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Abstract

As one of the key technologies in energy storage, vanadium flow batteries have received
widespread attention in the field of renewable energy due to their unique performance.
This study uses a three-dimensional numerical model to simulate and analyze different
flow channel structures, such as parallel, interdigitated, interdigitated channels with pins,
and serpentine channels, to explore the impact of geometric design on battery
performance. Research results show that the pressure drop of the flow channel is closely
related to the structural design. The serpentine channel has the highest pressure drop of
5,023.4 Pa, but its charge and discharge capacity and performance are the best. In terms of
the impact of operating parameters, when current density increases from 60 to 100 mA
cm?, the Coulombic efficiency increases from 98.2% to 99%, but voltage efficiency is
reduced from 92.4% to 89%, and energy efficiency also decreases from 90.7% to 88.1%
due to the increase in concentration polarization and ohmic loss. On the other hand,
increasing the electrolyte flow rate from 20 to 100 mL min™ can reduce concentration
polarization, and the battery's charging capacity and discharge capacity increase by 7.2%
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and 7.9%, respectively. Coulombic efficiency, voltage efficiency, and energy efficiency increase by 0.5%, 0.7%, and
1.2%, respectively. However, the increase in capacity and battery efficiency is becoming increasingly gradual, and
excessive flow will increase pumping power, which is detrimental to system efficiency. Through optimized design
and reasonable parameter adjustment, the performance and stability of vanadium flow batteries in large-scale

energy storage applications can be significantly improved.

INTRODUCTION

As global energy demand continues to grow, the
development of renewable energy storage technol-
ogy has become a key issue to address the challenges
of climate change and reduce carbon emissions.
Renewable energy sources, such as wind and solar
energy, require stable energy storage systems owing
to their intermittent nature?. Vanadium redox flow
battery (VRFB) has gradually attracted attention
owing to its unique performance advantages and has
become an important choice for future large-scale
energy storage systems™. VRFB is a flow battery
that uses vanadium ions as the electrolyte. The
VRFB system consists of two liquid storage tanks
and a set of battery stacks. The vanadium electrolyte
in the liquid storage tanks circulates within the bat-
tery stack to perform charge and discharge reactions.
The charge and discharge capacities of VRFBs
depend entirely on the electrolyte volume. The bat-
tery capacity is no longer limited by the structure of
the single cell. This design makes the system highly
flexible. VRFBs are suitable for renewable energy
power storage and grid regulation””. The electrolyte
used in the VRFB system consists of an aqueous
sulfuric acid solution and vanadium ions. Since this
electrolyte is non-flammable, it is safer than tradi-
tional lithium batteries and greatly reduces the risk
of battery explosion and fire'. In addition, the
electrochemical reactions of VRFBs do not damage
the electrode materials, so they can perform tens of
thousands of charge and discharge cycles, highlight-
ing the excellent long-life characteristics of VRFBs.
Although VRFBs have many excellent characteris-
tics, they still face some challenges. The cross-pene-
tration of vanadium ions through the proton
exchange membrane will reduce the charge and dis-
charge capacity"” and affect the stable operation of
the system.

Experimental studies provide important practical
data for understanding the performance of VRFBs
and can analyze the mechanisms by which batteries
are affected by operating conditions. Many experi-

mental studies focused on the impact of electrolyte
flow, temperature, and current density on battery
performance. The results of Xiong et al."! showed
that increasing the electrolyte flow rate improved bat-
tery charging and discharging. Capacity is more
uniform as the electrolyte in the battery benefits
from high electrolyte flow. Tang et al."" found that
as the temperature increases, the battery voltage
decreases. The reason is that the improvement of
electrode power reduces the electrochemical activa-
tion overpotential, showing that low temperature
will have a negative impact on battery performance.
In addition, although high current density can
increase power output at the same time, it will lead
to a decrease in capacity and efficiency. Especially in
long-term charge-and-discharge cycles, it is neces-
sary to strike the best balance between power
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demand and stability"*>**. In addition to operating
conditions, the structural design of the battery is also
crucial to battery performance. Yoon et al."! con-
cluded that optimizing electrode porosity can
improve the mass transfer efficiency of the
electrolyte. High-porosity carbon felt provides a larg-
er active area in the high reactant concentration
area, thereby improving battery efficiency. The
phenomenon of electrolyte cross-penetration has
long been a challenge in VRFB research, because the
imbalance of the electrolyte will lead to capacity
fading"”. Focusing on the dynamic behavior of the
electrolyte and its impact on performance, Zou et
al.™* found that assuming the electrolyte composi-
tion remains unchanged, normal long-term VRFB
operation will cause the positive electrode electrolyte
volume to gradually increase, while the opposite is
true for the negative electrode. This is closely related
to the diffusion of water molecules">*’). In order to
reduce the capacity attenuation caused by cross-pen-
etration, researchers have developed new membrane
technologies such as polyaniline-coated membrane
materials. This kind of membrane can not only effec-
tively reduce cross-penetration between different
ions, but also maintain conductivity and stability. It
provides a new idea to reduce battery capacity
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fading"”. Lemmermann ef al.”"! used redox-poten-
tial probes within membranes during charge and dis-
charge of a flow battery to monitor vanadium mass
transfer. They found that the electrical potential gra-
dient affects the location of reaction zones in the
membrane. Huang et al.”*” focused on efficiency
enhancement techniques of VRFB. They concluded
that energy and system efficiency increase by about
9.07% and 8.34%, respectively, when using vari-
able-flow-rate and current-density charge/discharge
techniques. Kim and Park**’ conducted an experi-
mental study on the discharge characteristics in
VREB. They observed that the electron transfer coef-
ficient increased in the range 0of 0.31 to 0.51 by
increasing the temperature and flow rate.

