	Width

	μ
	-
	Efficiency

	
	-
	Polarization coefficient

	σ
	S m-1
	Conductivity



	Acronymous

	AEM
	Anionic Exchange Membrane

	AEMWE
	Anionic Exchange Membrane Water Electrolyser

	AmB
	Ammonium Bicarbonate

	AWE
	Alkaline Water Electrolyser

	BW
	Brackish Water

	CCM
	Catalyst Coated Membrane

	CCS
	Catalyst Coated Substrate

	CEM
	Cationic Exchange Membrane

	ED
	ElectroDialysis

	EDR
	ElectroDialysis Reversal

	EU
	European Union

	GDL
	Gas Diffusion Layer

	H
	Concentrated solution

	HED
	Hydrogen-ElectroDialysis

	HER
	Hydrogen Evolution Reaction

	HSEC
	Hydrogen Specific Energy Consumption

	L
	Diluted solution

	LCOH
	Levelized Cost of Hydrogen

	LCOW
	Levelized Cost of Water

	MED
	Multi-Effect Distillation

	NPV
	Net Present Value

	OER
	Oxygen Evolution Reaction

	PEMWE
	Protonic Exchange Membrane Water Electrolyser

	PGM
	Platinum Group Metals

	RO
	Reverse Osmosis

	SOEC
	Solid Oxide Electrolysis Cell

	SW
	Sea Water

	TRL
	Technology Readiness Levell

	UN
	Union Nations

	WSEC
	Water Specific Energy Consumption



	Superscripts and subscripts

	av
	Average

	cp
	Cell pair

	El
	Electrode

	EM
	End membrane

	ERS
	Electrodic rinse solution

	H
	Concentrated solution

	L
	Diluted solution

	m
	Membrane
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