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Next-generation redox flow batteries will benefit from the progress of macroscopic continuum models that enable the optimization
of new architectures without the need of expensive fabrication and experimentation. Despite previous attempts, there is still need
for robust and thoroughly validated models. Here, a steady-state two-dimensional unit-cell model of an all-vanadium redox flow
battery is presented. The model integrates state-of-the-art descriptions of the fundamental physical phenomena, along with new
features such as local mass transfer coefficients for each active species, precise sulfuric acid dissociation kinetics, and experimental
data of the electrochemical parameters and electrolyte properties. The model is validated at different states of charge and flow rates
using polarization, conductivity and open circuit voltage measurements. Then, the contribution of operating conditions on battery
performance is studied by analyzing its separate effect on the various phenomena that affect cell performance, such as local pore
mass transfer limitations, parasitic hydrogen evolution reactions, crossover and self-discharge fluxes. The resulting model is a
reliable tool that can be used to assess the relevance of these coupled phenomena that take place simultaneously within the reaction
cell. This important information is critical to optimize cell components, reactor design and to select optimal operating conditions.
© 2022 The Electrochemical Society (“ECS”). Published on behalf of ECS by IOP Publishing Limited. [DOI: 10.1149/1945-7111/
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List of symbols

Symbols
a electrode specific surface area, m2 m−3

C concentration, mol m−3

df carbon electrode fiber diameter, m
Di diffusion coefficient of species i, m2 s
D depth measured along z-direction, m

′E formal potential, V
Eeq equilibrium potential, V
F Faraday constant, 96,487 C mol−1

i current density, A m−2

i0 exchange current density, A m−2

k reaction rate constant, m s−1

kb backward rate constant of the −HSO4 dissociation
reaction, s−1

kf forward rate constant of the −HSO4 dissociation
reaction, s−1

km mass transfer coefficient, m s−1

Keq corrected equilibrium constant for the bisulfate
ion dissociation reaction, M

L length measured along y-direction, m
M mass, m
N molar flux, mol m−2s−1

Qv volume flow rate, m3 s−1

R universal gas constant, 8.314 J mol−1K−1

T temperature, K
u liquid velocity, m s−1

U ion mobility, mol s−1kg−1

W width measured along x-direction, m
WL,V volumetric electrolyte uptake, dimensionless
z charge number of the ionic species
Greek symbols
β degree of dissociation, dimensionless
αk transfer coefficient, k= {a, c, H2, O2}, dimen-

sionless
ϵ porosity, dimensionless

η overpotential, V
φ potential, V
η electrolyte conductivity, S m−1

ξ flux from self-discharge reactions, mol m−2 s−1

Ψ net flux, mol m−2 s−1

γ activity ratio
μ dynamic viscosity, cP
ρ density, g cm−3

ν stoichiometric coefficients, dimensionless
Subscripts
a anode
ak viscosity fitting coefficients, k= {0,...,3}
bk density fitting coefficients k= {0,...,2}
c cathode
e solid electrode domain
eq equilibrium
i V2+, V3+, VO2+, VO+

2 , H
+, HSO4

−, SO −
4
2 , H2

and O2 species
in inlet value
j vanadium species V2+, V3+, VO2+, VO+

2
L electrolyte domain
O oxidized species
R reduced species
S sulfates
VT total vanadium
Superscripts
eff effective value
L electrolyte domain
m membrane domain
s surface
* bulk
0 standard or initial value
− negative electrode, electrolyte or half-cell
+ positive electrode, electrolyte or half-cell
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capacity of the grid. This fluctuating energy generation must
guarantee the electricity supply to a system whose demand also
changes with time. A wide mix of energy storage technologies with
different capacities and response times is thus crucial to improve the
reliability and stability of future smart grids,1 thereby enhancing the
versatility of intermittent renewable energies such as wind and
solar.2 Electrochemical storage systems convert electrical energy
into chemical energy by means of redox reactions. In this context,
Redox Flow Batteries (RFBs) emerge as a mature and popular
technology due to their flexibility to decouple energy from power
and wide range of power to energy ratios.3

RFBs are a promising technology, particularly well suited for
stationary energy storage.4 They are a type of rechargeable battery
that, unlike conventional batteries, do not store energy in the
electrodes.5 RFBs are a variant of regenerative fuel cells that store
the energy in the form of redox active species dissolved in two
electrolytes that react on the surface of two electrodes separated by a
porous separator or membrane.1 A large body of work has been
devoted to increase the overall efficiency of RFBs by testing
different electrochemically active species,5 long lasting and more
efficient electrodes,6–8 more selective and conductive separator
materials,9,10 optimized flow field designs11,12 and controlled oper-
ating conditions.13–15 The storage of electrolytes in external deposits
gives RFBs their unique ability to decouple power and energy.
However, the circulation of the electrolytes between the deposits and
the cell stacks requires the use of pumps and flow control systems,
which increases their capital and operating costs compared to other
types of batteries.3 So far, most of the literature on RFBs has dealt
with Vanadium RFBs (VRFBs), one of the earliest redox couples
adopted in RFBs due to the reduced effect of cross-contamination in
battery long-term performance.5

Mathematical modeling is a powerful tool to expedite the
research of next-generation RFBs, which will require robust and
thoroughly validated models. Despite the variety of modeling
approaches,15–18 macroscopic continuum models are mostly used
to study complete unit cells or stacks, where porous materials are
treated as homogeneous media with certain effective, or mean,
transport properties.19 They pose an intermediate compromise
between more detailed models of the structure of the electrodes (e.
g. pore network models) which are prohibitive at full cell scale due
to its computational cost, and simple but fast zero-dimensional
dynamic models that cannot retain precisely local variations of
electrode or electrolyte properties. These continuum models are
often used as starting point to examine the scalability of RFBs in
industrial applications, as they provide a cost-effective tool to
explore coupled phenomena in electrochemical cells and predict
overall performance and efficiency.20

Fundamental equations for flow batteries are nowadays well
known.21,22 In these models, it is common to assume steady operation
within the cell whenever its inner volume is small compared to the total
volume of electrolyte of the system. These steady-state models of the
reaction cell can be used to analyze local values of the concentration of
species, electrode overpotentials and transfer current densities.18,23,24

Moreover, they can be extended into system level models if the
dynamic response wants to be evaluated over time.20,25–28

Current efforts are focused on assessing the importance of the
diverse physical phenomena that take place within the cells. Knehr
and Kumbur29 demonstrated that the equilibrium potential of the
electrochemical system needs to be properly estimated for an
accurate prediction of the cell voltage. Further improvements in
the physics description have also been addressed. For instance, the
crossover of vanadium species through the membrane of VRFBs is
one of the main reasons of their capacity fade. Tang et al.30 and Oh
et al.31 studied the transport of active species across the membrane
and the subsequent capacity loss using a dynamic model based on
species mass balances coupled to the Nernst equation, and on the 3D
description of the different transport mechanisms, respectively. They
reported that the main reasons for electrolyte imbalance between the
negative and positive sides are the different diffusion rates and

significant migration rates of the active species across the mem-
brane. More recently, using a similar modeling approach, Hao
et al.32 found that it exists an asymmetric behavior in the crossover
of vanadium ions which results in ions accumulation in the negative
or positive side depending on whether cation or anion exchange
membranes are used, respectively.

