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            Effects of the electric ﬁeld on ion crossover in vanadium redox ﬂow batteries Xiao-Guang Yang a,1 , Qiang Ye a,⇑ , Ping Cheng a , Tim S. Zhao b,⇑ a Ministry of Education Key Laboratory of Power Machinery and Engineering, School of Mechanical Engineering, Shanghai Jiao Tong University, Shanghai 200240, PR China b Department of Mechanical and Aerospace Engineering, The Hong Kong University of Science and Technology, Clear Water Bay, Kowloon, Hong Kong, China highlights  Effects of the electric ﬁeld on ion crossover and capacity decay in VRFB are studied.  The model enables the Donnan-potential jumps to be captured at electrode/membrane interfaces.  Electric ﬁeld arises and affects ion crossover even at the open-circuit condition.  Enhancing electric-ﬁeld-driven crossover can mitigate the capacity decay rate. article info Article history: Received 7 November 2014 Received in revised form 3 February 2015 Accepted 8 February 2015 Keywords: Vanadium redox ﬂow battery Modeling Crossover Capacity decay Electro-osmosis ﬂow abstract A thorough understanding of the mechanisms of ion crossover through the membranes in vanadium redox ﬂow batteries (VRFBs) is critically important in making improvements to the battery’s efﬁciency and cycling performance. In this work, we develop a 2-D VRFB model to investigate the mechanisms of ion crossover and the associated impacts it has on the battery’s performance. Unlike previously described models in the literature that simulated a single cell by dividing it into the positive electrode, membrane, and negative electrode regions, the present model incorporates all possible ion crossover mechanisms in the entire cell without a need to specify any interfacial boundary conditions at the mem- brane/electrode interfaces, and hence accurately captures the Donnan-potential jumps and steep gradi- ent of species concentrations at the membrane/electrode interfaces. With our model, a particular emphasis is given to investigation of the effect of the electric ﬁeld on vanadium ion crossover. One of the signiﬁcant ﬁndings is that an electric ﬁeld exists in the membrane even under the open-circuit con- dition, primarily due to the presence of the H + concentration gradient across the membrane. This ﬁnding suggests that vanadium ions can permeate through the membrane from H + -diluted to H + -concentrated sides via migration and convection. More importantly, it is found that the rate of vanadium ion crossover and capacity decay during charge and discharge vary with the magnitude of the electric ﬁeld, which is inﬂuenced by the membrane properties and operating conditions. The simulations suggest that enhanc- ing the electric-ﬁeld-driven ﬂow is a potential approach to minimizing the battery’s capacity decay. Ó 2015 Elsevier Ltd. All rights reserved. 1. Introduction Redox ﬂow batteries (RFBs) have been considered as one of the most promising energy storage technologies that can be combined with intermittent renewable energy sources like wind and solar [1–5]. Unlike conventional rechargeable batteries, the RFBs store energy in electrolytes contained in external tanks, while energy conversion occurs in electrode compartments; thus the energy capacity of a RFB is decoupled from its power capacity, making it a unique candidate for large-scale electrical energy storage.Among the various RFB systems proposed in the literature, the all-vanadi- um redox ﬂow battery (VRFB), invented and pioneered by Skyllas- Kazacos and her co-workers in 1980s [6], distinguishes itself by capitalizing on four different oxidation states of the same element, i.e. V 2+ /V 3+ in the negative half-cell and VO 2þ =VO þ 2 in the positive half-cell. As such, conversion between electrical and chemical energy is achieved via the following reactions: http://dx.doi.org/10.1016/j.apenergy.2015.02.038 0306-2619/Ó 2015 Elsevier Ltd. All rights reserved. ⇑ Corresponding authors. Tel.: +86 21 3420 6955 (Q. Ye), +852 23588647 (T.S. Zhao). E-mail addresses: [email protected] (Q. Ye), [email protected] (T.S. Zhao). 1 Present address: Electrochemical Engine Center (ECEC), The Pennsylvania State University, University Park, PA 16802, USA. Applied Energy 145 (2015) 306–319 Contents lists available at ScienceDirect Applied Energy journal homepage: www.elsevier.com/locate/apenergy 
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 h i g h l i g h t s
 � Effects of the electric field on ion crossover and capacity decay in VRFB are studied.� The model enables the Donnan-potential jumps to be captured at electrode/membrane interfaces.� Electric field arises and affects ion crossover even at the open-circuit condition.� Enhancing electric-field-driven crossover can mitigate the capacity decay rate.
 a r t i c l e i n f o
 Article history:Received 7 November 2014Received in revised form 3 February 2015Accepted 8 February 2015
 Keywords:Vanadium redox flow batteryModelingCrossoverCapacity decayElectro-osmosis flow
 a b s t r a c t
 A thorough understanding of the mechanisms of ion crossover through the membranes in vanadiumredox flow batteries (VRFBs) is critically important in making improvements to the battery’s efficiencyand cycling performance. In this work, we develop a 2-D VRFB model to investigate the mechanismsof ion crossover and the associated impacts it has on the battery’s performance. Unlike previouslydescribed models in the literature that simulated a single cell by dividing it into the positive electrode,membrane, and negative electrode regions, the present model incorporates all possible ion crossovermechanisms in the entire cell without a need to specify any interfacial boundary conditions at the mem-brane/electrode interfaces, and hence accurately captures the Donnan-potential jumps and steep gradi-ent of species concentrations at the membrane/electrode interfaces. With our model, a particularemphasis is given to investigation of the effect of the electric field on vanadium ion crossover. One ofthe significant findings is that an electric field exists in the membrane even under the open-circuit con-dition, primarily due to the presence of the H+ concentration gradient across the membrane. This findingsuggests that vanadium ions can permeate through the membrane from H+-diluted to H+-concentratedsides via migration and convection. More importantly, it is found that the rate of vanadium ion crossoverand capacity decay during charge and discharge vary with the magnitude of the electric field, which isinfluenced by the membrane properties and operating conditions. The simulations suggest that enhanc-ing the electric-field-driven flow is a potential approach to minimizing the battery’s capacity decay.
 � 2015 Elsevier Ltd. All rights reserved.
 1. Introduction
 Redox flow batteries (RFBs) have been considered as one of themost promising energy storage technologies that can be combinedwith intermittent renewable energy sources like wind and solar[1–5]. Unlike conventional rechargeable batteries, the RFBs store
 energy in electrolytes contained in external tanks, while energyconversion occurs in electrode compartments; thus the energycapacity of a RFB is decoupled from its power capacity, making ita unique candidate for large-scale electrical energy storage.Amongthe various RFB systems proposed in the literature, the all-vanadi-um redox flow battery (VRFB), invented and pioneered by Skyllas-Kazacos and her co-workers in 1980s [6], distinguishes itself bycapitalizing on four different oxidation states of the same element,i.e. V2+/V3+ in the negative half-cell and VO2þ=VOþ2 in the positivehalf-cell. As such, conversion between electrical and chemicalenergy is achieved via the following reactions:
 http://crossmark.crossref.org/dialog/?doi=10.1016/j.apenergy.2015.02.038&domain=pdf
 http://dx.doi.org/10.1016/j.apenergy.2015.02.038
 mailto:[email protected]
 mailto:[email protected]
 http://dx.doi.org/10.1016/j.apenergy.2015.02.038
 http://www.sciencedirect.com/science/journal/03062619
 http://www.elsevier.com/locate/apenergy
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Nomenclature
 a specific surface area, m2 m�3
 c pore-phase molar concentration, mol m�3
 d thickness, mD diffusion coefficient, m2 s�1
 F Faraday constant, 96487 C mol�1
 I operating current density, A m�2
 j volumetric current density, A m�3
 k+/� reaction rate constant, m s�1
 kd dissociation reaction coefficientkm mass transfer coefficient, s�1
 ks self-discharge reaction rate coefficient, s�1
 L length of the electroden! unit normal vector of boundary surfacesN superficial molar flux, mol m2 s�1
 p pressure, PaR universal gas constant, 8.3145 J mol�1 K�1
 Ri,+/- reaction rate of self-discharge reaction, mol m�3
 S source termt time, sT temperature, Ku ion mobility, mol s�1 kg�1
 v! superficial velocity, m s�1
 U0 equilibrium potential, VU00 standard equilibrium potential, VV electrolyte volume in half-cell tank, m�3
 w width of the electrodex mole fractionz valence
 Greekq density, kg m�3
 l viscosity, kg m�1 s�1
 e porosityj permeability, m2
 r electronic or ionic conductivity, S m�1
 / potential, Vg overpotential, Va charge transfer coefficientb degree of dissociation of HSO�4x volumetric flow rate, m3 s�1
 Superscripts and subscriptse electrolyteeff effectiveele electrodef fixed chargei speciesin inletl liquid phasem membranemom momentumout outletox oxidationref referencerd reductions solidV2 V2+
 V3 V3+
 V4 VO2+
 V5 VOþ2
 X.-G. Yang et al. / Applied Energy 145 (2015) 306–319 307
 V3þ þ e� ���! ���charge
 dischargeV2þ ðNegative electrodeÞ ð1Þ
 VO2þ þH2O ���! ���charge
 dischargeVOþ2 þ e� þ 2Hþ ðPositive electrodeÞ ð2Þ
 The cross contamination issue, inherent in most of other RFBs, isthus eliminated in VRFBs. Together with features like high efficien-cy, long cycle life, and tolerance to deep discharge without any riskof damage, the VRFB has attracted enormous attention from bothacademia and industry.
