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H I G H L I G H T S  G R A P H I C A L  A B S T R A C T  

• The mass transfer resistances are evalu-
ated during charge-discharge cycling. 

• A method to determine the mass transfer 
coefficient with I-E curves is proposed. 

• The concentration overpotential is 
different for charging and discharging 
steps. 

• The VRFB acts as capacitor at the 
beginning of the discharging step. 

• Highest reduction in overpotential is 
obtained with channels near the 
membrane.  
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A B S T R A C T   

Flow batteries exhibit relatively low power density owing to ohmic and concentration overpotentials, which 
leads to higher system costs. In this work, a phenomenological model of a vanadium redox flow battery (VRFB) 
equipped with an anion exchange membrane (AEM) was developed and validated. The model is used to assess 
the concentration overpotential during charge-discharge cycling at different operating conditions and a method 
to determine the mass transfer coefficient is presented. Also, a strategy to reduce the concentration overpotential 
is proposed. The simulated charge-discharge curve displays the lowest relative error reported in the literature for 
VRFB equipped with an AEM; the results reveal that the mass transfer coefficient is overestimated in most models 
in the literature. It is demonstrated that the concentration overpotentials during charging and discharging steps 
are not equal owing to a mismatch between the state of charge and the state of discharge. Also, the current 
density has a greater impact on this overpotential than the flow rate. Higher overpotentials were found near the 
membrane since the electronic conductivity is higher than the ionic conductivity. The simulation results show 
that positioning the distribution channels close to the membrane allows a reduction of the concentration over-
potential up to 3.9%.   
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1. Introduction 

Electricity from renewable sources is often not dispatchable and with 
the forecasted massive introduction of renewables, the development of 
suitable energy storage systems is required. Also, new buildings in 
Europe are required to be nearly zero energy buildings (NZEB – Direc-
tive 2010/31/EC), where the needed energy should be mostly produced 
from renewable sources. Batteries are the most flexible electricity stor-
age since they display high round-trip-efficiencies and suitable fast 
response for integration in the grid. The International Renewable Energy 
Agency (IRENA) forecasts a tremendous increase in the installed elec-
trochemical storage capacity from the present to 2030. In particular, the 
redox flow battery (RFB) technology is expected to be more competitive 
than other technologies for stationary applications [1]. 

An electrochemical cell, in a RFB, consists of two half-cells, each 
comprising a carbon-based electrode; the two half-cells are separated by 
an ion-exchange membrane and two bipolar plates that compress the 
electrodes. A RFB comprehends a stack of electrochemical cells to pro-
duce the defined nominal stack potential. The energy is stored in a liquid 
electrolyte, normally an aqueous solution of a supporting electrolyte and 
redox pairs. This arrangement makes the power and energy capacity of a 
RFB two independent factors. Among the RFB technologies, the all- 
vanadium redox flow batteries (VRFB) is the most mature technology. 
First proposed by Skyllas-Kazacos and colleagues in 1986 [2], it takes 
advantage of the great solubility of vanadium salts with oxidation states 
V2+ (II) V3+(III), VO2+(IV) and VO2

+(V) in an aqueous sulfuric acid so-
lution. The use of vanadium in both half cells removes the devastating 
effect from cross-over of redox active ions whereby VRFBs in principle 

have no chemical degradation [2]. VRFB display a nominal cell potential 
of ca. 1.35 V, an energy density of ca. 20 Wh L− 1, high round-trip effi-
ciency and an estimated levelized cost of storage of around 0.25 € kWh− 1 

[3]. 
Current densities of up to 1000 mA cm− 2 were already reported in 

the literature for smaller single cell battery tests during charge-discharge 
cycling [4], however, such high values are not reproduced in commer-
cial stacks. Nonetheless, in general to achieve higher current densities, 
the activation overpotential and ionic, electronic and mass transfer re-
sistances need to be reduced. Here the electronic and mass transfer re-
sistances are recognized to be the bottleneck of the technology [5]. The 
latter is related to the transport of ions between the surface of the carbon 
fibers of the electrode, herein referred to as electrode fibers, and the bulk 
solution and is quantified by the concentration overpotential. 

Multi-dimensional models and simulations are time and cost saving 
tools that can be used, for example, to study phenomena that hinder the 
performance of a vanadium electrochemical cell; Shah et al. [6] devel-
oped a transient model where mass and momentum conservation and 
species transport equations were combined with a kinetic model to study 
the effect of vanadium concentration, electrode porosity and flow rate in 
the performance of the VRFB. Later, the same authors included the 
hydrogen and oxygen evolution [7,8] and energy conservation [9] in 
their model to study the effect of gas evolution and temperature in the 
operation of a VRFB. Knehr et al. [10] studied the influence of operating 
conditions in the capacity loss by developing and using a transient 
model where vanadium crossover and side reactions are considered. The 
more recent work carried out involving multi-dimensional modelling 
consists in studying various effects in VRFBs, e.g. vanadium and water 

Nomenclature 

a Specific surface area, m2⋅m− 3 

A Channel cross-sectional area, m2 

c Molar concentration, mol⋅m− 3 

D Diffusion coefficient, m2⋅s− 1 

df Electrode Fiber diameter, m 
E Cell reaction potential, V 
ED Donnan’s exclusion potential, V 
E0 Standard cell reaction potential, V 
F Faraday constant, C⋅mol− 1 

i Current density, A⋅m− 2 

j Volumetric current density, A⋅m− 3 

Kp Electrode permeability, m2 

kKC Kozeny-Carman constant, dimensionless 
km Mass transfer coefficient, m⋅s− 1 

k Reaction rate constant, m⋅s− 1 

L Electrode length, m 
N→ Superficial molar flux, mol⋅m− 2⋅s− 1 

p Pressure, Pa 
Q Volumetric flow rate, m3⋅s− 1 

R Universal gas constant, J⋅mol− 1⋅K− 1 

S Source term 
SoC State of charge, dimensionless 
t Time, s 
T Temperature, K 
Vtank Electrolyte tank volume, m3 

v→ Velocity of the electrolyte, m⋅s− 1 

W Electrode width, m 
z Valence of ionic species, dimensionless 

Greek 
α Charge transfer coefficient, dimensionless 
δ Thickness, m 

ε Electrode porosity, dimensionless 
η Overpotential, V 
μ Dynamic viscosity, kg⋅m− 1⋅s− 1 

