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a b s t r a c t 

The fibrous electrode is an essential component of the redox flow batteries, as the electrode structure influences 
the reactant/product local concentration, electrochemical reaction kinetics, and the pressure loss of the battery. 
A three-dimensional numerical model of vanadium redox flow battery (VRFB) was developed in this work. After 
model validation, simulations were conducted to understand the effects of electrode structural parameters on the 
battery performance. The gradient electrode design, specific surface area, porosity, and different flow fields were 
studied and optimized. The results show that in the large-size VRFB system, ensuring a large porosity can minimize 
the concentration polarization, which not only improves the battery performance, and also reduce the pressure 
loss. To further improve the mass transfer, fibers with larger diameter can be used, and the specific surface area of 
the electrode can be increased by modifying the surface of the fiber. The battery performance can be significantly 
improved with increasing specific surface area when the specific surface area is lower than 500,000. However, 
with further increase in specific surface area, the voltage of the battery remains almost constant at about 1.37 V. 
Its influence on interdigitated flow channel case is mainly in reducing pressure loss, and on serpentine flow 

channel case is directly reflected in improving battery performance. 
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. Introduction 

The increasingly more and more serious energy crisis and environ-
ental problems has accelerated research activities on clean energy

echnologies worldwide [1–3] . Renewable solar and wind power are
xpected to play a key role for a sustainable society but they are in-
ermittent and fluctuating, requiring effective energy storage for their
ide applications. The aqueous flow battery system is promising for in-
ustrial applications, due to its fast response, high safety, and long life
4] . After discharge, the electrolyte of flow battery can be recharged us-
ng excess renewable power such as wind and solar. Then the chemical
nergy of the charged electrolyte can be converted back to electricity
ia the flow battery through discharge when the renewable power is in-
ufficient. Thus, the capacity and power of the system can be decoupled
nd designed in various sizes. Compared with conventional hydrogen
torage systems, liquid electrolytes are as easy and safe to transport and
tore as gasoline. The aqueous flow battery system is efficient, scalable,
afe, able to operate continuously for a long time, and independent of
he site [ 5 , 6 ]. 

Although aqueous flow battery system has been widely recognized as
 promising candidate as large-scale energy storage systems for renew-
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ble energies [7–9] , its widespread commercialization has been limited
y the high cost. In addition to the development of new energy mate-
ials, the cost reduction can also rely on engineering design to improve
erformance. On the one hand, if the power density of the system can
e increased, the size of the stack can be reduced, which means the
umber of stack components, such as membranes, electrodes, and bipo-
ar plates can be reduced [10–12] . On the other hand, the volume of
he electrolyte can be reduced by improving the electrolyte utilization
fficiency. To improve the performance of the flow battery, activation
osses related to the kinetics of vanadium redox reactions, ohmic losses
elated to electron and ion transport resistance, and the concentration
osses related to mass transport of active species all need to be mini-
ized. The reduction of these polarization losses depends on not only

he improvement of materials but also the optimization of the structural
esign of cell components [13–16] . 

The all-vanadium redox flow battery (VRFB) shows great potential
or large energy storage capacity and power output. Other kinds of aque-
us flow battery systems have also received considerable focus. The
inc-bromine flow battery is first introduced by Lim et al. [17] which
s another attractive energy storage system due to its simple chemical
eactions, high energy density, excellent electrochemical reversibility,
article under the CC BY-NC-ND license 
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nd inexpensive reactant materials. Another flow battery that has re-
eived numerous studies is the soluble lead–acid flow battery (SLFB),
hich improves the all-round performance while reducing the capital

osts based on the former the flow battery system. The SLFB concept was
ntroduced by Pletcher et al. [18] which was designed as a viable option
or large-scale energy storage applications. However, lead-acid batter-
es contain toxic materials. Inappropriate disposal of SLFB can poison
he soil and water. Rechargeable zinc-air flow batteries are cheap, non-
oxic, and have a compact system design. Bockelmann et al. [19] built a
echargeable zinc-oxygen flow battery that reached a peak power den-
ity of 270 mW cm 

− 2 and a maximum current density of up to 600 mA
m 

− 2 . 
The performance and reliability of aqueous flow battery systems usu-

lly depend on key components design and operating variables. Lots of
orks have been done for the structural design optimization of flow
atteries. The electrode is a crucial component to determine the battery
erformance. Mayrhuber et al. [20] developed laser-perforated carbon
aper electrodes to enhance the accessibility of electrolytes and improve
attery performances. S. Kumar et al. [21] investigated efficiencies and
ressure drop of a VRFB with interdigitated flow field and serpentine
ow field. The battery with a serpentine flow field achieved high energy
fficiency and low pressure drop. Ionic-conducting membrane or sepa-
ator is usually needed to avoid the crossover of electroactive species,
hich influence the voltage and coulombic efficiencies of flow batter-

