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H I G H L I G H T S  

• A 3D electrochemical model considering unevenly electrodes deformation is proposed. 
• A non-uniform partitioning method for unevenly deformed electrodes is proposed. 
• The compression ratios under various mechanical stress are measured. 
• The interdigitated flow channels under CR of 45% demonstrate maximum performance.  
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A B S T R A C T   

The porous electrode of vanadium redox flow batteries (VRBs) is subject to deformation due to mechanical stress 
during stack assembling. The forces compress the electrode fiber into the flow channel and thus alter the elec-
trode porosity ratio. Due to the complex mechanisms, the effects of resulting electrode morphological changes on 
VRB performance were usually ignored in existing studies. This paper proposes a three-dimensional VRB model 
considering the uneven electrode deformation to investigate the cell performance under different electrode 
compression ratios with three flow-field designs. Compression ratio (CR) and the intrusive part of the electrode 
are obtained under various mechanical stress by adjusting gasket thickness in the experiment. The proposed 
electrochemical model is established based on the comprehensive description of conservation laws and analyzed 
using the COMSOL platform. Three indices, namely the concentration overpotential, pressure drop, and distri-
bution uniformity, are selected for the analysis under the three flow field designs and different CRs. The nu-
merical study reveal that the pressure drop and the concentration overpotential are sensitive to the CR but less 
affected by the concentration uniformity. The minimum overpotential can be reached when the CR is around 
40%–50%, depending on flow field designs, while a higher CR can cause a drastically increased pressure drop. It 
is also found that the interdigitated flow field with a CR of 45% is considered optimal. The insights from the 
proposed method demonstrate the significance of considering the effects of electrode deformation in the stack 
design under various flow fields.   

1. Introduction 

The vanadium redox flow battery (VRB) has been widely 

implemented for large-scale stationary energy storge due to its safe 
operation, design flexibility, long life span, and high system efficiency 
[1]. With the rapid development of VRBs, the improvement of stack 
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performance has become a crucial task for commercialization [2]. 
Extensive efforts have been made to enhance stack performance [3]. 
Methods including new material fabrications [4,5], optimal stack de-
signs [6,7], and operational control strategies [8,9] are proposed to 
improve the stack performance at different life-cycle stages of VRBs. 
Notably, since the flow pattern can significantly affect the electrolyte 
concentration distribution, overpotential, and overall pressure drop, 
research has been directed to the flow channel design at the stack 
assembling stage [10,11]. 

In previous studies, various designs of flow channels were proposed 
to enhance VRB performance. The typical channel designs are the par-
allel flow channels [12], serpentine flow channels [13], and interdigi-
tated flow channels [14]. Chen et al. [15] simulated a cell with parallel 
flow channels using the computational fluid dynamics (CFD) method 
and validated the model through cell performance experiments. Jiao 
et al. [16] investigated cells containing serpentine flow channels. Lu 
et al. [17] conducted numerical analysis on VRB cells compared with 
serpentine flow channel and interdigitated flow channel. Messaggi et al. 
[18] constructed a 3D computational fluid dynamics model of the VRB 
cells to simulate the effects of a single serpentine flow channel and an 
interdigitated flow channel. The studies indicated that the flow channel 
could affect the hydraulic pressure drop and influence the electrolyte 
uniformity of the porous electrodes for chemical reactions. 