ρ Electrolyte density, kg⋅m− 3 

σ Conductivity, S⋅m− 1 

φ Potential, V 

Subscripts 
1 Negative electrode|membrane interface 
2 Positive electrode|membrane interface 
act Activation 
advec Advective 
atm Atmospheric 
conc Concentration 
diff Diffusion 
e Liquid property 
i Species 
in Inlet 
m Membrane 
mig Migration 
mom Momentum 
out Outlet 
ox Oxidation/oxidized 
red Reduction/reduced 
rel Relative 
s Solid property 

Superscripts 
+ Positive electrode property 
– Negative electrode property 
eff effective 
i Positive or negative electrode property 
s Surface of the fibers of the electrode  
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crossover on the capacity loss [11,12], the influence of the flow field 
configurations on the performance [13–17]; electrolyte distribution and 
pressure loss optimization [17]. Nonetheless, most of these studies were 
performed for serpentine and interdigitated flow fields. Information 
about the influence of the electrolyte distribution in the through-plane 
direction of the electrode in the mass transfer resistances when using a 
conventional flow field design is scarcely found in the literature. Also, to 
the best knowledge of the authors, information regarding the effect of 
the operating parameters in such mass transport resistance under tran-
sient conditions is scarce; Zheng et al. [18] used a steady-state three--
dimensional model to study the influence of the current density in the 
mass transfer resistance. However, the simulations were only carried out 
for the charging step; the effect of mass transfer in the stage transition 
and during the discharging step were not evaluated. Tang et al. [19] 
quantified the mass transfer resistance of a VRFB at a constant and a 
variable flow rate during the discharging step. Nonetheless, no further 
research regarding this topic was carried out by the authors. 

There is a knowledge gap regarding the mass transfer resistance on a 
VRFB under charge-discharge cycling, which is of paramount impor-
tance for improving the energy efficiency and overall performance of the 
VRFB technology. Therefore, the main goal of this work is to systemat-
ically analyze the mass transfer resistance, by determining the concen-
tration, overpotential under charge-discharge cycling at different 
operating conditions and to propose a strategy to reduce such over-
potential. So far, concentration overpotential has been determined by 
comparing the limiting current density based on the surface area of the 
electrode with the current density based on the projected area [18–20] 
which may lead to overestimation of the overpotential. Therefore, this 
work clarifies the calculation of the concentration overpotential and a 
more accurate method to determine such overpotential is proposed and 
compared to simulation results. This work analysis the mass transport 
related overpotentials in a VRFB, which is critical for assisting in design 
and operation optimization. Also, it demonstrates that the mass transfer 
coefficient can be estimated from the polarization curves. The use of an 
experimental mass transfer coefficient allows the development of more 
accurate simulators. To the best of our knowledge, the influence of the 
distribution channel position, in a through-plane direction, in the mass 
transfer resistance has never been studied. In addition, the mass transfer 
resistances of four conventional VRFB with different distribution chan-
nel positions in a through-plane direction are also assessed. 

This work is carried out using a 2-D dynamic phenomenological 
model for a VRFB equipped with an anion exchange membrane (AEM). 
The mathematical model considers the electrochemical reactions, mass 
and species transport in the porous medium, mass conservation for the 
tanks and Donnan exclusion. The reported phenomenological models for 
VRFB equipped with an AEM consider only the transport of ions (mostly 
HSO4

− ) through the membrane [11,21]; this is a simplified approach to 
model charge balancing when using an AEM. However, this model 
considers that only SO4

2− is transported through the membrane. As such, 
in the presence of an applied driving force (e.g. electric field), the 
reversible ionic reaction H+ + SO4

2− ⇌ HSO4
− will occur at the electro-

de/membrane interface [22]. This allows to capture more accurately the 
potential change at the electrode/membrane interface due to the 
Donnan exclusion effect. To the best knowledge of the authors, the 
model presented in this work displays the lowest mean relative error for 
a VRFB equipped with an AEM. 

2. Experimental setup 

The redox flow cell uses two graphite plates with milled distribution 
channels before and after the reactional area to force the electrolyte to 
flow through the electrode (cf. Appendix A, Fig. A1). These channels 
have a cross-sectional area of 2 × 2 mm2. In the reactional zones, 
polyacrylonitrile based graphite felts (GF, GFD 4.6 EA, SGL Group, 
Germany) with an active area of 16 cm2 and 4.6 mm uncompressed 
thickness (compressed to 25%) were used as electrodes. The electrodes 

were boiled in 1 M H2SO4 and thermally treated in a furnace muffle 
under air atmosphere at 400 ◦C during 12 h. The AEM FAP 450 was 
purchased from Fumatech (BWT AG, Germany) and used without any 
treatment. A commercial vanadium solution with 1.6 M V3+/V4+ 50:50 
M ratio and 2 M H2SO4 (GfE Metalle und Materialien GmbH, Germany) 
was used as electrolyte, without further treatment or purification. More 
details may be found elsewhere [23]. 

3. Mathematical model 

The mass conservation and electrolyte flow were described using the 
continuity and momentum conservation equations. The charge transport 
was described using the Nernst-Planck equation and the charge con-
servation equations. The Butler-Volmer equation was used to describe 
the electrochemical reaction kinetics. Additionally, the following as-
sumptions were made [24]:  

• Incompressible fluid;  
• Isotropic electrodes and membrane;  
• Negligible gravity effect;  
• Dilute solution approximation (activity coefficient is equal to unity);  
• Negligible membrane crossover;  
• Negligible hydrogen and oxygen evolution reactions;  
• Isothermal behavior;  
• No precipitation of vanadium. 

3.1. Governing equations 

3.1.1. Fluid flow conservation equations 
The hydrodynamic flow was described using the momentum con-

servation equation (Eq. (1)), which is a balance of linear momentum 
(Newton’s second law), together with the continuity equation (Eq. (2)), 
which describes the conservation of mass [25]. The total mass of the 
vanadium electrolyte was assumed constant and, to describe the hy-
drodynamic flow of the electrolyte, a low Reynolds number – laminar 
flow – was assumed: 

∂(ερ v→)

∂t
+ ∇ ⋅ (ερ v→ v→) = − ε∇p + ∇ ⋅ (εμ∇ v→) + Smom (1)  

∂ερ
∂t

+∇ ⋅ (ερ v→)= 0 (2)  

where ε is the porosity of the electrode, ρ is the density of the electrolyte, 
v→ is the velocity of the electrolyte, p is the pressure, μ is the viscosity of 
the electrolyte and Smom is the source term of the momentum equation. 
The source term of the momentum equation in the electrode region is 
given by the Darcy’s law (Eq. (3)). 