As an effective tool for studying VRFBs, two-dimen-
sional numerical model analysis has shown many
advantages in exploring battery structural design,
operating conditions, and mass-transfer behavior.
Compared with actual VRFB experiments®*, more
operating conditions can be investigated simultane-
ously, time and cost can be reduced, and potential
experimental risks can be avoided by using two-di-
mensional numerical model analysis. In the numer-
ical study of VRFB flow channels, Zhang et al.”**)
compared the performance of interdigitated and ser-
pentine flow channels in VRFBs. The results showed
that the serpentine flow channel increases the unifor-
mity of electrolyte distribution. However, the inter-
digitated flow channel achieves higher electrochem-
ical reaction efficiency and is suitable for application
scenarios with high performance requirements. In
the optimization design of electrodes, Tsushima et
al.*' believe that parameters such as electrode thick-
ness and porosity are crucial in optimizing VRFBs.
Chen et al.” studied electrode porosity in the range
of 0.8 to 0.85. The results show that the porosity will
affect the electrolyte concentration distribution and
concentration overpotential, thereby affecting the
battery reaction. As porosity increases, battery capac-
ity increases while system efficiency decreases, so a
balance point is required. In addition, the research-
ers found that an optimal electrode thickness yields
maximum battery capacity and highest energy
efficiency. Knehr et al.”” simulated the VRFB opera-
tion for 100 h and subsequently found that the bat-
tery discharge time after 100 h of operation was
16.9% less than predicted, from 72.6 min to 60.3
min. At the same time, it was found that the bat-
tery’s capacity loss was not closely related to battery

efficiency. It was concluded that the capacity loss
was due to the leakage of vanadium ions. In simula-
tions of operating parameters such as concentration,
current density, temperature, and electrolyte flow
rate, Yang et al."”* found that increasing the
electrolyte flow rate can improve battery voltage. For
i =80 mA cm?, although the power output per unit
time can be increased, it will cause local overheating
at the electrolyte outlet and affect the stability of the
battery.

Compared with the 2D numerical model, the 3D
numerical model can more accurately describe the
complex physical field behavior of VRFBs. A 3D
numerical model offers significant advantages in
observing the details and the distribution of physical
quantities; especially, it has higher accuracy in
studying flow field design, mass transfer, and temper-
ature distribution. Huang et al.” studied the energy
efficiency, voltage, and temperature distribution of
different flow fields for VRFBs. The results showed
that the new trapezoidal cross-section serpentine
flow field design can significantly improve the distri-
bution of electrolyte and improve electrolyte utiliza-
tion. Wu et al.” added baffles to the serpentine flow
channel and observed the transmission of electrolyte
in the flow channel. Their study showed that the
addition of baffles effectively improved the transmis-
sion of vanadium ions and improved mass transfer.
In addition, they compared the operating voltages at
Q =100and 300 mL min', and found that the
charge and discharge time became longer and the
energy efficiency increased slightly as the flow rate
increased. Yang et al.®! studied the dynamic behav-
ior of electrolyte flow on the transmission of vana-
dium ions. The results showed that ati> 150 mL
min”, the voltage and Coulombic efficiency have lit-
tle effect on the flow rate. Regarding the study of
cross-contamination of vanadium ions, Won et al."”
simulated the impact of fresh membranes and
degraded membranes on cross-contamination. The
results revealed that fresh membranes are more effec-
tive in preventing cross-contamination than degrad-
ed membranes, and are harmful to batteries. Benefit-
ing from the spatially accurate data of the 3D simula-
tion, the researchers found that the concentration of
vanadium ions in the negative electrode increased
and the concentration of vanadium ions in the posi-
tive electrode decreased during the charging process,
while the opposite trend occurred during the dis-
charge process. Finally, Ali et al.**! studied the
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Figure 1. Schematic diagram of VRFB. VRFB: Vanadium redox flow battery.

effects of electrode thickness and porosity and found
that increasing the electrode porosity can improve
battery performance. As electrode thickness increas-
es, vanadium concentration uniformity improves sig-
nificantly, but the uniformity gradually decreases
beyond 3 mm. The decrease in electrode thickness
increases the voltage drop and requires higher pump-
ing power to provide the required driving force. Kim
et al.”" focused on the composite membranes for
proton exchange membranes in fuel cells. They con-
cluded that the SPAEPP/N-C-SO,H/COOH com-
posite membrane shows high power density and sta-
bility for this type of fuel cell. The selection of subs-
trate materials for the flow channel is important to
maintain electrochemical stability and efficient ther-
mal management. The unique advantages of sil-
icon-based flow channels, especially their good ther-
mal conductivity and ability to fabricate high-
-aspect-ratio features with sub-micron precision,
make them suitable for use in batteries. Using silicon
materials, as established in recent thermal manage-
ment research, allows for more compact and ther-
mally stable battery architecture, potentially mitigat-
ing the localized temperature fluctuations, which
often limit large-scale flow battery performance.

3D transient numerical model analysis has shown
irreplaceable advantages in the research of VREBs. It
can comprehensively describe the dynamic behavior
of the flow field, mass transfer, and temperature dis-
tribution, especially during the cross-penetration
phenomenon. It can more accurately analyze the
charge and discharge capacity, Coulombic, voltage,

and energy efficiencies of the battery. This study
conducts simulation analysis on different flow
channel designs, including parallel flow channels
(PFCs), interdigitated flow channels (IFCs), and ser-
pentine flow channels (SFCs). 3D numerical analysis
and simulation were performed through COMSOL
Multiphysics® 6.0 to analyze the pressure distribu-
tion of various flow channel designs and their
impact on battery performance under different
current densities and different electrolyte flow rates.
The results of this study can help to improve the
efficiency of VRFBs and make VRFBs more valu-
able.