es. The electrolyte influence the electrochemical performance notably,
s its concentration and volume determined the energy capacity of the
ow battery directly. Dassisti et al. [22] assessed the feasibility, effec-
iveness, and sustainability of three different methods for the synthe-
is of vanadium-based mixed-acid electrolytes. Topology optimization
as applied by Yaji et al. [ 23 , 24 ] in recent years, which provided more
pproaches for the flow fields design and improved the battery perfor-
ance. Yaji et al. [23] formulated flow fields design as a maximization
roblem for the generation rate of the vanadium species, incorporated
ypical porous model and introduced mass transfer coefficient coupled
ocal velocity to study the dependencies of the topology optimized de-
ign with the porosity and pressure loss. Chen et al. [24] presented
omputational design based on topology optimization to automatically
enerate optimized 3D flow field design of VRFB to gain higher perfor-
ance. Both papers found that interdigitated flow field is an optimal
ow field. The operating conditions are also essential for flow batteries
erformance, such as the temperature and flow rate [ 25 , 26 ]. Ma et al.
25] found that with increasing flow rate, the capacity of the battery in-
reases, but the system efficiency decreases and strategies were applied
o optimize the system. Zhang et al. [26] found that with the increased
perating temperature, the peak discharge power density increased but
he capacity decays and coulombic efficiency dropped. 

Electrodes are essential contributors to all voltage losses and key
omponents to the flow battery performance. Kim et al. [27] designed
ctivity gradient carbon felt in-plane direction, which can uniform of
he reaction rates, enhance electrolyte utilization, and improve energy
fficiency. The optimization works were based on flow-through batter-
es without considering the flow field effect. With flow field adopted, the
attery can use thinner electrode to get lower ohmic loss and improve
ell performance including limiting current density and peak power den-
ity. Meanwhile, the numerical simulation is very essential to optimize
he flow battery design.While the numerical studies on flow-by batteries
re more based on single-channel and 2D models without considering
he influence of rib, the in-plane variable changes, and concentration
oss [ 28 , 29 ]. Jiang et al. [28] designed gradient porous electrode in
hrough-plane direction and founded the design can uniform the local
eaction current density and increase capacity. Tsushima et al. [29] es-
ablished a 2D model to study the influence of electrode properties
nd channel geometry on battery performance and conducted multiple-
arameter optimization for improving the design of VRFB. To further
nderstand the coupling effects of flow field and electrode structure on
attery performance under wider operating conditions, the 3D model is
2 
eveloped to improve the flow battery performance by optimizing the
lectrode microstructure in this paper. New structures are numerically
esigned to optimize electrodes of the VRFB. At the present stage, due to
he use of graphite felt as the electrode material, Darcy’s law is adopted
or simulation, isotropy is assumed, and permeability coefficient is set as
onstant which does not change with space. For new electrode structures
esign, such as gradient electrodes, the flow in electrodes should be con-
idered as anisotropic and the permeability coefficient should vary with
he spatial position. 

. Mathematical model 

A computational model is built to evaluate the electrode structural
esign for improving the battery performance. To reduce the computa-
ional cost without losing accuracy, half-cell computational domain is
dopted in this study. The half-cell computational domain composes a
ow field and an electrode for the positive/negative side, as shown in
ig. 1 . 

The reactions occurring in electrodes of vanadium redox flow bat-
eries (VRFB) can be expressed as: 

At positive electrode: 𝑉 𝑂 

2+ + 𝐻 2 𝑂 − 𝑒 − 
𝑐ℎ arg 𝑒 
⇌

dis 𝑐ℎ arg 𝑒 
𝑉 𝑂 

+ 
2 + 2 𝐻 

+ 

At negative electrode: 𝑉 3+ + 𝑒 − 
𝐶ℎ arg 𝑒 
⇌

𝐷𝑖𝑠𝑐ℎ arg 𝑒 
𝑉 2+ 

With the assumption that the second step of 𝐻 2 𝑆 𝑂 4 dissociation is
gnored, the electrolyte comprises 1 M vanadium ions and 4 M 𝐻𝑆𝑂 

− 
4 .

he inlet species concentration is determined by electrolyte SOC: 

𝑐 𝑉 2+ 

𝑐 0 
𝑉 𝑡𝑜𝑡𝑎𝑙 

= 

𝑐 𝑉 𝑂 2+ 

𝑐 0 
𝑉 𝑡𝑜𝑡𝑎𝑙 

= 𝑆𝑂𝐶 

𝑐 𝑉 3+ 

𝑐 0 
𝑉 𝑡𝑜𝑡𝑎𝑙 

= 

𝑐 𝑉 𝑂 2+ 

𝑐 0 
𝑉 𝑡𝑜𝑡𝑎𝑙 

= (1 − 𝑆𝑂𝐶) 

here 𝑐 0 
𝑉 𝑡𝑜𝑡𝑎𝑙 

is initial total vanadium ion concentration and is set to 1 M.

The assumptions and simplifications used in the present work are as
ollows: 

1 The transient model is simplified as a stationary model, considering
that the reservoir is sufficiently large. 

2 The entire domain is assumed to be isothermal. 
3 The fluid flow is treated as incompressible. 
4 The possible side reactions such as oxygen and hydrogen evolutions

are neglected. 