A few studies have focused on the effects of electrode morphological 
changes due to the clamping force. During the stack assembling process, 
multiple cells are squeezed and compressed in series [19]. Due to me-
chanical stress, the porous electrodes will be deformed, and part of the 
fibers will be intruded into the flow channels. This morphological 
deformation varies the porosity of the electrodes, leading to uneven 
distribution in different regions. Specifically, the porous electrode re-
gion beneath the flow field ribs bears a great deal of mechanical stress 
and thus is deformed to be less porous. The rest part of the electrode 
would compressed into the electrolyte flow channel since there is less 
mechanical stress. This uneven porosity distribution could affect the 
electrolyte transport and cell performance. The compression ratio (CR) 
is a critical indicator of the degree of electrode compression or defor-
mation. A high CR can lead to a reduction of contact resistance and a 
high voltage efficiency, whereas it may also result in high pressure drops 
and extra parasitic losses. Thus, the electrode deformation needs to be 
considered when assessing the overall performance of VRB. Several 
studies have been conducted to evaluate the effects of electrode defor-
mation on stack performance through experiments and simulations. 
Park et al. [20] conducted experiments to investigate the influence of 
compressed carbon felt electrodes on the performance of VRB. The en-
ergy efficiency of the cell may increase with the increase of CR, and the 
maximum efficiency is reached when the CR is around 20%. However, 
the experiment is time-consuming, and the experimental materials are 
expensive. Another cost-effective approach to facilitate stack design is to 
set up an electrochemical model and analyze the overall performance. 
This method is feasible to estimate the internal mass transfer process of 
the electrolyte via numerical analysis. You et al. [21] firstly set up a 
two-dimensional steady-state model to describe VRBs, focusing on the 
effect of electrode porosity on cell performance. It was exhibited that a 
decrease in electrode porosity could lead to a faster depletion of reactant 
concentration, resulting in a more uniform overpotential distribution. 
Later, Bromberger et al. [22] developed a model of a two-dimensional 
VRB to investigate the effect of electrode compression on voltage loss 
and hydrodynamics. The authors show that a certain degree of electrode 
compression could reduce the area-specific resistance, porosity, and 
hydraulic permeability. The optimal CR depends on the material prop-
erties and porosity. Then, three-dimensional models were established to 
explain the complex fluid dynamics and mass transfer processes in 
porous electrodes. Oh et al. [23] developed a three-dimensional model 
to investigate the VRB’s performance with electrode CRs of 10% and 
20%. The effect of electrode compression was evaluated by analyzing 
the potential distribution, transfer current density, vanadium 

concentration distribution, and overall charge and discharge perfor-
mance. Brown et al. [24] extended the electrode CRs ranging from 0% to 
75% to analyze the electrode compression effects on cell performance, 
which indicated that a high CR of the electrodes could reduce ohmic 
losses and increase energy efficiency. However, the compression stress 
of the electrode is not evenly distributed. The deformation under the rib 
region is more significant than that under the flow channel. Wang et al. 
[25] proposed a non-uniform model of VRB to describe this unique 
phenomenon and investigated the performance of the cell with serpen-
tine flow channels under different local CRs. Moreover, the uneven 
deformation of the electrodes under various flow rates was not fully 
revealed yet. 

The main contributions of this paper are summarized as.  

(1) An electrochemical model considering the unevenly deformed 
electrodes is proposed to analyze the impact on mechanical stress 
in practical applications.  

(2) A novel partitioning method for unevenly deformed electrodes is 
introduced, and the compression ratios under various mechanical 
stress are measured.  

(3) An insight into the electrode deformation and the flow fields 
optimization are suggested to improve the overall performance in 
terms of overpotential, pressure drop, and uniformity of con-
centration distribution. 

This paper is organized as follows. The development of the 3D 
electrochemical model considering electrode deformation is described 
in Section 2. The experimental validation for the 3D electrochemical 
model is performed in Section 3, and then the three indices are analyzed 
to further demonstrate the cell performance under various compression 
ratios. The conclusions are summerized in Section 4. 

2. Electrochemical model development 

An electrochemical model is needed to describe the inner multi- 
physics behavior of the stacks. A typical VRB cell consists of bipolar 
plates engraved with membranes, flow channels, bipolar plates, porous 
electrodes, tanks, pumps, and current collectors. The charging and dis-
charging chemical reactions are shown as follows: 

Positive electrode: 

VO2+ +H2O − e− ⇌VO+
2 + 2H+ (1) 

Negative electrode: 

V3+ + e− ⇌V2+ (2) 

The following hypotheses are made to simplify the model setup and 
reduce the simulation time:  

1) A laminar flow is assumed for the electrolyte, and the electrolyte is 
incompressible.  

2) The properties of the cell materials are isotropic and homogeneous.  
3) There are no side reactions and electrolyte leakage.  
4) The electrolyte is a dilute solution in the simulation.  
5) Since the electrochemical time constant is smaller than the time 

required for significant variations in the ion concentration in the 
electrolyte, the process is considered isothermal and static. 

