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A B S T R A C T

Vanadium redox flow batteries (VRBs) are promising for large-scale energy storage, yet their long-term per
formance is often compromised by electrolyte volume imbalances induced by ion migration and self-discharge. 
Existing flow rate control strategies have primarily focused on enhancing system efficiency, often at the expense 
of capacity retention and system stability. In this work, we propose a novel flow control strategy that integrates 
asymmetric and variable flow-rate control strategies to dynamically counteract electrolyte migration during 
cycling. This asymmetrical variable flow-rate (AVF) strategy is supported by a high-fidelity VRB model devel
oped based on Darcy's law, which characterizes electrolyte volume variations by incorporating the effects of 
viscosity, flow rate, and migrated electrolyte volume. With this model, a direct link is established between the 
state of charge and electrolyte viscosity. We then formulate and solve a constrained optimization problem using a 
heuristic approach to achieve adaptive flow regulation. Experimental validation demonstrates that the proposed 
AVF control strategy outperforms existing strategies by significantly reducing electrolyte migration, increasing 
discharge capacity, and slowing capacity degradation, which offers a practical pathway to enhance VRB 
longevity and efficiency.

1. Introduction

As demand for reliable and sustainable energy solutions grows, large- 
scale grid energy storage has become increasingly essential for inte
grating renewable energy sources. Among various storage technologies, 
vanadium redox flow batteries (VRBs) are recognized for their safety, 
scalability, and long lifespan. Over the past two decades, VRB technol
ogy has gained significant attention and progressed rapidly, driven by 
advancements in both research and industrial applications [1]. A VRB 
functions by utilizing a positive electrolyte containing VO2+ and VO+

2 
ions and a negative electrolyte containing V2+ and V3+ ions. These 
redox-active species are dissolved in a dilute sulfuric acid solution and 
continuously circulated between storage tanks and the electrochemical 
stack, where reversible redox reactions facilitate energy storage and 
release [2]. For VRB systems, both efficiency and capacity are critical 
performance indicators. Efficiency directly affects the cost of operation 
by influencing cycle performance [3,4]. The capacity, on the other hand, 

of the battery affects its long-term cyclability and the associated main
tenance costs [5].

Various parasitic losses, including pump losses, self-discharge losses, 
electrochemical losses, and resistive losses, affect overall system effi
ciency. Electrochemical and resistive losses can be reduced by limiting 
concentration overpotentials and ohmic overpotentials, which are the 
focus of numerous studies, by improving key VRB components such as 
membrane [6], flow field [7], electrode structure [8], and stack [9,10]. 
Novel control strategies and internal state optimization techniques have 
been proposed to reduce pump losses, which represent the primary 
component of parasitic losses [11,12]. These strategies consider the 
electrolyte flow rate at which active materials are transported into the 
stack as a distinctive feature. Higher flow rates can reduce concentration 
overpotential and enhance voltage efficiency [13], but they can also 
increase pumping losses and lower system efficiency [14]. Early studies 
typically employed constant flow-rate (CF) control strategies, i.e., the 
fixed optimized flow rates are applied during operation and not subject 
to real-time adjustment. In order to balance the concentration 
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overpotentials and pumping losses, more advanced flow control strate
gies have been proposed. For example, Prathak et al. [15] employed an 
extended Kalman filter to estimate vanadium ion concentrations. Based 
on these real-time estimates, the flow rate was dynamically adjusted, 
leading to a 7.4 % improvement in system efficiency. Ma et al. [16] 
proposed a strategy to optimize the flow rate at different stages of the 
charging and discharging processes, resulting in an 8 % increase in 
system efficiency compared to the conventional CF strategy, while 
maintaining high capacity. Tang et al. [17] defined the flow-rate factor 
(FF) and demonstrated through simulations that an FF of 7.5 yields the 
highest SE. Massimo et al. [18] conducted cycling experiments on a 9- 
kW/27-kWh VRB test platform, with results showing an increase of 
round-trip efficiency of around 2 % at an FF of 7.5. Subsequently, 
various works have expanded upon this concept, including the optimal 
FF strategy [19] and the online FF strategy based on multi-physical field 

coupling [20]. Unfortunately, most of these studies have concentrated 
on efficiency improvements while disregarding changes in capacity, 
resulting in approaches that do not fully address the systemic challenges 
of balancing capacity and efficiency.

The long-term performance of VRB systems is influenced by several 
factors, including ion migration, self-discharge, bypass currents, gas 
release, and convection. These factors drive the migration of the elec
trolyte from the negative to the positive tanks, leading to volume 
imbalance and, ultimately, accelerating the degradation of battery ca
pacity. To address this problem, various studies have focused on the 
optimized design of key components, such as electrode materials 
[21,22], membranes [21,23], and electrolytes [24,25]. Furthermore, 
many control strategies have been proposed to mitigate electrolyte 
imbalance. For example, Lu et al. [26] found that increases in the initial 
concentration of the cathode electrolyte and cathode outlet pressure can 

Nomenclature

E0 nominal voltage
N number of cells in the stack
R resistance
Ru universal gas constant
i0 exchange current density
A area
T temperature
z number of electrons transferred
F Faraday's constant
c concentration
ƞ overpotential
Q flow rate
V volume
U voltage
I current
d membrane thickness
J current density
Q0 initial flow rate
P0 ambient pressure
Δt duration of each cycle
K Kozeny-carman constant
P pressure of the cell
L electrode length
df carbon fiber diameter
k diffusion coefficient
Qm rate of electrolyte transfer through the membrane
M molar mass with bound water
n molar amount
C current discharging capacity
C0 optimal discharging capacity
Ppump pump power
ct

reac reactant concentration in the electrolyte tanks
t duration

Greek symbols
κ electrode permeability
μ electrolyte viscosity
ε porosity
ξ positive and negative flow rate asymmetric coefficient
λ flow rate factor
λ1,opt optimal flow rate factor of constant flow rate
λ2,opt optimal flow rate factor of variable flow rate

Subscripts
ohm ohmic

m membrane
b bipolar plate
E electrolyte
act activation
con concentration
n negative
p positive
H+ proton
e electrode surface
ec electrode cross-sectional
2 V2+ ion
3 V3+ ion
4 VO2+ ion
5 VO+

2 ion
V total vanadium ion
ch charge
dch discharge
the theoretical
opt optimal
O2 oxygen evolution
H2 hydrogen evolution
H2SO4 sulfuric acid
H2O water