Smom = −
μ

Kp
v→ (3)  

where μ is the viscosity, and the permeability of the electrode (Kp) was 
determined with the Kozeny-Carman equation (Eq. (4)). 

Kp =
d2

f ε3

16kKC(1 − ε)2 (4)  

where df is the fiber diameter and kKC is the Kozeny-Carman constant, 
used as fitting parameter to describe the morphology of the porous 
media. 

3.2. Species transport equations 

The transport of ions in the dilute solution was described by the 
Nernst-Planck equation, as follows: 
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∂εci

∂t
+∇⋅N→i = Si (5)  

where ci is the molar concentration of ion i and N→i is the total flux of ion 
i. Si is the source term used to implement the concentration variations 
due to electrochemical reactions (Eq. (6) at the positive electrode and 
Eq. (7) at the negative electrode) - Table 1. 

VO+
2 + 2H+ + e− ⇄

discharge

charge
VO2+ + H2O (6)  

V3+ + e− ⇄
charge

discharge
V2+ (7) 

The flux of each species, N→i, was determined considering the additive 
contribution of three different transport mechanisms: diffusion, advec-
tion and migration (Eq. (8)). 

N→i = N→diff + N→advec + N→mig (8) 

The diffusion transport, due to concentration gradients of species i, 
was described using Fick’s law (Eq. (9)). 

N→diff = − Deff
i ∇ci (9)  

where N→diff is the ion flux due to diffusion, ∇ci is the concentration 
gradient of ion i and Di

eff is the effective ion diffusivity which was 
determined as follows: 

Deff
i = ε1.5Di

μ0

μ (10)  

where μ0 is the solvent viscosity and Di is the ion diffusivity (Appendix B, 
Table B2). 

The advective flux (N→advec) refers to the transport of ions due to 
pressure gradient as follows [26]: 

N→advec = ci v→ (11) 

The migration transport is caused by electric potential gradients 
within the system. The velocity at which the ions is transported is 
limited by its mobility [27]. Therefore, the migration flux (N→mig) of 
species i can be determined as follows: 

N→mig = −
ziFDeff

i

RT
ci∇φe (12)  

where zi is the valence state, R is the gas constant, F is the Faraday 
constant (96 485 C mol− 1), T is the temperature (assumed to be 298.15 
K) and ∇φe is the electric potential gradient of the liquid phase. 

The complete Nernst-Planck equation is: 

∂εci

∂t
+∇ ⋅ (ci v→) − ∇ ⋅

(
Deff

i ∇ci
)
− ∇ ⋅

(
ziFDeff

i

RT
ci∇φe

)

= Si (13) 

The former equation was solved for V2+, V3+, VO2+, VO2
+, H+ and 

HSO4
− ions. The concentration of SO4

2− was obtained according to the 

electroneutrality condition (Eq. (14)): 
∑

i
zici = 0 (14)  

3.3. Charge conservation equations 

The electric current, expressed as current density ( i
→

), due to 
transport of ions was determined using the following equation [27]: 

i→=F
∑

i
zi N→i (15) 

The volumetric current density (∇⋅ i
→

) can be determined combining 
Eq. (8) with Eq. (15), as follows: 

∇⋅ i→=∇⋅

(

F
∑

i
zici v→− F

∑

i
ziDeff

i ∇ci − F2
∑

i

z2
i Deff

i

RT
ci∇ϕe

)

(16) 

Thus, the electrolyte conductivity (σe) can be estimated using Eq. 
(17). 

σe =F2
∑

i

z2
i Deff

i

RT
ci (17) 

In this work, the electrolyte conductivity is determined using a linear 
regression that relates experimental values of conductivity with the state 
of charge (cf. Appendix B, Table B1). Thus, Eq. (16) was rewritten as 
function of the electrolyte conductivity as shown in Eq. (18). Also, in the 
event of an electrochemical reaction, charges between the electrolyte 
and electrode are exchanged. The volumetric current density is given by 
the flux of charges leaving or entering each phase [28]: 

∇ ⋅

(

F
∑

i
zici v→

)

− ∇ ⋅

⎛

⎝ RT
F
∑

i
zi
∇σe

⎞

⎠ − ∇ ⋅ (σe∇φe)= + j (18) 

Considering the charge conservation between phases, the flux of 
charges entering/leaving the solid phase ( is

→
) must be the same leaving/ 

entering the liquid phase ( ie
→

) (Eq. (19)). 

∇ ⋅ is
→

= − ∇ ⋅ ie
→

= − j (19) 

The charge conservation equation of the solid phase was described 
using Ohm’s law (Eq. (20)). 

is
→

= − σeff
s ∇φs (20)  

where φs is the potential in solid phase and σs
eff is the effective conduc-

tivity of the electrodes and bipolar plates. 
SO4

2− was assumed to be transported through the membrane only by 
migration, where the current density in the membrane region ( i

→
e,m) 

was determined with Eq. (21). 

i→e,m = − σm∇φe,m (21) 

The conductivity of the membrane was provided by the manufac-
turer (Appendix B, Table B1) and assumed constant. 

3.4. Reaction kinetics 

The relationship between the net reaction rate (j/nF) and the acti-
vation overpotential was described by the Butler-Volmer equation: 

j = aFcαred ,i
red cαox ,i

ox

(

kox,i
(

cs,i
red

ci
red

)

e
αoxFηi

act
RT − kred,i

(
cs,i

ox

ci
ox

)

e
− αredFηi

act
RT

)

(22)  

where j is the volumetric current density, a is the surface area of the pore 
walls per total volume of the electrode, ci

red and ci
ox are molar concen-

trations of the vanadium ion with lowest and highest oxidation state, 

Table 1 
Reaction rate source terms of species transport equations.  

Source term Positive electrode Negative electrode 

SV2+ – 
−

j−

nF  
SV3+ – j−

nF  
SVO2+

−
j+

nF  
– 

SVO+
2  

j+

nF  
– 

SH+ 2 j+

nF  
0   
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respectively, in the electrode i; superscript s refers to the electrode fibers, 
ki is the reaction rate constant, αi is the charge transfer coefficient and 
ηi

act is the activation overpotential (Eq. (23)). These parameters are 
summarized in Appendix B, Table B1 and Table B3. 