 One essential component of a VRFB is the ion exchange mem-brane, typically proton exchange membrane (PEM), which pre-vents the mixing of the anolyte and catholyte while supportingproton transport to maintain electro-neutrality. Among PEMs,Nafion� from DuPont has been extensively studied and testeddue to its high proton conductivity and excellent chemical sta-bility. A critical issue associated with the use of Nafion�, however,is its low ion selectivity, leading to vanadium ions permeation fromone half-cell to the other [7,8], and thus to reduced coulombic effi-ciency as well as capacity decay during cycling [9,10]. It is there-fore vital to understand the mechanisms of vanadium ionstransport across the membrane. A standard procedure in VRFBmembrane research is to measure the diffusivity of vanadium ionsin the membrane using the ex-situ static dialysis test, as have beendone by many groups with respect to various types of membranes[11–14]. These ex-situ static dialysis tests, though very useful, areconducted without the presence of electric field (EF). Hence, onlydiffusional transport of vanadium ions along the concentrationgradient is considered in these experiments. In real VRFBoperation, electric field (EF) arises across the membrane, whichinduces two additional transport mechanisms. One is migration,
 representing movement of individual ions under EF with respectto the bulk flow; the other is electro-osmotic convection (EOC),representing flow of the bulk electrolyte under electrical force.These EF-driven migration and convection can affect significantlythe ion concentration distributions and ion crossover rate acrossan ion-exchange membrane, as demonstrated by Schlogl [15] andby Verbrugge and Hill [16], but these studies are not related toVRFBs. Most Recently, Luo et al. [17] reported that the presenceof EF affects not only the magnitude but also the direction of netvanadium crossover in a VRFB. Apart from their study, however,little work in the literature shed light on the EF effects over ioncrossover.
 Due to the high cost and lengthy time requirements ofexperimental study, mathematical modeling has become an indis-pensable tool in predicting and investigating the performance ofVRFB systems. Li and Hikihara [18] proposed a 0-D transient modelsuitable for predicting the dynamic performance of a VRFB system.Shah et al. [19] developed a 2-D transient model of a single VRFBbased on computational fluid dynamics (CFD) approach, andapplied it to predict the distributions of current density, over-po-tential and reactant concentration during operation. They alsoextended this model in later publications to account for non-isothermal effect [20] and parasitic reactions like hydrogen andoxygen evolution [21,22]. Vynnycky [23] proposed an asymptoticmethod which can reduce the complexity of Shah’s model and ren-der it suitable for analyzing large-scale VRFB stacks. You et al. [24]simplified Shah’s model by reducing it to a steady-state model, andemphasized the effect of applied current, electrode porosity andmass transfer coefficient on cell performance. This steady-statemodel was later extended to 3-D models by Ma et al. [25], Xu
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Fig. 1. Schematic of the VRFB system and computational domain with boundariesnumbered.
 Table 1Geometric parameters, material properties and operating conditions.
 Parameter Value
 Length of cell, L 0.035 mWidth of cell, w 0.0285 mThickness of current collector, tcc 0.01 mThickness of electrode, tele 0.004 mThickness of membrane, tm 0.0002 mPorosity of electrode, eele [31] 0.93Specific surface of electrode, aa 4.0 � 106 m2/m3
 Mass transfer coefficient of the electrode, jma
 8� 10�6jv j0:4
 Hydraulic permeability of electrode, jp,ele [26] 6.0 � 10�11 m2
 Hydraulic permeability of membrane, jp,m [16] 1.58 � 10�18 m2
 Electro-kinetic permeability of membrane, j/;ma 3.95 � 10�19 m2
 Porosity of membrane, em [39] 0.2Electronic conductivity of electrode, rs,ele [31] 66.7 S m�1
 Electronic conductivity of current collector, rs,cc 1 � 104 S m�1
 Concentration of fixed-charge in the membrane, cf [16] 1200 mol m�3
 Valence of fixed-charge in the membrane, zf �1Operating temperature, T 298.15 KOutlet pressure, pout 101,325 PaSelf-discharge reaction rate coefficient, ks 1 � 104 s�1
 a Fitted coefficients.
 Table 2Electrolyte properties.
 Parameter Value
 Density of electrolyte in both half-cells, q [31] 1300 kg m�3
 Viscosity of electrolyte in both half-cells, l [31] 0.0025 Pa sV2+ diffusion coefficient in the electrode, DV2 [31] 2.4 � 10�10 m2 s�1
 V3+ diffusion coefficient in the electrode, DV3 [31] 2.4 � 10�10 m2 s�1
 VO2+ diffusion coefficient in the electrode, DV4 [31] 3.9 � 10�10 m2 s�1
 VOþ2 diffusion coefficient in the electrode, DV5 [31] 3.9 � 10�10 m2 s�1
 H+ diffusion coefficient in the electrode, DHþ [31] 9.312 � 10�10 m2 s�1
 HSO�4 diffusion coefficient in the electrode, DHSO�4 [31] 1.33 � 10�10 m2 s�1
 SO2�4 diffusion coefficient in the electrode, DSO2�
 4[31] 1.065 � 10�10 m2 s�1
 V2+ diffusion coefficient in the membrane, DmV2 [17] 9.435 � 10�12 m2 s�1
 V3+ diffusion coefficient in the membrane, DmV3 [17] 1.445 � 10�11 m2 s�1
 VO2+ diffusion coefficient in the membrane, DmV4 [17] 4.445 � 10�12 m2 s�1
 VOþ2 diffusion coefficient in the membrane, DmV5 [17] 2.403 � 10�12 m2 s�1
 H+ diffusion coefficient in the membrane, DmHþ [16] 3.5 � 10�10 m2 s�1
 HSO�4 diffusion coefficient in the membrane, DmHSO�4
 [31] 8.0 � 10�11 m2 s�1
 Dissociation reaction rate constant of HSO�4 , kd [31] 1 � 104
 HSO�4 degree of dissociation, b [31] 0.25 (electrode)0.001 (membrane)
 308 X.-G. Yang et al. / Applied Energy 145 (2015) 306–319
 et al. [26,27] and most recently by Oh et al. [28]. While the abovestudies provide useful tools in analyzing the VRFB performance, allof them treat the membrane as a perfectly selective membranewhich allows the transport of only protons; as such the crossoverof vanadium ions and its impact on the cell performance duringlong-term cycling are neglected. Later, Skyllas-Kazacos and herco-workers [29,30] developed the first model regarding the ioncrossover in VRFBs. This model was used to analyze the variationof the concentrations of different vanadium ions during successivecharge/discharge cycles, and to predict the trends in correspondingcapacity loss. Though their model provides a useful starting pointfor investigating the ion crossover during VRFB operation, it con-siders only the membrane region in the simulation domain, andaccounts for only the diffusional transport of vanadium ions inthe membrane. Most recently, Kumbur and his co-workers [31–33]presented a 2-D, transient model which includes all essentialcomponents of a VRFB (i.e. current collectors, electrodes and mem-brane) in the simulation domain and accounts for all three modesof ion transport in the membrane (i.e. diffusion, migration, andconvection). The capacity loss and changes of vanadium concentra-tion in each half-cell during cycling were predicted, and the effectof hydraulic convection due to pressure difference [32] and EOCdue to the EF [33] were discussed. While these results providevaluable insights into the behaviors of ion transport inside themembrane, the effects of different mechanisms on ion crossover,in particular the effects of EF-driven migration and convection,are still not fully understood. For instance, the contributions of dif-ferent transport mechanisms to the total crossover rate are com-pared only at one selected plane; the variation of thesecontributions along the membrane thickness is not discussed. Also,the predicted Donnan potentials at membrane/electrode (M/E)interfaces are positive, which is in contrary to conventional under-standing of Donnan potential for cation-exchange membranes, aswill be discussed later in Section 3.2. In addition, their modelsolves an own set of governing equations in each individual layer(i.e. positive electrode, negative electrode and membrane); thusspecific boundary conditions should be defined at the M/E inter-faces to couple these regions together, which requires severalassumptions and fitting parameters as mentioned by Knehr et al.[31], and also adds complexity to the model implementation. Analternative approach to avoid this complexity is to use the sin-gle-domain approach, as utilized in previous fuel cell modelingstudies [34–36], which solves a single set of governing equationsthroughout the computational domain and thus eliminates theneed to define boundary conditions at interior interfaces. In all pre-vious VRFB models, to the best of our knowledge, only the mostrecent work of Wang and Cho [37] adopted the single-domainapproach, though they did not stress it explicitly. In their study,they proposed a 3-D transient non-isothermal model and analyzedthe timescales of different transport processes, but did not investi-gate the ion crossover issue.