Superscripts
t tank
(i,0) quantities of i in the i-H2O having the same water activity 

as that of the mixed solution
c cell

Abbreviations
VRB vanadium redox flow battery
SOC state of charge
SOH state of health
OCV open-circuit voltage
CE coulomb efficiency
VE voltage efficiency
EE energy efficiency
SE system efficiency
VTR volume transfer ratio
i-H2O binary solutions
FF flow-rate factor
CF constant flow-rate
VF variable flow-rate
ACF asymmetrical constant flow-rate
AVF asymmetrical variable flow-rate
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inhibit the decay of battery discharge capacity. Toja et al. [27] suc
cessfully reduced the capacity decay from 47.7 % to 20.9 % by pre- 
setting the electrolyte concentration for both tanks. Wang et al. [28] 
developed a valence modulation strategy to minimize the crossover of 
V2+ ions, and their results demonstrated a 52.33 % increase in cumu
lative discharge capacity over 400 cycles. However, these works lack 
exploration of the electrolyte migration mechanism that limits the long- 
term discharge capacity and stability of VRBs. To overcome this prob
lem, later studies [29,30] focused on reducing the effect of osmotic 
convection by utilizing asymmetric flow rates to reduce capacity losses. 
Recently, Song et al. [31] experimentally demonstrated that the pressure 
drop across the membrane is related to the viscosity difference. They 
proposed a method using positive and negative asymmetric flow rates to 
reduce the osmotic convection, resulting in a 1 % increase in available 
discharge capacity over 50 cycles. In another work [32], Fetyan et al. 
employed an asymmetric flow rate in a 50-cycle experiment, achieving a 
5 % increase in discharge capacity and effectively mitigating electrolyte 
imbalance.

Although previous studies have provided valuable insights into 
electrolyte transfer behavior and potential methods to address capacity 
fade in VRBs, optimizing VRB performance considering more control 
objectives and practical constraints remains largely unexplored. The 
existing literature reviewed above offers various solutions to enhance 
VRB performance, particularly through detailed analyses of electrolyte 
migration mechanisms. On the one hand, while variable flow-rate (VF) 
control strategies have been proposed in several studies [17–19], the 
primary focus has been on optimizing FF configurations, with limited 
attention to broader performance objectives such as considering 
imbalance mitigation. On the other hand, although asymmetric flow rate 
strategies have been investigated [31,32], existing approaches rely on 
predetermined optimized flow rates that cannot be adjusted in real time. 
The lack of adaptability in these asymmetrical constant-flow (ACF) 
strategies limits the potential to significantly enhance the performance 
of VRBs, particularly in mitigating electrolyte crossover and extending 
system lifespan. Such limitation poses challenges in the practical 
deployment of VRBs in large-scale grid applications, where stable per
formance, durability, and reliability are crucial for economic viability.

To address this issue, this paper presents novel model-based heuristic 
control strategies by combining asymmetric and VF operations to 
enhance capacity retention and efficiency in VRBs. First, a dynamic 
model for electrolyte volume variation is developed using Darcy's law, 
and a comprehensive analysis of the underlying electrolyte transport 
mechanisms is conducted. The accuracy of this model is validated 
through experimental verification. Based on this model, we propose an 
asymmetric variable flow-rate (AVF) control strategy that dynamically 
adjusts the flow rates on two sides according to the changes in the state 
of charge (SOC) to counteract electrolyte migration. The feasibility and 
effectiveness of this strategy are evaluated by analyzing key perfor
mance indicators, including electrolyte volume variations, stack voltage, 
open-circuit voltage (OCV), and battery state of health (SOH). Experi
mental results confirm that the proposed AVF strategy significantly re
duces electrolyte migration, enhances discharge capacity, and improves 
overall system performance.

The rest of this paper is organized as follows. Section 2 presents the 
governing equations of the VRB model and analyzes the mechanisms of 
electrolyte transfer. The proposed AVF control strategy is introduced in 
Section 3. In Section 4, the model is experimentally verified using a lab- 
scale VRB system. Simulation results and detailed discussions are pro
vided in Section 5. Finally, the conclusions are summarized in Section 6.

2. Model development

The mathematical model development is based on the conservation 
of mass and charge, and the assumptions below are made to simplify the 
model without loss of generality: 

1) The stack and tank volumes on the positive and negative sides are 
identical.

2) An isothermal condition is assumed in the entire domain.
3) Viscosity changes of the positive and negative electrolytes due to 

battery aging are not taken into account.
4) The total internal resistance of the battery is assumed to be constant.
5) Vanadium ions are uniformly distributed throughout the electrolyte 

tanks and stack.

2.1. Governing equations of the VRB model

The OCV of VRB, Eocv, is derived from the Nernst equation: 

Eocv = E0 +
RuT
zF

ln
(

cc
4⋅cc

5⋅c2
H+

cc
2⋅cc

3

)

(1) 

where E0 is the nominal voltage, Ru is the universal gas constant, T is the 
temperature, z is the number of electrons transferred in a redox reaction, 
and F is Faraday's constant. Furthermore, cc

i (i = 2, 3, 4, and 5) and cH+

represent the concentrations of species V2+, V3+, VO2+, VO+
2 , and H+ in 

the cell, respectively.
The voltage Ustack of the stack is expressed based on a circuit model 

[20]: 

Ustack = N(Eocv + ηohm + ηact + ηcon) (2) 

where N is the number of cells in the stack, ƞohm is the ohmic over
potential, ƞact is the activation overpotential, and ƞcon is the concen
tration overpotential. These overpotentials are calculated by 

ηohm = I(Rb +Rm +RE) = IRohm (3) 

ηact =
2RuT

zF
ln
(

i0
I/Ae

)

(4) 

ηcon =
RuT
zF

ln

(

1 −
I

1.6 × 10− 4 × zFQct
reac

)

(5) 

where I is the battery current. In (3), Rohm is the ohmic resistance. It 
consists of three components: Rb, Rm, and RE, which represent the re
sistances of the bipolar plate, membrane, and electrolyte, respectively. 
In (4), i0 is the exchange current density on the electrode surface, and Ae 
represents the electrode surface area. Due to the large surface area of the 
porous electrode as the electrode material in VRB, ƞact can be ignored 
[20]. In (5), ct

reac is the reactant concentration in the electrolyte tanks. Q 
represents the flow rate and is the average of the flow rates on both the 
positive and negative sides.

