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Abstract 14 

To investigate the combined effects of electrode structural parameters and surface properties 15 

on the vanadium redox flow battery (VRFB) performance, a comprehensive model of VRFB 16 

is developed in this study. One feature of this study is that a practical range of working 17 

temperature is fully considered in the numerical simulations. Excellent VRFB performance 18 

was achieved by modified fibrous electrodes with 0.5 mm thickness and 0.9 porosity. The 19 

electrode with modified fibre of large diameter 20 μm shows improved battery performance 20 

with a low pressure drop. Without fibre modification, although VRFB with θ=7° aligned fibre 21 

electrode reaches the highest limiting current density, it has an evidently high pressure drop. 22 

At 323.15 K, the VRFB with θ=45° aligned fibre electrode showed 21% higher limiting current 23 

density and 36% lower pressure drop than VRFB with xy-plane isotropic electrode. 24 

Noteworthy, after the fibre surface modification, the sufficient specific surface area can be 25 

ensured, which leads to the insignificant effects of aligned electrode design. This model 26 

provides an insightful understanding of combined effects of electrode structure and surface 27 

property on the VRFBs performance at various temperatures. 28 
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1. Introduction 32 

In recent years, although solar and wind energy were used worldwide, they also created a new 33 

problem, namely, how to store the large amount of green energy collected in a safe and stable 34 

way [1-4]. Among many energy storage technologies, VRFB well meets the requirements with 35 

its long-life cycles, safe and stable operation, and flexibility [5]. The working principle of 36 

VRFB is shown in Fig.1. However, currently the performance of VRFB is strongly constrained 37 

by various voltage losses. Furthermore, as shown in Fig.1, in the VRFB system, pumps must 38 

be applied for pumping the electrolyte liquid. Therefore, the energy consumed by the pump 39 

considerably limits the overall energy efficiency of the VRFB system [6].  40 

 41 

Fig.1 All vanadium flow battery working principle during charging process (a) and discharging 42 

process (b). 43 

To enhance the VRFB performance and reduce the pump consumption, the structural 44 

parameters and surface properties of electrode should be optimized. On the one hand, by 45 

adjusting the structural parameters of electrode, the mass transfer in the porous media can be 46 

enhanced, subsequently reducing the concentration overpotential and pump loss. On the other 47 

hand, surface properties of electrode should be well-controlled, since they determine the 48 

amount of electrochemical active sites, which are crucial to the performance of the battery. 49 

Some experimental studies developed a variety of methods to control the electrode structural 50 

parameters and surface properties [7]. Kim et al. [8] prepared a new type of electrode with 51 

activity gradient carbon felt through a thermal oxidation procedure. Such a method efficiently 52 
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changes the surface properties of electrode, leading to a well-distributed electrochemical active 53 

region. It improves the VRFB discharge capacity and coulombic efficiency compared with 54 

pristine electrode. Hu et al. [9] reported a VRFB electrode with gradient bi-functional oxygen-55 

containing groups, consisting of graphene oxide, reduced graphene oxide and graphene foam. 56 

Through different combinations of different composition materials to control the electrode 57 

properties, the electrode performance is remarkably enhanced, showing a high electrical 58 

conductivity and a high electrochemical catalytic activity. Their VFRB with this new electrode 59 

shows a high discharge capacity and high energy efficiency. Through a simple one-step etching 60 

method, Wang et al. [10] proposed a gradient-pore-oriented graphite felt electrode containing 61 

pores from nano- to micro-scale. Their electrode enhances the mass transfer within and forms 62 

enough active sites for electrochemical reactions. The VRFB assembled with the treated 63 

electrode exhibits 20% higher energy efficiency than the VRFB with untreated electrode at 200 64 

mA cm-2. In addition to using different method to fabricate gradient electrodes, using 65 

electrospinning to adjust electrode fibres properties is also an efficient approach to modify the 66 

electrode structure. Zhang et al. [11] fabricated aligned carbon nanofiber webs as electrode by 67 

electrospinning. The  VRFB with the aligned electrode achieves an extremely high voltage 68 

efficiency of 87% at 60 mA cm-2. The effects of the orientation of aligned fibres in electrode 69 

were studied by Sun et al. [12]. They applied aligned electrode in three different orientations 70 

for the VRFB with serpentine flow field. It is found that when the direction of aligned fibres is 71 

perpendicular to the direction of flow channels in serpentine flow field, the VRFB shows the 72 

highest limiting current density and largest discharge capacity. The model developed by Wan 73 

et al. [13] also demonstrated the promising future of aligned arrangement fibres in the VRFB’s 74 

electrodes. The conversion of spent coffee beans into reduced graphene oxide [14] and tea 75 

waste into highly microporous electrode [15] were developed and tested respectively by Abbas 76 

et al. Both renewable biomass wastes have great potential to be applied as electrodes in VRFB 77 

due to their improved charge transfer, high electrocatalytic activity and excessive active sites. 78 