To describe the remaining capacity of the cell, state of charge (SOC) 
is defined as: 

SOC =
c2

c0
× 100% =

c5

c0
× 100% (3)  

where c2 is the molar concentration of V2+ in the negative electrode, c5 is 
the molar concentration of VO2

+ in the positive electrode, and c0 is the 
initial concentration of vanadium ions. 
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2.1. Geometric details and compression ratios 

An electrochemical model with different compression ratios needs to 
be developed to describe the electrode deformation under various me-
chanical stresses. An illustration of a VRB cell with unevenly compressed 
electrodes is shown in Fig. 1. The geometric details of deformed carbon 
felt are shown in Fig. 1 (a). Due to the mechanical stress, the electrodes 
can be unevenly compressed the physical electrode into two regions, 
including the intrusion electrode region and the rib region as shown in 
Fig. 1(b). The intrusion electrode region is subject to less mechanical 
stress beneath the flow channel. On the contrary, the rib region is subject 
to much mechanical stress. In this paper, a surface area with the width 
(W) of 30 mm and the length (L) of 30 mm are designed for the 
experiments. 

The electrode parameters are related to the degree of electrode 
deformation. To describe to what extent the electrode is compressed, the 
electrode compression ratio (CR) is defined as: 

CR=

(

1 −
he

h0

)

× 100% (4)  

where h0 is the initial electrode thickness (initial height of 6 mm), and he 
is the porous electrode thickness. 

Three flow channels are selected for numerical analysis to fully 
investigate the effect of different flow channels on battery performance. 
The three flow channel designs, including the parallel, serpentine, and 
interdigitated flow channels, are shown in Fig. 2. 

2.2. Governing equations 

The electrochemical model is established as coupled partial differ-
ential equations based on mass conservation, momentum conservation, 
charge conservation, and reaction kinetics [23,26]. 

For momentum conservation, the Brinkmann equation is applied to 
describe the porous medium flow in the electrode and the laminar flow 
in the flow channel. This mass balance is established with the incom-
pressibility assumption: 

∇ ⋅ u→= 0 (5)  

μ
K

u→= − P + μ∗
[
∇ u→+(∇ u→)

T] (6)  

where μ→ represents the velocity, μ and μ∗ represent the inherent and 
effective viscosity of the electrolyte, respectively, and P represents the 
pressure. Mass continuity and momentum continuity are automatically 
established at the flow channel and electrode contact surfaces. K is the 
permeability of the electrode and is described by the Carman-Kozeny 
equation [27]: 

K =
d2

f ε3

16kCK(1 − ε2)
(7)  

where ε represents the electrode porosity, df represents the fiber diam-
eter, and C represents the Carman-Kozeny constant with a value of 5.55. 

The concentration flux Ni
̅→, is expressed through the modified 

Nernst-Planck equation [28], where the molar fluxes of species are 
considered a combination of diffusion, electromigration, and 
convection. 

Ni
→

= − Deff
i ∇ci −

FziDeff
i

RT
∇φ + u→ci (8)  

where φ denotes the overpotential, Ni
̅→ denotes the concentration fluxes, 

ci represents the concentration of the species i, i ∈ {V2+,V3+,VO2+,VO+
2 ,

H+,SO− 2
4 }, zi is the valence for species i, and Deff

i is the effective diffusion 
coefficient. 

According to the principle of electrical neutrality, the concentration 
of one of the species is determined according to the other species: 
∑

i
zici = 0 (9) 

The effective diffusion coefficient under the correction of Bruggeman 
is [29]: 

Deff
i = ε3/2Di (10) 

For the reactions on porous electrode surfaces, the Butler-Volmer law 
can be applied to describe the reversible redox properties. The transfer 
current densities on the negative and the positive sides are: 

Fig. 1. An illustration of a VRB cell with unevenly compressed electrodes. (a) structure of a VRB cell, (b) electrodes present different regions due to uneven 
compression. 
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∇ ⋅ i→=AFk1(c3)
α− ,n

(c2)
α+,n

[

exp
(

α+,nFη1

RT

)

− exp
(

α− ,nFη1

RT

)]

(11)  

∇ ⋅ i→=AFk2(c4)
α− ,p

(c5)
α+,p

[

exp
(

α+,pFη2

RT

)

− exp
(

α− ,pFη2

RT

)]

(12)  

where A is the specific surface area of the electrode, F is the Faraday 
constant with a value of 96485.33 C/mol, R is the gas constant with a 
value of 8.314 J/(mol⋅K), and T denotes the temperature. k1 and k2 are 
the standard rate constant of the negative and the positive electrode 
reaction, respectively. α+,n/p and α− ,n/p are the transfer coefficients of the 
anode and cathode, respectively. α+,p and α+,n are approximated to 0.5. 
η1 and η2 are the overpotentials of the negative and positive electrodes, 
respectively, which are defined as: 