Models accounting for local variations of electrolyte properties
have proven to be remarkably effective in providing more realistic
predictions of system performance and pumping losses.33 Knehr
et al.26 observed that variations in electrolyte viscosity could also
impact significantly on species crossover. Additionally, Zhou et al.34

developed a model including variable diffusion coefficients that
depended on electrolyte viscosity, and showed that this in fact leads
to a more accurate prediction of the electrolyte ionic conductivity.
Other authors such as Shah et al.35 and Al-Fetlawi et al.36

investigated secondary parasitic reactions through a dynamic model
that integrated advanced descriptions of parasitic hydrogen and
oxygen evolution reactions. They demonstrated the detrimental
impact of these reactions on the battery efficiency and provided
some guidelines for its minimization (e.g., high flow rates to
minimize mass transport overpotentials). Finally, in the modeling
literature, most macroscopic continuum models reported to date use
averaged values for the mass transfer coefficients km, often only
dependent on the bulk electrolyte velocity.18,24,37,38 Only a few
works have reported a more accurate description of pore mass
transport losses, considering, e.g., the dependence of km on carbon
fiber diameter, ion diffusion coefficients or electrolyte
properties.39–42 By contrast, all these authors model species deple-
tion using a constant mass transfer coefficient km throughout the
entire electrode domain. It is clear that local electrolyte properties
play a role in how active species are transported to the electrode
surface but locally dependent electrolyte properties are not included
in mass transfer coefficient formulations. A more accurate model of
the electrode domain can be used that include a detailed microscopic
description of the electrode but these type of models cannot be
extended to full cell simulation due to its high computational costs.

Despite the advances reported in all previously mentioned models,
there is still a lack of comprehensive multiphysics models that are
validated experimentally at diverse operating conditions and that
include all relevant physical phenomena. Therefore, in this work, we
present a robust and validated model that allow us to deconvolute the
interplay between all the physico-chemical phenomena, enabling a
more accurate prediction of the specific effects of each component
properties, reactor design and operating conditions on the system
performance. We developed a comprehensive physical model of a unit-
cell VRFB that incorporates for the first time a complete description of
the sulfuric acid dissociation equilibrium, local mass transfer coeffi-
cients as a function of local electrolyte properties for each vanadium
species, along with experimentally measured electrochemical kinetic
parameters, electrolyte properties and diffusion coefficients, which
improves significantly the accuracy of the model. The model is
validated with polarization, conductivity and open circuit voltage
(OCV) measurements at different states of charge (SOC) and flow
rates. Afterwards, the proposed model is used to perform three
parametric sweeps varying the cell voltage, the SOC and the flow
rate in order to highlight the relative contribution of the different
operating variables. Crossover and self-discharge rates, equilibrium
ionic concentrations and hydrogen bubble production risk maps are
also presented here. This valuable information could guide the design
processes and help to identify strategies for cell optimization and
scaling toward the industrial environment. This model is a first step
toward a more complex system-level model that will allow us to study
charge-discharge cycles under different temperature conditions.

Experimental

Materials and setup.—A lab-size (3 cm× 3 cm) filter-press
single cell operating in flow-through configuration was used for
the flow-cell experiments. A schematic cross-sectional view and an
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image of the experimental setup and cell assembly are shown in
Figs. 1 and S1, respectively. The internal geometry of the cell allows
us to easily compare experiments with simulations by correctly
assuming a 2D flow configuration.

Vanadium electrolytes composed of V2+/V3+ and VO2+/VO+
2

redox species dissolved in aqueous sulfuric acid (H2SO4), were used
for the negative and positive half-cells, respectively. The electrolytes
were obtained from the pre-conditioning of the commercial 1.8 M
total vanadium electrolyte supplied by Oxkem Limited (UK) and
received as a 50:50 mixture of V3+/VO2+, by galvanostatic charge at
30 mA cm−2 up to 1.7 V. The electrolytes were stored in two small
PET deposits, which were continuously feed with argon to maintain
an inert atmosphere. The electrolytes were pumped from the deposits
using a peristaltic pump (Masterflex L/S Series) to a custom made
reference cell using Nalgene PVC tubing 1/8 ID, passed through the
working cell and then returned back to the deposits. A reference cell is
used to ensure that the desired SOC is present at the inlet of the
working cell by monitoring the open circuit voltage in real time. To
minimize crossover effects in the reference cell two membranes were
stacked between the two half-cells. Both the reference and the
working cell were connected to a Biologic VMP3 multi-channel
potentiostat-galvanostat (Biologic, France). Both cells used
Sigracell® battery felt GFD-2.5 EA (SGL Carbon) as porous elec-
trodes, with a geometrical surface area of 9 and 1.5 cm2, respectively.
To improve their wettability, the electrodes were pre-treated by
thermal oxidation in a carbolite laboratory chamber furnace at
500 °C for 1 h.43 As current collectors, carbon bipolar foil
Sigracell® TF6/PV15 (fluroropolymer 6%, carbon 94%) (SGL
Carbon) was used. A Nafion 212 cationic membrane was used to
separate both cell compartments, first conditioned by pumping electro-
lyte through the cell for two hours. Teflon end-plates were used to
enclose all the components. A compression ratio of 20% was ensured
by keeping a uniform 10 mm separation at the 6 bolt locations. Several
layers of vinyl and Teflon sheets served as gaskets for both creating the
flow chamber and sealing the cell. The reference cell was made using
the same materials as the working cell, but at a smaller scale.

Electrolyte characterization.—Physicochemical and electroche-
mical properties of the electrolyte were measured in order to feed the
model with accurate data. Viscosity, density, pH and electrical
conductivity were measured for different electrolyte samples con-
taining a total vanadium concentration of 1.6, 1.8 and 2.0 M and at

four different SOCs (10, 20, 50 and 80%) calculated from titration
measurements. The data was obtained under controlled temperature
(25 °C) inside a climatic chamber. The results are collected in Table
S1, with further experimental details discussed in the Suplementary
Information. The total concentration of vanadium ions and sulfates
present in the electrolyte used in the experiments were measured by
ICP-AES technique (see Tables I and SI).

Electrochemical kinetic parameters were studied using two
independent techniques. Cyclic voltammetry (CV) was performed
using a graphite rod electrode to obtain the formal potential E’, the
reaction rate constants k0 and transfer coefficients α of each
electrolyte. A rotating disc electrode (RDE) made of glassy carbon
was used for diffusion coefficients measurements. Resulting values
of these parameters are compiled in Table II. The sum of both
negative and positive transfer coefficients of the anodic and cathodic
reactions deviates from unity, as also reported in other studies.45

This can be due to the poor kinetics and to the non-reversible
behavior of the vanadium reactions. All experimental details are
collected in the Supplementary Information.

Electrolyte uptake in the membrane.—The volumetric electro-
lyte uptake,WL,V, represents the amount of electrolyte inside the wet
membrane. This parameter is used later when modeling the
membrane to define the fraction of the membrane domain that is
in fact occupied by electrolyte. To measure its value, standard
practice was followed by immersing the Nafion 212 membrane in
electrolyte for 48 h. After that, samples were weighted and then
dried inside a vacuum oven at 60 °C during 24 h to be weighted
again. Then WL,V was calculated as

= [ ]W
V

V
, 1L,V

m
L

m

where ρ= ( − )V M Mm
L

wet dry L is the volume of electrolyte absorbed
and Vm = 1.1WmLmDm is the volume of the wet membrane assuming
a 10% swelling.47 In the above expressions, Mwet and Mdry represent
the mass of the membrane under wet and dry conditions, respec-
tively, ρL is the density of the electrolyte, andWm, Lm and Dm are the
initial width, length and depth (in the x-, y- and z-directions in Fig. 1)
of the membrane sample used in the experiments. Measured value of
WL,V is collected in Table V.