Vanadium ions in the four oxidation states undergo redox reactions 
at positive and negative electrolytes to store and release electrical en
ergy [33]. Previous research [34] described the dynamic properties of 
vanadium ions based on first principles, which include charge conser
vation and mass conservation. This modeling approach is also adopted 
in the present study. Unlike previous works, however, we also account 
for the side reaction of gas release, which provides a more 

S. Wang et al.                                                                                                                                                                                                                                   Journal of Energy Storage 140 (2025) 118954 

3 



comprehensive perspective on the variation in vanadium ion concen
tration. The governing equations are given as 

Vc

2
⋅
dcc

2
dt

=
NJAe

zF⏟̅⏞⏞̅⏟
redox

+

(

−
k2cc

2
d

−
k4cc

4
d

−
2k5cc

5
d

)

NAm

⏟̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅⏞⏞̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅⏟
crossover,self-discharge

−
NIshunt

zF⏟̅̅̅⏞⏞̅̅̅⏟
shunt current

−
2P0

RuT
⋅
dVH2

dt
⏟̅̅̅̅̅̅⏞⏞̅̅̅̅̅̅⏟
gas evolutions

+Qn
(
ct

2 − cc
2
)

⏟̅̅̅̅̅̅̅̅ ⏞⏞̅̅̅̅̅̅̅̅ ⏟
convection

(6) 

Vc

2
⋅
dcc

3
dt

= −
NJAe

zF⏟̅⏞⏞̅⏟
redox

+

(

−
k3cc

3
d

+
2k4cc

4
d

+
3k5cc

5
d

)

NAm

⏟̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅⏞⏞̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅⏟
crossover,self-discharge

+
NIshunt

zF⏟̅̅̅⏞⏞̅̅̅⏟
shunt current

+
2P0

RuT
⋅
dVH2

dt
⏟̅̅̅̅̅̅ ⏞⏞̅̅̅̅̅̅⏟
gas evolutions

+Qn
(
ct

3 − cc
3
)

⏟̅̅̅̅̅̅̅̅ ⏞⏞̅̅̅̅̅̅̅̅ ⏟
convection

(7) 

Vc

2
⋅
dcc

4
dt

= −
NJAe

zF⏟̅⏞⏞̅⏟
redox

+

(

−
k4cc

4
d

+
3k2cc

2
d

+
2k3cc

3
d

)

NAm

⏟̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅⏞⏞̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅⏟
crossover,self-discharge

+
NIshunt

zF⏟̅̅̅⏞⏞̅̅̅⏟
shunt current

+
4P0

RuT
⋅
dVO2

dt
⏟̅̅̅̅̅̅⏞⏞̅̅̅̅̅̅⏟
gas evolutions

+Qp
(
ct

4 − cc
4
)

⏟̅̅̅̅̅̅̅̅ ⏞⏞̅̅̅̅̅̅̅̅ ⏟
convection

(8) 

Vc

2
⋅
dcc

5
dt

=
NJAe

zF⏟̅⏞⏞̅⏟
redox

+

(

−
k5cc

5
d

−
2k2cc

2
d

−
k3cc

3
d

)

NAm

⏟̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅⏞⏞̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅⏟
crossover,self-discharge

−
NIshunt

zF⏟̅̅̅⏞⏞̅̅̅⏟
shunt current

−
4P0

RuT
⋅
dVO2

dt
⏟̅̅̅̅̅̅⏞⏞̅̅̅̅̅̅⏟
gas evolutions

+Qp
(
ct

5 − cc
5
)

⏟̅̅̅̅̅̅̅̅ ⏞⏞̅̅̅̅̅̅̅̅ ⏟
convection

(9) 

where ci and ki (i = 2, 3, 4, and 5) represent the concentration and the 
diffusion coefficient of the vanadium ions, V is the volume, J = I/Ae 
denotes the current density, Ishunt represents the shunt current, d in
dicates the membrane thickness, Am is the membrane area, and P0 is the 
ambient pressure. Furthermore, the superscripts c and t represent the 
cell and tank, respectively, and the subscripts n, p, O2, and H2 represent 
the negative side, the positive side, hydrogen evolution, and oxygen 
evolution, respectively.

For (6)–(9), the left-hand side of the equations represents the change 
of vanadium-ion concentration. The first term on the right-hand side 
accounts for the effects of the redox reactions. The second term captures 
the impact of ion crossover and side reactions. The third term represents 
the influence of shunt currents on vanadium-ion concentrations. How
ever, since our study employs a single-cell VRB, the effect of shunt 
currents can be neglected. The fourth term corresponds to gas-evolution 
effects. No gas is detected in long-term experiments; this term is also 
omitted. Finally, the fifth term describes the impact of electrolyte flow 
rate on changes in vanadium-ion concentration.

Gas evolution reactions are primarily induced by overcharging, 
electrode polarization, and limitations in reaction kinetics. When the 
electrode potential increases beyond the thermodynamic potential for 
water oxidation (1.23 V), oxygen gas is generated at the positive 

electrode. Conversely, when the electrode potential drops below the 
reduction potential of protons (0 V), hydrogen gas is evolved at the 
negative electrode. Table 1 summarizes the redox and gas evolution 
reactions in VRBs.

As shown in Table 1, the generation of 1 mol of H₂ consumes 2 mol of 
electrons, corresponding to a charge of 2F. Similarly, the formation of 1 
mol of O2 requires 4 mol of electrons, equivalent to 4F. In the expression 
describing the variation in vanadium ion concentration, the molar 
amount of hydrogen and oxygen generated per unit time, denoted as nH2 

and nO2 , is calculated as follows [35]: 

dnH2
dt

=
JH2Ae

2F
(10) 

dnO2
dt

=
JO2Ae

4F
(11) 

The ideal state gas equation is: 

P0V = nRuT (12) 

where P0 represents the ambient pressure and V is the gas volume.
According to (12), the relationship between n and V can be derived: 

nH2/O2 =
P0VH2/O2

RuT
(13) 

By substituting (13) into (10) and (11), respectively, we obtain: 

P0

RuT
⋅
dVH2

dt
=

JH2Ae

2F
(14) 

P0

RuT
⋅
dVO2

dt
=

JO2Ae

4F
(15) 

The vanadium ion concentration losses caused by gas evolution are 
given by: 
(

dcc
2

dt

)

H2
= −

JH2Ae

F
= −

2P0

RuT
⋅
dVH2

dt
(16) 

(
dcc

3
dt

)

H2
=

JH2Ae

F
=

2P0

RuT
⋅
dVH2

dt
(17) 

(
dcc

4
dt

)

O2

=
JO2Ae

F
=

4P0

RuT
⋅
dVO2

dt
(18) 

(
dcc

5
dt

)

O2

= −
JO2Ae

F
= −

4P0

RuT
⋅
dVO2

dt
(19) 

During hydrogen evolution at the negative electrode, the generation 
of 1 mol of H₂ consumes 2 mol of electrons. This reduces the number of 
electrons available for the reduction of V3+ to V2+, thereby weakening 
the discharge reaction. As a result, the concentration of V3+ increases 
while that of V2+ decreases. Consequently, the coefficient of the H2 
evolution term is − 1 in the V2+ concentration expression and + 1 in the 
V3+ concentration expression.

Similarly, during oxygen evolution at the positive electrode, the 
formation of 1 mol of oxygen releases 4 mol of electrons. This increases 
the number of electrons available for the oxidation of VO2+ to VO+

2 , 
thereby enhancing the discharge reaction at the positive electrode. As a 
result, the concentration of VO2+ increases, and that of VO+

2 decreases. 
Therefore, the coefficient of the oxygen evolution term is +1 in the VO2+

concentration expression and − 1 in the VO+
2 concentration expression.