η1 =φs − φ1 − U1 (13)  

η2 =φs − φ1 − U2 (14)  

where the open-circuit voltage U1 and U2 can be calculated by the 
Nernst equation: 

U1 =U10 +
RT
F

ln
(

c5

c4

)

(15)  

U2 =U20 +
RT
F

ln
(

c3

c2

)

(16)  

where U10 and U20 are the standard equilibrium potentials, respectively. 
Based on the charge conservation law, the net charge variation in a 

specific volume equals the charge flowing into the volume minus the 
charge flowing out of the volume. Since the vanadium electrolyte is 
electrically neutral, the charge conservation equation can be written as: 
∇ is
→

= − ∇ il
→

(17) 

∇ is
→

= − σeff
s ∇2φs (18)  

− ∇ il
→

= κeff
l ∇2φl (19)  

where is
→, il

→, φs and φl represent the electron and ionic current densities, 
and the electron and ion potentials, respectively. σeff

s and κeff
l represent 

the effective electronic and ionic conductivities, respectively, given by 

σeff
s =(1 − ε)3/2σs (20)  

κeff
l =

F2

RT

∑

i
z2

i Deff
i ci (21)  

2.3. Boundary conditions 

The boundary conditions such as the inlet flow rate and the outlet 
pressure drop are set to initialize the numerical analysis. The inlet flow 
rate of the cell is set to be Qin, and the outlet pressure drop, Pout , is set to 
zero. For other boundaries, the second type of boundary conditions are 
applied, and the corresponding equations are shown as follows: 

v= vininlet) (22)  

P=Poutoutlet) (23)  

∇P ⋅ n→= 0 other boundaries) (24)  

vin =
Qin

Ain
(25)  

where Ain denotes the cross-sectional area of the inlet flow channel and 
vin is the inlet velocity. 

The initial concentrations of vanadium ions are, 

cin
2 = c0

n⋅SOC
cin

3 = c0
n⋅(1 − SOC)

cin
4 = c0

p⋅(1 − SOC)

cin
5 = c0

p⋅SOC

(26)  

where c0
p and c0

n are the total positive and negative vanadium ion con-
centrations, respectively. cin

2 , cin
3 , cin

4 , and cin
5 are the initial vanadium ion 

concentrations of 2, 3, 4, and 5. The fluxes of the other boundaries are 
set to zero. 

− Deff
i ∇ci ⋅ n→= 0 (outlet) (27)  

(
− Deff

i ∇ci + ci u→
)

⋅ n→= 0 (the other boundaries) (28)  

2.4. Numerical details 

The electrochemical properties of the unevenly deformed model are 
listed in Table 1 below. The proposed model was implemented in the 
commercial software package COMSOL Multiphysics®, and solved by 
the finite element method. An average of 174,000 elements were applied 
to the simulation for all models. 

Fig. 2. Three designed flow fields: (a) parallel flow channel, (b) Serpentine flow channel, (c) Interdigitated flow channel.  
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3. Experimental and simulation results 

3.1. The electrode deformation testing under various CRs 

To obtain the geometric details of the deformed electrodes, the 
electrode deformation testing by using various thickness of gaskets is 
carried out. The details of how to detect the morphological deformation 
of the electrodes are explained below. The electrode height directly af-
fects the variation of porosity in the electrode. Here, porosity can be 
divided into electrode porosity and intrusion electrode porosity. The 
electrode deformation degree is adjusted by the thickness of the gaskets. 
Different thicknesses of FFPM gaskets (Manufacturer: Jing Tong Fuk 
Industrial Material Co. Ltd., China) are used to control the compression 
of the porous electrodes. A VRB compression testing sample is clamped 
by two aluminum plates with bolts, as shown in Fig. 3(a). The porous 
electrode firstly is placed within the aluminum plates and then the bolts 
are used to clamp them tightly. The surface area of two aluminum plates 
is 30 mm in width and 30 mm in length. The local porosity and intrusion 
thickness are analyzed by the scanning images obtained by cold field 
emission scanning electron microscope JEOL FJSM-7500F. The original 
thickness of carbon felt is 6 mm. In this paper, five sets of CRs, namely 
CR = 1%,15%, 30%, 45%, and 60% are selected for investigation. And 
thus, five different thicknesses of gaskets (2.4 mm, 3.3 mm, 4.2 mm, 5.1 
mm, and 6 mm) are used to clamp the electrode corresponding with 
electrode CRs of 60%, 45%, 30%, 15%, and 1%. The average fiber 
diameter is 11.94 μm. 