NUMERICAL ANALYSIS

Model building approach

As shown in Figure 1, the VRFB single cell consists
of a peristaltic pump, graphite carbon felt, proton
exchange membrane, current collector, and
electrolyte storage tank. Both graphite carbon felts
will undergo oxidation and reduction reactions dur-
ing the charge and discharge processes. The positive
electrode side is composed of VO3 and VO*, and
the negative electrode side is composed of V**
andV?*. The peristaltic pump transports the
electrolyte into the battery for circulation, and the
activity of the proton exchange membrane is to
transfer hydrogen ions and avoid cross-mixing con-
tamination of the electrolyte. These reactions are:

Positive electrode:

VO + H0 & VOI + 20" + e~ (1)
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Current Collector Electrode Inlet Flow Channels Outlet Flow Channels

Figure 2. VRFB model structure diagram, (A) PFC; (B) IFC; (C) IFC with pins (D) SFC. VRFB: Vanadium redox flow battery; PFC: parallel
flow channel; IFC: interdigitated flow channel; SFC: serpentine flow channel.

Table 1. Dimensions of VRFB geometry

Symbols Descriptions Value (mm)
w Cell width 12.2
H Cell height 50
L Cell length 50
t. Current collector thickness 3

t, Membrane thickness 0.2
t, Electrode thickness 3
W._ (Parallel flow channel) Width 2
H, (Parallel flow channel) Height 1
W_ (Interdigitated flow channel) Width 2
H, (Interdigitated flow channel) Height 1
W._ (Interdigitated flow channel with pins) Width 2
H, (Interdigitated flow channel with pins) Height 2
W._ (Serpentine flow channel) Width 2
H, (Serpentine flow channel) Height 1

Negative electrode: V3% 4o o VH (2)
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During the charging process, the negative electrode
V** will be reduced to V*, and the positive electrode
VO** will be oxidized to VO3 , while the discharge

process is the opposite. The state of charge (SOC) is
defined as:

Positive electrode:

vy

SOC = N — (3)
Negative electrode:
ci
SOC = ———
¢+ Cur @

To conduct numerical simulation of VRFBs, this
study established 3D single-cell models of four flow
channels. The 3D model mainly consists of graphite
carbon felt, current collector, and proton exchange
membrane. Figure 2 shows the structure diagram of
the 3D VRFB model, and the dimensions of the 3D
VREFB are provided in Table 1.

Assumptions
« Battery temperature is isothermal during the simu-
lation and is not affected by time.

« Porous electrodes and membranes are isotropic in
all directions (Isotropic).

« The side reactions of hydrogen and oxygen evolu-
tion and absorption are ignored.

+ The flow of electrolyte is incompressible and lam-
inar, and the electrolyte is regarded as a dilute solu-
tion.

Governing equations

Flow of electrolyte in the flow channel

In VREFBs, the flow of electrolyte in the flow channel
is an important issue for battery performance. This
study uses the Navier-Stokes equations to describe
fluid motion"'. The electrolyte has incompressible
and laminar flow characteristics, whose governing
equations are as follows:

pV-ii=0 (5)
pli- )i =V [-pleu(vi+ vi))] ()

where p is the average density of the electrolyte fluid

(vanadium substance, water, and sulfuric acid), i is
the fluid flow velocity, p is the fluid pressure, I is the
unit matrix, and p is the dynamic viscosity coef-
ficient of the fluid.

Flow of electrolyte in porous electrodes

When the electrolyte enters the carbon felt area of
the VRFB, the porous media characteristics of the
carbon felt electrode will affect the fluid flow. For
example, the fluid needs to overcome the resistance
of the pore structure and the impact of the permea-
bility of the porous media. By combining the charac-
teristics of the Navier-Stokes equation and the Darcy
equation”, the Brinkman equation® accounts for
the effects of porous media on the fluid and more
accurately describes the flow behavior of the
electrolyte in the carbon felt. This equation is:

Pa.-wt
& E

-

1 2 1
=V-[—pI+,u (Vﬁ+(Vﬁ)T) i

: - 5“;(“@1] -

ﬁ
K
where p is the average density of the electrolyte fluid
(vanadium substance, water, and sulfuric acid), i is
the fluid flow velocity, p is the fluid pressure, I is the
unit matrix, p is the dynamic viscosity coefficient of
the fluid, ¢ is the porous electrode porosity, and K is
the permeability of porous media.

Mass and charge transport of electrolyte

The performance of VRFBs is affected by ion concen-
tration and electric field strength. In order to accu-
rately describe the transport behavior of ions in the
electrolyte and porous electrodes, the Nernst-Planck
equation" is applied:

J[ = —D?ff VC[ - zich,-V(I)l (8)

where ¢, and z, are the volume concentration and
charge number of the vanadium substance i, respec-
tively, u, is the ion mobility, F is the Faraday con-
stant, @, is the electrolyte potential, D¢ is the equiva-
lent diffusion coefficient of the vanadium substance,
where DT in porous electrodes, it will be affected by
¢ porosity”®, which is different from that in flow
channels:

(9)

Deff _ { D;( in the flow channel )

£3/2D;(in porous electrodes )
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Assuming that the electrolyte is electrically neutral,
we have:

Z zici =0 (10)
i
The ion concentration in a VRFB changes with time
and space. The species concentration conservation
equation also takes into account the effects of diffu-
sion, convection, and electrochemical reactions on
concentration changes:
C()Ci

—+V~J,»+Ei~Vc,-=Rl-

ot (11)

where 7], is the diffusion term, describing the ion
movement, u-Vc, is the convection term, and R, is the
electrochemical reaction term, describing the species
in the electrochemical process generation and con-
sumption. According to the principle of charge
conservation, the liquid-term ion transport current
and solid-term electron transport current”" in a
VREFB must be conserved:

V-1, 4V T,=0 (12)
Ti=FY ol (13)
—i)x = 33/20'SV<DS (14)

where i, is the liquid term ion transmission current,
i, is the solid-term electron transmission current, o,
is the electrode conductivity, and @_is the solid term

potential.