In the paper, the SOH and SOC of a VRB are defined as follows: 

SOH =
Ci

C0
=

∫ Ti,dch
0 Idchdt
∫ T0,dch

0 Idchdt
(20) 

Table 1 
Chemical reactions in a VRB.

Reactions in the cell Chemical equation, standard electrode 
potential

Negative 
electrode

Redox V2+ ⇄discharge
charge V3+ + e− , − 0.26 V

Gas 
evolution

2H+ + 2e− →H2, 0 V

Positive electrode Redox VO+
2 + 2H+ + e− ⇄discharge

charge VO2+ + H2O, 1 V
Gas 
evolution

2H2O→O2 + 4H+ + 4e− , 1.23 V
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SOC = min
(

ct
2

ct
2 + ct

3
,

ct
5

ct
4 + ct

5

)

(21) 

where Ci and Ti,dch are the discharging capacity and duration in the ith 
cycle, C0 and T0,dch denote the initial discharging capacity and initial 
discharging duration, respectively, and Idch is the discharge current.

2.2. Mechanism of electrolyte migration

Understanding the mechanisms driving electrolyte migration is 
essential for developing an effective flow rate control strategy that can 
enhance battery performance. All the causes and mechanisms contrib
uting to electrolyte volume change are illustrated in Fig. 1. In the charge 
and mass balance model, the factors causing electrolyte volume change 
include proton transfer, ion crossover, and water molecule migration 
[36]. Proton transfer and ion crossover are both influenced by electric 
field-driven electro-osmotic forces [34]. Under the forces, protons cross 
the membrane alongside 2.5 H2O molecules per proton [37]. Vanadium 
ions also diffuse through the membrane, carrying hydration shells that 
depend on their oxidation state (V2+⋅6H2O, V3+⋅6H2O, VO2+⋅5H2O, and 
VO+

2 ⋅4H2O) [38]. Concurrently, proton transfer and ion crossover 
establish concentration gradients across the membrane, which in turn 
drive water migration via osmotic pressure [34]. Previous experimental 
[31] studies have demonstrated that electro-osmotic drag results in 
negligible net volume migration over long-term cycling. Consequently, 
osmotic pressure becomes the dominant cause of cumulative electrolyte 
transfer from the negative to the positive tanks during prolonged 
operation.

The water molecules are transferred against the concentration 
gradient due to osmotic pressure [39]. The electrolyte gradually mi
grates from the negative side to the positive side during long-term 
operation. As the positive and negative electrolyte imbalances worsen, 
the usable capacity of the VRB becomes limited by the negative half-cell, 
which results in a reduction of cycle life and deterioration of the bat
tery's performance. The volume of the migrated electrolyte from the 
negative to the positive side is calculated as: 

|ΔV| = ΔVp = − ΔVn = QmΔt (22) 

where Qm is the rate of electrolyte transfer through the membrane and Δt 
is the duration of each cycle. During charging–discharging cycling, a 
driving force persistently induces convective transport of water across 

the membrane from the negative to the positive side. As a result, the 
usable capacity of the VRB becomes limited by the depletion of elec
trolyte on the negative side. Considering that the membrane is essen
tially a porous medium [31], based on Darcy's law, Qm can be expressed 
as 

Qm =
κmAm

μnd
(
Pn − Pp

)
(23) 

where κm is the membrane permeability, μn is the viscosity of the 
negative electrolyte, and Pn and Pp are the pressures of the negative and 
positive cells, respectively. Electrolyte migration is strongly influenced 
by the pressure differential between the positive and negative half-cells. 
Due to the presence of porous electrodes, Darcy's law remains applicable 
for each half-cell. The outlet pressure is approximately zero (i.e., stan
dard atmospheric pressure of 101.3 kPa). Consequently, the average 
pressure in each half-cell can be considered to be half the inlet pressure: 

Pn =
μnLQn

2κAec
(24) 

Pp =
μpLQp

2κAec
(25) 

where Aec is the electrode cross-sectional area, L is the electrode length, 
and κ is the electrode permeability, calculated by 

κ =
d2

f

K
ε2

(1 − ε)2 (26) 

where df is the carbon fiber diameter, K is the Kozeny-Carman constant, 
and ε is the porosity of the porous medium.

Substituting (23)–(25) into (22) yields the expression of volume 
migration: 

|ΔV| = ΔVp =
κmAm

μnd
⋅

L
2κAec

(
Qnμn − Qpμp

)
Δt (27) 

3. Asymmetric variable flow-rate control strategy

3.1. Control objective and constraints

The fundamental premise underlying the prediction of electrolyte 
viscosity is to employ the viscosities of i-H2O (binary solutions) that 

Fig. 1. Causes and mechanisms contributing to electrolyte volume change.

S. Wang et al.                                                                                                                                                                                                                                   Journal of Energy Storage 140 (2025) 118954 

5 



constitute the VRB electrolyte. It has been shown that the viscosity of 
both the positive and negative electrolytes is correlated with the state of 
charge (SOC) of the battery [40], as described by   

where M is the molar mass with bound water, and the subscripts V, 
H2SO4, and H2O represent total vanadium ion, sulfuric acid, and water, 

respectively. The superscript (i,0) indicates the quantities of i in the i- 
H2O having the same water activity as that of the mixed solution [40]. 
The resulting relationships between the viscosity and SOC are expressed 
as two nonlinear functions, denoted by μn = fn(SOC) and μp = fp(SOC) as 
illustrated in Fig. 2.

Considering these relationships, (27) can be written as: 

|ΔV| =
κmAmL
2dκAec

⋅
1

fn(SOC)

[
Qnfn(SOC) − Qpfp(SOC)

]
Δt (30) 

By defining ξ = Qp/Qn as the asymmetric coefficient, (30) can be 
rewritten as 

|ΔV| =
κmAmL
2dκAec

⋅Qn

[

1 − ξ⋅
fp(SOC)
fn(SOC)

]

Δt (31) 