 Here, we present a 2-D, transient and single-domain VRFB mod-el with incorporation of ion crossover under all possible mechan-isms, and focused our attention on the effects of EF on ioncrossover and capacity decay. The formulation of the model isdetailed in the next section, followed by the results and discussionin Section 3 and the summary of main findings in Section 4.
 2. Model formulation
 The model geometry is sketched in Fig. 1, which consists of fivelayers, i.e. the current collectors and porous electrodes in both half-cells and a membrane in between. The geometric parameters andmaterial properties of each layer are summarized in Table 1, andthe properties of the electrolyte are given in Table 2. Severalassumptions are made in the present model, including:
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 (a) The electrolyte flow is incompressible.(b) The physical properties of the electrode, electrolyte and
 membrane (e.g. permeability, diffusion coefficients, etc.)are isotropic.
 (c) Dilute solution approximation is adopted for species trans-port both in the electrodes and in the membrane.
 (d) All soluble ions in the electrolyte flow in the membrane withthe bulk convection.
 (e) The entire computational domain is considered isothermal.(f) Parasitic reactions such as hydrogen and oxygen evolutions
 are not considered.(g) The volume change of the electrolyte in each half-cell is
 neglected.(h) Variations in Z-direction (the direction perpendicular to X–Y
 plane in Fig. 1) are neglected.
 2.1. Governing equations
 2.1.1. Conservation equations of bulk electrolyte flowThe governing equations for the bulk electrolyte flow in the
 electrode and the membrane include the conservation of massand momentum, as:
 Mass conservation :@q@tþr � ðq~vÞ ¼ Smass ð3Þ
 Momentum conservation :@q~v@tþr � ðq~v~vÞ ¼ r � ðlr~vÞ þ Smom
 ð4Þ
 where q and l denote the density and viscosity of the electrolyte; ~vis the superficial velocity, and S is the source term. The expressionfor the source term of mass conservation, Smass, remains controver-sial in the literature. Knehr et al. [31] incorporate the consumptionor generation rate of water into this source term, while the otherresearchers [19–25] all neglected this term. As the consumptionof water is always accompanied with the formation of protonsand vanadic ions, the overall mass of electrolyte remainsunchanged; thus we think it is reasonable to set Smass to zero.
 The expression for the momentum source term, Smom, is given inTable 3, which differs in the electrode region from that in the mem-brane region. This is because the electrolyte flow in the electrode isdominated mainly by the pressure gradient, whereas the flow inthe membrane is driven not only by the pressure gradient but alsoby the ionic potential gradient (i.e. EOC). As the permeability isquite low in these porous regions, the source term in Eq. (4) ismuch larger in magnitude than the other terms of this equation,
 Table 3Expressions for the transient, convection, diffusion and source terms of the governing equ
 Variable Transient term Convection term
 q @q@t
 rðq~vÞ~v @q~v
 @trðq~v~vÞ
 cV2 @cV2@t
 rðð~v � zV2uV2Fr/eÞcV2Þ
 cV3 @cV3@t
 rðð~v � zV3uV3Fr/eÞcV3Þ
 cV4 @cV4@t
 rðð~v � zV4uV4Fr/eÞcV4Þ
 cV5 @cV5@t
 rðð~v � zV5uV5Fr/eÞcV5Þ
 cHþ@cHþ@t
 rðð~v � zHþuHþ Fr/eÞcHþ Þ
 cHSO�4@cHSO�
 4@t
 rðð~v � zHSO�4 uHSO�4 Fr/eÞcHSO�4 Þ
 /e / r F/eðP
 izici~v �P
 iziDeffi rciÞ/e
 � �/s / /
 and thus Eq. (4) is equivalent to Darcy’s equation (Eq. (5)) in theelectrodes and to Schlogl’s equation ((Eq. (6)) in the membrane, as
 ~vele ¼ �jp;ele
 lrp ð5Þ
 ~vm ¼ �jp;m
 lrp� j/;m
 lcf Fr/e ð6Þ
 where the subscripts ele and m denote the electrode and the membrane;jp and j/ are the hydraulic permeability and electro-kinetic perme-ability; cf is the concentration of the fixed charge in the membrane; Fis the Faraday constant, and /e is the ionic potential in the electrolyte.
 2.1.2. Conservation equations of species transportBoth the electrodes and the membrane are treated in this model
 as the superposition of two continua, one representing the elec-trolyte solution in the pores and the other representing solidmatrix. As a macroscopic model, we disregard the actual geometricdetails of the pores, and apply the volume average method tosimulate species and charge transport. That is, the electrodes andmembrane are divided into numerous elements (i.e. mesh grids),each composed of both matrix and pores. The volume of each ele-ment is small compared to the overall dimensions, but large withrespect to individual pores. According to Newman [38], the massconservation of species can be represented as:
 @eci
 @tþr � ~Ni ¼ Si ð7Þ
 where e is porosity, and ci is the concentration of species i in thepores. We should note that this pore-phase concentration repre-sents the amount of species averaged over only the volume ofpores, rather than averaged over the volume of the entire element(both matrix and pores), i.e. superficial concentration. These twokinds of concentrations are sometimes misused in previous stud-ies, and thus are stressed and clarified here. The advantage of usingpore-phase concentration in Eq. (7) is that the pore-phase concen-tration is continuous as the stream leaves the ‘‘flow-through’’ elec-trodes (i.e. continuous between the electrode and the electrolytetank), as mentioned by Newman [38] (in page 519).
 The electrolyte in a VRFB contains a total of seven charged ions,i.e. V2+, V3+, VO2+, VOþ2 , H+, HSO�4 , and SO2�
 4 . In this model, theconcentration of the first six ions are solved by Eq. (7), and theSO2�
 4 concentration is calculated according to the electro-neutralitycondition. As we disregard the actual geometric details of thepores, the electro-neutrality condition is considered to be fulfilledat the volume element level, as described below:
 ations solved in this model.
 Diffusion term Source term
 / /
 rðlr~vÞ �rp� l~v=jp;eleð in electrodeÞ�rp� l~v=jp;m � j/;mcf Fr/e=jp;m ðin membraneÞ
 rðDeffV2rcV2Þ �j�=F � RV4;� � 2RV5� ðnegative electrodeÞ
 �RV2;þ ðpositive electrodeÞrðDeff
 V3rcV3Þ j�=F þ 2RV4;� þ 3RV5� ðnegative electrodeÞ�RV3;þ ðpositive electrodeÞ
 rðDeffV4rcV4Þ �RV4;�ð negative electrodeÞ
 �jþ=F þ 3RV2;þ þ 2RV3þ ðpositive electrodeÞrðDeff
 V5rcV5Þ �RV5;� ðnegative electrodeÞjþ=F � 2RV2;þ � RV3þ ðpositive electrodeÞ
 rðDeffHþrcHþ Þ �2R4;� � 4R5;� � Sd ðnegative electrodeÞ
 �2jþ=F � 2R2;þ � Sd ðpositive electrodeÞrðDeff
 HSO�4rcHSO�4 Þ Sd ðin electrodesÞ
 rðrer/eÞ �j� ðnegative electrodeÞ�jþðpositive electrodeÞ
 rðrsr/sÞ j� ðnegative electrodeÞjþ ðpositive electrodeÞ
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 Xi zieeleci ¼ 0 ðin porous electrodesÞXi
 ziemci þ zf cf ¼ 0 ðin membraneÞ
 8>><>>: ð8Þ
 where zi is the valence of species i; zf is the valence of the fixedcharge in the membrane, and em is the porosity of the membranewith the values given by Verbrugge and Hill [39].
 The term Ni in Eq. (7) represents the superficial molar flux ofspecies i (averaged over the whole cross-sectional area of the ele-ment including both matrix-phase and pore-phase). Under thedilute-solution approximation, the species flux can be calculatedvia the Nernst-Planck equation:
 ~Ni ¼ �Deffi rci � ziuiciFr/e þ~vci ð9Þ
 where the three terms from left to right in the right-hand side ofthis equation represent the superficial ionic flux under diffusion,migration and convection respectively.