The illustration of deformed electrode associated with electrode 
deformation, including the electrode thickness (he), intrusion electrode 
height (hi), and flow channel height (hf), is shown in Fig. 3(b). The 
porosity and the geometric parameters of the electrode are obtained and 

compared with experimental data in Ref. [25], and the corresponding 
parameters of the new CR are obtained by the curve fitting method. The 
relationship between CR and the porosity and geometric parameters are 
shown in Fig. 3 (c) and (d). The geometric parameters of electrode 
deformation of the VRB under different CRs are presented in Table 2. 

An increase of mechanical stress will lead to a thinner layer with 
lower porosity. The deformation of the porous electrodes will affect the 
porosity, ε, and further affect the properties of the permeability, K, 
diffusivity, D and conductivity σ. Since the electrode is unevenly com-
pressed by the rib patterns of the flow fields, the porosity under the rib 
region and the intrusion channel region are different. The parameters 
related to porosity: permeability, conductivity, and diffusivity are 
shown in Fig. 3(e–g). From Fig. 3(e), we can observe that the diffusion 
coefficient decreases as the porosity decreases. Similarly, from Fig. 3(f), 
as the porosity decreases, the permeability of the electrodes decreases 
and thus increases the pressure drop of the pumps. But the trend of 
electronic conductivity is reverse of porosity in Fig. 3(g), which in-
dicates that the compressed carbon felt, to a certain extent, can reduce 
the electrode contact resistance. 

3.2. The validation of the proposed unevenly deformed electrochemical 
model 

To benchmark the proposed non-uniform electrochemical model 
with the real behavior of a single cell, the charge/discharge character-
istic of a single cell is compared with the experimentally measured data 
by using the serpentine flow channel at CR = 15%. The experimental 
platform is shown in Fig. 4(a), including cell, pump, tank, high perfor-
mance cell detection system and other components. To improve the 
accuracy of testing, three charge/discharge cycles are set to fully acti-
vate the cell activity to prevent performance loss of the cell due to some 
areas being activated. The charge/discharge experiment with a small 
constant current was carried out to reduce the impact of overpotential. 
The side reactions and polarization effects are ignored for simplification. 
The detailed specification of a single-cell vanadium redox flow battery is 
shown in Table 3. 

The current density of 40 mA cm− 2, and the ambient temperature of 
298.15 ± 1 K are applied for the experiment. The battery operations 
between 0.8 V and 1.7 V. Both in the simulation and experiment, the 
battery SOC is limited between 0.1 and 0.9. A comparison of the 
experimental and simulation curve are illustrated, and the maximum 
error of 112 mV and an average error of 2% is observed in Fig. 4(b). The 
results show that the numerical simulation results fit well with the 
experimental data in terms of charging/discharging voltage curves, 
which demonstrate the effectiveness of the proposed electrochemical 
model. 

3.3. Analysis of the battery overpotentials 

The cell overpotential is one of the key indicators to reflect the 
battery efficiency. To investigate how the CRs and the flow pattern affect 
the distribution of overpotential, a cross-section plane in the middle of 
the stack is selected, and the overpotential distribution is shown in 
Fig. 5, and the details of overpotential distribution under the parallel 
channel, serpentine channel, and interdigital channel are illustrated in 
Fig. 5 (a), (b) and (c), respectively. From Fig. 5(a), the overpotential 
under the parallel channel increases as the increase of electrolyte flow 
rates, reaching the maximum at the outlet. This phenomenon is due to 
the uneven distribution of electrolyte concentration. Since the concen-
tration is depleted in the outlet, the concentration overpotential in-
creases drastically. In contrast to the parallel channel, the overpotential 
fluctuations of the serpentine channel are much smooth and uniform at 
both inlet and outlet areas, as shown in Fig. 5(b). In Fig. 5(c), the 
overpotential of the interdigital channel has a similar trend to that of the 
serpentine channel. Due to the rapid depletion of vanadium concentra-
tion in the serpentine channel at the outlet area, the overpotential 

Table 1 
Electrochemical properties in the model.  

