Reducing parasitic currents in acid-base flow batteries: experiments and modelling
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SUPPLEMENTARY INFORMATION
Supplementary data, which provide a detailed integration of the data and methodology discussed in the main manuscript, are presented in this document.
Methodology
S.1.1 Mathematical modelling
Simulations with the mathematical model were carried out using the following input parameters (Table S1). 
[bookmark: _Ref101287789]Table S1. Input values used for the simulations.
	
	
	AEM
	CEM
	BPM

	
	
	
	
	AEL
	CEL

	Thickness ()
	µm
	130
	135
	675
	675

	Areal resistance ()
	Ω cm2
	7
	6
	13

	Water 
permeability ()
	ml bar–1 h–1 m–2
	8
	8
	-
	-

	H+ diffusivity ()
	m2 s–1
	2.0E-11
	0.7E-11
	2.0E-11
	0.7E-11

	Na+ diffusivity()
	m2 s–1
	1.6E-11
	0.5E-11
	1.6E-11
	0.5E-11

	Cl- diffusivity ()
	m2 s–1
	1.7E-11
	0.6E-11
	1.7E-11
	0.6E-11

	OH- diffusivity ()
	m2 s–1
	1.9E-11
	0.6E-11
	1.9E-10
	0.6E-11

	Fixed charge density ()
	mol m–3
	5,000
	5,000
	5,000
	5,000

	[bookmark: _Ref101280965]Geometrical features

	Spacer width ()
	cm
	10
	
	
	

	Spacer type
	-
	woven
	
	
	

	Spacer pitch-to-height ratio
	-
	2
	
	
	

	Spacer flow attack angle
	-
	45°
	
	
	

	N° spacer holes for manifolds ()
	-
	3
	
	
	

	Diameter hole for manifolds
	mm
	8
	
	
	

	N° triplets ()
	-
	30
	
	
	

	Process conditions

	Blank resistance ()
	Ω cm2
	70
	
	
	



The electrical resistances of the monopolar membranes used in this study are provided by the manufacturer. However, the resistance of the bipolar membrane is not provided (FUMATECH BWT GmbH, n.d.). As a result, the electrical resistance of the bipolar membrane was estimated by summing the resistances of the CEL, AEL, and interlayer, as described by Strathmann (Strathmann et al., 1997) . However, in this study, to better simulate the electric resistance of the membranes as the concentrations of the electrolytic solutions vary, a specific correlation was developed and implemented in the triplet scale of the model (Eq. S1). 
	
	       
	Eq. S1


in which,  is the areal resisitance of the membrane,  is the correction factor of the membrane resistance and  is the starting value of the membrane resistance calculated using the parameters provided by the manufacturer. The correction factor is a function of the average concentration of acid and base (Eq. S2).
	
	       
	Eq. S2


in which  is the average acid/base concentration. 
Moreover, in the stack model, and specifically in the hydraulic sub-model, the local loss coefficients and the friction factor were multiplied by a constant factor of 4.72 to better simulate the trend of the stack's pressure losses. The factor was obtained by calibrating the model with experimental data in the reference scenario and was tested in the improved scenario, showing a good agreement between model outcome and experimental results.
[bookmark: _Toc112261334]S.1.2 Closed-loop configuration
Closed-loop tests were battery charge and discharge round-trip cycles in which all solutions were recirculated until a target concentration is reached as shown in Figure S1. 
[image: ]
Figure S1. Schemes of the closed-loop configuration of the battery.
The solutions in the stack had a velocity of 0.2 cm s-1, high enough to minimise membrane polarisation, but low enough to avoid high pressure drops. The volumes of each solution used in the tests were 600 mL and the starting concentrations for the charge phase were 0.1 M (i.e., 10% SoC) for the acid and alkaline solutions, and 1.0 M for the salt solution. Notably, a minimum starting concentration was chosen for the acidic and alkaline solutions to avoid having solutions with high resistances at the beginning of each test and thus obtaining voltage peaks before reaching the steady state.
The charge phase (schematically represented in Figure S2, with hydraulic and electrical circuits overlapped) was conducted up to the maximum concentration achievable by acidic and alkaline solutions but in any case lower than 1 M (i.e., 100% SoC and corresponding to a theoretical capacity of ~16.1 Ah), and this achieved concentrations were chosen as starting point of the discharge phase. This was conducted up to the solutions' final concentration equal to the initial concentration of the charge phase (i.e., round-trip tests). The charge and discharge phases were carried out at constant current densities of 100 A m-2 (C-rate of C/16) and 29 A m-2 (C-rate of C/56), respectively. During the tests, the voltage was monitored as it varied over time. 
[image: ]
[bookmark: _Ref149841536]Figure S2. Schematic representation of the AB-FB charge phase, hydraulic and electrical circuits overlapped. In this representation the concentrated channels have lower resistances, so there is a preferential pathway for the current in the manifold of the system due to the lower resistances in the y direction compared to the x direction perpendicular to the membranes.

S.1.3 AB-FB Performance Indicators
The Charge Efficiency is the ratio of the charge used to produce acid and base to the total charge transferred during the charge phase (Eq. S3).
	[bookmark: _Hlk125017072]
	
	Eq. S3


The Discharge Efficiency is the ratio of the charge obtained from the discharge phase to the charge neutralised during the discharge phase (Eq. S4).
	