 The terms Deffi and ui in Eq. (9) denote the effective diffusivity
 and mobility of each ion. In the electrode, the effective diffusivityis affected by the porosity and tortuosity. Due to the lack ofexperimental data on the electrode tortuosity in the open lit-erature, the following Bruggemann correlation is adopted to calcu-late the effective ion diffusivity in the electrode:
 Deffi ¼ e1:5
 ele Di ð10Þ
 where Di is the diffusivity of species i in the bulk electrolyte, and theionic mobility is calculated via the following Nernst-Einsteinequation:
 ui ¼Deff
 i
 RTð11Þ
 where R is the universal gas constant, and T is the operating tem-perature. In the membrane, the effective diffusivities are set to beconstants with values determined in the literature via ex-situ dialy-sis tests, and Eq. (11) is still used to calculate the ionic mobility.
 The source term, Si, in Eq. (7) denotes the local consumption orgeneration rate of species i, as summarized in Table 3. In this study,a total of three types of reactions are considered in the electrodeswhich can change the species concentrations. The first type is thenormal cell reactions described by Eqs. (1) and (2), and the corre-sponding species consumption/generation rates are calculated viathe Faraday’s law (i.e. the terms including j/F in Table 3). The sec-ond type is the self-discharge reactions induced by crossover ofvanadium ions, as:
 Positive electrode : V2þ þ 2VOþ2 þ 2Hþ ! 3VO2þ þH2O ð12aÞV3þ þ VOþ2 ! 2VO2þ ð12bÞ
 Negative electrode : VO2þ þ V2þ þ 2Hþ ! 2V3þ þH2O ð12cÞVOþ2 þ 2V2þ þ 4Hþ ! 3V3þ þ 2H2O ð12dÞ
 Unlike Knehr’s model [31] where the above self-discharge reac-tions are accounted for by altering the fluxes of each ion at themembrane/electrode (M/E) interfaces, we utilize an alternativeapproach in this model by taking them as volumetric reactions inthe electrode, which is also the real circumstance in a VRFB. Asshown in Table 3, the reaction rates of these self-discharge reac-tions are added as source terms to the species conservation equa-tions, i.e. the terms RVi,j representing the self-discharge rates ofspecies Vi at electrode j, which are calculated as:
 RV2;þ ¼ kscV2 ð13aÞRV3;þ ¼ kscV3 ð13bÞRV4;� ¼ kscV4 ð13cÞRV5;� ¼ kscV5 ð13dÞ
 where the subscripts V2, V3, V4 and V5 denote V2+, V3+, VO2+ andVOþ2 respectively, and ks is the self-discharge reaction rate coeffi-cient. As these self-discharge reactions are usually considered tobe chemical in nature with fairly fast reaction rates, ks is set quitelarge (10,000 s�1).
 Apart from the above two types of reactions, the dissociationof H2SO4 can also alter species concentrations. Similar to thework of Knehr et al. [30], the first step of dissociation(H2SO4 ! Hþ þ HSO�4 ) is considered fully completed in the present
 model, and the second step (HSO�4 ! Hþ þ SO2�4 ) is described via
 the following source term:
 Sd ¼ kdcHþ � cHSO4�
 cHþ þ cHSO4�� b
 � �ð14Þ
 where b is the degree of dissociation of HSO�4 , and kd is the dis-sociation reaction coefficient. In this study, both b and kd areassumed to be constant as given in Table 2. Since the dissociationof HSO�4 in the membrane is strongly suppressed by the presence ofthe fixed charge according to previous studies [40], the dissociationdegree of HSO�4 is set to be ultralow in the membrane region to
 exclude the presence of SO2�4 .
 2.1.3. Conservation equations of ionic charge transferThe conservation of ionic charge can be represented by the fol-
 lowing equation:
 r �~ie ¼ j ð15Þ
 where j is the volumetric current density (in A m�3), i.e. current per
 unit volume of the electrode, and~ie is the superficial ionic currentdensity (in A m�2) defined as:
 ~ie ¼ FX
 i
 zi~Ni ð16Þ
 By incorporating Eqs. (9) and (16) into Eq. (15), the governingequation for ionic charge transfer becomes:
 r � FX
 i
 zici~v �X
 i
 ziDeffi rci
 ! !¼ r � ðrer/eÞ þ j ð17Þ
 where re denotes the ionic conductivity of the electrolyte and hasthe following form through the above derivation:
 re ¼ F2X
 i
 z2i uici ð18Þ
 The volumetric current density is calculated using the Butler–Volmer equations, which are given in Eq. (19) for both the negative(‘‘�’’) and positive (‘‘+’’) electrodes:
 j� ¼ aFcV2
 cref
 � �aox� cV3
 cref
 � �ard�
 kox�
 csV2
 cV2
 � �exp
 aox� F
 RTg�
 � ��
 � krd�
 csV3
 cV3
 � �exp �ard
 � FRT
 g�
 � ��ð19aÞ
 jþ ¼ aFcV4
 cref
 � �aoxþ cV5
 cref
 � �ardþ
 koxþ
 csV4
 cV4
 � �exp
 aoxþ F
 RTgþ
 � ��
 � krdþ
 csV5
 cV5
 � �exp �ard
 þ FRT
 gþ
 � ��ð19bÞ
 In the above equations, a is the specific interfacial area (surfacearea of the pore walls per unit volume of the total electrode); cref isthe reference concentration; k is the reaction rate constant; a is thecharge transfer coefficient, and g is the overpotential defined as:
 gj ¼ /s � /e � U0;j ð20Þ
 where U0,j denotes the equilibrium potential in each half-cell, as:
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Table 4Electro-kinetic parameters.
 Parameter Value
 Reaction rate constant for oxidation reaction in negativeelectrode, kox
 � [41]5.47 � 10�7 m s�1
 Charge transfer coefficient of oxidation reaction innegative electrode, aox
 � [41]0.3144
 Reaction rate constant for reduction reaction in negative
 electrode, krd� [41]
 8.37 � 10�7 m s�1
 Charge transfer coefficient of reduction reaction innegative electrode, ard
 � [41]0.2588
 Reaction rate constant for oxidation reaction in positiveelectrode, kox
 þ [41]3.12 � 10�7 m s�1
 Charge transfer coefficient of oxidation reaction inpositive electrode, aox
 þ [41]0.131
 Reaction rate constant for reduction reaction in positive
 electrode, krdþ [41]
 2.79 � 10�7 m s�1
 Charge transfer coefficient of oxidation reaction inpositive electrode, aox
 � [41]0.1352
 Standard equilibrium potential for negative electrodereaction, U00;�
 �0.255 V
 Standard equilibrium potential for positive electrodereaction, U00;þ
 1.004 V
 Reference concentration, cref 1000 mol m�3
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 U0;� ¼ U00;� þRTF
 lncV3þ
 cV2þ
 � �ð21aÞ
 U0;þ ¼ U00;þ þRTF
 lncVOþ2
 cVO2þ
 cHþ
 cref
 � �2 !
 ð21bÞ
 U00;� and U00;þ are the standard equilibrium potentials for the nega-tive and positive electrodes. The electro-kinetic parameters report-ed by Agar et al. [41] are adopted in this work, as summarized inTable 4.
 In the above Butler–Volmer equations (Eq. (19)), the term csi
 represents the pore-phase surface concentration of vanadium spe-cies i at the liquid–solid interface in the electrode region, which isgenerally different from the bulk concentration, ci, due to the addi-tional transport resistances from the bulk solution to the inter-faces. The surface concentrations can be obtained by solving thefollowing equations based on the fact that the ionic flux from (orto) the bulk electrolyte to (or from) the electrode surface is equiva-lent to the local consumption (or generation) rate at the electrodesurface:
 km cV2 � csV2
 � �¼ j�
 Fð22aÞ
 km cV3 � csV3
 � �¼ � j�
 Fð22bÞ
 km cV4 � csV4
 � �¼ jþ
 Fð22cÞ
 km cV5 � csV5
 � �¼ � jþ
 Fð22dÞ
 where km is the mass transfer coefficient given in Table 1. By incor-porating Eq. (19) into Eq. (22) we can get the correlations betweenthe surface and bulk concentrations of vanadium ions:
 csV2 ¼
 ð1þ B1ÞcV2 þ B1cV3
 1þ A1 þ B1ð23aÞ
 csV3 ¼
 A1cV2 þ ð1þ A1ÞcV3
 1þ A1 þ B1ð23bÞ
 csV4 ¼
 ð1þ B2ÞcV4 þ B2cV5
 1þ A2 þ B2ð23cÞ
 csV5 ¼
 A2cV4 þ ð1þ A2ÞcV5
 1þ A2 þ B2ð23dÞ
 where the coefficients A1, A2, B1, B2 are as follows:
 A1 ¼ akox�
 kmðcV2Þa
 ox� �1ðcV3Þa
 rd� ðcref Þ�ða
 ox� þard
 � Þ expaox� F
 RTg�
 � �ð24aÞ
 B1 ¼ akrd�
 kmðcV2Þa
 ox� ðcV3Þa
 rd� �1ðcref Þ�ða
 ox� þard
 � Þ exp �ard� F
 RTg�
 � �ð24bÞ
 A2 ¼ akoxþ
 kmðcV4Þa
 oxþ �1ðcV5Þa
 rdþ ðcref Þ�ða
 oxþ þard
 þ Þ expaoxþ F
 RTgþ
 � �ð24cÞ
 B2 ¼ akrdþ
 kmðcV4Þa
 oxþ ðcV5Þa
 rdþ �1ðcref Þ�ða
 oxþ þard
 þ Þ exp �ardþ F
 RTgþ
 � �ð24dÞ
 2.1.4. Conservation equation of electron transferThe conservation equation of electron transfer in the porous
 electrodes and the current collectors are solved via the followingequation:
 r � ðrsr/sÞ þ j ¼ 0 ð25Þ
 where /s is the electronic potential in the solid phase, and rs is theelectronic conductivity.