Electrochemical reaction between electrolyte and

porous electrode

The electrochemical reaction of porous electrodes in
the charge conservation principle is calculated by
Butler-Volmer”, and its transfer current density for
the negative electrode is:

(1 —aa,l)FTh)

J1=aFk; (0;1)%1 (C;u)aa'l [eXP( RT

—ac,lFm)] (15)

— exp ( RT

For the positive electrode:

(1 - @a2) Fro

j2 = aFka (c5y) ™" (c}) ™" [exp( RT

—ac2Fn2
— exp —RT

where k and a represent the reaction rate constant of
the porous electrode and the specific surface area of
the electrode, respectively, o, and a, represent the
charge transfer coefficient of the redox reaction of
the anode and the cathode, respectively, and ¢; repre-
sents the presence of substance i on the interface
between the electrode and the electrolyte. R is the
gas constant, T is the temperature, 5, and 5, are the
activation overpotentials of the negative reaction
and the positive reaction, respectively, defined as:

m=®; - — E; (17)

n2 =5 —P; - E (18)
where @, and &, are the potentials of the solid and lig-
uid states, respectively, E, and E, are the equilibrium
potentials of the negative reaction and the positive
reaction, respectively, calculated by the Nernst equa-

0
KO

V2+

tion!";

o RT
E1=E1+?1H

(19)

c®
o RT VO3
Es=E;+—1In
2T F (s)
cv02+

(20)

where E¢ and Eg are the standard potentials of the
negative reaction and the positive reaction at T =
298.15 K, and the surface concentration ¢ can be

calculated through the Nernst-Planck equation and

Fick’s law®®":
(s) _ (b) , lneg
Crgy = Cirop + (21)
V2 V2 kpnF
b Incg
C$;+ = C§/3)+ - kmF (22)
() _ by _ lpos
“vor T “vor Tk F (23)
(s) _ .(b)  [pos
¢voy = voi T ko F (24)

c? is the concentration of ions in the electrolyte, Fog

and i, are the current densities of electrodes. k,, is

(16)
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Table 2. Values of parameters related to mass and charge transport

Symbols Descriptions Value

D, Diffusion coefficient (DF) for V2 2.4 %107 m?s?
D, DF for V3* 2.4 %107 m?s’
D, DF for VO 3.9 x 107 m?s™
D, DF for 3.9 x 107° m?%s*!
Dy+ DF for H* 9.312 x 10 m?s™
Dhso; DF for HSO 1.33 109 m?s?
Dgp2- DF for 503~ 1.06 x 10° m?s”
B HSO degree of dissociation 0.25

Hoeg Viscosity 25%103Pas
Hoos Viscosity 5%x103Pas

Pres Density 1.3 x10% kg m
Pros Density 1.35 x 103 kg m=

Table 3. Electrochemical related parameters

Symbols Descriptions Value

k. Standard reaction rate constant: positive 8.84x10"ms"
k. Standard reaction rate constant: negative 221%x107ms”
a,, a. Cathodic/Anodic transfer coefficient: reaction 0.55,0.45
E(’]’1 Equilibrium potential: V*/V3* -0.255V

E(,),z Equilibrium potential: VO**/ VO3 1.004 V

[ Fixed charge site (sulfonate) concentration 1,200 mol m=
z; Charge of fixed (sulfonate) sites -1

c2 Initial negative concentration 1,500 mol m=
c?, Initial positive concentration 1,500 mol m?3
CHSO; Initial HSO7 concentration 4,500 mol m=
c%+ Initial H* concentration 6,000 mol m*
o, Electronic conductivity of electrode 6.5%x102Sm”’
o, Electronic conductivity of current collector 1x10°Sm”’
Pout Electrode outlet pressure 0 Pa

€ Electrode porosity 0.93

Viank Electrolyte volume in tank 25 mL

the mass transfer coefficient. The related parameters
of the model are shown in Tables 2 and 3.

Material transport and electrochemical reaction of

electrolyte in proton exchange membrane

The main activity of the proton exchange membrane
is to separate the electrolyte to avoid cross-contam-
ination. The current density of the proton exchange
membrane is'*?:

Ti=F) i (25)
In the proton exchange membrane, the principle of
electrical neutrality is also followed. The proton
exchange membrane has a fixed charge density p;,,
which gives the proton exchange membrane high
selectivity and is the key to allowing protons to pass:

Pfix + FZzici =0 (26)
i
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Figure 3. Comparison between the numerical and experimental results. SOC: State of charge.

Boundary conditions

The volume flow rate Q,,, ~driven by the peristaltic

pump
pump controls the electrolyte flow rate v, into the

cell inlet:

(27)

where A is the cross-sectional area. It is assumed
that the inlet flow is a fully developed flow:

ou

a =0 (28)
The electrolyte flows out of the battery, flows into
the electrolyzer, and flows back to the battery from
the inlet side of the battery through a peristaltic
i’/}QJr >
and c’\'/’orZ are given by the following ordinary differ-

pump. The inlet concentrations ¢ Wy Cugees

ential equation:

d /.
g )
' (29)
=ci, iV — (/ (cf’u) dL — / (cf’u) dL)
outlet inlet
where ¢, . . is the initial concentration of vanadium

i,int

substance, V is the volume of electrolyte, ¢ is the

concentration of ions in the electrolyte, and u is the

flow rate of the electrolyte. When doing pressure
calculations, the outlet pressure is set to 0 Pa.

Pout =0 (30)
Since VRFBs usually operate in constant current

mode, constant current conditions are applied to the
sidewalls of the current collector!*?:

(31)

eff > _ Ace
—aSVQVn—{ e

where I is the current, and the opposite is true for
the discharge state. The other outer surfaces of the
current collector are insulated and the surface poten-
tial outside the negative electrode is zero.
O..=0 (32)
Initial conditions
During the transient numerical simulation, a stead-
y-state simulation will be performed first, and the
result will be used as the initial value of the transient
simulation. During discharge, the SOC starts to dis-

charge from 0.9, and during the charging process,
the SOC starts to charge from 0.1.