ηi
act =φi

s − φi
e − Ei (23)  

where Ei is the cell reaction potential in the absence of current (OCV) in 
the positive (Eq. (24)) and negative (Eq. (25)) electrodes, estimated from 
the Nernst equation. 

E+ =E0,+ +
RT
F

ln

(
cVO+

2
(cH+ )

2

cVO2+

)

(24)  

E− =E0,− +
RT
F

ln
(

cV3+

cV2+

)

(25)  

where E0,i is the standard cell reaction potential and the superscript i 
refers to the electrodes. 

3.5. Mass transfer 

In a non-equilibrium state, the concentration of reactants at the 
electrode fibers and in the bulk electrolyte is different. Therefore, the 
overpotential associated to reactant depletion on the electrode fibers, 
known as concentration overpotential, can be determined with Eq. (26) 
[26]. 

ηi
conc =Ei − Es,i =

RT
F

ln
(

ci
reactant

cs,i
reactant

)

(26)  

where Es,i is the cell reaction potential at the electrode fibers (Eq. (24) 
and (25)). Thus, the cell concentration overpotential ηconc can be 
determined with Eq. (27). 

ηconc =
RT
F

ln
(

c−reactant

cs,−
reactant

)

+
RT
F

ln
(

c+reactant

cs,+
reactant

)

(27)  

where ci
reactant is the reactant concentration at the electrode i. 

The mass transfer phenomena is described by the flux of mass 
transferred between the electrode fibers and the bulk solution (Eq. (28)) 
[29]. 

Ns
i = km

(
ci − cs

i

)
(28)  

where the mass transfer coefficient (km) refers to the mass transfer rate 
of species i from/to the electrode fibers to/from the bulk electrolyte. The 
mass transfer mechanism considers three different steps (cf. Appendix A, 
Figure A2). The first and third steps are controlled by advection and 
diffusion mechanisms, while the second step is controlled by the elec-
trochemical reaction [29]. 

The mass transfer coefficient used was computed using a correlation 
described elsewhere [30], and where the first coefficient (5.35 × 10− 3) 
was used as a fitting parameter: 

km,i = 5.35 × 10− 3

(
μ

Deff
i

)− 0.615(
ρdf

μ

)0.409

| v→ |
0.409 (29) 

The electrochemical reactions occur only at the electrode fibers 
(second step); any change in the ion concentration between the elec-
trode and the bulk electrolyte (first and third steps) are the result of an 
exchange of charges between the liquid and the solid phases. Since 
charge is conserved, the flux of ions must be in equilibrium with the flux 
of electrons at the electrode surface (Eq. (30) and Eq. (31)). 

km,red
(
cred − cs

red

)
=

j
aF

(30)  

km,ox
(
cox − cs

ox

)
= −

j
aF

(31) 

The expressions used to determine the concentration of vanadium 
ions on the electrode fibers (cs

i) can be found elsewhere [24]. 

3.6. Boundary and initial conditions 

The boundary conditions of the computational domain used in this 
simulation are identified and numbered in Fig A3 (Appendix A). 

At the inlet of both electrodes (boundaries 1 and 3 - Fig A3), the flow 
rate was given (Eq. (32)). Additionally, the concentration of each species 
at the inlet varied at every timestep (Eq. (33)). 

− n→⋅ v→ =
Qin

Ain
(32)  

ci = cin,i(t) (33)  

where Qin is the inlet volumetric flow rate, Ain is the inlet channel area 
and cin,i(t) is the inlet concentration of species i at instant t. 

The inlet concentration of species i at a given instant t was deter-
mined from a mass balance on the tanks (Eq. (34)). 

dcin,i (t)
dt

=
1

Vtank

(∫

v→outcout,idAout −

∫

v→incin,idAin

)

(34)  

where Vtank is the electrolyte volume in each tank and cout,i is the outlet 
concentration of species i. 

The absolute pressure at the outlets (boundaries 4 and 2 - Fig A3) was 
assumed constant and equal to the atmospheric pressure (patm, Eq. (35)). 
The following boundary conditions were used for the remaining 
variables: 

p= patm

⃒
⃒
⃒
⃒ n→ ⋅ N→i = 0

⃒
⃒
⃒
⃒ n→ ⋅

(
− σeff

s ∇φs
)
= 0

⃒
⃒
⃒
⃒ n→ ⋅ (− σe∇φe)= 0 (35) 

The transport mechanism of sulfate and bisulfate ions through the 
AEM, for balancing the electronic current, suggested by Lorrain et al. 
[22] was adopted in this model; only sulfate ions permeate the mem-
brane and the bisulfate ions may transfer the proton to the electrolyte 
before permeating as sulfate ion; on the other side of the membrane, the 
permeated sulfate ion may acquire a proton from the electrolyte 
becoming bisulfate ion. To ensure the electroneutrality of the system, 
the flux of sulfate ions across the AEM must be proportional to the re-
action rate (N→SO2−

4
= i/nFzSO2−

4
). It is reasonable to assume that half of the 

permeated sulfate ions (N→SO2−
4

/2) arise from the bisulfate dissociation 
reaction (H+ + SO4

2− ⇌HSO4
− ), which occurs at the electrode/membrane 

interface [22], and that such reaction is instantaneous. Thus, at the 
electrode/membrane interface we have: N→H+ = − N→HSO−

4
= N→SO2−

4
/2. At 

the negative electrode/membrane interface, protons react with sulfate 
ions to produce bisulfate and the reverse reaction occurs at the positive 
electrode/membrane interface. Therefore, the boundary conditions for 
H+ and HSO4

− at the electrode/membrane interface can be written as: 

n→ ⋅ N→H+ = ±
i

2nFzSO2−
4

(36)  

n→ ⋅ N→HSO−
4
= ±

i
2nFzSO2−

4

(37) 

At the negative electrode/membrane interface (boundary 18 - Fig 
A3), the right-hand term of Eq. (36) is negative and the right-hand term 
of Eq. (37) is positive. At the positive electrode/membrane interface 
(boundary 19 - Fig A3), the signs are reversed. Since the concentration of 
SO4

2− is determined with the electroneutrality condition (Eq. (14)), no 
boundary conditions were used for this species. 
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The charge-discharge cycling of a VRFB was carried out at constant 
current (galvanostatic mode). This operating mode was simulated using 
the following boundary condition at the bipolar plate in contact with the 
positive electrode (boundary 6 - Fig A3): 