 2.2. Numerical procedure
 Equations (3), (4), (7), (17), (25) form the complete set of con-versation equations solved in this model. To solve these equations,the general CFD methodology is utilized. The key to the successfulapplication of CFD techniques is that all these conservation equa-tions can be cast into a general form of equation which can becategorized into four different parts, namely, transient, convection,diffusion and source terms, as:
 @X@t|{z}
 transient
 þr � ð~CXÞ|fflfflfflfflffl{zfflfflfflfflffl}convection
 ¼ r � ðKrXÞ|fflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflffl}diffusion
 þ S|{z}source
 ð26Þ
 where X is the general variable to be solved; ~C is a vector denotingthe driving force; K is the generalized diffusion coefficient, and S isthe source term. The expressions for each of the four terms corre-sponding to each conservation equation of this model are given inTable 3.
 The above differential equations are discretized by the finitevolume method and solved via the commercial software packageFluent 6.3.26. The mass and momentum conservation equationsare solved via the SIMPLE algorithm, and the equations for speciesconcentration and electronic and ionic potentials are incorporatedinto the software via the User-Defined Scalars. The expressions forthe transient, convection, diffusion and source terms of each gov-erning equation along with the boundary and initial conditions dis-cussed in the next section are incorporated into the software via itsinterface for self-programming (i.e. the User-Defined Functions).
 As mentioned in Introduction, a feature of this model is the uti-lization of the single-domain approach. That is, each governingequation is solved throughout the entire cell even if it is notphysically valid in every region. This can be accomplished by var-ious numerical techniques. For instance, though the transport ofelectrons is not physically valid in the membrane, the correspond-ing governing equation (Eq. (25)) can still be solved in the mem-brane region by assigning an ultralow electronic conductivity(e.g. 10�18 S m�1). By using this approach, the implementation ofthe model is simplified compared with previous multi-domainmodels, as there is no need to deal with interior interfaces. Thoughthe computational efficiency may not be improved by using thissingle-domain approach, this model is advantageous in that thesuperficial flux of each solved scalar (e.g. Ni in Eq. (9)) is auto-matically continuous throughout the simulation domain, even
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 though the properties and transport parameters of respectiveregions are different. Hence, no additional assumptions or fittingparameters need to be introduced to couple the boundary fluxesat the M/E interfaces.
 2.3. Boundary and initial conditions
 With the adoption of the single-domain approach, we only needto define boundary conditions at the outer surfaces of the compu-tational domain, as numbered from 1 to 12 in Fig. 1.
 At the inlet of each electrode (boundaries 3 & 5), the flow rate ofthe bulk electrolyte along with the pore-phase concentration ofeach species is given, and the normal fluxes of electrons and ioniccharges are set to zero, as defined by Eq. (27):
 �~n �~v ¼ xin
 w � L ; ci ¼ cini ðtÞ;~n � r/s ¼ 0;~n � r/e ¼ 0 ð27Þ
 where xin is the volumetric inlet flow rate; w and L are the widthand length of the cell; cin
 i ðtÞ is the inlet concentration of species iat time t, determined by solving the following equation:
 @cini ðtÞ@t
 ¼wV
 Z~n �~vouteelecout
 i dl�Z~n �~vouteelecin
 i dl� �
 cini ð0Þ ¼ c0
 i ð28Þ
 where V is the electrolyte volume in the half-cell tank. The super-scripts in and out refer to the values at the inlets and outlets ofthe electrodes, and c0
 i is the initial concentration, defined as a func-tion of the state of charge (SOC):
 c0V2 ¼ c0
 V;tot � SOC
 c0V3 ¼ c0
 V;tot � ð1-SOCÞc0
 V4 ¼ c0V;tot � ð1-SOCÞ
 c0V5 ¼ c0
 V;tot � SOC
 8>>>><>>>>:
 ð29Þ
 where c0V;tot is the initial value for the total vanadium concentration
 in each half-cell. The initial concentrations of sulfuric acid species(Hþ;HSO�4 ;O
 2�4 ) are determined based on the degree of dissociation,
 as given in Table 5.
 Table 5Initial species concentrations.
 Parameter Value at 15%SOC
 Value at 20%SOC
 Initial V2+ concentration in negativeelectrolyte, c0
 V2
 156 mol m�3 208 mol m�3
 Initial V3+ concentration in negativeelectrolyte, c0
 V3
 884 mol m�3 832 mol m�3
 Initial H+ concentration in negativeelectrolyte, c0
 �;Hþ
 4447.5 mol m�3 4480 mol m�3
 Initial HSO�4 concentration in negativeelectrolyte, c0
 �;HSO�4
 2668.5 mol m�3 2688 mol m�3
 Initial SO2�4 concentration in negative
 electrolyte, c0�;SO2�
 4
 2371.5 mol m�3 2352 mol m�3
 Initial VO2+ concentration in positiveelectrolyte, c0
 V4
 884 mol m�3 832 mol m�3
 Initial VOþ2 concentration in positiveelectrolyte, c0
 V5
 156 mol m�3 208 mol m�3
 Initial H+ concentration in positiveelectrolyte, c0
 þ;Hþ
 5097.5 mol m�3 5130 mol m�3
 Initial HSO�4 concentration in positiveelectrolyte, c0
 þ;HSO�4
 3058.5 mol m�3 3078 mol m�3
 Initial SO2�4 concentration in positive
 electrolyte, c0þ;SO2�
 4
 1981.5 mol m�3 1962 mol m�3
 At the outlets of both electrodes (boundaries 9 & 11), the pres-sure is set constant, and no-flux condition applies to all the othervariables:
 p ¼ pout;~n � rci ¼ 0;~n � r/s ¼ 0;~n � r/e ¼ 0 ð30Þ
 At the outer surfaces of current collectors (boundaries 1 & 7),the normal gradients of the electronic potential are assigned byusing the following equation to simulate the galvanostatic opera-tion, and no-flux condition applies to all the other variables:
 ~n � rci ¼ 0;�~n � ðrer/eÞ ¼ I ðBoundary7Þ�~n � ðrer/eÞ ¼ �I ðBoundary 1Þ
 ð31Þ
 where I is the operating current density (in A m�2), which is posi-tive for charging and negative for discharging.
 At the left surface of the negative current collector (boundary2), the electronic potential is set to zero to act as a reference poten-tial for the reminder of the cell, and the fluxes of the other vari-ables are set to zero:
 /s ¼ 0;~n � rci ¼ 0;~n � r/e ¼ 0 ð32Þ
 For the other outer surfaces of the model domain (boundaries 4,6, 8, 10 and 12), no-flux condition applies to each concernedvariable:
 ~n � rci ¼ 0;~n � r/s ¼ 0;~n � r/e ¼ 0 ð33Þ
 3. Results and discussion
 3.1. Model validation
 The model is firstly validated against the experimental datareported in the literature. The first part of validation is to comparethe simulated voltage during a single charge/discharge cycle withthe experimental data reported by Knehr et al. [31], as shown inFig. 2(a). The simulation was conducted at the same condition asthe experiment: the electrolyte is composed of 1040 mol m�3
 vanadium and 5040 mol m�3 total sulfate, with a volume of60 ml and a flow rate of 30 ml min�1 in each half-cell. The cell ischarged from 15% SOC to a cut-off voltage of 1.7 V at a constantcurrent density of 40 mA cm�2, and then discharged to 15% SOCalso at 40 mA cm�2. In this study, the specific surface area (a inEq. (19)) and mass transport coefficient (km in Eq. (22)) are takenas fitted parameters due to the lack of first-hand-data. We can notefrom Fig. 2(a) that the model results agree fairly well with theexperimental data.