Figure 1. Schematic view of the experimental setup (a) presenting the modeled domain and (b) boundary conditions used in the simulations (see Nomenclature).
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Reference cell: open circuit voltage measurement.—The OCV
between both electrolytes was continuously monitored in order to
estimate the SOC of the electrolyte passing through in real time. The
OCV signal was used to control the programmed charge, discharge
and relax steps applied to the working cell. The SOC of the battery
was extrapolated using a previously calibrated OCV vs SOC curve at
the prevailing operating temperature of 25 °C (see the experimental
curve in Fig. 2b).

Polarization curves.—Polarization curves were measured at four
different flow rates (5, 12, 30 and 50 ml min−1) and four different
SOCs (80, 60, 40 and 20%) at 25 °C. Linear sweep voltammetry was
selected as a potentiostatic method for the measurements since it
allows a smooth voltage variation until the limiting current is
reached, providing fast results with a similar accuracy to pulsed
voltage techniques. The scan rate of the applied potential was set to a
compromise value of 400 mV min−1, sufficiently low to assume
stationary conditions inside the cell but fast enough to avoid
significant SOC changes. To ensure a stable SOC at the inlets, 90
ml volume of fresh electrolyte was introduced in each side of the
working cell. The desired SOC was obtained by charging the battery
and discharging at the same current density stopping at the desired
SOC levels to measure the corresponding polarization curve. This
protocol was repeated for every flow rate with fresh electrolyte in
each test.

Mathematical Model

Figure 1 shows a sketch of the two-dimensional unit-cell under
study, with dimensions shown in Table III, similar to those used in
the 3 cm × 3 cm experimental characterization cell. The positive
(+) and negative (−) electrolytes flow in the same direction
through two porous electrodes of length L = 3 cm and thickness

We = 2.5 mm, separated by a cationic polymer membrane (Nafion
112, see Table V) of thickness Wm = 50.8 μm. The domain under
study includes the porous electrodes and the membrane, with
0 < x < 2We +Wm denoting the transverse coordinate measured
from the current collector of the negative electrolyte, and
0 < y < L the longitudinal coordinate measured from the inlet
section. As shown in the figure, x1 =We and x2 =We +Wm

correspond to the membrane interfaces with the negative and
positive electrodes respectively, while the current collectors are
located at the boundaries of the domain x = 0 and x3 = 2We +Wm.
The electrochemical redox reactions occurring at each half-cell
are

+ ⇌ + [ ]+ −Negative electrode: V e V 2a3

Discharge

Charge
2

+ ⇌ + +

[ ]

+ + + −Positive electrode: VO H O VO 2H e

2b

2
2

Discharge

Charge

2

Following standard practice, the SOC is defined as the ratio of the
concentration of charged vanadium ions to the total concentration of
vanadium ions in each electrolyte

=
+

=
+

[ ]
+

+ +

+

+ +

C
SOC

C

C C C C .
3V

V V

VO

VO VO

2

2 3

2

2
2

where it is assumed that the electrolyte imbalance is negligible, so
that the same SOC and total vanadium concentration are used for
both electrolytes at the electrode inlet sections.

The following assumptions have also been considered in the
development of the model:

Table I. Electrolyte composition.

Symbol Quantity Value Origin

CVT Total concentration of vanadium ions
(mol m−3)

1890 Measured

Csulfates Total concentration of sulfates (mol m−3) 3770 Measured
γ Activity ratio 3.04 × 10−3 44
Keq Corrected equilibrium constant 3.74 44

+D
V
0
2 V2+ diffusion coefficient (m2 s−1) 8.10 × 10−12 Measured

+D
V
0
3 V3+ diffusion coefficient (m2 s−1) 1.65 × 10−11 Measured

+D
VO
0

2 VO2+ diffusion coefficient (m2 s−1) 2.37 × 10−11 Measured

+D
VO
0

2

+VO2 diffusion coefficient (m2 s−1) 4.16 × 10−12 Measured

Table II. Electrokinetic and electrochemical reactions parameters.

Symbol Quantity Value Origin

′−E Formal potential of the negative electrode [V] −0.36 Measured
′+E Formal potential of the positive electrode [V] + 0.98 Measured

−k
0 Standard rate constant of the negative electrode [m s−1] 2.5 × 10−7 Measured

+k
0 Standard rate constant of the positive electrode [m s−1] 1.5 × 10−6 Measured

α−
c Cathodic negative reaction transfer coefficient 0.2 Measured

α−
a Anodic negative reaction transfer coefficient 0.3 Measured

α+
c Cathodic positive reaction transfer coefficient 0.4 Measured

α+
a Anodic positive reaction transfer coefficient 0.5 Measured

i0,O2 Oxygen evolution exchange current density [A m−2] 1.0 × 10−5 46
i0,H2 Hydrogen evolution exchange current density [A m−2] 1.4 × 10−5 35
αO2 Oxygen evolution transfer coefficient 0.3 46
αH2 Hydrogen evolution transfer coefficient 0.35 35
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(i) The fluid flow is steady and the effect of buoyancy is
negligible.

(ii) The electrolyte velocity is uniform at the electrode inlet
section.

(iii) The temperature is uniform throughout the cell.
(iv) The dilute solution approximation holds for all species present

in the electrolyte.
(v) Convection and electroosmotic drag are neglected in the

membrane.
(vi) Self-discharge reactions are assumed to be instantaneous,

irreversible, and only take place at both interfaces between
the membrane and the porous electrodes.

(vii) The H2 and O2 produced by the hydrogen and oxygen
evolution reactions are instantaneously dissolved in the elec-
trolytes.All model equations were implemented in the finite
element software COMSOL Multi-physics®. A quadratic
mesh with 23 040 elements was used including cell refine-
ment close to the electrode-membrane interface and within
the membrane. The relative error tolerance was set to 10−5.
The computational time for computing a single point of the
polarization curve (e.g., Vcell = 1 V at 12 ml min−1 and 20%
SOC) was on the order of 2 min in a AMD Ryzen 9 3900X
12-Core Processor 3.79 GHz CPU supported by 64 GB of
RAM.

In the following sections, the model equations are presented and
referenced to each of the half-cell domains.

Porous electrodes.—The steady-state species conservation equa-
tion in the porous electrodes can be written as

∇· ⃗ = [ ]N S , 4i i

where i refers to the studied species V2+, V3+, VO2+, VO+
2 , H

+,

HSO4
−, SO −

4
2 , H2 and O2. In the above equation, ⃗Ni is the species

molar flux vector and Si is the volumetric source term of species i
that refers to electrochemical production either in the electrode
surface or by homogeneous chemical reactions (as defined in
Table IV). The molar flux vector includes diffusion, migration and
convection terms according to the Nernst-Planck equation

ϕ⃗ = − ∇ − ∇ + ⃗ [ ]N D C
z C D

RT
F uC , 5i i i

i i i
i

eff
eff

L

where Ci and zi are the molar concentration and charge number of
species i, F and R are the Faraday and universal gas constants, T is
temperature, φL the electrolyte potential and ε=D Di i

eff 3 2 the
effective diffusion coefficient given by the Bruggemann
correction.49 The diffusion coefficient of species i can be expressed
in terms of the electrolyte viscosity, μ, which in turn depends on the
local SOC, according to Ref. 34

μ
μ

= [ ]D
D

, 6i
i
0 0

where Di
0 is the diffusion coefficient of each species measured in the

electrolyte at the reference viscosity μ0.
In the convective term of the species flux, ⃗u refers

to the superficial velocity of the electrolyte, calculated from
Darcy’s law

μ
⃗ = −∇ [ ]u P

K
, 7

where ∇P is the pressure drop and K is the absolute permeability,
given by the Carman-Kozeny equation

Figure 2. Comparison between numerical results and experiments; (a)
Impact of sequential inclusion of different physics in the model in the
polarization curve of the battery. Qv = 30 ml min−1 and 20% SOC; (b) Open
circuit voltage of the cell; and (c) ionic conductivity of each electrolyte, as a
function of SOC.
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ε
ε

=
( − )

[ ]K
d

K 1
8f

2 3

CK
2

in terms of the average porosity ε and the average fiber diameter df
of the electrode.