The mass and the momentum conservation for electrolyte in both the
hannel and porous electrode can be expressed with the Navier-Stokes
quation and Brinkman equation respectively: 

∇ ⋅ 𝑢 = 0 (1)

(
𝑢 ⋅ ∇ 

)
𝑢 = −∇ 𝑝 + ∇ ⋅

[
𝜇
(
∇ ⃗𝑢 + 

(
∇ ⃗𝑢 

)𝑇 )]
(2)

𝜌

𝜀 2 

(
𝑢 ⋅ ∇ 

)
𝑢 = −∇ 𝑝 + ∇ ⋅

[𝜇
𝜀 

(
∇ ⃗𝑢 + 

(
∇ ⃗𝑢 

)𝑇 )] − 

𝜇

𝑘 
𝑢 (3)

here 𝜀 is the porosity of the porous electrode, p is the pressure, μ is the
ynamic viscosity of the fluid and k is the permeability of the porous
lectrode. 

The specific surface area of the electrode, 𝑎 , was determined by fiber
iameter and porosity, which can be calculated by [30] : 

 = 

4 ( 1 − 𝜀 ) 
𝑑 𝑓 

(4) 

here d f is the fiber diameter. The permeability of the porous electrode
s expressed as [31] : 

 = 

𝑑 2 
𝑓 
𝜀 3 

16 𝑘 (1 − 𝜀 ) 2 
(5) 
𝑐𝑘 
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Fig. 1. Half-cell computational domain of VRFB, serpen- 
tine flow channel (a), and interdigitated flow channel (b). 
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here k ck is the dimensionless Carman-Kozeny constant which depends
n the shape and orientation of the fibrous material. 

Nernst-Plank equation [32] is employed to describe the transport of
ilute species in the porous electrode which comprises diffusive, migra-
ive, and convective items: 

⃗
 𝑖 = − 𝐷 

𝑒𝑓𝑓 
𝑖 

∇ 𝑐 𝑖 − 

𝑧 𝑖 𝑐 𝑖 𝐷 

𝑒𝑓𝑓 
𝑖 

𝑅𝑇 
𝐹 ∇ 𝜙𝑒 + ⃗𝑢 𝑐 𝑖 (6)

 ⋅ 𝑁⃗ 𝑖 = 𝑆 𝑖 (7) 

here the index i represents the species, and N i is the flux of the species.
 i is the species molar source term, which represents the generation
ate of species due to the electrochemical reactions. c i and z i are molar
oncentration and charge number of species i , respectively. R is the ideal
as constant, T is temperature, and F is Faraday’s constant. 𝜙e is the
otential in the electrolyte. The dissociation of HSO 4 

− is neglected in
his simulation. 

The effective diffusivity 𝐷 

𝑒𝑓𝑓 
𝑖 

is corrected according to the Brugge-
an correction [33] : 

 

𝑒𝑓𝑓 
𝑖 

= 𝜀 1 . 5 𝐷 𝑖 (8) 

Charge transport in the electrode for negative and positive sides is
olved as: 

 ⋅ 𝑖⃗ 𝑠 = − 𝜎𝑒𝑓𝑓 𝑠 ∇ 

2 𝜙𝑠 = 𝑖 𝑛𝑒𝑔 (9)

 ⋅ 𝑖⃗ 𝑒 = − 𝜎𝑒𝑓𝑓 𝑒 ∇ 

2 𝜙𝑒 = 𝑖 𝑛𝑒𝑔 (10)

here ⃗𝑖 𝑠 is the current density in the electrode, ⃗𝑖 𝑒 is the current density
n the electrolyte. 𝜎𝑒𝑓𝑓 and 𝜙 are the effective electric conductivity and
otential. The positive electrode has similar equations for charge trans-
ort. The electrochemical reactions occurring on the surfaces of solid
ber in the electrode can be expressed by the Butler-Volmer equation
32] : 

 𝑛𝑒𝑔 = 𝑎𝐹 𝑘 0 ,𝑛𝑒𝑔 𝑐 
𝛼𝑐,𝑛𝑒𝑔 

𝑉 2+ 
𝑐 
𝛼𝑎,𝑛𝑒𝑔 

𝑉 3+ [ 

𝑐 𝑠 
𝑉 3+ 

𝑐 𝑉 3+ 
exp 

( 

− 

𝛼𝑐,𝑛𝑒𝑔 𝐹 𝜂neg 

𝑅𝑇 

) 

− 

𝑐 𝑠 
𝑉 2+ 

𝑐 𝑉 2+ 
exp 

( 

𝛼𝑎,𝑛𝑒𝑔 𝐹 𝜂𝑛𝑒𝑔 

𝑅𝑇 

) 

] 

(11) 

 pos = 𝑎𝐹 𝑘 0 ,𝑝𝑜𝑠 𝑐 
𝛼𝑐,𝑝𝑜𝑠 

𝑉 𝑂 2+ 
𝑐 
𝛼𝑎,𝑝𝑜𝑠 

𝑉 𝑂 2 
+ [ 

𝑐 𝑠 
𝑉 𝑂 2 

+ 

𝑐 𝑉 𝑂 2 + 
exp 

( 

− 

𝛼𝑐,𝑝𝑜𝑠 𝐹 𝜂𝑝𝑜𝑠 

𝑅𝑇 

) 

− 

𝑐 𝑠 
𝑉 𝑂 2+ 

𝑐 𝑉 𝑂 2+ 
exp 

( 

𝛼𝑎,𝑝𝑜𝑠 𝐹 𝜂𝑝𝑜𝑠 

𝑅𝑇 

) 

] 

(12) 

here k 0,neg and k 0,pos is the reaction constant of the reactions occurring
n negative and positive sides, respectively, 𝛼a,neg and 𝛼c,neg are anodic
3 
nd cathodic charge transfer coefficient of negative half-reaction, 𝛼a,pos 

nd 𝛼c,pos are anodic and cathodic charge transfer coefficient of positive
alf-reaction. 