It can be seen that, for a given SOC, the volume migration becomes 
zero if the flow rate ratio is maintained as 

lnμn =
M2

M(i,0)
2

⋅ln

((

1.362 + 0.215 × cV × SOC+

0.15 ×(cV × SOC)2
)/

1000
)
+

M2

M(i,0)
3

⋅ln

((

1.913 − 0.855 × cV × (1 − SOC)+

1.05 × (cV × (1 − SOC) )2
)/

1000
)
+

MH2SO4

M(i,0)
H2SO4

⋅ln

((

0.941 + 0.144 ×
(
cH2SO4 + cV × 0.5 × SOC

)
+

0.025 ×
(
cH2SO4 + cV × 0.5 × SOC

)2
)/

1000
)
+

MH2O

M(i,0)
H2O

⋅lnμH2O

(28) 

lnμp =
M5

M(i,0)
5

⋅ln

((

2.875 − 0.45 × cV × SOC+

1.51 ×(cV × SOC)2
)/

1000
)
+

M4

M(i,0)
4

⋅ln

((

2.751 + 1.61 × cV × (1 − SOC)+

2.05 × (cV × (1 − SOC) )2
)/

1000
)
+

MH2SO4

M(i,0)
H2SO4

⋅ln

((

0.941 + 0.144 ×
(
cH2SO4 + cV × 0.5 × SOC

)
+

0.025 ×
(
cH2SO4 + cV × 0.5 × SOC

)2
)/

1000
)
+

MH2O

M(i,0)
H2O

⋅lnμH2O

(29) 

Fig. 2. Relationship between electrolyte viscosity μ and SOC in the positive and 
negative half-cells [40].
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ξ = ξopt =
fn(SOC)
fp(SOC)

(32) 

The optimal flow rate ratio ξopt, for a given SOC, is determined by 
solving the following optimization problem: 

ξopt = argmin
ξ

(|ΔV|) (33) 

subject to 
⎧
⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎩

Umin ≤ Ustack ≤ Umax
SOCmin ≤ SOC ≤ SOCmax

Qn,min ≤ Qn ≤ Qn,max
Qp,min ≤ Qp ≤ Qp,max

μmin ≤ fn(SOC) ≤ μmax
μmin ≤ fp(SOC) ≤ μmax
I = Iref ∈ (Imin, Imax)

(34) 

where the maximum and minimum limits in the constraints are deter
mined by specification and physical properties of the VRB.

Fig. 3. Framework of the proposed control strategy of VRB systems.

Fig. 4. A single-cell VRB experiment platform.
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3.2. Control framework

VRB systems are conventionally controlled to maintain a CF calcu
lated by 

Q = λ⋅Qthe = λ⋅
I

zFcV
(35) 

where Qthe is the theoretical minimum flow rate to maintain VRB system 
operation, λ is called the flow-rate factor (FF), and cV is the total vana
dium concentration.

To enhance system efficiency, we propose the AVF strategy to allow 
asymmetrical adjustment of the flow rates when the SOC changes, 
expressed by 

Q = λ⋅Qʹ
the =

⎧
⎪⎪⎪⎨

⎪⎪⎪⎩

λ⋅
I

zFcV(1 − SOC)
, charging

λ⋅
I

zFcVSOC
, discharging

(36) 

where Q'the replaces the fixed Qthe as a function of SOC and the charging/ 
discharging modes.

To implement this proposed algorithm, our control framework is 
structured with two main stages, as illustrated in Fig. 3. At Stage 1, given 
the measured or estimated SOC, we determine the corresponding 
optimal λ (denoted by λopt) of the AVF strategy. This λopt provides the 
reference flow rate for Stage 2.

Stage 1 is described as the following steps:
Step 1.1: Obtain the initial SOC (SOC0), charging/discharging current 

Ich/dch, and T;

Step 1.2: Obtain the initial theoretical minimum flow rate Q'the of the 
AVF strategy;

Step 1.3: Calculate the coulombic efficiency (CE), voltage efficiency 
(VE), energy efficiency (EE), and system efficiency (SE) for AVFs during 
the last aging cycle. They are calculated by: 

CE =

∫ tdch
0 Idchdt
∫ tch

0 Ichdt
(37) 

VE =

∫ tdch
0 Udchdt
∫ tch

0 Uchdt
(38) 

EE =

∫ tdch
0 UdchIdchdt
∫ tch

0 UchIchdt
(39) 

SE =

∫ tdch
0

(
UdchIdch − Ppump

)
dt

∫ tch
0

(
UchIch + Ppump

)
dt

(40) 

where the subscripts dch and ch represent the discharging and charging, 
respectively, U and I are the battery voltage (i.e., Ustack) and current, 
respectively, t is the duration, and Ppump is the pump power and is a 
function of Q, calculated by: 

Ppump =
Ppump,n(Qn) + Ppump,p

(
Qp
)

2
(41) 

where Ppump,n and Ppump,p denote the consumed power by the negative 
and the positive pumps, respectively.

Step 1.4: λopt of the AVF strategy is obtained based on the SE 
performance.

Stage 2 involves the following steps:
Step 2.1: Given the SOC, calculate the variation of positive and 

negative electrolyte viscosity using μn = fn(SOC) and μp = fp(SOC);

Step 2.2: Calculate F(SOC) = 1 − ξ⋅fp(SOC)
fn(SOC) at different SOCs;

Step 2.3: Based on (32), obtain the variation of ξ with SOC;
Step 2.4: Based on ξ at different SOCs, obtain F(SOC) at different 

SOCs;
Step 2.5: Solve (33) and (34) for ξopt at different SOCs;
Optimal flow rate control can be achieved with the calculated values 

ξopt and λopt.

4. Model validation

A lab-scale VRB experimental platform, shown in Fig. 4, is con
structed and used to validate the proposed model. The platform consists 
of a single-cell VRB system (Wuhan Zhisheng New Energy Co., Ltd.), a 
battery testing system, and a host computer (Neware BTS 7.6X). The 
single-cell VRB system consists of a VRB stack, two electrolyte tanks, and 
two peristaltic pumps.

The VRB system operates at ambient temperature (298.15 K). It 
employs an Nafion 115 membrane, with its diffusion coefficient 
assumed to be constant. Both positive and negative tanks have identical 
dimensions, yielding an approximate volume of 100 mL. The initial 
liquid level in each tank is approximately 20 mm, corresponding to an 
initial electrolyte volume of around 20 mL per tank. The total vanadium 
ion concentration is 1.5 mol/L. Electrolyte is an average valence state of 
3.5. Electrolyte compositions contain 1.5 M vanadium and 3 M H2SO4. 
Fresh electrolyte includes 20 mL of 1.5 M V2+/V3+ for anolyte and 20 mL 
of 1.5 M VO2+/VO+

2 for catholyte. Before the charging/discharging cycle 
test, several prior cycles are performed to fully mix the cathode and 
anode electrolytes. Subsequently, the VRB is discharging to the cut-off 
voltage. V2+ is completely converted to V3+ in anolyte, and VO+

2 is 
completely converted to VO2+ in the catholyte. Thus, the initial SOC of 
VRB is 0 %. Electrolyte circulation between the stack and reservoirs is 
driven by peristaltic pumps, with flow rates ranging from 1 mL/min to 

Table 2 
Parameters of the VRB model.