− n→⋅∇⋅
(
σeff

s ∇φs
)
= i (38)  

where i is the operating current density, which is positive for charging 
step and negative for discharging step. At the bipolar plate in contact 
with the negative electrode, the potential of the solid phase was set to 
0 to act as reference electrode. For the other external boundaries 
(boundaries 7 to 16), the following boundary conditions were adopted 
for all variables: 

n→ ⋅ N→i = 0
⃒
⃒ n→ ⋅

(
− σeff

s ∇φs
)
= 0

⃒
⃒ n→ ⋅ (− σe∇φe)= 0 (39) 

A single-domain approach was implemented for the inner boundaries 
between the electrodes and the membrane (boundaries 18 and 19 - Fig 
A3) for the potential in the liquid phase [25]. A similar approach was 
adopted for the potential in the solid phase for the inner boundaries 
between the bipolar plates and the electrodes (boundaries 17 and 20 - 
Fig A3). Eq. (20) was also solved for the membrane and the 
single-domain approach was used at the interfaces between the elec-
trodes and the membrane (boundaries 18 and 19 - Fig A3). This is 
possible by using an extremely low value of electronic conductivity (1 ×
10− 18 S m− 1) for the membrane since it acts as an insulator. 

The Donnan potential (ED, Eq. (40)) within the VRFB was calculated 
in this model to simulate the effect of the repulsion of protons at the 
interface between the negative electrode and the membrane (c1, H+ ) and 
between the positive electrode and the membrane (c2, H+ ) in the cell 
potential [31]. 

ED =
RT
F

ln
(

c2,H+

c1,H+

)

(40) 

The initial conditions (t = 0 s) used in the present model for positive 
and negative electrodes are: 

ci = c0
i | φ+

s = E+ | φ−
s = E− | φe = 0 (41)  

where the initial concentration of the species (c0
i ) was defined as func-

tion of the state of charge of the battery, which denotes the ratio be-
tween the amount of energy stored in the VRFB and the total energy 
storage capacity, or (SoC, Eq. (42)), and total vanadium (cV) and sulfuric 
acid concentration. 

SoC =
cV2+ + cVO+

2

2cV
(42)  

where cV2+ and cVO+
2 

are the molar concentration of V2+ and VO2
+ ions 

averaged over the volume of a half-cell. 
The equations used to determine the initial concentrations of the 

ionic species are summarized in Appendix C, Table C1. It was assumed 
that, after the charge separation step, at the positive electrode only VO2+

are present and at negative electrode only V3+ are present. 

3.7. Numerical procedure 

The computational domain was divided in 5 zones with a total of 
2100 elements. The model variables for each domain are shown in Fig 
A4 (Appendix A). The governing equations were discretized using a 
finite volume method and solved using the commercial software pack-
age Fluent 19.2. The SIMPLE algorithm, pre-installed within software 
package, was used to solve the pressure-velocity coupling for unsteady 
state conditions. Species and charge transport equations were imple-
mented using user-define scalars and solved with the Second Order 
Upwind discretization method. The remaining equations, including the 
boundary and initial conditions, were implemented using user-defined 

functions. Under-relaxation factor was used for species and charge 
transport equations to handle convergence problems. A residual value of 
10− 6 was used as stop condition for every time step for all governing 
equations. All the parameters used in the simulation are described in 
Appendix B (Table B1-B3). 

4. Results and discussion 

4.1. Model validation 

The electrochemical model was validated against experimental data 
obtained for a lab-scale cell. The lab cell was run at 160 ml min− 1 feed 

Fig. 1. Simulation and experimental charge-discharge curves for a VRFB with 
16 cm2 active area. 

Fig. 2. Average concentration overpotential and SoC of the VRFB during 
charge-discharge cycling at 80 mA cm− 2 and 160 mL min− 1. 

Fig. 3. Average concentration overpotential of the VRFB during cycling at 
current densities of 80 mA cm− 2 (solid line), 120 mA cm− 2 (dash line) and 160 
mA cm− 2 (dash dot line). 

N.M. Delgado et al.                                                                                                                                                                                                                             



Journal of Power Sources 480 (2020) 229142

7

rate, for each electrolyte, and at 80 mA cm− 2; the volume of each 
electrolyte storage tank was 80 ml. Applied potential cut-offs of 1.65 V 
and 0.80 V were used for the charging and discharging steps, respec-
tively. The SoC at the start of the charging step was assumed to be 7.5%. 
Fig. 1 shows the experimental and the simulated charge-discharge 
curves. 

The simulation results agree with the experimental data with a mean 
relative error of 0.51% for the charging step and a mean relative error of 
3.65% for the discharging step; the different behavior between both 
steps is known in the literature and may be attributed to the kinetic 
parameters (k and α) [32]. The kinetic parameters for the oxidation 
reaction may not be equal to the kinetic parameters for the reduction 
reaction at both electrodes. In this work it was assumed that the kinetic 
parameters of the oxidation reaction are equal to the parameters of the 
reduction reaction due to the lack of experimental data for the GFD 4.6 
EA electrode. Nonetheless, the simulated and the experimental data 
match at end of the discharging step, which is not observed in most 
models found in the literature. This is related to the mass transfer co-
efficient which was used as a fitting parameter. It is expected that the 
mass transfer resistance displays a significant contribution to the total 
overpotential in this region [19]; this means that most of the reported 
models are overestimating the mass transfer coefficient. Mass transfer 
coefficients close to the obtained are reported in the literature [33]. 
These evidences support the accuracy of the developed model, which to 
the best knowledge of the authors displays the lowest mean relative 
error for a VRFB equipped with an AEM. 

4.2. Concentration overpotential during cycling 

The average concentration overpotential of the VRFB, which is in-
dependent of the axial (x) and coronal (y) positions in the electrode, was 
analyzed during charge-discharge cycling (Fig. 2); the operating con-
ditions were the same as for section 4.1. 