 The second part of validation was performed by comparing thepredicted capacity loss during successive charge/discharge cyclesagainst the experimental data published by Kim et al. [9]. The oper-ating current density is set to 50 mA cm�2 which is the same asthat in Kim’s work, and the electrolyte is composed of1040 mol m�3 vanadium and 5040 mol m�3 total sulfate, with thevolume of 50 ml and the electrolyte flow rate of 20 ml min�1 ineach half-cell. The cycling was controlled by cut-off voltages, witha minimum of 1.2 V and a maximum of 1.61 V, corresponding tothe SOC of 20% and 80% for the first cycle. The electro-kinetic per-meability of the membrane (j/;m) is taken as a fitted parameter,and we can see from Fig. 2(b) that the model predicted capacitydecay coincides well with the experimental results (average errorless than 3%).
 3.2. Electro-osmotic flow at open-circuit condition
 The cell behavior at open-circuit condition is investigated firstlyin this study. To simulate the open-circuit condition, the model isreduced to steady-state by fixing the species concentrations at
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Fig. 2. (a) Comparison of the simulated voltage variation in a single charge/discharge cycle with the experimental data reported by Knehr et al. [31]. The cell ischarged from 15% state of charge (SOC) to 1.7 V and then discharged to 15% SOC at aconstant current of 40 mA cm�2, with 60 ml electrolyte composed of 1040 mol m�3
 vanadium and 5040 mol m�3 total sulfate in each half-cell at a constant flow rate of30 ml min�1. (b) Comparison of the model predicted capacity decay during 45successive cycles with the experimental results in Kim et al. [9]. The current densityis 50 mA cm�2, and the cycling is controlled by cut-off voltages of 1.2 V and 1.61 V.The electrolyte is composed of 1040 mol m�3 vanadium and 5040 mol m�3 totalsulfate with the electrolyte tank volume of 50 ml and flow rate of 20 ml min�1.
 (a)
 (b)
 Fig. 3. Distributions of (a) pore-phase H+ concentration and (b) ionic potentialacross the membrane along the representative line L1 (referring to Fig. 1) under theopen-circuit condition at the state of charge of 50%. The electrolyte is composed of1040 mol m�3 vanadium and 5040 mol m�3 total sulfate in each half-cell.
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 the inlet of each half-cell with values calculated by Eq. (29) at theSOC of 50%, and the output current density (I in Eq. (31)) is set tozero. The assumption of constant inlet concentrations is reasonablewhen the electrolyte volume in the tank is fairly large, as discussedby You et al. [24].
 Fig. 3(a) plots the variation of the pore-phase H+ concentrationacross the membrane along the representative line L1 (referring toFig. 1) at the simulated conditions. It is interesting to note that theH+ concentration changes sharply across the M/E interfaces. This isbecause the electro-neutrality condition is different in the mem-brane region from that in the electrode region due to the existenceof the fixed charge, whereas the superficial H+ flux should be con-tinuous across the M/E interface due to the conservation of speciestransport. It should be mentioned that in all the previous VRFBmodels, only the model of Kumbur’s group [31] captured the jumpsof species concentration at the M/E interfaces. Smart but compli-cated boundary conditions were assigned at the M/E interfaces intheir multi-domain model to fulfill the above continuous-flux con-dition, with also introduction of several assumptions and fittingparameters. Compared with their approach, our single-domainmodel is straightforward in that no specific boundary conditionis assigned at the M/E interfaces. The continuous-species-flux con-dition at the M/E interfaces is fulfilled inherently in the single-do-main model via the sharp variation of species concentration at thegrids near the interface, with no additional assumptions and fitting
 parameters introduced.Apart from the species concentrations, theionic potential is also discontinuous at the M/E interfaces as shownin Fig. 3(b), which is the so-called Donnan potential jump. Similarto the concentration jump in Fig. 3(a), this Donnan potential jump,achieved by the sharp variation of the ionic potential at the gridsadjacent to the M/E interfaces, is captured automatically by thepresent single-domain model given that the superficial ionic cur-
 rent (~ie in Eq. (16)) is continuous at the M/E interfaces. Here, wedefine the Donnan potential (D/D) as the difference between theionic potential in the membrane phase (/m
 e ) and that in the exter-
 nal phase (/elee ) at the interface:
 D/D ¼ /me � /ele
 e ð34Þ
 We should note that in the literature, only Kumbur’s work [31]shed light on the Donnan potential jump at M/E interfaces, the pre-dicted Donnan potential in their model is positive in their model(i.e. /ele
 e < /me ). According to Kontturi et al. [42] (in page 155), the
 Donnan potential at membrane interface should fulfill the follow-ing correlation:
 zf D/D � 0 ð35Þ
 Hence for cation-exchange membrane like Nafion� wherezf = �1, the Donnan potential should be negative, which is rightthe case in the present study, as shown in Fig. 3(b). It should bementioned that there appears local over-shoot or under-shoot ofthe ionic potential and H+ concentration at the grids adjacent to
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Fig. 4. The average through-plane (Y-direction in Fig. 1) velocity across themembrane at open-circuit condition with different total sulfate concentrationsbetween the two half-cells at the state of charge of 50%. Positive velocity valuesdenote the direction from negative to positive side, and vice versa. The numbers inthe legends denote the total sulfate concentration in the negative side.
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 the M/E interface, as shown in Fig. 3(a) and (b). These overshootand undershoot are numerical artifacts with no physical meaning,and can be neglected. They arise mainly due to the need to fulfillequivalent superficial ionic and charge fluxes at the two sides ofthe interface, where ion concentration and electrolyte potentialare discontinuous. We performed mesh-independent study withmuch denser grids in the electrodes and the membrane, and foundthat these over-shoots and under-shoots appear only at grids fairlyclose to the M/E interface, with no influence on the distributions ofconcentration and potential in the main body of the membrane,and thus no effect on the ion crossover behavior concerned in thisstudy.
 Another interesting finding in Fig. 3(b) which is rarely reportedin previous studies is that the ionic potential decreases across themembrane from ‘‘�’’ to ‘‘+’’ side, even though the cell is at open-cir-cuit with no net current through the membrane. This can beattributed to the unequal H+ concentrations in the two half-cells,as shown in Fig. 3(a). In this study, the total sulfate concentrationis equivalent in the two half-cells, but the valence states of vanadi-um ions are ‘‘+2’’ and ‘‘+3’’ in the ‘‘�’’ side and ‘‘+1’’ and ‘‘+2’’ in the‘‘+’’ side. Hence, the H+ concentration is higher in the ‘‘+’’ side thanthat in the ‘‘�’’ side due to the electro-neutrality restrict, leading toH+ diffusion in the direction towards the ‘‘�’’ side. As the cell is at
 open-circuit condition where no net current should exist (i.e.~ie inEq. (16) is zero), the EF arises in the membrane to balance the dif-fusional transport of H+ by impeding the H+ transfer rate from ‘‘+’’to ‘‘�’’ side while enhancing the anions transfer in this direction.Therefore, the transport of ions in the membrane at the open-cir-cuit condition is not solely governed by the diffusional transport,but also affected by the EF-driven mechanisms (migration andEOC) due to the different H+ concentrations in the two half-cells.-Given that the bulk electrolyte in the membrane is not electro-neu-tral but positively charged due to the existence of the fixed charge,the EF in the membrane can induce macroscopic electrolyte flow,i.e. EOC, along the direction towards lower ionic potential. Sincethe formation of the EF is due to the unequal H+ concentrationbetween the two half-cells as discussed above, the cell was thensimulated at different H+ concentration differences between thetwo half-cells to investigate their impacts on the electro-osmoticflow rate. The corresponding average through-plane (Y-directionin Fig. 1) velocities in the membrane are compared in Fig. 4. Inall the simulated cases, the vanadium concentration is fixed at1040 mol m�3 in each half-cell, whereas the total sulfate (HSO�4and SO2�
 4 ) concentration is varied to alter the H+ concentration.Positive velocities in Fig. 4 indicate the flow direction from ‘‘�’’to ‘‘+’’ side, and vice versa. We should note that, unless otherwiseindicated, the rheological properties (e.g. viscosity, density) ofthe electrolyte in this work is set equal in both half-cells, so thepressure difference at the two sides of the membrane is negligible,indicating that the fluid flow in the membrane is driven solely bythe EOC. As shown in Fig. 4, the through-plane velocity is positivewhen the sulfate concentration is the same in both half-cells (indi-cated by solid symbols), and increases with the increase of the sul-fate concentration (also the H+ concentration) in the ‘‘+’’ half-cell,but becomes negative when the sulfate concentration becomeshigher in the ‘‘�’’ half-cell. Therefore, the electro-osmotic flow atopen-circuit condition is from the H+-diluted side to the H+-con-centrated side, and the flow rate is strongly affected by the H+ con-centration difference between the two half-cells. These results areenlightening for researchers in measuring the diffusivity of vanadi-um ions in the membrane using the dialysis cell. We can learn fromthe above results that it is important to maintain identical H+ con-centration between the two half-cells when conducting these dia-lysis tests in order to eliminate the contributions of the EOC andmigration to the measured data. We should also note that using
 the same sulfuric acid concentration in both sides cannot guaran-tee the same H+ concentration in the two half-cells due to theasymmetrical valence states of vanadium ions.