Parameter Value Unit Remark

Nominal voltage, E0 1.412 V –
Ohmic resistance, Rohm 0.035 Ω Preset
Ambient pressure, P0 101,325 Pa –
Total vanadium concentration, CV 1.5 mol⋅L− 1 Preset
Electrolyte volume in each electrolyte 

tank, Vt

20 mL Preset

Temperature, T 298.15 K Preset
Cell volume, Vc 20 mL Preset
Universal gas constant, Ru 8.314 J⋅ 

(mol⋅K)− 1
Preset

Faraday's constant, F 96,485 C⋅mol− 1 Preset
Number of cells, N 1 – Preset
Number of electrons transferred during 

the reaction, z
1 – Preset

Current density, J 2000 A⋅m− 2 Preset
Diffusion coefficient of V2+, k2 8.8 × 10− 12 m2⋅s− 1 Preset
Diffusion coefficient of V3+, k3 3.2 × 10− 12 m2⋅s− 1 Preset
Diffusion coefficient of VO2+, k4 6.8 × 10− 12 m2⋅s− 1 Preset
Diffusion coefficient of VO+

2 , k5 5.9 × 10− 12 m2⋅s− 1 Preset
Molar mass of V2+ particles with bound 

water, M2

− 6.7 ×
10− 2

kg⋅mol− 1 [34,36]

Molar mass of V3+ particles with bound 
water, M3

− 2.1 ×
10− 2

kg⋅mol− 1 [34,36]

Molar mass of VO2+ particles with bound 
water, M4

− 6.5 ×
10− 2

kg⋅mol− 1 [34,36]

Molar mass of VO+
2 particles with bound 

water, M5

− 1.09 ×
10− 1

kg⋅mol− 1 [34,36]

Hydraulic permeability of the membrane, 
κm

1.58 ×
10− 18

m2 [36]

Effective membrane area, Am 9 × 10− 4 m2 Preset
Membrane thickness, d 1.25 × 10− 4 m Preset
Electrode length, L 0.03 m Preset
Electrode cross-sectional area, Aec 7.2 × 10− 5 m2 Preset
Electrode surface area, Ae 9 × 10− 4 m2 Preset
Carbon fiber diameter, df 1.76 × 10− 5 m [41]
Kozeny–Carman constant, K 4.28 – [17]
Electrode porosity, ε 0.93 – [17]
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500 mL/min. It is commonly assumed in the research community that 
the pump control system provides sufficiently accurate and reliable flow 
regulation for experimental purposes. The cycle protocol requires the 
battery to be charged to 1.7 V at a constant current of 1.8 A, followed by 
discharge to 1.0 V at the same current magnitude. This charge-discharge 
process is repeated for a total of 200 cycles.

The proposed model was implemented in MATLAB 2023a using the 
parameters provided in Table 2 [17,34,36,41] to investigate the effect of 
different control strategies on VRB performance.

Fig. 5(a) compares the measured and estimated voltages over a full 
charge-discharge cycle at a constant current of 1.8 A. Fig. 5(b) shows the 
voltage error between simulation and experiment, with a maximum 
error of less than 0.04 V. Fig. 5(c) shows the comparison of available 
capacity over 200 cycles, while Fig. 5(d) presents the corresponding 
capacity error, which is within 3 %, occurring near the end of the test 
period. These results indicate that the proposed model closely aligns 
with the experimental observations and accurately captures the dynamic 
behavior of the VRB.

As seen in Fig. 5(c), an increase in battery capacity is observed during 
the initial cycles (1st-38th), a phenomenon commonly referred to as the 
battery activation process. This behavior can be attributed to the 
following factors: 

1) Active species in the electrolyte are initially not fully activated and 
require several charge-discharge cycles to reach the full active states.

2) The porous carbon felt inside the cell is not completely wetted by the 
electrolyte, limiting the effective electrochemical reaction area.

3) The PEM is not fully wetted by the electrolyte, and the proton 
transport channels are not yet fully activated, resulting in reduced 
conductivity and incomplete electrochemical reactions of the active 
species.

Such activation behavior is typical in new or long-idled VRBs. To 
avoid misinterpretation of capacity trends, only data from cycles 38 to 
200 are used for subsequent capacity analysis.

It should be noted that the simulation does not incorporate the short- 
term hydration/swelling behavior characteristic of Nafion membranes, 
which accounts for the rapid initial stabilization of electrolyte volume 
observed experimentally within the first 5–10 cycles [42]. The model 
reflects the longer-term cumulative effects of ion transport and water 
crossover, resulting in a slower exponential stability.

Fig. 6(a) presents photographic records of positive and negative 
electrolyte volumetric levels over 200 charge-discharge cycles. Fig. 6(b) 
shows the measured and simulated variations in electrolyte volume, 
while Fig. 6(c) presents the corresponding volume error. Excluding the 
activation stage, the error does not exceed approximately 3 % of the 
total electrolyte volume. Overall, the simulation results closely match 
the experimental data in terms of voltage, available capacity, and 
electrolyte volume variation on both sides, thereby validating the ac
curacy and reliability of the proposed model.

5. Results and discussion

In VRB systems, the traditional and most widely used strategy em
ploys a constant, appropriately sized flow rate. To mitigate electrolyte 

Fig. 5. Model validation results. (a) Stack voltage profile; (b) Voltage prediction error; (c) Available capacity vs. cycle number; (d) Capacity error vs. cycle number.
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volume migration, the paper introduces an asymmetric flow rate control 
strategy. Table 3 presents the mathematical descriptions of the tradi
tional CF strategy with FF λ1 and the proposed AVF strategy with λ2 and 
ξopt.

5.1. Determination of λopt and ξopt

The simulation protocol is identical to the experimental setup: Each 
cycle involves charging at 1.8 A until the stack voltage reaches a cut- 
over voltage of 1.7 V, followed by discharging at 1.8 A down to a cut
off voltage of 1.0 V. A total of 200 cycles are simulated, during which 
different flow rate control strategies are applied across repeated trials to 
determine λopt and ξopt.

To determine ξopt, it is necessary first to obtain λopt. As described in 
Step 1.3 of the proposed control framework presented in Section 3.2, 
four performance metrics (CE, VE, EE, and SE) are evaluated at the 

V V

VV
V

Fig. 6. Long-term experimental results. (a) Photographic records of electrolyte volume levels at the end of discharging; (b) Comparison of measured and simulated 
electrolyte volumes in the positive and negative tanks; (c) Electrolyte volume prediction error between measured and simulated data.

Table 3 
Comparison of flow rate settings used in the traditional CF and proposed AVF 
control strategies.