Fig. 2 shows that the concentration overpotential increases expo-
nentially over the charging and the discharging steps, with the highest 
concentration overpotential values being observed at the end of each 
step. At the end of the charging and discharging steps, the concentration 
of reactants available at the electrode fibers and in the bulk, electrolyte 
is very low; even a slight decrease of the concentration of the reactant at 
the electrode fibers leads to a sharp increase in the concentration 
overpotential. This behavior was confirmed by discharging the VRFB to 
a SoC of 8.6%, corresponding to a state of discharge of 91.4%, where the 
concentration overpotential increased from 10.9 mV (mean value for the 
charging step) to 23.9 mV (mean value for the discharging step). Also, a 
maximum concentration overpotential of 189 mV was obtained at 8.6% 
SoC during the discharging step while during the charging step a 
maximum concentration overpotential of 42 mV was observed at 86.7% 
SoC. It must be pointed out that operating a VRFB at low or high SoC 
should be avoided since depletion of reactants at the electrode fibers 
may lead to side reactions, such as hydrogen [7,34,35] and oxygen [8] 
evolutions, and oxidation of carbon materials [36]. 

A sharp increase in the concentration overpotential was also 
observed at the beginning of the discharging step. This behavior was 
attributed to the ability of the VRFB to work as capacitor; at the 
beginning of the discharging step there is accumulation of reactants on 
the electrode fibers, which are immediately available to react. Thus, the 
reactants concentration gradient between the electrode fibers and bulk 
electrolyte is extremely low and the concentration overpotential is also 
low. 

The mass transfer coefficient (Eq. (29)) used in this simulation is up 
to three orders of magnitude lower than the mass transfer coefficient 
used by other authors [18–20]. According to You et al. [24], a lower 
mass transfer coefficient should yield a higher overpotential. However, 
the values of concentration overpotential obtained in this work are 
within the range of values found in the literature [18–20]. This 
discrepancy may be ascribed to the mathematical terms used in the 

equation to determine the concentration overpotential, where some 
authors typically use current density based on the projected area instead 
of the surface area of the electrode as in this work (cf. Appendix C, 
Fig. C1). The approach used in this work is more accurate since the 
electrochemical reactions occur at the electrode fibers, and not only at 
the electrode/bipolar interface; the above mentioned reports use simu-
lators developed based on the projected area but fail to compare with the 
corresponding simplified model, indicated by Eq. (43): 

iL,PA = a
Velectrode

A
nFkmcR (43) 

These authors compare with Eq. (44): 

iL = nFkmcR (44)  

which gives the current density based on the electrode surface area. The 
term a⋅Velectrode/A in Eq. (43) is the ratio between the electrode real 
surface area by the project area at the bipolar plate, and it is often in the 
order of thousands. 

Fig A5 (Appendix A) shows two simulated polarization curves (50% 
SoC and a feed flow rate of 10 mL min− 1 and 160 mL min− 1), where the 
limiting current density is compared with the one obtained with Eq. 
(43). When Eq. (43) is used, the limiting current density obtained are 
close to each other, with a maximum relative difference of ca. 3.70%. 
Thus, the mass transfer coefficient can be estimated with reasonable 
accuracy using experimental polarization curves and Eq. (43). 

The mass transfer resistances are the second highest source of 
overpotential of this VRFB, with an average overpotential of 16.4 mV @ 
80 mA cm− 2, while the ohmic losses are the main source of overpotential 
with an average value of 117 mV and the activation overpotential is 
14.5 mV. The negative electrode displays a higher concentration (11.9 
mV) and activation overpotentials (9.5 mV) than the positive electrode 
(9.0 mV and 0.5 mV, respectively) due to the slower reaction rate and 
diffusion of V2+ and V3+ ions. This result agrees with the experimental 
results in the literature [37]. 

4.3. Influence of the current density 

The concentration overpotential behavior was also studied at three 
different current densities: 80 mA cm− 2, 120 mA cm− 2 and 160 mA cm− 2 

- Fig. 3. The flow rate was set to 160 mL min− 1, which corresponds to 
stoichiometric ratios between flow and current (λ) of 160, 107 and 80 at 
50% SoC, respectively. The applied potential cut-off for the charging 
step was increased to 1.80 V and to 1.95 V for current densities of 120 
mA cm− 2 and 160 mA cm− 2, respectively, to compensate the total 
overpotential increase. For the discharging step, applied cut-off of 0.65 
V and 0.40 V were used for a current density of 120 mA cm− 2 and 160 
mA cm− 2, respectively. All the remaining variables used in the simula-
tion were kept unchanged. 

Fig. 3 shows that the concentration overpotential increases with the 
current density. This trend is in agreement with the information found in 
the literature [18]. Within the range of the current densities used in this 
work, the relationship between the two variables is linear; at a current 
density of 120 mA cm− 2, the average concentration overpotential for the 
charging step was 26.4 mV while at 160 mA cm− 2 a value of 118 mV was 
obtained. For the discharging step, average concentration overpotentials 
of 27.9 mV and 104 mV were obtained at current densities of 120 mA 
cm− 2 and 160 mA cm− 2, respectively. The number of electrons available 
to participate in the electrochemical reaction increases with the current. 
Thus, increasing the current density will increase the reaction rate. 
When the reaction rate increases and the mass transfer rate is un-
changed, the rate of reactants’ depletion at the electrode fibers in-
creases, leading to an increase in concentration overpotential. 

The results obtained in this work also demonstrate that for high 
values of SoC the concentration overpotential increase is sharper than 
predicted by Zheng et al. [18]. For example, these authors obtained an 
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average concentration overpotential as high as 0.8 mV for 10% SoC and 
slightly below 7.5 mV for 85% SoC at a current density of 160 mA cm− 2, 
while in the present work values of 43 mV and 585 mV were obtained for 
the same SoC and current density. The present work considers a much 
lower mass transfer rate, which explains such discrepancy; the reactant 
depletion at the electrode fibers is faster for lower mass transfer rates 
and, thus, the concentration overpotential increase rate is increased. 

At higher current densities, the performance of a VRFB as capacitor 
improves; a faster increase in the concentration overpotential at the start 
of the discharging step is observed. During the charging step, the 
product accumulation at the electrode fibers is higher when applying 
higher current densities. When changing to the discharging step, the 
combined effect of increased reaction rate and a higher accumulation of 
reactants lead to a sharper increase in the concentration overpotential. 

Fig. 4 (a), Fig. 4 (b) and Fig. 4 (c) show the influence of the current 
density in the local concentration overpotential, which is a function of 
the axial position in the electrode, and net reaction rate distribution 
profiles and the concentration profile of V2+ ion at the electrode fibers, 
respectively, in the through-plane direction of the negative electrode. 