Symbols Parameter Value Origin 

T Temperature 297 (K)  
Q Flow rate 30 (ml⋅min− 1)  
i Applied current density 40 (mA cm− 2)  
ρ Density of the electrolyte 1680 (kg m− 3) [21] 
ε Electrode porosity 0.9 [25] 
A Cell specific surface area 1.7 × 104 (m− 1) [30] 
μ Electrolyte dynamic viscosity 4.3 × 10− 3 (Pa s) [28] 
U10 Equilibrium potential:   
(VO2+/ 

VO2
+) 

1.004 (V) [31]  

U20 Equilibrium potential:   
(V2+/V3+) − 0.255 (V) [31]  
df Electrode fiber diameter 11.94(μm)  
c0 Half cell initial vanadium ion 

concentration 
1500 (mol m− 3)  

c0
2 Initial V2+ ion concentration 1200 (mol m− 3)  

c0
3 Initial V3+ ion concentration 300 (mol m− 3)  

c0
4 Initial VO2+ ion concentration 1200 (mol m− 3)  

c0
5 Initial VO2

+ ion concentration 300 (mol m− 3)  
c0

H Initial H+ ion concentration 6000 (mol m− 3) [32] 
D2, D3 V2+, V3+ diffusion coefficient 2.4 × 10− 10 (m2 

s− 1) 
[33] 

D4D5 VO2+,VO2
+diffusion coefficient 3.9 × 10− 10 (m2 

s− 1) 
[33] 

DH H+ diffusion coefficient 9.3 × 10− 9 (m2 

s− 1) 
[34] 

DSO4 SO4
2+ diffusion coefficient 1.1 × 10− 9 (m2 

s− 1) 
[34] 

k2 Standard reaction rate constant: 
positive 

1.7 × 10− 7 (m 
s− 1) 

[35] 

k1 Standard reaction rate constant: 
negative 

6.8 × 10− 7 (m 
s− 1) 

[36] 

σ Electronic conductivity 1 × 103 (S m− 1) [37] 
α+,pα− ,p Anodic and Cathodic transfer 

coefficient: positive 
0.5 [34] 

α+,n, α− ,n Anodic and Cathodic transfer 
coefficient: negative 

0.5 [34]  
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fluctuation at the outlet becomes larger. The average overpotentials of 
different CRs under three channels are illustrated in Fig. 5 (d). Although 
the overpotential fluctuation range of the serpentine channel is larger 
than the interdigitated channel at the outlet area, the serpentine channel 
has the minimum overpotential, whereas the parallel channel demon-
strates the largest average overpotentials. 

With the increase of CRs, the overpotentials of the three channels 
decrease initially and then begin to increase. The underlying fact is that 
the conductivity of electrodes and the permeability of the electrolyte 

vary and dominate each other under various CRs. From Fig. 5(d), the 
parallel channels reach the minimal overpotential under CR of 30%, 
whereas the serpentine and interdigitated channels reach the minimum 
value under CR of 45%, depending on whichever is dominant. As the CRs 
increase from 1% to 15%, a remarkable decrease in overpotential is 
observed. This is due to the decrease of porosities in the channel and rib 
electrodes, leading to an increase in the conductivity of the porous 
electrodes, according to (21). However, the decrease of porosities also 
indicates that the permeability of electrolytes is low, and the electrolytes 
are difficult to be penetrated into the flow channel. This will accelerate 
the concentration depletion in specific areas, especially around the 
corners of the cell, and thus an increase in overpotential. 

3.4. Analysis of the pressure drop 

The pressure drop is another indicator to reflect the batter perfor-
mance, which describes the parasitic losses of the system under various 
flow rates. Since the pressure drop is significantly dependent on the 
electrolyte flow rate, the velocity distribution under various electrodes 
CR and flow channels are investigated. The electrolyte velocity distri-
butions on a cross-section plane of the center of the stack are illustrated 
in Fig. 6. The velocity distributions at the inlet flow rate of 30 ml/min of 
the parallel, serpentine, and interdigital channels are shown in Fig. 6 (a), 
(b), and (c), respectively. The parallel channel demonstrates the lowest 
velocity, whereas the serpentine channel is the highest. In the parallel 
channel, multiple parallel branches are etched inside the stack, as shown 
in Fig. 2(a). The electrolytes are dispersed simultaneously, resulting in a 
rapid decline in the flow rates. However, the serpentine channel has only 
one main flow branch compared to the other channels, and the 

Fig. 3. The geometric details. (a) an illustration of the deformation testing by using various thickness of gaskets, (b) illustration of deformed electrode, (b) electrode 
porosity under different CRs, (d) geometric parameters of electrode deformation under different CRs, (e) the effective diffusion coefficient under various porosity, (f) 
the permeability coefficient under various porosities, (g) the conductivity coefficient under various porosities. 