The concentrations of the different species in the electrolyte must
satisfy the electro-neutrality condition

∑ = [ ]z C 0. 9
i

i i

Moreover, charge conservation allows to couple the ionic current

density in the electrolyte, ⃗ = ∑ ⃗i F z Ni i iL
L
, with the electronic

current density in the electrode, σ ϕ⃗ = ∇ie e e, which are both related
to the local current density iloc at the fibers surface

−∇· ⃗ = ∇· ⃗ = [ ]i i a i . 10L e loc

In the above expressions, a is the electrode specific surface area, σe
the electrical conductivity, and φe the electric potential of the solid

phase. Substituting Eq. 5 in the expression for ⃗iL and grouping terms,
the ionic conductivity can be expressed as

∑σ = [ ]F z U C 11i i iL
2 2

where Ui = Di/(RT) are the mobility coefficients determined from
the Nernst-Einstein equation.

The local current density is defined by the Butler-Volmer
equation in its concentration-dependent form, which describes the
volume-average electrochemical reactions that take place at the
fibers surface

* *
α η α η= − − [ ]i i

C

C

F

RT

C

C

F

RT
exp exp , 12aa c

loc 0
R
s

R

O
s

O

⎡
⎣⎢

⎛
⎝

⎞
⎠

⎛
⎝

⎞
⎠
⎤
⎦⎥

where

* *= ( ) ( ) [ ]α αi Fk C C 12b0
0

R O
c a

is the exchange current density, which depends on the standard rate
constant of the reaction, k0, and on the concentrations of the reduced
(R) and oxidized (O) species in the bulk of the liquid (*).

The mass transfer flux of vanadium species
= { }+ + + +j V , V , VO , VO2 3 2

2 across the interface between the
electrode and the electrolyte is modeled by assuming a linear
Nernst diffusion layer

*= ( − ) = [ ]N k C C
i

F
13j j j j

s
m,

s loc

where *Cj and Cj
s refers to the species concentrations in the bulk

space and at the fibers surface, respectively, and km,j is the mass
transport coefficient of species j. The latter is modeled by the semi-
empirical correlation proposed by Deepak et al.41

= [ ]k
D

d
7 Re 14j

j
m,

f

0.4

in terms of the local diffusion coefficient of species j, the average
fiber diameter, and the local Reynolds number ρ μ= ∥ ⃗∥u dRe f .

Writing the mass transfer relation Eq. 13 for the reduced and
oxidized vanadium species, j= {R, O}, and substituting iloc using
Eq. 12 yields a system of two linear equations with two unknowns in
each half-cell whose solution provides the species concentrations at
the fiber surface, Cj

s, in terms of the species concentrations in the

bulk space, *Cj , and the overall mass transfer coefficients kmj as
follows

( ) * *
=

+ +

+ +
[ ]C

C C1

1
15a

A

k

A

k

A

k

B

k

O
s

O R
mR mO

mR mO

( ) * *
=

+ +

+ +
[ ]C

C C1

1
, 15b

B

k

B

k

A

k

B

k

R
s

R O
mO mR

mR mO

where the coefficients A and B are given by

* * α η= ( ) ( ) [ ]α α−A k C C
F

RT
exp 16aa0

R
1

O
c a ⎛

⎝
⎞
⎠

Table III. Electrode parameters (Sigracell® GFD-2.5 EA).

Symbol Quantity Value Origin

We Thickness (m) 2.5 × 10−3 Datasheet
L Lenght (m) 3.0 × 10−2 Measured
De Depth (m) 3.0 × 10−2 Measured
Compression Compression (%) 20 Calculated
ϵ Open porosity 0.94 Obtained from datasheet
σe Conductivity (S/m) 50 Datasheet
a Specific surface area (m2 m−3) 2.3 × 104 Fitting parameter
df Fibre diameter (m) 0.5 × 10−6 48

Table IV. Volumetric Source terms Si of species i in Eq. 4.

Si Negative electrolyte
Positive electro-

lyte

V2+ − −ai Floc —

V3+ −ai Floc —

VO2+
— − +ai Floc

VO2
+

— +ai Floc

H+ − − +− +ai F ai F2 SdH loc ,H2 +Sd,H
HSO4

−
−Sd,HSO4

−Sd,HSO4

SO −
4
2 −Sd,SO4

2 −Sd,SO4
2

H2 ai FH2 —

O2 — ai FO2
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The overpotential in each half-cell is defined as

η ϕ ϕ= − − [ ]E , 17e L eq

where the equilibrium potential is given by the corrected Nernst
equation,29 which leads to the following expressions for each
electrode
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where ′−E and ′+E are the (measured) formal potentials of each
electrolyte. Although not needed in the mathematical model of the
VRFB, the OCV will be used during the validation step. The
predicted OCV value can be obtained using the analytical expression
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where ′ = ′ − ′+ −E E E is the formal cell potential. In this expression, the
Donnan potential, given by Eq. 24 below, has been simplified retaining
only the difference between the H+ concentration in both electrolytes,
neglecting the less relevant effect of the remaining species.29

Ion-exchange membrane.—Ionic transport in the membrane is
modeled for all species except H2 and O2 using the charge
conservation equation

∇· ⃗ = [ ]i 0, 20L
m

where

∑⃗ = ⃗ [ ]i W F z N 21
i

i iL
m

L,V
m

represents the ionic current density in the membrane. An electrolyte-
volumetric uptake parameter (WL,V) is included to describe the
fraction of electrolyte that the membrane uptakes inside its matrix
where the ions can be transported (see Table V). This will directly
affect the contribution of the membrane to the total ohmic resistance
of the battery. The molar flux of the species dissolved in the

membrane, ⃗Ni
m
, is modeled according to the Nernst-Planck Eq. 5

neglecting convective and osmotic fluxes

ϕ⃗ = − ∇ − ∇ [ ]N D C
z C D

RT
F 22i i i

i i im eff, m m
m eff, m

m

where φm is the potential of the electrolyte fraction contained in the
membrane.

The electroneutrality condition in the membrane

∑ + = [ ]z C z C 0 23
i

i i f f
m

includes the effect of the fixed sulfonic acid groups present in it,
where zf and Cf denote the charge and concentration of sulfonic
groups, respectively.

Finally, the difference between the membrane and electrolyte
potentials is given by the Donnan potential

ϕ ϕ− = [ ]RT

F

C

C
ln 24i

i
L m

L

m⎜ ⎟
⎛
⎝

⎞
⎠

which is a function of the concentration of all ionic species in each
electrode.29

Vanadium electrolytes.—Physical properties.—Since viscosity
and density undergo variations with the electrolyte composition that
may affect the accuracy of the numerical model,33 empirical
correlations are used here for both properties as a function of SOC
and the total concentration of vanadium ions (CVT )

μ = + + + [ ]a a a C a CSOC SOC 25a0 1 2 V 3 VT T

ρ = + + [ ]b b b CSOC 25b0 1 2 VT

where ai and bi are fitting coefficients obtained from the measured
properties of our electrolytes (Table SII).