Model validation
In order to benchmark the accuracy of the 3D VRFB
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Table 4. Grid independence test

Grid Number Time to discharge to 1.15 V (s) Relative error (%) CPU time
55,396 842.20 41.9337 3 min
17,615 1,033.56 28.7403 9 min
237,866 1,299.48 10.4059 18 min
441,461 1358.80 6.3163 58 min
783,097 1,423.93 1.8258 3 h 23 min
1,118,007 1,426.86 1.6241 10 h 30 min
1,661,709 1,450.41 0 18 h 18 min

CPU: Central processing unit.

model established in this study, a 3D VRFB model
with SFC was used and compared with the research
results of Ali et al."”. Figure 3 shows the numerical
results of this study and the trend diagram of battery
voltage during the charging and discharging states
studied by Ali et al.!'**. For the discharging state
through numerical simulation, the battery voltage
decreases as time increases. From the SOC state, the
voltage at SOC = 0.9 is 1.4093 V, which drops to
1.225 V at SOC 0.11. The experimental results are
consistent with the trend of the numerical results.
Therefore, the numerical simulation of the 3D mod-
el of VRFB in this study has high accuracy for
studying the effects of other factors on the
performance of VRFB. To quantitatively support the
model accuracy, the maximum relative deviation
between the numerical simulation and experimental
data was calculated. The results show that the maxi-
mum relative deviation is less than 1.7% (at the end
of the discharge cycle), which confirms the high fidel-
ity of the proposed model.

Grid independence test

The grid structure of VRFB is composed of a tetra-
hedral grid. In the grid independence study, the 3D
VRFB model with the SFC was used as the
benchmark, and the current density of I = 60 mA
cm™ and electrolyte flow rate of Q = 60 mL min™'.
The grid numbers are varied from 55,396 to
1,661,709. Among them, the grid number of
1,661,709 is used as a benchmark to calculate the rela-
tive errors of other grid numbers and to analyze the
time it takes for the VRFB to discharge from SOC
when the SOC is 0.9 and the voltage is 1.15 V. The
results of this study are presented in Table 4. It can
be seen that the error of the grid number of 783,097
is only 1.8258% compared with the grid number of

1,661,709, but the calculation time is greatly reduced,
so the grid number of 783,097 is the most cost-effec-
tive.

RESULTS AND DISCUSSION

Battery pressure distribution

This study simulated the pressure distribution of
VREBs with four flow channel structures at the same
electrolyte flow rate of 60 mL min™. The result is
shown in Figure 4. Since the outlet pressure is zero,
the pressure drop in the flow channel can be calculat-
ed from the average pressure at the inlet. The
pressure drops of the four types of flow channels in
descending order are 5,023.4 Pa, 332.75 Pa, 203.07
Pa, and 135.79 Pa for SFC, IFC, IFC with pins, and
PFC, respectively. Larger flow channel pressure
drops affect the pump and create more burdens.
Among them, the flows of the PFC are straight lines
without any obstructions, so they have the smooth-
est and most uniform pressure distribution. In order
to add a convex part to the IFC, taking structural
design and other factors into consideration, the
number of IFCs with pins was reduced, and the inlet
area of the flow channel was increased. The convex
part provides greater fluid resistance compared to
the IFC. This design helps to improve the mixing
effect of the electrolyte and fluid distribution in the
flow channel. Although overcoming the fluid
resistance will cause the pressure drop to increase,
due to the interdigitated inlet, the cross-sectional
area is smaller than that of the IFC with pins, so the
pressure at the entrance of the finger-shaped flow
channel is greater than that of the IFC with pins.
Finally, because the SFC has only two inlets, the flow
channel has many turns, and the length of the flow
channel is much longer than the other three flow
channels. As a result, the SFC has the largest



Yang et al. Adv. Energy Convers. 2026, 1, 6

Page 11 of 21

A Parallel flow channel

Pressure[Pa]

400

350

300

250

200

150

100

50

o

C Interdigitated flow channel with pins
Pressure[Pa]

B Interdigitated flow channel
Pressure[Pa]

400

D Serpentine flow channel

Pressure[Pa]
x10*

5

4.5

a4

35

3

2.5
2

15
I

0.5
]

Figure 4. VRFB pressure distribution diagram. VRFB: Vanadium redox flow battery.

pressure range distribution.

Charge and discharge performance of VRFB

This study simulated the influence of flow channel
geometry on battery charge and discharge processes
when the current density of four flow channels was
60, 80, and 100 mA cm, respectively, and for a
charging cut-off voltage of 1.55 V and a discharge
cut-off voltage of 1.15 V. The results are shown in
Figures 5 and 6. In Figure 5, the charge and dis-
charge time of all flow channels shortens as the
current density increases, and increases as the
current density decreases. In addition, the figure
shows that the charge and discharge curves of the
IFC, IFC with pins, and SFCs have hyperbolic charac-
teristics. The charge-discharge curve of the PFC is a
curve, and the slope of the flow channel at the
beginning of charging and discharging is small.
Because the design of the PFC will make the
electrolyte in the flow channel evenly distributed,
the initial concentration gradient of vanadium ions
is established slowly, so the initial concentration
polarization effect is not obvious. However, after
entering the middle stage of charging and discharg-
ing, the electrolyte still flows along the flow channel
and lacks a mechanism to force it to flow into the
electrode surface. The electrolyte cannot fully partic-
ipate in the reaction and cannot effectively increase
the electrochemical reaction rate, resulting in the

electrolyte in the PFC having low utilization
efficiency. In Figure 6, the charge and discharge
capacities of all flow channels decrease as the current
density increases and increase as the current density
decreases. The distance between the different
current density curves of the IFC and SFC is small,
while the distance between the different current
density curves of the PFC and the IFC with pins is
larger, which means that when the current density
increases, the charge and discharge capacity loss
rates for IFC and SFC are smaller than those of the
PFC and the IFC with pins.