 3.3. Contribution of different mechanisms to ion crossover
 The crossover of vanadium ions during charge/discharge opera-tions is investigated in this section. Fig. 5(a) plots the variation oftotal vanadium concentration in each half-cell during the singlecharge/discharge cycle shown in Fig. 2(a). It can be seen that thevanadium concentration increases in the ‘‘�’’ side and decreasesin the ‘‘+’’ side during charging, indicating a net vanadium cross-over from ‘‘+’’ to ‘‘�’’ half-cell. In the discharging process, however,the net vanadium crossover reverses its direction, which isattributed to the reverse of the EF between charging and discharg-ing. As mentioned earlier, the species transport across the mem-brane is governed not only by the concentration-gradient-drivendiffusion but also by the EF-driven migration and EOC. Since thediffusion coefficients of V2+ and V3+ in the membrane are largerthan that of VO2+ and VOþ2 in the simulated case, the net diffusionflux of vanadium ions is towards the ‘‘+’’ half-cell during bothcharging and discharging, as illustrated in Fig. 5(b). However, themigration of cations and the EOC are along the same direction asthe ionic current, which is towards the ‘‘�’’ side during chargingand to the ‘‘+’’ side during discharging. Hence, the net vanadiumcrossover towards the ‘‘�’’ side shown in Fig. 5(a) during chargingindicates that the sum of net migration and EOC fluxes of vanadi-um ions outweighs the net diffusion flux during charging. In thedischarging process, the net fluxes under all three mechanismsare in the same direction, so the net vanadium crossover is towardsthe ‘‘+’’ half-cell, and the net crossover rate is much larger than thatduring charging, leading to a buildup of vanadium ions in the ‘‘+’’half-cell at the end of the charge/discharge cycle.
 To better understand the effect of different mechanisms on iontransport in the membrane, two representative data sets, corre-sponding to about 50% SOC during charging (at t1 in Fig. 5(a))and discharging (at t2 in Fig. 5(a)), are selected for analysis. Fig. 6shows the distributions of the pore-phase concentrations of differ-ent vanadium ions along representative line L1 at these two repre-sentative moments. The membrane borders the ‘‘�’’ electrode atY = 14 mm and the ‘‘+’’ electrode at Y = 14.2 mm. It can be seen that

Page 10
                        
                        

(a)
 (b)
 Fig. 5. (a) Variation of total vanadium concentration in each half-cell during thesingle charge/discharge cycle shown in Fig. 2(a). t1 and t2 are two representativedata sets selected for detailed analysis, which corresponds to 50% state of chargeduring charging and discharging respectively. (b) Sketch of the direction of netvanadium flux due to diffusion, migration and electro-osmotic convection (EOC) incharging and discharging.
 (a)
 (b)
 Fig. 6. Distributions of pore-phase concentrations of different vanadium ions alongthe representative line L1 (referring to Fig. 1) during (a) charging (t1 in Fig. 5) and(b) discharging (t2 in Fig. 5) at the state of charge about 50%. The membrane bordersthe negative electrode at Y = 14 mm and the positive electrode at Y = 14.2 mm. Y1,Y2 and Y3 are three representative planes.
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 the pore-phase concentrations of different vanadium ions are alsodiscontinuous at the M/E interfaces due to the existence of thefixed charge in the membrane. Moreover, it is interesting to notefrom this figure that the all the concentration profiles are non-lin-ear, and exhibit different shapes between charge and discharge. Forinstance, the profiles of V2+ and V3+ are concave at charging butconvex at discharging, whereas the profiles of VO2+ and VOþ2 areconvex at charging and concave at discharging.
 To explore the reasons for these non-linear concentration pro-files, three representative planes, denoted by Y1, Y2 and Y3 inFig. 6, are selected for further comparison. The molar fluxes ofV3+ and VO2+ across these three planes under diffusion, migrationand EOC are computed respectively via the three terms on theright-hand side of Eq. (9), and compared with each other inFig. 7. The hydraulic convection is not considered due to the negli-gible pressure difference across the membrane in this study. As themigration and EOC fluxes are in the same direction as the cell cur-rent, the fluxes of V3+ and VO2+ under these two mechanisms arenegative during charging and positive during discharging, asshown in Fig. 7. Since both the migration and the EOC fluxes areproportional to the local species concentration, as indicated inEq. (9), the magnitudes of the migration and EOC fluxes of V3+
 decrease from plane Y1 to plane Y3 (Fig. 7(a) and (c)), while thecorresponding fluxes of VO2+ decrease from plane Y3 to plane Y1(Fig. 7(b) and (d)). To maintain the same net flux (summation offluxes under all mechanisms) of each species across all three rep-resentative planes, the magnitude of diffusion flux, determinedby the concentration gradient, varies along the through-planedirection. When the diffusion flux is in the opposite direction to
 the migration and EOC fluxes (Fig. 7(a) and (d)), the diffusion fluxis higher (concentration gradient steeper) at higher species con-centration, leading to concave concentration profile. On the con-trary, when the diffusion flux is in the same direction as the EOCand migration fluxes (Fig. 7(b) and (c)), the diffusion flux is lower(concentration gradient flatter) at higher species concentration,resulting in convex concentration profile. Hence, we can learn fromthe above discussion that the concentration distributions of vana-dium ions in the membrane are strongly affected by the EF-drivenmigration and convection effects across the membrane. We shouldnote that several recent studies [32,33] also investigated the con-tributions of different mechanisms to the total ion crossover rate,but they compared these contributions only at one selected planewith the position unmentioned. From the above discussion wecan learn that the relative contributions of different mechanismsto the total species flux vary greatly along the through-plane direc-tion in the membrane. Also varied is the dominating transportmechanism. For instance, the dominating mechanism for VO2+
 crossover during charging (Fig. 7(b)) transits from EOC at planeY3 to diffusion at plane Y1.
 3.4. Ion crossover during successive charge/discharge cycles
 We can note from Fig. 5(a) that the vanadium concentrationbecomes unequal between the two half-cells at the end of the
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(a) (b)
 (c) (d)
 Fig. 7. Comparison of species flux under different mechanisms (diffusion, migration and electro-osmotic convection (EOC)) across different representative planes (Y1–Y3,referring to Fig. 6) in the membrane. (a) Flux of V3+ at charging; (b) flux of VO2+ at charging; (c) flux of V3+ at discharging; (d) flux of VO2+ at discharging.
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 single cycle. In this section, the crossover of vanadium ions underextended charge/discharge cycles is investigated. Fig. 8(a) plots thevariation of the total vanadium concentration in each half-cell dur-ing sixty successive charge/discharge cycles at the same operatingcondition as Fig. 2(b). Similar to Fig. 5(a), the net vanadium cross-over within a single cycle is from ‘‘+’’ to ‘‘�’’ half-cell during charg-ing and vice versa at discharging. In addition, the net vanadiumcrossover rate is much greater during discharging than that duringcharging for the initial several cycles. Therefore, the vanadium con-centration increases in the ‘‘+’’ half-cell and decreases in the ‘‘�’’half-cell as the cycling proceeds. The increased vanadium concen-tration in the ‘‘+’’ half-cell compensates for the lower diffusioncoefficients of VO2+ and VOþ2 than that of V2+ and V3+ in the mem-brane, leading to reduced net diffusion flux (refer to Fig. 5(b)) asthe cycling proceeds. In the meantime, as shown in Fig. 8(b), theaverage through-plane velocity becomes larger during chargingthan that during discharging after a number of cycles, so the netEOC flux during charging (from ‘‘+’’ to ‘‘�’’) outweighs the corre-sponding EOC flux during discharging (from ‘‘�’’ to ‘‘+’’). Therefore,the reduced net diffusion flux towards the ‘‘+’’ half-cell along withthe enhanced net EOC flux towards the ‘‘�’’ half-cell slows downthe accumulation rate of vanadium in the ‘‘+’’ half-cell. It can alsobe noted from Fig. 8(a) that the vanadium crossover reaches adynamic-equilibrium state (i.e. the net amount of permeated vana-dium during charging equals to the mount during discharging)after successive cycles, as shown in the right-inset of Fig. 8(a).The predicted trend in the variation of vanadium concentrationin each half-cell coincides with the latest experimental observationpublished by Luo et al. [10]. We should note that the deficiency in
 vanadium concentration at the negative half-cell is the major rea-son for the capacity loss during cycling. It can also be drawn fromthe above analysis that the vanadium concentration differencebetween the two half-cells at the final dynamic-equilibrium stateis related to the relative magnitudes of the diffusion coefficientsof different vanadium ions in the membrane, as well as to the dif-ferent EOC effects between charge and discharge.