Overpotentials are defined as follows: 

neg = 𝜙𝑠,𝑛𝑒𝑔 − 𝜙𝑒,𝑛𝑒𝑔 − 𝐸 𝑒𝑞,𝑛𝑒𝑔 (13)

𝑝𝑜𝑠 = 𝜙𝑠,𝑝𝑜𝑠 − 𝜙𝑒,𝑝𝑜𝑠 − 𝐸 𝑒𝑞,𝑝𝑜𝑠 (14)

Equilibrium potentials are calculated via: 

 𝑒𝑞,𝑛 eg = 𝐸 

0 
𝑛𝑒𝑔 + 

𝑅𝑇 

𝐹 
ln 
( 

𝑐 𝑉 3+ 

𝑐 𝑉 2+ 

) 

(15)

 𝑒𝑞, pos = 𝐸 

0 
𝑝𝑜𝑠 + 

𝑅𝑇 

𝐹 
ln 
⎛ ⎜ ⎜ ⎝ 
𝑐 𝑉 𝑂 + 2 

𝑐 2 
𝐻 

+ 

𝑐 𝑉 𝑂 2+ 

⎞ ⎟ ⎟ ⎠ (16)

here 𝐸 

0 
𝑛𝑒𝑔 and 𝐸 

0 
pos are equilibrium potentials at the standard condi-

ion. 
The vanadium ions concentration at the surface of carbon fibers can

e calculated by balancing the generation rate of reactants and the rate
f transfer from the bulk to the interface. A quasi-equilibrium state as-
umption is adopted for the ions transport considering that SOC of elec-
rolyte changes slowly due to relatively small volume of electrolyte in
he cell compared with that in the reservoirs. Concentrations of VO 

2 + 

nd VO 2 
+ at the surface are derived as: 

 

𝑠 

𝑉 𝑂 2+ 
= 

𝐵 1 𝑐 𝑉 𝑂 + 2 
+ (1 + 𝐵 1 ) 𝑐 𝑉 𝑂 2+ 

1 + 𝐴 1 + 𝐵 1 
(17) 

 

𝑠 

𝑉 𝑂 + 2 
= 

𝐴 1 𝑐 𝑉 𝑂 2+ + (1 + 𝐴 1 ) 𝑐 𝑉 𝑂 + 2 
1 + 𝐴 1 + 𝐵 1 

(18) 

here 

 1 = 

𝑘 0 ,𝑝𝑜𝑠 

𝑘 𝑚 
𝑐 
𝛼𝑐,𝑝𝑜𝑠 −1 
𝑉 𝑂 2+ 

𝑐 
𝛼𝑎.𝑝𝑜𝑠 

𝑉 𝑂 + 2 
exp ( 𝛼𝑎,𝑝𝑜𝑠 𝐹 𝜂𝑝𝑜𝑠 ) (19)

 1 = 

𝑘 0 ,𝑝𝑜𝑠 

𝑘 𝑚 
𝑐 
𝛼𝑐,𝑝𝑜𝑠 

𝑉 𝑂 2+ 
𝑐 
𝛼𝑎,𝑝𝑜𝑠 −1 
𝑉 𝑂 + 2 

exp ( − 𝛼𝑐,𝑝𝑜𝑠 𝐹 𝜂𝑝𝑜𝑠 ) (20)

Concentrations of V 

2 + and V 

3 + at the surface are derived as: 

 

𝑠 

𝑉 2+ 
= 

𝐵 2 𝑐 𝑉 3+ + (1 + 𝐵 2 ) 𝑐 𝑉 2+ 
1 + 𝐴 2 + 𝐵 2 

(21) 

 

𝑠 

𝑉 3+ 
= 

𝐴 2 𝑐 𝑉 2+ + (1 + 𝐴 2 ) 𝑐 𝑉 3+ 
1 + 𝐴 2 + 𝐵 2 

(22) 

here 

 2 = 

𝑘 0 ,𝑛𝑒𝑔 

𝑘 
𝑐 
𝛼𝑐,𝑛𝑒𝑔 −1 
𝑉 2+ 

𝑐 
𝛼𝑎,𝑛𝑒𝑔 

𝑉 3+ 
exp ( 𝛼𝑎,𝑛𝑒𝑔 𝐹 𝜂𝑛𝑒𝑔 ) (23)
𝑚 
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Table 1 

Electrochemical parameters and electrode properties. 