	
	Eq. S4


Results
S.2.1 Round-trip cycle of the battery
[bookmark: _Hlk126228434]The performance of the AB-FB was also evaluated when operating the battery in round-trip cycles. The AB-FB was run in closed-loop configuration, starting from the charge phase and solutions of 0.1 M HCl/NaOH and 1 M of NaCl. Specifically, the tests were carried out at a constant current density of 100 A m-2 in the charge phase and 29 A m-2 in the discharge phase (the latter in order to prevent the bipolar membranes delamination). Figure S3a shows the acid and base concentration profiles over time.
[image: ]
[bookmark: _Ref149844299][bookmark: _Ref149844294]Figure S3. (a) Acid and base concentrations over time for the two scenarios analysed for a complete charge-discharge cycle. (b) Energy consumed during the charge phase and energy produced during the discharge phase and (c) Voltage Efficiency (VE), Coulombic Efficiency (CE) and Round-Trip Efficiency (RTE) for the reference and improved scenarios.
In both the reference and improved scenarios, the acid and base concentration profiles exhibit a similar trend. It is worth noting that the concentration profiles in the charge phase are non-linear, while those in the discharge phase are practically linear. The difference between the two profiles is mainly due to the different current densities utilized. Indeed, the lower current density in the discharge phase caused an almost linear concentration profile due to the lower impact of non-ideal phenomena, such as electro-osmotic water flux and parasitic currents. Contrastingly, during the charge phase, the current density was more than three times greater, thus exacerbating the non-ideal phenomena mentioned above.
As shown in Figure S3a, the maximum concentration attained in the charge phase was considerably higher in the improved scenario (~0.7 M HCl) than in the reference scenario (~0.35 M HCl). The significant increase in the achievable concentrations was due to the higher cell current (i.e., the useful current crossing the IEMs) in the improved scenario. In fact, the reduction in the parasitic currents determines an increase in the electric cell current that can be usefully converted into the production of acid and base. The higher migrative flux of protons and hydroxide ions across the bipolar membrane layers allowed higher concentrations of acid (and base) to be obtained, effectively compensating for the phenomena of back-diffusion and solution dilution, the latter of which is related to the water flux (i.e., osmotic and electro-osmotic flux). In turn, the achieved larger concentration gradient allowed much more energy to be stored during the charge in the improved scenario compared to the reference one, although the presence of a small difference in the energy supplied to the battery (Figure S3b). 
In the improved case, the lower charge energy and the higher discharge energy enhanced the Round-Trip Efficiency, Figure S3c. Furthermore, the improved and reference configurations have pumping energy values of 0.018–0.022 Wh and 0.004–0.01Wh respectively: these values are at least two orders of magnitude smaller than the charge and discharge energies, thus being reasonably neglected. Indeed, there were improvements in overall efficiency in both the charge (EDBM) and the discharge phase (REDBM). In particular, shifting from the reference to the improved scenario, the charge efficiency  passed from 11% to 35%, while the discharge efficiency  changed from 71% to 65%. In the charge efficiency there is a great improvement due to the insertion of the plastic sticks in the manifolds, in the discharge phase there seems to be a slight decrease. This is not entirely true, because in the discharge phase of the reference scenario the concentration changes from 0.35 M to 0.1 M, treating low concentrations and solutions that are slightly affected by shortcut currents. In the discharge phase of the improved scenario, the solutions change the concentration from 0.7 M to 0.1 M. In this case, the system treats more concentrated solutions and there is a greater impact of shortcut currents in the system, which is mitigated by the presence of the manifold reducers since the discharge efficiency differs by only 5% in the two scenarios. The difference is more marked in the charge efficiency, where there is 24% advantage in the improved scenario. The enhancement in RTE could also be observed in terms of Voltage Efficiency (VE) and Coulombic Efficiency (CE). Specifically, the VE went from 35% to 42%. Indeed, the discharge voltage in the presence of sticks was observed to be higher, as previously shown in the section 3.2, thus improving VE. Conversely, the CE increased from 7% in the reference scenario to 22% in the improved scenario due to more effective conversion of the electric charge into acid and base production in the charge phase and viceversa in the discharge phase. The CE improvement is indicative of a higher current efficiency in both battery phases (i.e., charge and discharge) when moving from the reference to the improved scenario. Indeed, the CE is a result of the product of the charge and discharge efficiencies. Overall, the RTE in the improved scenario increased significantly from a few percentage points to about 10%. Clearly, the increased RTE is still really low, but it should be kept in mind that the present study is carried out with a non-optimized lab-scale design. Importantly, much larger RTE, even higher than 60% has been obtained with a validated process model for the case of optimized designs and operating conditions (Culcasi et al., 2023).
Nomenclature
	Symbols

	cav (mol L-1)
	Acid/base average concentration
	RTE (%)
	Round-Trip Efficiency

	cHCl (mol L-1)
	Acid concentration
	t (s)
	Time

	CE (%)
	Coulombic Efficiency
	U (V)
	External Voltage

	dm
	Thickness
	VHCl (L)
	Acid volume

	F (C mol-1)
	Faraday constant
	VE (%)
	Voltage Efficiency

	I (A)
	Current
	β
	Correction factor

	Ntr
	Number of triplet
	ηc (%)
	Charge Efficiency

	Rm (Ω cm2)
	Membrane areal Resistance
	ηd (%)
	Discharge Efficiency

	R*m (Ω cm2)
	Starting membrane areal Resistance
	
	



	Subscript

	c
	Charging phase  
	fin
	At the end of the phase

	d
	Discharging phase
	in
	At the beginning of the phase
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