To better analyze the effect brought by the flow
channel geometry, the data are obtained ati =80
mA cm™ and these data are shown in Figure 7. Ati=
80 mA cm>, the SFC has the longest discharge time
of 1,820.23 s, followed by 1,721.56 s for the IFC,
1,705.75 s for the IFC with pins, and 1,414.2 s for the
PFC. Among them, it can be found from Figure 7A
that the PFC completes the discharge reaction before
reaching the cut-off voltage of 1.15 V. Because the
PFC does not have the forced diffusion characteris-
tics of the IFC and the IFC with pins, the channel
length is also much shorter than that of the SFC,
which causes the electrolyte in the PFC to flow
through the electrode quickly and cannot fully carry
out a sufficient reaction to convert chemical energy
into electrical energy, resulting in the ions in the
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electrolyte not being fully utilized and immediately ~ design will result in poor electrolyte utilization and

flowing out of the battery. For the next cycle, this

faster voltage drop.



Yang et al. Adv. Energy Convers. 2026, 1, 6

Page 13 of 21

A 1.55 T r T T T —T 77
(a) @ =60 ml/min , / = 80 mA/cm’ 7 A
7 a4
r s 1
-~ - 7 Pl
- - -
- - =
1.45 - . _Z E
i e
- -
LD e = s
L _ - e ]
- Parallel channel

1.35

Cell Voltage [V]

1.25

Serpentine channel

-
— Interdigitated channel without pins |
— Interdigitated channel with pins

1.15 L L
0 400 800 1200 1600 2000
Time [s]
Bl55 T |-|-|-|-|2-| |/|/'/|/
¢ =60 ml/min , J = 80 mA/cm VP 4
5 L 1
s
P < -
- - ;
1.45 P e~ E
| ot - -
- s .
9 - - = =
g.)ﬁ 5 - -~ - - J
o] = » © —— Parallel channel
= 1.35 — Interdigitated channel without pins |
I —— Serpentine channel
% —— TInterdigitated channel with pins
o ]
1.25 -
§US [ q) NP S [P NP NI S NP N B | .
0 100 200 300 400 500 600 700 800 900 1000 1100
C 94 T T T T T
0 = 60 ml/min
9 - 4
=
z
S W —
_
=
=
)
& 88 —
=
=
=
-
86 |- —=&— Parallel channel |
—=&— Interdigitated channel without pins
—aA— Serpentine channel
—vw— Interdigitated channel with pins
84 1 1 1 1 1

60

70 80 2 100

Current density [mA/cm?]

Figure 7. Comparison of VRFBs with four flow channels: (A) Voltage-time graph; (B) Voltage-capacity graph; (C) Voltage-efficiency graph.

VRFB: Vanadium redox flow battery.

The charge and discharge capacity is obtained by
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multiplying the battery charge and discharge time,
current density, and battery reaction area. Ati= 80
mA cm?, the SFC has the largest discharge capacity
of 1,016.79 mAh, followed by 956.42 mAh for IFC,
947.64 mAh for the IFC with pins, and 671.22 mAh
for the PFC. Figure 7B and C show that although the
voltage efficiency of the SFC is 90.65%, slightly lower
than the 90.68% of the IFC, its single charge and dis-
charge capacities are the largest, demonstrating the
SFC’s superior overall performance. The IFC and
the IFC with pins have similar values in terms of
capacity, but the IFC has an advantage in terms of
voltage efficiency. The performance of the PFC is
the worst among the four geometries.

Effects of current densities on starting voltage of
battery at charging and discharging processes
Among the four flow channel geometries, the VRFB
with SFC has the best performance, so it is selected
for further discussion at i = 60, 70, 80, 90, and 100
mA cm”. The effects of current density on the start-
ing voltage of the battery during charging and dis-
charging are investigated in this section. Ati = 60,
70, 80, 90 and 100 mA cm?, the corresponding dis-
charge starting voltages are 1.409 V, 1.4 V, 1.392 V,
1.383 V, and 1.374 V respectively; the charging start-
ing voltages are also 1.295 V, 1.303 V, 1.312 V, 1.321
V, and 1.329 V, respectively. Figure 8A shows that
during the charging and discharging processes, a
higher current density has a lower discharge starting
voltage and a higher charging starting voltage, and a
lower current density has a higher discharge starting
voltage and a lower charging starting voltage. The
starting voltage will affect the time from the battery
charging and discharging voltage to the cut-off volt-
age. The phenomenon of starting voltage is mainly
affected by ohmic polarization and electrochemical
active polarization. As the current density increases,
the resistance of the internal materials of the battery,
such as electrodes, electrolyte, and proton exchange
membrane, leads to greater voltage loss. In addition,
electrochemical reactions all need to overcome the
activation overpotential before they can start to
react. A higher current density will intensify the
active polarization effect of electrochemistry, caus-
ing the battery to overcome a larger activation over-
potential, resulting in lower discharge starting volt-
age and higher charging starting voltage.

Effect of current densities on battery charge and
discharge capacities

The detailed charge and discharge capacity data for
SFC at different current densities are provided in
Table 5. In addition, Figure 8B shows that as the
current density increases, the charging capacity of
the battery decreases from 1,056.2 to 999.43 mAh,
and the discharge capacity decreases from 1,036.98
to 989.45 mAh. Due to the lower initial discharge
voltage and higher initial charge voltage caused by
ohmic polarization and electrochemical active
polarization, the charge and discharge processes
with high current density will reach the cut-off volt-
age faster. This reduces the charge and discharge
time, and as a result, the charge and discharge capaci-
ties are also decreased. Concentration polarization
can also affect the capacity. Under high current
density, the reactants near the electrode are rapidly
consumed in large quantities, causing the concentra-
tion of the reactants near the electrode to decrease,
and a concentration gradient appears, causing the
electrochemical reaction rate to decrease. This pro-
vides the additional voltage need for battery to
overcome the concentration polarization overpoten-
tial, causing the battery to reach the cut-off voltage
faster, reducing the charge and discharge time, and
decreasing the charge and discharge capacity.