H2SO4 dissociation.—The supporting electrolyte (sulfuric acid,
H2SO4) is known to dissociate into + −H , HSO4 and −SO4

2 ions
according to the following set of reactions

⟶ + [ ]+ −H SO H HSO 26a2 4 4

⇌ + [ ]− + −HSO H SO . 26b4
k

k

4
2

b

f

The first dissociation is assumed to be complete since H2SO4 is a
strong acid with a large equilibrium constant of 2.4× 106.52

However, the second dissociation step occurs only partially,
following an equilibrium constant that depends on the concentration
of H2SO4 and on temperature.44 At equilibrium, the forward and
backward reactions, assumed to be first-order reactions, proceed at
the same rate

= [ ]− + −k C k C C , 27f bHSO H SO4 4
2

where kf and kb are the forward and backward reaction rate
constants. The equilibrium constant can then be written as

= = [ ]
+ −

−
K

k

k

C C

C
28

f

b
eq

H SO

HSO

4
2

4

where Keq is a corrected equilibrium constant calculated dividing the
values of Keq reported by Knopf et al.44 by an activity quotient at
different temperatures and total H2SO4 concentrations. The influence
of the initial H2SO4 concentration is not as significant as that of
temperature, therefore for the isothermal conditions considered in
this work Keq can be assumed to be constant. Its value at 298 K for a
total sulfate concentration of 3.77 M is listed in Table I, which is
obtained from Knopf et al.44 by extrapolating to the specific H2SO4

concentration considered here.
During normal operation of the battery, protons are produced/

consumed electrochemically in the positive electrode and also pass
through the cationic membrane modifying the local sulphuric acid
equilibrium concentrations. In order to account for these
effects additional volumetric source terms must be included
in the conservation equations of H+, −HSO4 and −SO4

2 (see
Table IV)

= − [ ]+ − + −S k C k C C 29af bd,H HSO H SO4 4
2

= − + [ ]− − + −S k C k C C 29bf bd,HSO HSO H SO4 4 4
2
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= − [ ]− − + −S k C k C C , 29cf bd,SO HSO H SO4
2

4 4
2

where the value of kf is set to be large enough to represent a fast
response of the dissociation reaction and the value of kb is obtained
afterwards from Eq. 28.

Assuming that electrolytes coming from the deposits are in
equilibrium, inlet concentration of all species in are obtained by
solving Eqs. 9 and 28, supplemented by the overall balance of
sulfate ions

= + [ ]− −C C C , 30S HSO SO4 4
2

where CS is the (experimentally measured) total concentration of
sulfates, which includes −HSO4 and −SO4

2 ions (see Table I).

Side reactions.— Self-discharge reactions.—The membrane
crossover of vanadium species to the opposite half-cell promotes
undesirable self-discharge reactions in the electrolytes bulk.53,54 In
the negative half-cell the side reactions appear as follows

+ + ⟶ + [ ]+ + + +VO V 2H 2V H O 31a2 2 3
2

+ + ⟶ + [ ]+ + + +VO 2V 4H 3V 2H O, 31b2
2 3

2

where the reaction between V2+ and +VO2 is not included as it can be
represented by the other remaining two reactions. These reactions
are assumed to occur fast and irreversibly, so that they are
incorporated in the model as surface source terms at the negative
electrode-membrane interface

ξ = − − [ ]+ + +N N2 32aV VO
m

VO
m2 2

2

ξ = + [ ]+ + +N N2 3 . 32bV VO
m

VO
m3 2

2

Similarly, in the positive half-cell, the side reactions that take
place are

+ + ⟶ + [ ]+ + + +V 2VO 2H 3VO H O 33a2
2

2
2

+ ⟶ [ ]+ + +V VO 2VO , 33b3
2

2

which are also incorporated in the model according to the following
surface source terms

ξ = + [ ]+ + +N N2 3 34aVO V
m

V
m2 3 2

ξ = − − [ ]+ + +N N2 34bVO V
m

V
m

2 3 2

where the stoichiometric coefficients are obtained from the reaction
mechanism given above. Again, the reaction between V2+ and +VO2
is not included in the model as it is redundant and yields the same
species as those presented here.

Hydrogen and oxygen evolution reactions.—Hydrogen and
oxygen evolution reactions are known to occur at the negative and
positive electrodes when the corresponding overpotentials are
sufficiently high. These reactions can be written in the form

+ ⟶ [ ]+ −2H 2e H 352

⟶ + + [ ]+ −2H O O 4H 4e 362 2

and tend to unbalance the battery by drifting the actual SOC of each
electrolyte at different rates in a way that cannot be recovered by
means of simple mixing strategies.46,55–57

The reaction kinetics are usually modeled using the Tafel
equation assuming backward reactions are not favorable and
reactants are present in excess at any moment35,36

α η
= − − [ ]i i

F

RT
exp 37aH 0,H

H H
2 2

2 2
⎜ ⎟
⎛
⎝

⎞
⎠

α η
= [ ]i i

F

RT
exp 37bO 0,O

O O
2 2

2 2
⎜ ⎟
⎛
⎝

⎞
⎠

where the overpotential for each reaction is η ϕ ϕ= − − EH e L H
0

2 2

and η ϕ ϕ= − − EO e L O
0

2 2
. It is worth noting that in this model the

electrolytes at the inlet of the working cell are assumed to be H2- and
O2-free.

Boundary conditions.—A uniform electric potential is applied
along the boundaries of the current collector applying a voltage
difference Vcell between anode and the cathode. Electronic insulation
boundary conditions are imposed in both faces of the membrane,
which still allows ionic transport, while ionic insulation conditions
are applied in both current collector surfaces. All remaining surfaces
are assumed to be electrically insulated.

At both inlet sections, equilibrium concentrations of each ionic
species are imposed following Eqs. 3, 9, 28 and 30. A uniform liquid
velocity is specified at both half-cell inlets, computed from the

Table V. Membrane parameters (Nafion 212).

Symbol Quantity Value Origin

Wm Thickness (m) 50.8 × 10−6 Datasheet
WL,V Volumetric electrolyte uptake 4.8% Measured
σm Conductivity (S/m) 5.6 50
Cf Fixed charges (mol/m3) 1813 Datasheet
D +H

m H+ membrane diffusivity (m2/s) 3.35 × 10−9 26

D −HSO
m

4
HSO4

− membrane diffusivity
(m2/s)

4.00 × 10−9 26

D +V
m
2 V2 + membrane diffusivity (m2/s) 8.77 × 10−12 51

D +V
m
3 V3 + membrane diffusivity (m2/s) 3.22 × 10−12 51

D +VO
m

2 VO2 + membrane diffusivity
(m2/s)

6.83 × 10−12 51

D +VO
m

2

+VO2 membrane diffusivity (m2/s) 5.90 × 10−12 51
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stipulated flow rates, Qv, and the available cross-sectional area,
WeDe, of the flow-through configuration. This yields a mean inlet
velocity uin = Qv/(WeDe) where We and De refer to the electrode
width and depth in the x- and z-directions, respectively (see Fig. 1
and Table III). As the flow is incompressible, at the outlet Sections a
uniform reference pressure pout = 0 is prescribed for simplicity, so
that the inlet pressure provides directly the pressure drop. For the
remaining boundaries the species fluxes are set equal to zero. An
sketch that summarizes the imposed boundary conditions is pre-
sented in Fig. 1b.

Results and Discussion

In this section, the unit-cell model proposed above is first
validated against experimental measurements of OCV, electrolyte
ionic conductivity and polarization curves at different operating
conditions. Then, the model is used to explore the relevance of the
various physico-chemical phenomena under study for different cell
voltages, flow rates and SOCs.

Model validation.—Recent advances in the theoretical descrip-
tion of the different processes that occur in VRFBs have made it
possible to improve the reliability of the first proposed models.23,24

In particular, understanding the sensitivity to the model parameters
can help to improve the description of the physics involved.58 Here
we have used the most advanced stationary VRFB models as starting
point and introduced a few new descriptions of the physics in order
to improve the accuracy of the numerical predictions.