Increasing the current density leads to a more uniform distribution of 
the local concentration overpotential in the through-plane direction of 
the electrodes (Fig. 4 (a)); the increasing overpotential in the middle of 
the electrode and near the electrode/bipolar plate interface (X = 0.0 
mm) is slightly higher compared to the increasing overpotential near the 
membrane (X = 3.5 mm). The net reaction rate distribution also be-
comes more uniform with the current density increase (Fig. 4 (b)); the 
mass transfer rate is much lower when compared to the increasing re-
action rate and a more uniform distribution of the reactant at the elec-
trode is observed (Fig. 4 (c)). Thus, for higher current densities, the 
distribution of the local concentration overpotential is more uniform. 
These results show that the design of the distribution channels of a VRFB 
becomes more critical when operating the battery at high current den-
sity; a proper electrolyte distribution and high mass transfer rates must 
be guaranteed to ensure low concentration overpotentials, low over-
potential gradients and, consequently, a long lifespan of the materials of 
the battery. Fig. 4 (b) also shows that at 0.0 mm < X < 1.0 mm there is a 
lower contribution to the reaction extension and, thus, a thinner elec-
trode could be more beneficial to the performance of the battery at lower 
current densities. 

4.4. Influence of the flow rate 

To study the influence of the advective flux (Eq. (11)) in the mass 
transfer resistance, the average concentration overpotential of the VRFB 
was determined during charge-discharge cycling at three different flow 
rates: 40 mL min− 1, 80 mL min− 1 and 160 mL min− 1 - Fig. 5. All the 
remaining variables used in the simulation were kept unchanged, 
including the current density (80 mA cm− 2). 

When the flow rate was decreased from 160 mL min− 1 to 80 mL 
min− 1, the average concentration overpotential increased from 10.9 mV 
to 16.8 mV at the charging step and from 23.9 mV to 34.9 mV at the 
discharging step. Within the range of the flow rates studied, the highest 
overpotential was observed at a flow rate of 40 mL min− 1; an average 
concentration overpotential of 20.7 mV was obtained for the charging 
step and 41.8 mV for the discharging step. These results are related to 
the advective flux decrease in the electrodes, which reduces the reactant 
transfer rate within the pores of the electrode; for the same reaction rate, 
the reactant concentration gradient between the electrode fibers and 

(caption on next column) 

Fig. 4. Distribution profile of (a) local concentration overpotential, (b) net 
reaction rate and (c) V2+ concentration at the electrode fibers in the through- 
plane direction (X direction) of the negative electrode at 80 mA cm− 2 (solid 
line), 120 mA cm− 2 (dash line) and 160 mA cm− 2 (dash dot line) and 80% SoC. 
The bipolar plate/electrode interface is located at X = 0.0 mm and the elec-
trode/membrane interface is located at X = 3.5 mm. 
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bulk electrolyte increases and, consequently, the concentration over-
potential also increases. A similar trend was observed by Monteiro et al. 
[23] which performed polarization curves and charge-discharge cycles 
under different flow rates; for a fixed current density, lower flow rates 
led to higher overpotentials. Nonetheless, the advective flux is highly 
dependent on the design of the distribution channels; low flow rates may 
be safely used if the cell design allows a high flow velocity in the 
electrode. 

The flow rate also affects the distribution of the ions in the electrode. 
Fig. 6 (a) and Fig. 6 (b) show the distribution profiles of the local con-
centration overpotential and reactant mass transfer coefficient, respec-
tively, in the negative electrode at 80% SoC for flow rates between 40 
mL min− 1 and 160 mL min− 1. 

The local concentration overpotential increase with the flow rate 
decrease was observed in all zones of the electrode (Fig. 6 (a)). The 
vanadium ions are distributed through the electrode by advective and 
diffusive transport mechanisms. A lower advective flux leads to a higher 
residence time in the electrode. Consequently, the regeneration rate of 
the electrolyte in the electrode is slower and the reactant concentration 
gradient in the pores of the electrode increases. Fig. 6 (a) also shows that 
the distribution of the local concentration overpotential in the electrode 
is slightly improved when using lower flow rates; a steeper increase in 
the concentration overpotential is observed closer to the bipolar plate 
interface when compared to other regions of the electrode. Fig. 6 (b) 
shows that the mass transfer coefficient profile in the through-plane 
direction is more uniform at lower feed flow rates due to a better elec-
trolyte distribution over the electrodes. Additionally, the mass transfer 
coefficient decrease is more notorious closer to the bipolar plate inter-
face, where the inlet/outlet channels are located, than closer to the 
membrane; as the feed flow rate decreases, the concentration over-
potential (Fig. 6 (a)) increase closer to the membrane is less notorious 
when compared to the region close to bipolar plate interface. Thus, the 
more uniform concentration overpotential profile may be attributed to 
the more uniform flow velocity when decreasing the flow rate. 

4.5. Distribution channel position 

The effect of the inlet and outlet channel position in the through- 
plane direction in the concentration overpotential was analyzed. 
Three new cells with different distribution channel positions were 
created (cf. Appendix A, Fig. A6): cell M featuring the inlet and outlet 
channels close to the membrane, cell C with the distribution channels 
positioned at the center of the electrode and cell E with the distribution 
channels with the same length as the thickness of the electrode. Cell BP 
refers to the cell used to validate the model. The inlet/outlet channel of 
cells BP, M and C are 1 mm length. 

The simulations were carried out at three different flow rates (40 mL 
min− 1, 80 mL min− 1 and 160 mL min− 1) and at a constant current 
density of 160 mA cm− 2. The relative concentration overpotential (ηconc, 

rel, Eq. (45)) was calculated to compare the average concentration 
overpotential at the charging step of cells M, C and E with the results 
obtained for the reference cell, BP, at the same operating conditions. 

ηconc,  rel =
ηconc,i − ηconc,BP

ηconc,BP
× 100 (45) 

The results (Fig. 7) show that cells M, C and E performed better at all 
flow rates when compared to cell BP. 

The cell M displayed the best result among the other geometries for 
all flow rates. The cells C and E exhibited a concentration overpotential 
improvement up to 1.8% and 1.3%, respectively, when compared to the 
cell BP. Fig. 7 also shows that cell E displayed higher relative concen-
tration overpotentials when compared to cells M and C; most likely 
owing to the higher inlet/outlet area which results in a lower advective 
flux in the electrodes. These results also show that a uniform electrolyte 
flow in the through-plane direction does not provide the best perfor-
mance results. 