 We can learn from Eq. (6) that the EOC is strongly affected bythe electro-kinetic permeability of the membrane. However, thevalues of this parameter remain uncertain in the literature. In ear-lier studies [15,16], this parameter is set equal to the hydraulic per-meability of the membrane. In the recent publications of Kumbur’sgroup [31,33], this parameter is treated as a fitted parameter withvalues lower than the hydraulic permeability. To the best of ourknowledge, no experimental study has ever been conducted todetermine the magnitude of this parameter. Therefore, to under-stand the effect of this uncertain parameter on the vanadiumcrossover, two additional cases with different values of the elec-tro-kinetic permeability are simulated. One is the ‘‘NO-EOC’’ case,where the electro-kinetic permeability is set to zero; the other isthe ‘‘Enhanced-EOC’’ case, where the electro-kinetic permeabilityis doubled compared to the base case (the one in Fig. 8). The varia-tions of vanadium concentration in each half-cell during a total ofsixty cycles at these three cases are compared in Fig. 9(a). Asshown in this figure, the amplitude of vanadium concentration var-iation in each half-cell during a single cycle is enlarged when theEOC is enhanced, indicating that more vanadium ions transfer from‘‘+’’ to ‘‘�’’ side during charge and transfer back from ‘‘�’’ to ‘‘+’’during discharge. Therefore, both the coulombic efficiency (CE)
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(a)
 (b)
 Fig. 8. (a) Variation of the total vanadium concentration in each half-cell duringsixty successive charge/discharge cycles at the same condition of Fig. 2(b). (b) Theaverage through-plane velocity during charging and discharging in each cycle.Positive velocity values indicate the direction from ‘‘�’’to ‘‘+’’ side and vice versa.
 (a)
 (b)
 (c)
 Fig. 9. Variation of (a) total vanadium concentration in each half-cell, (b) coulombicefficiency (CE) and energy efficiency (EE), (c) charging and discharging capacitiesduring sixty successive charge/discharge cycles with different electro-osmoticconvection (EOC) effect. The operating condition is the same as that in Fig. 8.
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 and the energy efficiency (EE) are lower at the Enhanced-EOC case,as shown in Fig. 9(b). Nevertheless, the net amount of accumulatedvanadium in the ‘‘+’’ half-cell after an entire cycle is reduced whenthe EOC is enhanced, and the vanadium concentration in the posi-tive half-cell at the final dynamic-equilibrium state also becomessmaller, indicating that more vanadium ions are reserved in the‘‘�’’ half-cell. Therefore, the capacity loss slows down with theincrease of the electro-kinetic permeability, as shown in Fig. 9(c).
 Fig. 10(a) shows the respective variation of SOC in both half-cells at the end of the charge and discharge processes of each cyclein the base case condition. As shown in this figure, the SOC falls inthe range between 20% and 80% at the very beginning for bothsides. As the cycling proceeds, however, the SOC range in the ‘‘�’’side increases to 38�95%, whereas the range in the ‘‘+’’ sidedecreases to 10�49%. This imbalanced SOC is attributed to theasymmetrical vanadium crossover between the two half-cells. Asdescribed in Eq. (12), all the transferred V2+ and V3+ are oxidizedto VO2+ by VOþ2 in the ‘‘+’’ electrode, and the transferred VO2+
 and VOþ2 are reduced to V3+ by V2+ in the ‘‘�’’ electrode. Since theamount of transferred V2+ and V3+ through the membrane is largerthan the amount of transferred VO2+ and VOþ2 in one cycle, the self-discharge reactions in Eq. (12) consume more VOþ2 in the ‘‘+’’ elec-trolyte than V2+ in the ‘‘�’’ electrolyte. As a result, the valence stateof vanadium ions in the two half-cells becomes asymmetrical, witha shortage of VOþ2 in the ‘‘+’’ side and a surplus of V2+ in the ‘‘�’’
 side at the end of each cycle, leading to decreased SOC in the ‘‘+’’side and increased SOC in the ‘‘�’’ side accordingly. This imbal-anced SOC could also affect the VRFB performance by creatinghigher overpotentials. For instance, the increased SOC in the ‘‘�’’electrolyte indicates lower V3+ concentration at the end period ofcharging, which can induce lower negative electrode potentialsas shown in Fig. 10(b), where the variation of the lowest negative
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(a)
 (b)
 Fig. 10. Variation of (a) respective state of charge in the two half-cells at the end ofthe charging (voltage at 1.61 V) and discharging (voltage at 1.2 V) processes and (b)the lowest electrode potential in the negative half-cell at the end of chargingprocess during the sixty charge/discharge cycles shown in Fig. 8.
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 electrode potential at the end of the charging process in each cycleis plotted. As shown in this figure, the lowest negative electrodepotential decreases by nearly 50 mV after sixty cycles, signifyinga danger of parasitic hydrogen evolution in the negative electrode,which can not only reduce the CE but also accelerate the capacitydecay. In previous studies, it is usually believed that charging theVRFB to the maximum SOC lower than 90% can avoid the parasiticgas evolution. When using cutoff voltages as the cycling limits,however, we can learn from the above results that the SOC in thenegative half-cell can become fairly high (over 95%) after long-term cycles due to the asymmetrical vanadium crossover, eventhough the maximum SOC at the initial several cycles is sufficientlylow.
 4. Conclusions
 We presents a 2-D transient VRFB model with focus on investi-gating the mechanisms of ion crossover in the membrane. Unlikeconventional studies focusing only on diffusional ion crossover,the effects of EF-driven migration and convection are highlightedand detailed in this work. Single-domain approach is utilized inthis model which couples the species fluxes at M/E interfaceswithout the introduction of any internal boundary conditionsand additional assumptions and fitting parameters. Though the
 computation efficiency (e.g. in terms of computation time) maynot be enhanced compared with conventional multi-domain mod-els, the present model captures reasonable Donnan-potentialjumps at M/E interfaces (negative values for cation-exchangemembrane as defined in Eqs. (34) and (35) of Section 3.2). Further-more, we would like to stress that this work is not a simple conver-sion from multi-domain to single-domain approaches, and themain purpose of this study is not merely to introduce the presentmodel, but, more importantly, to highlight on the effects of EF-dri-ven mechanisms over ion crossover and capacity decay. Severalnovel findings are reported in this work, as summarized below:
 (1) Ion crossover at open-circuit conditions is rarely investigat-ed in the literature. In this study, we find that, though thereis no net current, EF still forms across the membrane atopen-circuit condition due to the unequal H+ concentrationin the two half-cells. Hence, vanadium ions can transfer viamigration and EOC from H+-diluted to H+-concentrated sideunder the EF, with the transfer rate strongly affected by theH+ concentration difference between the half-cells. Thisfinding is helpful in that it reveals the importance of keepingsame H+ concentrations in the two half-cells when measur-ing the vanadium ions diffusivity in the membrane usingdialysis cell, which is a typical procedure for evaluatingmembrane quality.
 (2) The concentration distributions of different vanadium ionsare non-linear in the membrane with different shapes (con-cave and convex) during charge and discharge, which isfound to be attributed to the dramatic EF-driven migrationand convection effects. Also, unlike previous studies wherethe relative contributions of different mechanisms to thetotal ion crossover rate are studied only at one selectedplane, we compared the relative contributions at differentlocations in the membrane and found that the dominatingmechanism governing ion crossover rate changes along themembrane thickness.
 (3) Vanadium ions accumulates in the ‘‘+’’ half-cell duringcharge/discharge cycles, and the deficiency of vanadium inthe ‘‘�’’ half-cell is responsible for the capacity decay. Therates of vanadium accumulation and capacity decay areaffected by the discrepancies in the diffusion coefficients ofdifferent vanadium ions in the membrane, as well as bythe magnitude of EF-induced crossover, in particular theEOC. The simulation results suggest that enhancing theEOC is a potential approach to alleviating the capacity decay.
 (4) The asymmetrical vanadium crossover rate can also lead toimbalanced SOC in the two half-cells after successivecharge/discharge cycles. Even though the maximum SOC atthe initial several cycles is sufficiently low, it could becomefairly high (e.g. 95%) in the negative half-cell after numerouscycles when the cycling is controlled by cut-off voltages,indicating a danger of parasitic hydrogen evolution.
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