As an illustrative example, Fig. 2a displays polarization curves
that show the effect of including more and more rigorous descrip-
tions of the different physical phenomena on the accuracy of the
model predictions. Despite the order of inclusion (stated in the
legend) is not relevant here, it gives an idea of the accuracy that can
be obtained by refining the model. In that figure, the model reported
by You et al.24 is taken as a baseline being fed with the experimental
parameters measured in this work. As can be seen, deviations in the
cell voltage for each current density are controlled by different
phenomena. The inclusion of experimental values of the electro-
chemical kinetic parameters of vanadium species on the carbon
electrodes and the corrected equilibrium potential of the cell are
critical to accurately represent the activation losses that dominate at
low current densities. Sulfuric acid equilibrium reactions are
important to estimate the species concentration, which have an
important role in the ohmic losses controlled region of the polariza-
tion curve. The correction of electrolyte conductivity, by including
proper local values of diffusion coefficients, directly affects the
ohmic and mass transfer losses, explained by 5. Moreover, by
thoroughly including local mass transfer coefficients in the model
(Eq. 14) mass transfer losses can be better represented. Defining
local values of electrolyte properties allows to avoid errors of
roughly 10.5% when analyzing the current density response in the
polarization curve (see Fig. S3). Finally, the inclusion of vanadium
crossover corrects the ohmic resistance providing a more accurate
prediction that adjusts to the experimental measurements. The only
fitting parameter used in the model is the electrode specific surface
area (see Table III), which is indeed a difficult parameter to
determine experimentally. The final value of this parameter
(2.3× 104 m2 m−3) is similar to the value provided in the datasheet
of the electrode manufacturer (3.6× 104 m2 m−3).

Open circuit voltage.—Figure 2b compares the predicted OCV of
the battery against experimental measurements and the most
common Nernst expression for which a consistent difference of
about 0.2 V is found for all SOCs. Solving Eqs. 28, 30 and 9
provides the equilibrium concentrations of H+, HSO4

−, SO −
4
2 that

can be used to calculate the equilibrium potential in the cell from
Eq. 19. This alternative technique produces highly precise results
that show only small differences (∼20 mV) at high SOCs (>90%).
A close examination of the results suggests that the deviations from

the uncorrected Nernst expression are mostly due to the use of non-
accurate standard reduction potentials, and the lack or incorrect
inclusion of the proton concentration in the positive electrolyte and
the Donnan potential in the membrane.

Electrolyte ionic conductivity.—Diffusion coefficients of vana-
dium species have a direct impact in the ionic conductivity of
electrolytes. Most VRFB models use diffusion coefficients measured
in electrolytes with compositions that differ to the simulated ones.59

In this work, the diffusion coefficients of vanadium species are
measured in the same electrolyte that is used in the battery at
different SOCs (see Table I).

Figure 2c compares the ionic conductivity values obtained from
our experimental results, the numerical values calculated using
Eq. 11, and those calculated using the values of Di reported by
Yamammura et al.59 where constant diffusion coefficients are
assumed. This assumption leads to an overestimation of the
electrolyte conductivity of one order of magnitude, which has a
direct impact on the ohmic resistance of the battery. Experimental
measurements show a higher conductivity for the positive electrolyte
than the negative one. At the same time, an increase in the SOC
leads to higher conductivity in both electrolytes. These experimental
results are in agreement with.60 The concentration of protons is
higher in the positive electrolyte and increases in both cases with
SOC as will be shown in Fig. 4 below. Protons have the highest
mobility and an increase in its concentration is reflected in the
conductivity of the electrolyte. All these trends are well represented
by the proposed model.

Polarization and power density curves.—The electrochemical
performance predicted by the model is validated using polarization
measurements and their corresponding power densities at different
flow rates and inlet SOCs. Figures 3a and 3b show the influence of
the flow rate for two different SOCs, 20% and 60%. When the flow
rate increases to 50 ml min−1, an asymptotic behavior is observed in
the cell performance. Above this flow rate, increasing even more the
flow rate does not change the shape of the polarization curve. At
such high flow rates, the transport of active species to the surface of
the electrode is so fast that the overpotential due to this effect is
negligible. Therefore, the battery is only controlled by activation (
i.e., kinetic) and ohmic losses. Figures 3c and 3d illustrate the
influence of SOC at two different flow rates, 12 and 30 ml min−1. A
gradual increment of the electrochemical performance of the battery
is observed as the SOC grows, as expected for a discharge process.
At 20% SOC, higher losses related to mass transfer are observed due
to the low concentration of charged species available for reaction.
Discrepancies between model and experiments are more remarkable
at low cell voltages and close to the limiting current conditions,
particularly for small SOCs and flow rates. However, this region of
the polarization curve is where the experimental errors are larger due
to the difficulty in maintaining stationary conditions (see Fig. S4).

H2SO4 equilibrium concentrations.—The equilibrium concen-
trations of sulfuric acid-related species (H+, HSO4

−, SO −
4
2 ) change

with SOC. In particular, during cell operation the local concentra-
tions of H+ and vanadium ions change, shifting the bisulfate
equilibrium and thus affecting the concentration of the rest of
sulfuric acid-related species. In Fig. 4, the equilibrium concentration
of all sulfuric acid-related species and vanadium ions obtained from
solving Eqs. 28, 30 and 9 is presented for both electrolytes as a
function of SOC. These results ignore species crossover in a first
approximation. In both electrolytes, increasing SOC leads to higher
concentrations of H+ resulting from the production of protons in the
positive half-cell, that also must partially cross the membrane to
balance the total charge. As a result, HSO4

− concentration increases
and SO −

4
2 decreases. The proton concentration of the positive

electrolyte is approximately 1 M higher than that of the negative
one. The range of H+ concentration was corroborated with pH
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measurements (see Table SI). All these results reveal that variations
in the degree of dissociation (β, defined as the molal ratio of SO −

4
2 to

HSO4
−) will occur, and those models that assume a constant value of

β lead to inaccurate predictions of the H2SO4 equilibrium concen-
trations. Ion pairing has been reported between sulfate ions and
vanadium species. This phenomena tend to increase the amount of
dissociated acid in order to compensate for the deficiency of
species.61–64 However, this phenomena is not included in the model
since there is no sufficient experimental works in the literature
measuring this effect and therefore it is still unknown at which
extend present molecules are paired.

Local mass transfer coefficients.—Spatial variations of the local
mass transfer coefficients, km,j, can be also studied using the current
model. Besides being coupled with the local current density given in
Eq. 12a, mass transfer coefficients represent the inverse of a linear
flux resistance, according to Eq. 13. Therefore, small values of km,j

are related with a slower transport of active species between the bulk
fluid and the fiber surface. Local mass transfer coefficients thus give
an idea of the effectiveness of diffusive transport in the pores in a
certain region of the electrode, which is a valuable information that
could be used to optimize future VRFB designs. In the proposed
model, each vanadium species has its own local mass transfer
coefficient so that highly specific transport information is generated.

Figure 5a shows contour plots of the dimensionless mass
transport coefficients for the reduced species = { }+ +j V , VO2

2 at
representative operating conditions, namely 80% SOC, 50 ml min−1

and Vcell = 1 V. The averaged value shown on top of each subplot is
used to non-dimensionalize the value of km,j. It is observed that mass
transport is faster at the negative electrode, where it also experiences
higher local variations. As described in Eq. 14, the mass transport
coefficient depends on the electrolyte properties and on the diffusion

Figure 3. Experimental validation of the model using discharge polarization and power density curves at different flow rates for (a) 20% SOC and (b) 60% SOC;
and at different SOCs for (c) 12 ml min−1 and (d) 30 ml min−1.