Parameters Symbols (Unit) Value 

a Specific surface area ( m 

− 1 ) various 
d f Carbon electrode fiber (μm) various 
k ck Carman-Kozeny constant 4.28 [35] 
𝜎s Electrode conductivity (S m 

− 1 ) 200 
k 0 ,neg The standard reaction rate constant of the negative side (m s − 1 ) 6.8 × 10 − 7 [36] 
𝛼a,neg Anodic charge transfer coefficient for the negative side 0.5 
𝛼c,neg Cathodic charge transfer coefficient for the negative side 0.5 
k 0 ,pos The standard reaction rate constant of the positive side (m s − 1 ) 1.7 × 10 − 7 [37] 
𝛼a,pos Anodic charge transfer coefficient for the positive side 0.5 
𝛼c,pos Cathodic charge transfer coefficient for the positive side 0.5 
𝐸 0 
𝑛𝑒𝑔 

Standard potential (negative) (V) − 0.225 [38] 
𝐸 0 
𝑝𝑜𝑠 

Standard potential (positive) (V) 1.004 [38] 

Table 2 

Electrolyte properties. 

Parameters Symbols (Unit) Value 

𝜌 Electrolyte density (kg m 

− 3 ) 1.45 × 10 3 

𝜇 Electrolyte viscosity (Pa •s) 4.93 × 10 − 3 [39] 
D H Proton diffusion coefficient (m 

2 s − 1 ) 9.31 × 10 − 9 [32] 
D HSO4 HSO 4 diffusion coefficient (m 

2 s − 1 ) 1.33 × 10 − 9 [32] 
D VII V(II) diffusion coefficient in the electrolyte (m 

2 s − 1 ) 2.40 × 10 − 10 [37] 
D VIII V(III)diffusion coefficient in the electrolyte (m 

2 s − 1 ) 2.40 × 10 − 10 [37] 
D IV V(IV)diffusion coefficient in the electrolyte (m 

2 s − 1 ) 3.90 × 10 − 10 [37] 
D V V(V)diffusion coefficient in the electrolyte (m 

2 s − 1 ) 3.90 × 10 − 10 [37] 

Table 3 

Operating and geometric parameters. 

Parameters Symbols (Unit) Value 

C-,H0 Initial H + concentration in negative side (mol m − 3) 2500 
C -,HSO4 ° Initial HSO 4 

− concentration in negative side (mol m 

− 3 ) 4000 
C II 

0 Initial V(II) concentration (mol m 

− 3 ) 500 
C III 

0 Initial V(III) concentration (mol m 

− 3 ) 500 
T Operating temperature (K) 298.15 
𝜀 0 Uncompressed electrode porosity 0.94 
𝜀 Compressed electrode porosity various 
h Channel depth (mm) 1.5 
w Channel width (mm) 1 
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 2 = 

𝑘 0 ,𝑛𝑒𝑔 

𝑘 𝑚 
𝑐 
𝛼𝑐,𝑛𝑒𝑔 

𝑉 2+ 
𝑐 
𝛼𝑎,𝑛𝑒𝑔 −1 
𝑉 3+ 

exp ( − 𝛼𝑐,𝑛𝑒𝑔 𝐹 𝜂𝑛𝑒𝑔 ) (24)

The local mass transfer coefficient can be calculated approximately
34] : 

 𝑚 = 1 . 6 × 10 −4 ||𝑢 ||0 . 4 (25)

At the outlet of the channel, the pressure is set to be zero as the
eference and concentration gradient is assumed to be zero. Zero poten-
ial was adopted at the contact of the porous electrode and the current
ollector. Various currents were applied at the interface between elec-
rode and membrane uniformly under different work conditions. This
ondition is more suitable for small scale batteries but may become less
ccurate when the size of the battery is sufficiently large. All the other
oundaries were impermeable to the mass, electron, and species trans-
er. The parameters of geometry, material properties, and operating con-
itions were listed in Tables 1–3 . 

The above equations were solved based on the finite-element method
ithin COMSOL MULTIPHYSICS. The fluid flow in channels and elec-

rodes was described by the Free and Porous Media Flow option. The
ass transport coupled with electrochemical reactions was described

y the Second Current Distribution and the Transport of Diluted Species
ptions. The number of 652,915 was chosen for the degrees of freedom
n the subsequent simulations, based on the mesh independence check
s shown in Fig. 2 (a). The relative tolerance was set to 1 × 10 − 6 . 
4 
To validate the proposed model in this work, both the polarization
urve and charge-discharge curves of simulation results are compared
ith those of experiments under different operating conditions. As flow