Fig. 5. Average concentration overpotential of the VRFB during cycling at flow 
rates of 40 mL min− 1 (dash dot line), 80 mL min− 1 (dash line) and 160 mL 
min− 1 (solid line). 

Fig. 6. Distribution profile of the (a) local concentration overpotential and (b) 
reactant mass transfer coefficient in the through-plane direction (X direction) of 
the negative electrode at 40 mL min− 1 (dash dot line), 80 mL min− 1 (dash line) 
and 160 mL min− 1 (solid line) and 80% SoC. The bipolar plate/electrode 
interface is located at X = 0.0 mm, the electrode/membrane interface is located 
at X = 3.5 mm and the inlet/outlet channel is located at 0.0 mm < X < 1.0 mm. 
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Fig. 8 shows the concentration overpotential in the negative elec-
trode for all cells at a SoC of 80% during charging step to further un-
derstand the previous results. A flow rate of 160 mL min− 1 and a current 
density of 160 mA cm− 2 were used in the simulation. 

It is possible to observe that the zone with highest concentration 
overpotential is located closer to the membrane (X = 3.5 mm), regard-
less the position of the distribution channels. The resistance to the 
transport of electrons through carbon felt is lower than to the transport 
of ions through the electrolyte; there is a higher accumulation of ions 
and higher reaction rates closer to the membrane. Increasing the 
advective flux closer to the membrane provides higher mass transfer 
rates in this zone and, thus, the highest overall reduction in the con-
centration overpotential is obtained. The results discrepancy between 
cells M and BP could be minimized by improving the conductivity of the 
electrolyte using, for example, chloride acid [38]. 

The zone with lowest concentration overpotential is located at 0.0 
mm < X < 1.4 mm. Positioning the inlet and outlet distribution channels 
at 0.0 mm < X < 1.0 mm (cell BP) results in higher average concen-
tration overpotentials since the overpotential and the advective flux are 
exponentially related; the concentration overpotential reduction near 
bipolar plate will be lower than at any other position (cell M, C and E). 
Thus, improving mass transfer rates at the location with lowest con-
centration overpotential leads to a worse cell performance. This effect 
becomes even more relevant when decreasing the flow rate due to the 
exponential relationship between the two parameters. 

When designing a larger VRFB, the position of the inlet/outlet 
channels may become more important than for a lab-scale cell. Typi-
cally, the electrolyte velocity inside the electrode of a larger VRFB is 
lower than in lab-scale cells; a higher pressure drop would be observed 
in stacks for the same electrolyte velocity due to the increased electrode 
dimensions. Nonetheless, designing a cell with an inlet/outlet channel 
location near the membrane increases the difficulty of building a redox 
flow battery. Also, despite the positive results obtained for cell M, it 
should be noticed that the transport mechanisms of vanadium ions 
through the ion exchange membrane were not included in this model. 
Increasing the flow velocity near the membrane may increase the va-
nadium crossover, leading to higher capacity loss rates [10]. 

5. Conclusion 

A 2-D, dynamic, isothermal model, incorporating the charge and 
species transport and the electrochemical reaction equations was 

Fig. 7. Relative concentration overpotential for geometries M, C and E at a current density of 160 mA cm− 2 and flow rates of 40 mL min− 1, 80 mL min− 1 and 160 
mL min− 1. 

Fig. 8. Concentration overpotential contour in the through-plane direction of 
the negative electrode at 80% SoC for cells (a) BP, (b) M, (c) C and (d) E. The 
bipolar plate/electrode interface is located at X = 0.0 mm and the electrode/ 
membrane interface is located at X = 3.5 mm. The inlet is located at Y = 0 mm 
and the outlet is located at Y = 40 mm. 
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successfully developed, implemented in a CFD platform (ANSYS Fluent 
19.2) and validated against experimental results from a vanadium redox 
flow cell equipped with an AEM; a charge-discharge cycle was simulated 
with a mean relative error of 1.85%, using only the mass transfer coef-
ficient as fitting parameter. Also, contrarily to most of the models found 
in the literature, a good match between the simulated and experimental 
data at the end of the discharge step is observed, where the mass transfer 
resistances are dominant; this may indicate that the most of the reported 
models overestimate the mass transfer coefficient. 

The developed simulator was used to compute the concentration 
overpotentials during charge-discharge cycling, at different flow rates 
and current densities. Although the mass transfer coefficient used in this 
work is lower than most of the mass transfer coefficients used in liter-
ature simulators, the overpotentials determined with the developed 
simulator are within the range found in experimental and theoretical 
studies; it is demonstrated that, for flow batteries, using the current 
density based on the projected area to determine the concentration 
overpotential leads to unrealistic values. Instead, the reactant concen-
tration at the electrode fibers or the current density based on the surface 
area of the electrode should be used. It was found that the charging and 
discharging steps display different average concentration over-
potentials, regardless of the operating conditions; a mismatch between 
the state of charge during the charging step and the state of discharge 
during the discharging step is then observed. The results obtained show 
that at the beginning of the discharging step, the VRFB acts as a 
capacitor due to accumulation of charges at the electrode fibers at the 
end of the charging step. This behavior was more prominent for lower 
flow rates, or higher current densities. 

The concentration overpotential was also studied at different feed 
flow rates and current densities in the through-plane direction for a fixed 
SoC. The results show that increasing the current density, compared 
with lowering the feed flow rate, has a greater effect on concentration 
overpotential gradient in the through-plane direction. Optimizing the 
electrolyte feed position in the through-plane direction is critical to 
minimize the concentration overpotential at high current densities. 

Through simulations, it was found that the discrepancy between the 
electrode and the electrolyte conductivities leads to a significant con-
centration overpotential gradient at the electrodes; higher concentration 
overpotentials are observed at the surface between the electrode and the 
membrane. This is a consequence of the electronic conductivity of bi-
polar plate and porous electrode being higher than the ionic conduc-
tivity of the electrolyte and the ion exchange membrane. Thus, the 
concentration overpotential is not only sensitive to the mass transfer 
mechanism. Also, the position of the inlet and outlet distribution 
channels should not be neglected when designing a vanadium redox 
flow cell with a conventional flow field. Simulations performed for ge-
ometries with different inlet/outlet channel positions suggest that the 
highest reduction in concentration overpotential is obtained when using 
higher advective fluxes near to the membrane. 
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