Figure 4. Equilibrium concentration of sulfate ions and vanadium species at
different SOCs along with the degree of dissociation of −HSO4 (β) in the
negative (left) and positive (right) electrolytes.
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coefficient of each vanadium ion, which is in turn function of the
SOC. Regarding the effect of viscosity, since the negative electrolyte
has a lower viscosity the ion diffusivities are higher, which results in
higher mass transfer coefficients. Figure 5b shows that the mass
transfer coefficients grow both with the volume flow rate and SOC.
An overall dependence km ∝ u0.4 can be extracted from Eq. 14 that is

reflected in the results. The reduction in viscosity is behind the
general increasing trend of the mass transfer coefficients with SOC.

Finally, in Fig. 5c, the maximum, minimum and averaged values
of km in the cell are analyzed at different cell potentials and flow
rates, using V2+ as a representative case. High deviations, up to 30%
above and below average at the lowest flow rates, appear in those
regions where pore mass transport is a limiting factor. Large
variations in local concentration due to the accumulation or scarcity
of active species are responsible of this fluctuations that can be
alleviated by increasing the flow rate. The large differences observed
in the local mass transfer coefficients and the different trends they
show with SOC justify the use of independent mass transport
coefficients for the four vanadium ions.

Hydrogen parasitic evolution reactions.—Figure 6 presents the
percentage of the applied current density that is being diverted to H2

production in the negative half-cell. This parasitic evolution reaction
is studied here at different SOCs and flow rates and for different
operating cell voltages. Figure 6a reflects how higher flow rates can
partially alleviate H2 generation. Higher flow rates promote a
flushing effect that disperse the charged molecules throughout the
cell, thereby decreasing the local mass transfer concentration
overpotential.35,36 H2 production is also represented for several inlet
SOCs in Fig. 6b. As can be seen, increasing the SOC promotes H2

generation. This is due to the higher overpotential which leads to
higher electrochemical reaction rates for H2. As it is observed from
the results and also supported by other authors35,36 even at low SOC,
hydrogen evolution exists and must be considered during long-term
operation as a source of electrolyte unbalance. While the SOC of the
positive electrolyte will increase accordingly to the applied current,
the SOC of the negative side will not increase as fast since part of the
current will be diverted for H2 generation. However, at realistic
operating cell voltages, the electric current associated to this
parasitic reaction is much smaller than the total current. Therefore,
the consequences of hydrogen evolution cannot be seen in the
charging polarization curves (see Fig. S5).

While efficiency and long-term capacity retention are affected,
the most dangerous effect of H2 parasitic reactions is the risk of
bubble generation that clog the porous electrodes and cannot be
easily redissolved. Figure 7 shows a risk map of bubbles evolution at
different cell potentials and flow rates for two different SOCs. The
presented risk is based on the proximity of the maximum H2

concentration to its solubility limit (0.794 mol m−3 in water at 293
K and 1 atm). Similar maps can be used to guide operation of
VRFBs avoiding H2 generation. Furthermore, as previously reported
by Shah et al.,35 the region close to the cell outlet and membrane
interface presents higher risk of bubbles evolution (see Fig. S7).

On the contrary, oxygen evolution is not as significant as
hydrogen because the overpotential ηO2 is almost ten times lower
than that for H2.

Membrane crossover.—Long-term capacity fade of VRFBs is
mostly caused by crossover of vanadium ions. The severity of
crossover depends on the battery operating conditions. Here, we
provide a detailed investigation of the crossover of the four
vanadium ions analyzed at the membrane mid plane,
x= (x1 + x2)/2, by calculating the area-averaged flux of each ionic
species, Ni

m. Figures 8a–8d shows the flux of vanadium species lost
(<0) by crossover toward the opposite half-cell at different cell
voltages and operating conditions. Cell voltage is varied from
discharge (Vcell < OCV) to charge (Vcell > OCV) cell potentials.
As already reported by Oh et al.,31 the crossover of negative species
V2+/V3+ dominates under discharge conditions, while that of
positive species VO2+/VO+

2 is more significant under charge
conditions.

In the proposed model, crossover fluxes of all species are
composed by diffusion and migration contributions only, which
are proportional to the diffusion coefficients in the membrane and to

Figure 5. (a) Local mass transfer coefficient (km,j) for V
2+ and VO+

2 at 30
ml min−1 and 50% SOC, for Ecell = 0.5 V, in the negative and positive half-
cells, respectively. (b) Averaged km,j values of V2+ and VO+

2 for different
flow rates at 50% SOC (left) and different SOCs at 30 ml min−1 (right). (c)
Minimum, maximum and averaged km,j for V

2+ at different cell potentials
and flow rates.
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the charge of each ion, respectively. The contribution of each
transport mechanism (diffusion, migration and convection) on the
crossover fluxes have been previously reported by other
authors.26,31,65 Despite not all transport mechanisms are not included
in the computations, it is interesting to see the relative importance of
the different transport mechanisms. Figure 8e shows the ratio
between the diffusion and migration fluxes of all vanadium ions at
different cell voltages. Diffusion is the dominating transport
mechanism when the operating cell voltage is close to the OCV,
due to the small current densities that prevail at these conditions. In
fact, a vertical asymptote appears for Vcell ≈ OCV when the
migration component vanishes. The diffusion to migration ratio is
seen to change sign due to the change of the direction of the electric
current vector. However, we have noticed that due to the potential
discontinuity at the electrode-membrane interfaces caused by
Donnan potential, an small electric field exist inside the membrane
even for Vcell = OCV that produce a shift of ≈160 mV on the value
at which the migration component becomes zero (location of the
asymptote).

At extreme values of Vcell both diffusion and migration are
equally relevant and their flux ratio tends to unity. However,
diffusion becomes negligible for the negative species (V2+ and
V3+) at discharge potentials, and similarly, for positive species
(VO2+ and +VO2 ) at charge potentials, so that this ratio is close to
zero instead. This unexpected behavior can be explained by
analysing the concentration profiles of vanadium ions within the
membrane at different cell voltages.66 At discharge potentials, the
membrane is flooded with V2+ and V3+ (see Fig. 9a) and no
significant concentration gradient is observed at the membrane mid-
plane, which results in a decreased value of the diffusion flux of
these species. In that situation, self-discharge reactions are present
almost completely at the positive electrolyte side of the membrane
which produces a characteristic peak in the concentration of VO2+

and +VO2 . The opposite situation is observed when the electric
current is reverted. Additionally, the different charges of vanadium

species generate a small asymmetry on the distribution of both
transport mechanism that is barely noticeable in Fig. 8e.

The influence of flow rate on the crossover fluxes is represented
in Figs. 8a and 8c. Species generated by charge or discharge of the
battery tend to accumulate in the electrode at low flow rates and
therefore, crossover is increased due to an enhanced concentration
gradient across the membrane. On the other hand, consumed species
are scarce near the outlet Section at lower flow rates, which in turn
decreases the crossover flux of those species. An apparent exception
to this behavior can be seen for the the case of V2+ for which
crossover varies in only a small amount. It is important to note that
crossover variations for different flow rates are a complex length-
wise effect that cannot be studied by analysing each perpendicular
Section independently, which highlights the utility of two-dimen-
sional models. An easier interpretation of the results can be provided
for the case of increasing inlet SOC. Higher concentration of the
studied vanadium species always produce a greater crossover flux
due to an accentuated concentration gradient, as can be seen in
Figs. 8b and 8d.

Net fluxes: self-discharge effect.—All vanadium species that
cross the membrane will unavoidably react with those present in the

Figure 6. Variation of the percentage of current lost by H2 evolution with
the cell voltage for (a) various flow rates at 80% SOC, and (b) various SOCs
at 12 ml min−1.