ate can be easily controlled in battery testing, the simulations are con-
ucted at given flow rates. For the polarization curve case, two pieces
f the commercially available carbon paper (280 𝜇m, SGL, 39 AA) were
ompressed with the total thickness of 0.5 mm as electrode. The ac-
ive area of the electrode is 2 cm × 2 cm, and the inlet volume flow
ate is 20 ml/min. In the charge-discharge curves, the commercially
vailable graphite felt (GFA 6 EA, porosity 0.95) with an active area
f 3 cm × 3 cm and a thickness after compression of 0.8 mm were
sed as positive and negative electrodes. The inlet volume flow rate
s 45 ml/min. The height of the channel is 1.5 mm, the width of both
he channel and rib is 1 mm in both cases. The cell voltage measured in
xperiments is time-dependent, which needs to be transferred into the
unction of SOC as simulation results. The initial SOC of both the charge
nd discharge process is determined with OCV, and the change in SOC
s captured with the capacity variance measured in experiments. As de-
icted in Fig. 2 (b) and (c), the simulation results show good agreement
ith experimental data in a relatively wide range of current density and
OC. The discrepancies can be ascribed to the reaction rate constant
nd mass transfer coefficient applied. The rapid change of vanadium
pecies, which dissatisfies the quasi-steady conditions of mass transport
nd electrochemical reactions at the surface of carbon fibers. The slight
iscrepancies also may result from the estimated properties of the elec-
rode and ion crossover. In the following parametric simulation study,
he height of the channel is set as 1.5 mm, the width of both the chan-
el and rib is set as 1 mm. The thickness of electrode is set as 0.5 mm
nd the active area of the electrode is set as 2 cm × 2 cm for both the
erpentine and interdigitated flow field cases. 

. Results and discussion 

.1. Effect of gradient electrode design 

In the flow battery, ensuring good mass transport is essential for the
lectrolytes transport from the flow field side to the membrane side.
hus, the electrode of the flow field side is supposed to have sufficiently
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Fig. 2. Mesh independence (a) and model validation (b) and (c). 

h  

v  

i  

H  

b  

s  

d  

o  

t  

T  

i  

a  

m  

a  

t  

F  

b  

d  

a  

t  

fl  

t  

p  

b  

t  

s  

c  

f  

T  

a  

t
 

a  

o  

t  

B  

b
 

p  

o  

w  

t  

p  

d  

i  

p  

c  

r  

t  

w  

e  

t
 

t  

t  

d  

f  

e  

p  

t
 

g  

q  

i  

fi  

o

igh porosity. If the porosity is too small, the electrode utilization is
ery low, especially in the region close to the membrane, which can
ncrease the polarization and decrease the performance of the battery.
igh porosity can cause the main reaction region to occur on the mem-
rane side with enough reactants and lower ionic conductivity. Enough
urface area should be set near the membrane side to enhance the re-
ox reactions, which can decrease the activation loss effectively. Based
n this, the gradient electrode design in the z-direction with serpen-
ine flow field is applied, the schematic of which is shown in Fig. 3 (a).
he electrode has a gradient pore structure with the porosity gradually

ncreasing from the membrane side to the flow field-side while the re-
ction surface area gradually increasing from the flow field side to the
embrane side. This design can avoid the loss of active surface area

t the main reaction region and enhance the transport properties of
he electrode simultaneously. Although, from the discharge curves in
ig. 3 (b), it is not obvious that the gradient electrode can improve the
attery performance. But it can still be seen in Fig. 3 (c) that the current
ensity distribution shows the comparison of electrochemical reaction
rea and intensity to verify the rationality of the design. When the elec-
rode porosity is 0.8, the electrochemical reaction mainly occurs at the
ow field side due to the high resistance for mass transport, which leads
o uneven current density distribution in Fig. 3 (c) . When the electrode
orosity is 0.95, sufficient electrolyte can be transported to the mem-
rane side, the membrane side becomes the main area that occurs elec-
rochemical reaction. However, the high porosity can cause low specific
urface area, which further increases the polarization overpotential. For
omparison, the gradient electrode porosity design leads to a more uni-
orm distribution of current density along the through-plane direction.
he gradient design can balance transport properties and active surface
reas at the same time, which can decrease the high-overpotential in the
hrough-plane direction. 

The uniformity of reactants in the battery is also an essential index
ffecting the battery performance. Along the direction from the inlet to
5 
utlet, the overpotential variates from concentration difference due to
he abundant reactants at the inlet and depleted reactants at the outlet.
ased on this, the gradient electrode strategies can be applied to the
attery for better performance. 

To use the electrode active area of the VRFB efficiently, the lower
orosity was set on the inlet side and the higher porosity was set to the
utlet side in the y-direction as shown in Fig. 4 ((a), and lower porosity
as set on the inlet and outlet side and the higher porosity was set to

he other side in the x-direction as shown in Fig. 5 (a). The setting can
romote the reaction performance where the reactant concentration is
epleted. Although, from the discharge curves in Fig. 4 (b) and Fig. 5 (b),
t is also not obvious that the gradient electrode can improve the battery
erformance. But it can still be seen in Fig. 4 (c) and Fig. 5 (c) that the
urrent density distribution shows the comparison of electrochemical
eaction area and intensity to verify the rationality of the design. When
he porosity of the electrode is 0.8, the electrochemical reactions in the
hole are lower due to the poor mass transport. When the porosity of the

lectrode is 0.95, good mass transport helps electrochemical reactions
ake place in the whole cell. 

The current distribution results of the gradient electrode are in be-
ween the results of two uniform porosity, and these results indicate that
he influence of concentration polarization is significant in the in-plane
irection. At the in-plane, activated polarization is no longer the main
actor affecting the performance of the battery. In the case of no need to
nsure a large reaction area, it should be given priority to improve the
orosity to ensure enough transfer of reactants and reduce the concen-
ration polarization to improve the performance of the battery. 