Table 2 
Geometric parameters of electrode deformation of the VRB under different CRs.  

Symbols Parameter Value 

CR =
1% 

CR =
15% 

CR =
30% 

CR =
45% 

CR =
60% 

L Length of porous 
electrode 

30 
mm     

Lm Membrane 
thickness 

1 mm     

W Width of porous 
electrode 

30 
mm     

Wch Channel width 1.5 
mm     

hf Height of flow 
channel 

1.74 
mm 

1.48 
mm 

1.30 
mm 

1.15 
mm 

0.92 
mm 

hi Intrusion region 
thickness 

0.26 
mm 

0.52 
mm 

0.70 
mm 

0.85 
mm 

1.08 
mm 

he Thickness of 
compressed 
electrode 

5.94 
mm 

5.10 
mm 

4.20 
mm 

3.30 
mm 

2.40 
mm  
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electrolyte cannot be dispersed to multiple branches, leading to the 
highest velocity. The trend observed from Fig. 6(a)–(b) is that as the CR 
increases, the electrolyte velocity of both the parallel and serpentine 
flow channels increases initially, reaching its maximum at CR of 30%, 
and then decreases. Compared with the other two channels, the inter-
digitated flow channel is not sensitive to the CR increase, according to 
Fig. 6(c). The electrolyte reaches a maximal velocity at CR of 60%. As 
the intrusion part of the electrodes compressed into the channel, the 
channel becomes larger, and a reduced cross-sectional area will accel-
erate the velocity of the electrolyte. As CR increases, a large compression 
rate of the electrodes may further lead to low porosity and thus hinder 
the electrolyte from penetrating the electrodes. An enlarged velocity 
distribution under CR of 60% is illustrated in Fig. 6(d). Among the three 
flow channel designs, the velocity of electrolyte in the parallel flow 
channel is obviously lower than in the other two. 

Fig. 4. Experimental validation: (a) Experiment platform, (b) Charge/discharge curves with serpentine flow field at CR = 15%.  

Table 3 
Specification of single cell VRB with serpentine flow field design at CR = 15%.  

Configuration Value 

Flow channel Serpentine flow channel 
Active area 3 × 3 cm2 

Compression ratio 15% 
Vanadium ion concentration 1500 mol m− 3 

Flow rate 30 ml min− 1 

Applied current density 40 mA cm− 2 

Temperature 298.15 K 
State of charge 0.1–0.9 
Cell voltage limit 0.8–1.7 V 
Electrolyte volume 25 ml  

Fig. 5. Overpotential distribution under different electrode CRs and flow fields: (a) the overpotential of parallel flow channel, (b) the overpotential of serpentine flow 
channel, (c) the overpotential of interdigitated flow channel, (d) the average overpotential under three flow channels and CRs. 
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The pressure drop is highly related to the velocity of the electrolyte 
and reflects the parasitic loss of system. A high pressure drop will lead to 
low battery efficiency. The pressure drop of three flow channels under 
various flow rates is shown in Fig. 7(a)-(c), respectively. Among these 
flow channels, the parallel flow channel demonstrates the lowest pres-
sure drop, while the serpentine flow channel demonstrate the highest 
pressure drop. The pressure drop is highly sensitive to the both of flow 

rates and CRs. The pressure drop under various CRs is further plotted in 
Fig. 7(d). From this figure, the slope of the pressure drop shifts signifi-
cant after CR reaches to 45%. When the CR value is beyond 60%, the 
pressure drop increases rapidly. Therefore, the candidate value of CR 
can be selected below 45%. The parallel flow channel exhibits a low 
pressure drop since the electrolyte flows into the multiple branches and 
thus results in a low velocity. But the serpentine channel has a single 

Fig. 6. Velocity distribution under different electrode CR and different flow fields: (a) the velocity of parallel flow channel, (b) the velocity of serpentine flow 
channel, (c) the velocity of interdigitated flow channel, (d) comparison of the three flow channels under CR = 60%. 