Effect of different current densities on battery
efficiency

Coulombic efficiency is related to the charge loss
caused by battery side reactions and electrolyte
cross-contamination. Energy efficiency reflects the
losses in the battery energy conversion process,
including voltage loss, Coulombic loss, etc. Voltage
efficiency is mainly affected by ohmic polarization,
concentration polarization, and electrochemically
activated polarization. Coulombic efficiency (CE),
energy efficiency (EE), and voltage efficiency (VE)
are expressed as follows:

_ Discharge energy(mAh)

CE = 100

Charge energy(mAh) x100% - (33)
Discharge energy (Wh)
EE = x 100 34
Charge energy (Wh) % ()
EE
=—_ (35)
VE CE x 100%

As shown in Figure 8C, the CE of the SFC increases
with increasing current density, from 98.2% to 99%.
As the current density increases, the reaction rate of
the VRFB accelerates, causing the vanadium ions in
the electrolyte to be consumed more quickly, thus
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Table 5. Results under different current densities and voltage efficiencies for four flow channels

Type of flow fleld Current_density Capacity (mAh) Energy (Wh) Efficiencies (%)
(mA cm™) Charge Discharge Charge Discharge CE EE VE
60 955.54  880.75 136 112 922 825 895
PFC 80 875 785.67 1.26 0.99 89.8 784 873
100 761.87 671.22 1 0.84 881 752 854
60 1,006.79 972.44 1.41 1.26 96.6 893 925
IFC 80 983.43 956.42 139 1.23 97.3 882 90.7
100 954.77 93318 137 1.19 97.7 87.0 89.0
60 1,038.96 1,007.11 1.48 1.29 969 869 89.6
IFC with pins 80 9911 947.64 1.43 1.20 956 837 875
100 92693 875.51 135 1.09 945 80.7 855
60 1,056.2 1,036.98 1.48 135 98.2 90.7 924
SFC 80 1,030.36 1,016.79 146 1.31 98.7 89.5 90.7
100 999.43  989.45 1.43 1.26 99.0 88.1 89.0

CE: Coulombic efficiency; EE: energy efficiency; VE: voltage efficiency; PFC: parallel flow channel; IFC: interdigitated flow channel; SFC: serpentine

flow channel.

shortening its time on both sides of the proton
exchange membrane, which reduces the chance of
cross-contamination of the electrolyte. VE decreases
with increasing current density, from 92.4% to 89%.
When the current density increases, the ohmic
polarization, concentration polarization, and electro-
chemical active polarization inside the battery gradu-
ally increase, resulting in greater voltage loss and
reduced VE. EE also decreases with increasing
current density, from 90.7% to 88.1%. EE is calculat-
ed by multiplying CE and VE, showing the impact
on overall cell performance. Although high current
density can improve CE and reduce electrolyte
cross-contamination and side reactions, the signif-
icant drop in VE shows that increasing current
density brings greater voltage loss, ultimately leading
to a downward trend in overall EE.

Effects of electrolyte flow rate

From Figure 9A, the effects of different electrolyte
flow rates on the starting voltage of the battery in
charge and discharge processes can be observed. The
electrolyte flow rate was 20, 40, 60, 80, and 100 mL
min™ under charge and discharge processes. When
the electrolyte flow is 20, 40, 60, 80, and 100 mL
min™, the corresponding discharge starting voltages
are 1.379 V, 1.388 V, 1.392 V, 1.393 V, and 1.394 V
respectively; the charging starting voltages are 1.325
V,1.316 V, 1.312 V, 1.31 V, and 1.309 V. It can be
seen from Figure 9A that at the beginning of the dis-
charge process, the initial discharge voltage increases

slightly as the electrolyte flow rate increases. When
the flow rate increases from 20 mL min™ to 100 mL
min’, the initial discharge voltage is increased from
1.379 V to nearly 1.394 V. At the beginning of the
charging process, the initial charging voltage decreas-
es as the electrolyte flow rate increases. When the
flow rate increases from 20 to 100 mL min™, the ini-
tial discharge voltage is decreased from about 1.325
V to 1.309 V. The reasons for the trend of the initial
voltage caused by adjusting the flow rate are differ-
ent from those caused by adjusting the current
density. The trend caused by adjusting the current
density is mainly affected by ohmic polarization and
electrochemical active polarization, while the trend
caused by adjusting the flow rate is mainly affected
by concentration polarization. As the electrolyte
flow rate increases, the mass transfer effect of the
electrolyte near the electrode increases, which can
effectively reduce the concentration gradient caused
by insufficient replenishment of reactants, showing
that a higher electrolyte flow rate helps to reduce
concentration polarization.