Strategy Flow rate settings

CF with FF λ1 (traditional) Qp = Qn = λ1⋅Qthe = λ1⋅
I

zFcV

AVF with FF λ2 and ξopt 

(Proposed)

⎧
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

Qn = λ2⋅Qthe =

⎧
⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎩

λ2⋅
I

zFcV(1 − SOC)
, charging

λ2⋅
I

zFcVSOC
, discharging

Qp = ξopt ⋅Qn =

⎧
⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎩

ξopt ⋅λ2⋅
I

zFcV(1 − SOC)
, charging

ξopt ⋅λ2⋅
IN

zFcVSOC
, discharging
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200th cycle to assess system performance after long-term cycling. 
Among the four performance metrics, SE is particularly influenced by 
pump power losses, which depend on the total pressure drop, flow rate, 
and pump characteristics. As a result, SE provides the most accurate 
reflection of the practical performance of the VRB system, and it is thus 
selected as the primary evaluation metric. Fig. 7 shows the relationship 
between pump power and flow rate. Based on (35) and (36), Table 4
presents the variation of pump power with SOC under both CF and VF 
strategies during discharging. The resulting optimal FF λ1,opt for the CF 
strategy and the λ2,opt for the AVF strategy are compared in Fig. 8.

Fig. 8(a) illustrates the four performance metrics under the CF 

strategies for various values of λ. The maximum SE of 0.6953 is achieved 
when λ1,opt = 2. Beyond this point, further increasing λ leads to a sig
nificant rise in pump power consumption, causing SE to decrease when 
λ = 3. Similarly, Fig. 8(b) illustrates the corresponding efficiency metrics 
under the AVF strategy for different λ2 values. The highest SE of 0.7302 
is observed at λ2,opt = 7. The observed results are in agreement with 
recent findings reported in [17–19].

In theory, ξopt could be achieved by continuously adjusting pump- 
controlled flow rates. However, frequently starting and stopping the 
pumps can lead to mechanical wear and reduced operational lifespan. 
To balance performance with hardware longevity, we adopt a near- 
optimal control scheme with minimal switching. Specifically, Step 2.5 
of the control framework presented in Section 3.2 is modified by 
investigating specific ξopt at n discrete operating points corresponding to 
SOCi = i/n, where i = 0, 1, 2, …, n. The local asymmetric coefficient, ξi, is 
calculated by 

ξi =
fp(SOCi)

fn(SOCi)
, SOCi = i

/

n, i = 0, 1, 2,⋯, n (42) 

As an illustrative example, Fig. 9 shows the relationship between ξopt 
and ξi for n = 10. A well-designed control strategy should meet the 
following criteria: 

1) The operating points should “switch” between different ξi curves;

P Q Q

Fig. 7. Relationship between pump power consumption and flow rate.

Table 4 
Calculated pump power varies at different SOC intervals under CF and VF 
strategies during discharge.

Strategy SOC Flow rate (mL/min) Ppump (W)

CF with FF λ1 (0,1) 6.58λ1 Ppump(6.58λ1)
VF with FF λ2 (0,0.1) 65.84λ2 Ppump(65.84λ2)

(0.1,0.2) 32.92λ2 Ppump(32.92λ2)
(0.2,0.3) 21.95λ2 Ppump(21.95λ2)
(0.3,0.4) 16.46λ2 Ppump(16.46λ2)
(0.4,0.5) 13.17λ2 Ppump(13.17λ2)
(0.5,0.6) 10.97λ2 Ppump(10.97λ2)
(0.6,0.7) 9.41λ2 Ppump(9.41λ2)
(0.7,0.8) 8.23λ2 Ppump(8.23λ2)
(0.8,0.9) 7.32λ2 Ppump(7.32λ2)
(0.9,1.0) 6.58λ2 Ppump(6.58λ2)

Fig. 8. Simulated results of CE, VE, EE, and SE at the 200th cycle under different flow rate factors λ. (a) CF strategy; (b) AVF strategy.

Fig. 9. Relationship between discontinuous ξopt and ξ0 – ξ10.
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2) The operating points must remain close to the F(SOC) = 0 line;
3) The number of switches should be minimized.

A heuristic scheme that satisfies is also depicted in Fig. 9 and 
mathematically described by 

ξopt =

⎧
⎨

⎩

ξ2 = 1.0393,0 < SOC < 0.2
ξ5 = 1.0918,0.2 ≤ SOC ≤ 0.8
ξ8 = 1.0774,0.8 < SOC < 1

(43) 

where only two switching points are required to cover the entire SOC 
range. Using λopt and this modified discontinuous ξopt, the resulting AVF 
control strategy is obtained and illustrated in Fig. 10.

Table 5 lists the corresponding pump power as a function of SOC 
under both CF and AVF strategies during discharge. The total pump 
power in the AVF strategy is calculated as the average of the pump 
powers on the positive and negative sides.

5.2. Comparison of electrolyte volume migration

This section presents an analysis of the impact of electrolyte volume 
migration under the CF and AVF strategies. Fig. 11 shows the evolution 
of electrolyte volumes in the positive and negative tanks over 

Fig. 10. Optimal flow rate control strategy during discharging based on 
discontinuous ξopt.

Table 5 
Pump power varies with SOC under CF and AVF strategies during discharging.

Strategy SOC Flow rate (mL/ 
min)

Ppump 

(W)

CF with FF λ1 = 2 (0,1) Qn = Qp = 13.16 0.0018
AVF with FF λ2 = 7 and ξopt 

(Proposed)
(0,0.1) Qn = 460.88 2.3693

Qp = 496.53
(0.1,0.2) Qn = 230.44 0.5923

Qp = 248.27
(0.2,0.3) Qn = 153.65 0.2672

Qp = 167.76
(0.3,0.4) Qn = 115.22 0.1502

Qp = 125.8
(0.4,0.5) Qn = 92.19 0.0962

Qp = 100.66
(0.5,0.6) Qn = 76.79 0.0667

Qp = 83.84
(0.6,0.7) Qn = 65.87 0.0491

Qp = 71.92
(0.7,0.8) Qn = 57.61 0.0376

Qp = 62.9
(0.8,0.9) Qn = 51.24 0.0301

Qp = 56.57
(0.9,1.0) Qn = 46.06 0.0243

Qp = 50.85

Fig. 11. Variation of positive and negative electrolyte volumes over 200 cycles 
for the CF strategy and the proposed AVF strategy, measured after each 
discharge process.

Fig. 12. Stack voltage and OCV profiles during the first charge-discharge cycle 
under the traditional CF strategy and the proposed AVF strategy.

Fig. 13. Comparison of the SOH of the VRB under CF and AVF strategies during 
a 163-cycle charge-discharge test.
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continuous charge-discharge cycling. The results reveal a gradual in
crease in positive electrolyte volume and a decrease in negative elec
trolyte volume, mainly driven by viscosity differences during operation. 
In long-term operation, the reduction in the negative electrolyte volume 
can affect the battery capacity in the negative half-cell.