Fig. 7. The pressure drop of three flow channels under various flow rates and electrodes CRs: (a) the pressure drop of parallel flow channel, (b) the pressure drop of 
serpentine flow channel, (c) the pressure drop of interdigitated flow channel, (d) the pressure drop under various CRs. 
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long branch throughout the stack, which significantly increases the 
pressure drop. 

3.5. Analysis of the concentration distribution 

The concentration distribution is another key indicator for analyzing 
the cell performance, which describes the heterogeneity of the electro-
lyte concentration. The unevenly distributed concentration may lead to 
severe problems such as local hot spots and high concentration over-
potential. To describe the electrolyte concentration distribution, a 
quantitative metric named the uniformity coefficient, C, is defined as, 

C= 1 −
1

Cia

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
1

V + Vi

∫∫∫

V+Vi

(Ci − Cia)
2d(V + Vi)

√

(29)  

where V is the volume of the porous electrode, Vi is the volume of the 
intrusion electrode. Ci is the local concentration of active species in the 
porous electrodes, and Cia is the average concentration of active species 
in the electrodes. 

To illustrate the electrolyte concentration distribution, the cross- 
section view of the concentration distribution of V2+ and VO2

+ is 
shown in Fig. 8. From Fig. 8(a1-a3), the parallel flow channel exhibits a 
highly uneven concentration distribution. And a concentration deple-
tion near the outlet of the parallel flow channel is observed compared 
with the other two flow channels. The depletion of local concentration 
can lead to a high overpotential, causing overheating and damaging the 
cell. From Fig. 8(b1-b3), a more uniform concentration distribution is 
exhibited in the serpentine flow channel since a higher velocity of 
electrolyte would replenish active species in time. The detailed con-
centration distribution of the interdigitated flow channel is illustrated in 

Fig. 8(c1-c3). Different from the other two channels, where the con-
centration difference has a distinguished distribution from left to right, 
the concentration difference for the interdigitated flow channel has a 
distinguished distribution from upper to lower, reducing the risk of 
overheating due to the local spot concentration depletion. 

The concentration uniformity of the V2+ ion concentration at 
different CRs and flow channels is shown in Fig. 9(a). The parallel flow 
channel in red curve demonstrates a low uniformity concentration and is 
very sensitive to the variations of CRs compared with the other two 
channels. The concentration uniformity coefficient of the parallel flow 
channel increases initially, reaching a maximum of 0.891 under a CR of 
15%, and then decreases rapidly under a higher CR. Since the internal 
velocity of such a channel is relatively slow, the concentration becomes 
unevenly distributed under such low velocity. In contrast to the parallel 
flow channel, the serpentine and interdigitated flow channel demon-
strate a high concentration uniformity with an average value of 0.983, 
and they are not sensitive to the variation of CRs. 

The spider chart of the performance analysis under three different 
flow channels and CRs are shown in Fig. 9(b–c). From Fig. 9 (b), the 
parallel flow channel demonstrates excellent performance in terms of 
the pressure drop but a high overpotential and a low concentration 
uniformity distribution. And the concentration uniformity of the parallel 
flow channel is sensitive to the electrode deformation and reaches its 
maximum under CR of 15%. From Fig. 9(c), the serpentine flow channel 
outperformed in terms of the overpotential and concentration unifor-
mity distribution but consumed a high pressure drop. The minimum 
overpotential can be reached when the CR is around 40%–50%. From 
Fig. 9(d), the interdigitated flow channel maintains a low overpotential 
and a high concentration uniformity distribution under CRs from 30% to 
45%. To consider the overall performance, the interdigitated flow 

Fig. 8. The concentration distribution of V2+ and VO2
+ for various electrode compression and flow channels.  
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channel with CR = 45% is recommended to balance the concentration 
uniformity, the overpotential, and the pressure drop. 

4. Conclusion 

In this paper, an unevenly deformed electrochemical model is 
established to investigate the overall VRB performance under different 
compression ratios and different flow channels. Three indices, namely 
the concentration overpotential, pressure drop, and distribution uni-
formity, are selected for the analysis under the three flow field designs. 
The numerical study reveals that the pressure drop and the concentra-
tion overpotential are sensitive to the CR but less affected by the con-
centration uniformity. The interdigitated flow field with a CR of 45% is 
recommended considering the effects of electrode deformation in the 
stack design under various flow fields. 
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