The detailed charge and discharge capacity data for
the case of SFC at different electrolyte flow rates are
provided in Table 6. It can be seen from Figure 9B
that when the electrolyte flow rate increases from 20
to 100 mL min™, the charging capacity of the battery
increases from 979.2 to 1,049.78 mAh, and the dis-
charge capacity increases from 961.23 to 1,036.39
mAh. When the electrolyte flow rate decreases from



Page 16 of 21 Yang et al. Adv. Energy Convers. 2026, 1, 6

A 1.55 LAY A T 1
Serpentine channel, / / /
0=60mLmin /s 7 , ,/
s, ’
7/ , 7 rd
. lL45 - <7 Phe -
> P : - -
Go-‘n A , /, : 4 - - Discharging Charging
K] 7 -~ — — 60 mA/cm’
E 135 e 70 mA/cmi_
= — - = 80 mA/cm2
CH — = = 90 mA/cm
o _— — = 100 mA/cm?
1.25 —
1.15 1 1 L 1 2 1 2 1 1 1 1 1 L
0 400 800 1200 1600 2000 2400 2800 3200
Time [s]
B 1.55 T T T T T T 77
Serpentine channel , Q = 60mL/min 250
///
77
PR aard
P
- 7,
— 145 _ .z : - ]
> ===
: 272 ’D;char ing Chargin
g g ZE2% it s
8 - 60 mA/cm
E 135 | - 70 mA/em]
- A — — — 80 mA/cm’
I} 3 —_— — = 90 mA/em? |
© _— — = 100 mA/cm?
1.25 |- 4
1.15 L 1 " 1 L 1 L 1 L L
0 200 400 600 800 1000 1200
Capacity [mAh]
C 100 T T T T T
| Serpentine channel , @ = 60mL/min
98 |- -
96 | -
9 . :
i —=o— Coulombic Efficiency
E’ 94 —a— Voltage Efficiency 7
2 —4a— Energy Efficiency
=
= 92 -
=
920 - -
88 | —
1 I I I I

60 70 80 90 100

Current density [mA/cm?]

Figure 8. Comparison of current density effects of battery with SFC: (A) Voltage-time graph; (B) Voltage-capacity graph; (C) Voltage-
efficiency graph. SFC: Serpentine flow channel.

100 to 20 mL min™, the charge and discharge capaci-  with a high flow rate can quickly replenish the vana-
ties of the battery decrease. Supplying electrolyte  dium ions consumed near the electrode, reduce the
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concentration overpotential, allow more vanadium
ions to be utilized within the same voltage difference

range, and lengthen the reaction time of the flow bat-
tery, so it has more charge and discharge capacities.
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Figure 10. Electrolyte velocity vector plots at different electrolyte flow rates.

Table 6. Results under different electrolyte flow rates and voltage efficiencies of battery with SFC

Flow rate

(mL min™) Capacity (mAh) Energy (Wh) Efficiencies (%)
Charge Discharge Charge Discharge CE EE VE

20 979.2 961.23 1.393 1.232 98.2 88.4 90.1
40 1,014.55 1,000.48 1.44 1.285 98.6 89.2 90.5
60 1,031.06 1,016.79 1.46 1.31 98.6 89.4 90.6
80 1,040.9 1,027.69 1.475 1.321 98.7 89.6 90.7
100 1,049.78 1,036.39 1.487 1.333 98.7 89.6 90.8

CE: Coulombic efficiency; EE: energy efficiency; VE: voltage efficiency; SFC: serpentine flow channel.

When the electrolyte flow rate increases from 20 to
40 mL min", the battery discharge capacity increases
by 4.08%. When the electrolyte flow rate increases
from 40 to 60 mL min™, the battery discharge capac-
ity increases by 1.63%. When the electrolyte flow
rate increases from 60 to 80 mL min”, the battery dis-
charge capacity increases by 1.07%. When the
electrolyte flow rate increases from 80 to 100 mL
min™, the battery discharge capacity increases by
0.85%. When the electrolyte flow rate becomes larger
and larger, although the battery discharge capacity
will increase, the increase will become smaller and
smaller. The electrolyte flow rate will also greatly
affect the power of the pump, so it cannot continue
to increase without any limitation.

As shown in Figure 9C and Table 6, the CE of the
SFC increases with increasing electrolyte flow rate,
from 98.2% to 98.7%. When the electrolyte flow rate
increases, the time for side reaction products to stay
in the electrode and flow channel is reduced, reduc-

ing the chance of electrolyte cross-contamination.
VE also increases with increasing electrolyte flow
rate, from 90.1% to 90.8%. When the electrolyte flow
rate increases, the electrolyte can quickly replenish
the ions that complete the reaction near the
electrode, reducing the possibility of concentration
gradients, improving the efficiency of the electro-
chemical reaction, and reducing the voltage loss of
the battery owing to concentration polarization.
Finally, EE is a comprehensive index of the overall
efficiency of the battery, which is obtained by multi-
plying CE and VE. Therefore, the EE increases from
88.4% to 89.6% by increasing these two parameters.
As with discharge capacity, when the electrolyte flow
rate increases, the efficiency of the three batteries
tends to increase, but the increase rate becomes
increasingly gentle. The electrolyte flow rate cannot
continue to increase indefinitely; otherwise, it will
impose a significant burden on the pump.

Electrolyte velocity vector plots at different
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electrolyte flow rates are shown in Figure 10. The
results indicate that increasing the electrolyte flow
rate enhances electrolyte permeation and convective
transport within the porous electrode, allowing the
reactants to be delivered more effectively to the
electrode interior. Consequently, the non-uniform
distribution of active species is alleviated, thereby
reducing concentration polarization.

CONCLUSIONS

This study used four models of the VRFB flow
channel, including PFC, IFC, IFC with pins, and
SFC, to analyze the flow channel geometry and
pressure distribution. The VRFB was also studied at
different current densities and electrolyte flow rates
for charging and discharging states, and the effects
of these parameters on starting voltage, charge and
discharge capacities, CE, VE, and EE were investigat-
ed. It was found that the pressure drops of the four
types of flow channels in descending order are
5,023.4 Pa for the SFC, 332.75 Pa for the IFC, 203.07
Pa for the IFC with pins, and 135.79 Pa for the PFC.
At a current density of 80 mA cm?, the SFC has the
largest discharge capacity of 1,016.79 mAh, followed
by 956.42 mAh for the IFC, 947.64 mAh for the IFC
with pins, and 671.22 mAh for the PFC. At high
current densities, the charge and discharge time and
capacity of the battery decrease. Although increasing
the current density can improve the CE of the bat-
tery, it will increase the voltage loss and reduce the
VE.
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