Figure 7. Concentration of dissolved H2 and associated risk of bubble
production (increasing from blue to red) for different cell voltages and flow
rates at: (a) 20% SOC, and (b) 80% SOC.
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opposite half-cell according to the self-discharged reactions that
occur in the electrolyte bulk (reactions 31 and 33). These side
reactions are fast and irreversible and reduce the cell capacity and
the coulombic efficiency.32,52,54 According to the reaction me-
chanism, charged species (V2+ and VO2

+) that cross the membrane
are fully consumed, while discharged species (V3+ and VO2+) are
generated. Here, an average net flux term Ψj is defined for each
vanadium species j to account for the species lost (<0) or gained
(>0) in their respective half-cells as a result of the combination of
crossover and self-discharged reactions.54

Figure 9a shows the concentration profiles of vanadium species
across the membrane at the center of the reaction cell (y= L/2) for
30 ml min−1, 50% SOC and Vcell = 1 V. Vanadium ions coming
from one of the half-cells are fully consumed by self-discharge
reactions in the opposite electrode-membrane interface. These
results exhibit similar trends and non-linear species concentration
profiles as in Yang et al.,20 despite we have not included the
convective transport through the membrane. Figure 9b shows the net
flux of total vanadium species in each electrolyte as a function of the
cell voltage for the same flow rate and SOC mentioned above,

together with the SOC variation (ΔSOC) across the cell due to these
net fluxes only. Here, the effect of the parasitic reactions is
subtracted so that the isolated effect of crossover and self-discharge
is studied. At discharge cell potentials, the net flux of total vanadium
species of both electrolytes presents higher variations than under
charge conditions. Opposite trends are observed between the
positive and negative electrolytes as the sum of their net fluxes
must remain equal to zero. The cumulative effect of total vanadium
fluxes, also found in the works of,32,65 explains why Sun et al.51

reported experiments with decreasing and increasing concentrations
of total vanadium species for the positive and negative electrolyte,
respectively, over the long-term cycling of the battery. A detailed
inspection of Fig. 9b reveals a significant decrease in SOC for the
positive electrolyte during discharge, and for the negative electrolyte
during charge. The cutoff potentials selected during charge-dis-
charge cycles will therefore affect the severity of the capacity decay
due to the asymmetry of fluxes. Unexpected positive values of
ΔSOC can be easily explained as the flux of total vanadium,
appearing in the denominator of Eq. 3, is greater than the flux of
charged species. These results may give a false idea that the battery

Figure 8. Crossover fluxes at different cell voltage of (a) V3+ and VO2+ and (c) V2+ and VO+
2 for different flow rates at 50% SOC and of (b) V3+ and VO2+ and

(d) V2+ and VO+
2 for different SOCs at 30 ml min−1; (e) ratio between diffusion and migration fluxes for all vanadium species at different cell voltages at 50%

SOC and 30 ml min−1. Filled colored points represent the OCV values at each operating SOC.
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is partially charging due to crossover, however, the capacity of the
battery will always fade when the total amount of vanadium ions in
one of the electrolytes decreases.28,67,68

For the positive electrolyte, the SOC always decreases over the
cycles since the increment of ΔSOC is almost negligible during
charge compared with the ΔSOC decay at discharge. However, for
the negative electrolyte, it highly depends on the voltage chosen.
These results may explain why some studies report decreasing SOC
values in the negative electrolyte over the charge-discharge cycles.67

Figures 9c-f show the variation of the net flux of the four
vanadium ions with the cell voltage for fixed SOC and different flow
rates, and vice versa. Charged species, V2+ and VO+

2 , suffer negative
net fluxes for all cell voltages due to their consumption by self-
discharge reactions. On the contrary, V3+ experiences a positive net
flux at charge potentials due to the significant production from self-
discharge reactions and almost zero crossover. The same occurs for
VO2+ at discharge cell potentials. In Figs. 9c and 9e, the influence of
the flow rate on the net flux of vanadium ions is shown. Its
contribution to self-discharge is only significant at high current
densities for which pore mass transport is the limiting factor and
local concentrations of active species suffer the greatest variations.

In general, for discharged species, it can be seen that under discharge
conditions higher flow rates alleviate self-discharge. However,
during charge, the flow rate has an opposite impact. These trends
are in line with crossover results presented before. Finally, in panels
d and f of Fig. 9 the influence of SOC is analyzed. Increasing SOC
the net flux of discharged species is reduced due to its scarcity. An
unexpected effect is produced during charge for which an increase in
SOC yields lower VO+

2 losses. A negligible crossover flux of VO+
2

accompanied by a decreasing flux of VO2+ for higher values of SOC
explains that trend.

Conclusions

In this work, an advanced 2D steady-state isothermal model of a
unit cell all-vanadium redox flow battery has been presented. The
model is based on recent state-of-art models and includes for the first
time a complete description of H2SO4 dissociation reactions and
local mass transfer coefficients for all vanadium species. The
resulting model is fed with measured electrochemical kinetic and
electrolyte properties and validated at different SOCs and flow rates
using polarization, open circuit voltage and electrolyte conductivity

Figure 9. (a) Concentration of vanadium ions across the membrane at 30 ml min−1, 50% SOC and Vcell = 1 V and (b) net flux of total vanadium at the same
conditions together with SOC increment across the reaction cell for both electrolytes; Net flux of V3+ and VO2+ for different (c) flow rates at 50% SOC; and (d)
SOC at 30 ml min−1; V3+ and VO2+ for different (e) flow rates at 50% SOC; and (f) SOC at 30 ml min−1. The filled colored points represent the OCV values for
certain operating SOC.
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measurements at a constant system temperature of 25 °C, using the
electrode specific surface area as the only fitting parameter.
Predicted conductivity and OCV values agree fairly well with
experiments. However, model predictions are less accurate at limited
reactant conditions (low SOCs and flow rate) and high electric
currents, where parasitic H2 and O2 evolution reactions are known to
occur. This discrepancies are also related to significant experimental
errors. Following the validation of the model, a set of parametric
sweeps provided numerical results that were used to reveal the role
of operating conditions (SOC, flow rate and cell voltage) on the main
parasitic phenomena affecting the operation of VRFBs, namely
vanadium crossover, self discharge reactions and gas evolution.

Equilibrium concentrations, calculated as part of the solution,
present great deviations in the degree of dissociation of −HSO4 for
different SOCs, which justifies the use of an equilibrium reaction
constant to model sulfuric species and proton concentrations instead
of a constant degree of dissociation. Large local deviations of the
mass transfer coefficients both spatially and among different
vanadium species justify the use of local values and different
coefficients for the different species to model pore mass transport.
Maps of the risk of H2 bubble production as a function of different
operation conditions are supplied and an increase on the flow rate is
proposed as a means to retard the onset of bubble production.
Significant crossover of negative-electrolyte species must be con-
sidered during discharge while positive-electrolyte species tend to
cross during charge. When self-discharge reactions are included the
net flux of charged species lost is always negative but unequal
during the charge and discharge modes. The net flux of total
vanadium species of each electrolyte is greater for discharge
conditions. The single-pass SOC variation in the positive and
negative electrodes has been represented as a function of the cell
voltage, showing that self-discharge reactions and crossover con-
tribute greatly to the unbalance and capacity decay of the battery.

Overall, we provide a reliable steady-state model validated with
multitude of experiments that will be used to study battery stacks
and to optimize larger systems and provide operation guidelines. The
advanced state-of-the-art model presented herein is a first step
toward a more complex accurate dynamic model that can perform
predictions at system level.
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