In addition to the impact on battery performance, large porosity and
radient electrode design can reduce the pump power consumption re-
uired to provide electrolyte flow by reducing pressure drop as shown
n Fig. 6 . The influence of pump power consumption on the overall ef-
ciency of the system should be considered in the following electrode
ptimization. 
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Fig. 3. The distributions of porosity (a), the simulated discharge curves (b), and local current density distributions (c) of VRFBs with different electrode porosity 
design strategies in the z-direction. 

Fig. 4. The distributions of porosity (a), the simulated discharge curves (b) and local current density distributions (c) of VRFBs with different electrode porosity 
design strategies in the y-direction. 
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In previous results, the inlet volume flow rate was set as 45 ml/min
o be consistent with the lab-scale cell experiment setting. But in the
ndustry-scale stack, the average flow rate per cm 

2 is different. For ex-
mple, the flow rate of a lab-scale high-performance small battery with 4
m 

2 active area of the electrode is operated at a flow rate of 45 m L/min,
nd the average flow rate/cm 

2 is larger than 11.25 mL/(min •cm 

2 ). The
ow rate of a 1 kW stack, which contains 8 cells, has a 400 cm 

2 active
6 
rea of the electrode and is operated at a flow rate of 5–6 L/min, the
verage flow rate/cm 

2 of it is only 1.5–1.8 mL/(min •cm 

2 ). To study the
attery performance at a low flow rate, we convert the flow rate from
he stack to a small battery as 6 ml/min, and the results are shown in
ig. 7 and Fig. 8 . These results reinforce the previous points. At the low
ow rate, concentration polarization dominates the performance of the
attery. All designs should ensure high mass transfer at first. In our re-
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Fig. 5. The distributions of porosity (a), the simulated discharge curves (b), and local current density distributions (c) of VRFBs with different electrode porosity 
design strategies in the x-direction. 

Fig. 6. The distributions of porosity (a), the simulated discharge curves (b), and pressure drop (c) of VRFBs with different electrode porosity design strategies. 

7 
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Fig. 7. The discharge curves (a) and current density distributions (b) of VRFBs with different electrode porosity design strategies in the y-direction at a low inlet 
flow rate. 

Fig. 8. The discharge curves (a) and current density distributions (b) of VRFBs with different electrode porosity design strategies in the z-direction at a low inlet 
flow rate. 

s  

t  

c  

F
 

s  

fi

3

 

t  

p  

i  

c  

W  

s  

m  

a  

l  

t  

i  

[  

fi  

∼
 

t  

c  

c  

W  

b  

f  

f  

d
 

s  

d  

b  

i  

i  
ults, we can also find that due to the forced convection under the ribs,
he increased velocity brought sufficient reactants, making the electro-
hemical reaction under the ribs more intense as shown in Fig. 7 (b) and
ig. 8 (b). 

The gradient range was divided into different levels for parameter
tudies. The electrode thickness, the porosity gradient are coupled to
nd the influence. 

.2. Effect of porosity and specific surface area 

The performance of the electrode mainly depends on the concen-
ration overpotential caused by mass transfer and the activation over-
otential caused by electrochemical reactions. Increasing the porosity
mproves the mass transfer to reach higher battery performance but de-
reases the specific surface area and tends to increase the activation loss.
hen the concentration overpotential limits the battery performance

uch as at a high current density, a high porosity is needed to enhance
ass trasnfer. When the activation overpotential is the limiting factor,
 lower porosity is needed to achieve high specific surface area and a
ow activation loss. The method of increasing the specific surface area in
8 
he experiment is based on the surface modification of electrode fibers
n the electrospinning process, such as making nano-holes. Jing et at.
40] proposed a novel ZIF-8-assisted etching approach to form holey
bers, which allowed the formation of holey fibers with small pores of
50 nm, offering large active surface areas for redox reactions. 

As the results are shown in Fig. 9 (a) and (b), we studied the rela-
ionship between the specific surface area and battery performance, the
harge-discharge curves indicate that the performance of the battery in-
reases rapidly when the specific surface area is less than 20,000 m 

2 /m 

3 .
ith a further increase in specific surface area ( > 20,000 m 

2 /m 

3 ), the
attery performance becomes insignificant. In the present results, we
ound that porosity played a dominant role to influence the battery per-
ormance compared with specific surface area according to Fig. 9 (c) un-
er the investigated electrode thickness and operating condition. 

Through the polarization curves in Fig. 10 (a), we can better under-
tand the main polarization of different porosity occurs at which current
ensity range. At a high current density, the performance of the flow
attery is limited by the mass transfer process, thus a higher porosity
s beneficial for reducing the concentration overpotential and enhanc-
ng the battery performance ( Fig. 10 b). While at a low current density,
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Fig. 9. The charge curves (a) and discharge curves (b) of different specific surface area and specific surface area-voltage relationships of different porosity (c). 

Fig. 10. The polarization curves (a) and current density-power density relationships (b) of different porosity. 
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he activation loss due to electrochemical reaction is more significant
han the concentration loss. Thus, a lower porosity increases the spe-
ific surface areas, reduces the activation overpotential, and improves
he battery performance. 