The volume transfer ratios (VTRs) of the positive and negative 
electrolytes are introduced here to quantify the volume changes during 
cycling. They are defined as follows: 

VTRp =
Vt

p − Vinitial

Vinitial
(44) 

VTRn = − VTRp (45) 

where VTRp and VTRn represent the VTRs of the positive and negative 
electrolytes, respectively, Vt

p denotes the electrolyte volume in the 
positive tank, and Vinitial is the initial electrolyte volume in each tank.

Fig. 11 illustrates the variation in electrolyte volume after each 
discharge process over 200 cycles for both the CF and AVF strategies, 
showing the positive and negative changes. It can be seen that after 200 
charge/discharge cycles, the proposed AVF strategy resulted in only 
0.54 mL increase in positive electrolyte volume, representing an 84.48 
% reduction compared to the 3.48 mL increase observed in the CF 
strategy. In addition, the positive volume transfer ratio VTRp for the AVF 
strategy is 2.7 %, indicating a 14.7 % decrease compared to the CF 
strategy. These results clearly demonstrate the effectiveness of the 
proposed AVF strategy in reducing electrolyte volume variation.

5.3. Comparison of stack voltage and open-circuit voltage

This section assesses the impact of ξopt on battery performance by 
analyzing stack voltage and OCV, as derived from (1) and (2). Fig. 12

presents the stack voltage Ustack and OCV during the first cycle for both 
the CF and AVF strategies. The results indicate that the AVF strategy 
leads to extended charging and discharging times compared to the CF 
strategy. While OCV provides a baseline estimate of electrochemical 
potential, it does not account for overpotentials arising from ohmic 
resistance, activation, and concentration effects. As such, Ustack delivers 
a more accurate representation of actual operating conditions. The 
discharging time increased from 2060 s under the CF strategy to 2389 s 
with the AVF strategy, which corresponds to a 13.77 % increase in 
discharging capacity based on the ampere-hour integration method. 
Results demonstrate that adopting the optimized parameter ξₒₚₜ effec
tively enhances the battery's charge-discharge performance.

5.4. Comparison of battery SOH

Side reactions during charge-discharge cycling induce ion migration 
of the negative electrolyte toward the positive side, resulting in a volume 
imbalance. This imbalance impairs the performance of the negative half- 
cell and contributes to the decay of both battery capacity and SOH. 
Fig. 13 presents the SOH decay trends and associated errors for the 
traditional CF strategy and the proposed AVF strategy over 163 
consecutive cycles. The blue bars, corresponding to the right y-axis, 
indicate the difference in capacity delay between the two strategies. By 
the 200th cycle, the SOH of the AVF strategy decayed to 0.7961, 
compared to 0.7319 for the CF strategy, with a maximum error of 
0.0642. These results confirm that the proposed AVF strategy effectively 
alleviates capacity degradation. Compared to the CF strategy, ξopt 
enabled a 6.42 % reduction in SOH degradation after 163 charging/ 
discharging cycles, which contributes to a significant improvement in 
overall battery performance.

5.5. Comparison of different asymmetrical flow-rate strategies

Two state-of-the-art asymmetric flow rate strategies [31,32], deno
ted as ACF1 and ACF2, are compared with the proposed AVF strategy. In 
the ACF1 strategy, FF is neglected, and electrolyte viscosity is assumed 
to remain constant at different SOCs, fixed at the value corresponding to 
50 % SOC. Consequently, the asymmetric coefficient is set to ξ5. Simi
larly, the ACF2 strategy also does not account for FF and adopts fixed 
positive and negative flow rates at a ratio of 36:28, yielding an asym
metrical coefficient of ξ = 1.28. Mathematical descriptions of the ACF1 
and ACF2 strategies are provided in Table 6.

Fig. 14 illustrates the capacity degradation trends for the AVF, ACF1, 
and ACF2 strategies. It can be observed that the proposed AVF strategy 
outperforms the two existing asymmetrical strategies with constant 
flow. Specifically, it demonstrates a 3.82 % less capacity degradation 
than the ACF1 strategy and a 5.02 % less than the ACF2. The blue bar at 
the bottom of the figure indicates the capacity differences between the 
AVF and the ACF1 strategies, with a maximum deviation of 0.038 
observed at the 200th cycle.

In contrast, the proposed AVF strategy is designed based on the un
derlying electrolyte migration mechanism, explicitly accounting for 
both the FF and viscosity variations at different SOCs. By adaptively 
regulating the flow rate, the AVF strategy effectively slows down the rate 
of capacity degradation and ultimately achieves superior capacity 
retention compared to the two ACF strategies. These results provide 
direct evidence of the improved performance and effectiveness of the 
proposed AVF strategy.

6. Conclusion

Traditional flow rate control strategies for vanadium redox flow 
batteries (VRBs) typically maintain the electrolyte flow rates on the 
positive and negative sides in a symmetric manner, overlooking the 
long-term effects of these imbalances on the electrolyte. To enhance 
operational efficiency and extend battery lifespan, we introduce an 

Table 6 
Flow rate settings for ACF1 and ACF2 strategies.

Strategy Flow rate settings

ACF1 with ξ5 

(Song et al. [31])

⎧
⎪⎪⎪⎨

⎪⎪⎪⎩

Qn = Qthe =
I

zFcV

Qp = ξ5⋅Qthe = ξ5 ⋅
I

zFcV

ACF2 with ξ = 1.28 
(Fetyan et al. [32])

⎧
⎪⎪⎪⎨

⎪⎪⎪⎩

Qn = Qthe =
I

zFcV

Qp = ξ⋅Qthe = 1.28 ×
I

zFcV

Fig. 14. Comparison of VRB capacity under the proposed AVF strategy, the 
ACF1 strategy by Song et al. [31], and the ACF1 strategy by Fetyan et al. [32].
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asymmetric flow control strategy that optimally adjusts the electrolyte 
flow rates based on transport dynamics. Based on Darcy's law, this 
approach determines the optimal flow rate ratio in order to mitigate 
electrolyte migration and minimize capacity degradation. Compared 
with the traditional strategy, the simulation results show that the SE has 
increased by 3.49 %. Experimental validation demonstrates that the 
proposed strategy can reduce electrolyte volume variation by 84.48 % 
and decrease the volume transfer ratio of the positive electrolyte by 14.7 
% compared to traditional methods. Furthermore, after 163 cycles, the 
strategy achieves a 6.42 % reduction in state-of-health decay compared 
to the traditional strategy and at least a 3.82 % enhancement in capacity 
retention compared to existing asymmetric flow rate strategies. Results 
demonstrate its potential to significantly improve VRB performance, 
both in terms of efficiency and capacity retention.

It should be pointed out that the experimental measurement of the 
pressure drop and various flow rate strategies will be prioritized in 
future work to further validate and refine the proposed model. Mean
time, incorporating membrane hydration dynamics and short-term 
swelling effects into the model would further improve the consistency 
between experimental observations and simulations.
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