.3. Effect of fiber diameter and flow pattern 

However, in the experiment, to minimize contact resistance and
void electrolyte leakage, larger porosity is difficult to achieve after elec-
rode assembly compression. Another way to increase permeability for
ood mass transfer is by electrospinning, which controls the electrode
ber diameter. When the electrode fiber diameter increasing, the per-
9 
eability of the electrode is increasing, and the specific surface area is
ecreasing. Combined with the modification technology, the fiber di-
meter, and specific surface area both can be controlled. According to
ig. 11 , after modification, the voltages achieved by the batteries with
ifferent fiber diameters at low current density coincide at a large spe-
ific surface area. Modifying larger fiber diameter electrodes can not
nly ensure high permeability but also decrease the active loss. The sen-
itive section is also obvious in Fig. 11 . Finding the sensitive section can
elp to avoid excessive modification to ensure the mechanical strength
f the fiber for long-term use. 

We found that the sensitivity of VRFB with different flow patterns is
lso different with the changes of electrode fiber diameter. This is re-
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Fig. 11. The specific surface area-voltage relationships of different fiber diam- 
eters with the interdigitated flow channel. 
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Table 4 

Fluid parameters with different flow patterns. 

Flow patterns d f ( 𝜇m) △p (Pa) 𝑢̄ in electrode (m/s) 

Interdigitated 
case 

1 45,724 5.9294E-4 
10 623 5.9294E-4 

Serpentine 
case 

1 2180 2.1815E-6 
10 2003 3.4266E-4 
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ated to the mass transport way of the electrolyte in VRFB with different
ow patterns. In Fig. 11 , we could see that the battery performance of

nterdigitated flow channel VRFB only corresponds to the specific sur-
ace area, so we conduct the same calculation with the serpentine flow
hannel case, the results are shown in Fig. 12 . Same as Fig. 11 , there is no
bvious battery performance increasing between different fiber diame-
er cases in interdigitated cases. But in the serpentine flow channel case,
he battery performance increases a lot due to good mass transport with
ig. 12. The polarization (a) and discharge (b) curve of interdigitated flow channel V
RFB with different fiber diameters setting. 

10 
 larger fiber diameter setting. We also check the average electrolyte
elocity in electrode and pressure drop between inlet and outlet of in-
erdigitated and serpentine flow channel case, as shown in Table 4 . The
verage electrolyte velocity of the serpentine case increases with fiber
iameter increasing. Due to the forced convection, the pressure drop be-
ween the inlet and outlet of an interdigitated case decreases a lot with
he fiber diameter increasing, which will also help improve the whole
fficiency of the system by decreasing the pressure loss. 

. Conclusions 

A numerical model has been developed to simulate the coupled trans-
ort and reaction processes in VRFB systems. The species transport,
harge transport, fluid flow, and electrochemical reactions are fully con-
idered. 

New structures are numerically designed to optimize electrodes of
he VRFB. In the previous study, isotropy is assumed, and the perme-
bility coefficient is set as constant which does not change with space.
or new gradient electrode structures design, the flow in electrodes is
onsidered that anisotropic and the permeability coefficient can vary
ith the spatial position. For the newly designed electrode, surface (ac-

ivity) and structure (macroscopic and microscopic) are balanced to get
ood reactivity, large reaction area and reactants can be transferred in
RFB and the polarization (c) and discharge (d) curve of serpentine flow channel 
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ime. By using porosity and fiber diameter as the controlling conditions
f permeability, improved specific surface area was coupled to optimize
he electrode design. 

The optimization of the electrode is related to the flow pattern. For
arge-scale VRFB systems, the flow per unit area is much lower than that
f small-scale VRFB systems. In this case, concentration polarization is
he main loss, and the performance improvement obtained by improving
he flow pattern design is more obvious. At a large scale, the optimiza-
ion design of electrodes for the flow field with poor mass transfer effect
s not effective. The principle is to increase the porosity as much as possi-
le so that the reactants can be more uniformly distributed in the whole
lectrode. Meanwhile, It is found that the electrochemical reaction un-
er the rib is stronger than under the channel because the forced con-
ection of the under rib flow makes the electrolytes flow faster, bringing
n the reactants faster and taking away the products in time. To ensure
etter mass transfer, in addition to the use of large porosity, fiber diam-
ter can also be controlled to increase permeability. Although the mass
ransfer is improved, the specific surface area will decrease correspond-
ngly, thus increasing the activation loss. To solve this problem, the fiber
urface can be modified to obtain a larger specific surface area. The bat-
ery performance can be significantly improved with increasing specific
urface area when the specific surface area is lower than 50,0000. How-
ver, with further increase in specific surface area, the voltage of the
attery remains almost constant at about 1.37 V. Its influence on in-
erdigitated flow channel case is mainly in reducing pressure loss, from
5,724 Pa to 623 Pa, and on serpentine flow channel case is directly
eflected in improving battery performance by increasing the average
elocity of electrode from 2.1815 × 10 − 6 m/s to 3.4266 × 10 − 4 m/s. 

The built three-dimensional numerical toolkit can be further applied
o conduct large-scale VRFB system optimization, including flow pattern
ptimization, electrodes optimization, and thermal management opti-
ization. 
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