Although some experimental studies have been done on modifying electrode structure and 79 

surface properties, they can only obtain the overall impacts of modified electrode on the 80 

VRFB’s performance. The effects of individual electrode structural parameters or surface 81 

properties on VRFB performance are difficult to quantify through experimental studies. 82 

Although some numerical studies investigated the effects of individual electrode structural 83 

parameters such as electrode porosity, they could not offer a detailed and comprehensive 84 

understanding of the complex interaction between the electrode structural parameters and 85 

surface properties. Furthermore, the combined effects of electrode structural parameters and 86 
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surface properties on the various overpotentials and pump loss have not been fully studied yet. 87 

To fill these gaps, a 3D model is developed to gain a fundamental understanding on the effects 88 

of electrode structural parameters and surface properties. The complicated interrelationships 89 

between electrode structural parameters and surface properties are fully described numerically. 90 

More importantly, a noteworthy contribution of this work is the consideration of a more 91 

practical temperature range for VRFB operation, which has not been considered in the previous 92 

studies. Therefore, the predictions obtained in this work can be more accurate and general. The 93 

model developed in this work sheds lights on the interactions between the electrode structural 94 

parameters and surface properties and can be applied as a powerful tool for further electrode 95 

optimization and fabrication. 96 

2. Mathematical model 97 

A 3D model is built for a VRFB with interdigitated flow field shown in Fig.2. Flow field is 98 

applied in VRFB to decrease the ohmic loss, save the pump power and improve the uniformity 99 

of the reactants distribution in the electrolyte. The whole battery has a 20 mm × 20 mm active 100 

area with 5 branch inflow/outflow channels on each side, as shown in Fig.2 (a). The channel 101 

width is 1 mm. In the interdigitated flow field cases, since the mass transfer process between 102 

adjacent channel is similar, the unit computational domain can be applied, as shown in Fig.2 103 

(b). The unit battery has a 16 mm × 2 mm active area and a half inflow/outflow channels which 104 

are symmetrical along the centre line on each side. The reactions occurring in electrodes of 105 

VRFB can be expressed as: 106 

At positive electrode: 𝑉𝑂2+ + 𝐻2𝑂 − 𝑒−
𝐶 ℎ 𝑎 𝑟 𝑔 𝑒
→        

𝐷𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑒
←         

 𝑉𝑂2
+ + 2𝐻+ 107 

At negative electrode: 𝑉3+ + 𝑒−
𝐶 ℎ 𝑎 𝑟 𝑔 𝑒
→        

𝐷𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑒
←         

 𝑉2+                 108 

The initial concentration settings in simulation refers to the process of configuring the 109 

electrolyte in the experiment [16]. First, 0.75 mol V2O5 solid powder is added to 1 L of 3.875 110 

mol H2SO4 with following reaction 111 

2𝐻+ + 𝑉2𝑂5 ↔ 2𝑉𝑂2
+ + 𝐻2𝑂 112 

The concentration of 𝐻2𝑆𝑂4 solution is 3.875 mol L-1 (M) at the beginning. After dissolution 113 

and reaction, with the assumption that the sulfuric acid is fully dissociated, the solution consists 114 

of 1.5 M 𝑉𝑂2
+ , 6.25 M 𝐻+  and 3.875 M 𝑆𝑂4

2− . Then, in the pre-step, the following 115 

electrochemical reactions take place: 116 

Oxidation reaction: 𝐻2𝑂 ↔ 0.5𝑂2 + 2𝐻+ + 2𝑒− 117 
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Reduction reaction: 2𝑉𝑂2
+ + 3𝑒− + 6𝐻+ ↔ 𝑉𝑂2+ + 𝑉3+ + 3𝐻2𝑂 118 

After the pre-step, the solution in the reduction side can be used as the initial electrolyte [17]. 119 

The initial electrolyte comprises 0.75 M 𝑉𝑂2+, 0.75 M 𝑉3+, 4 M 𝐻+ and 3.875 M 𝑆𝑂4
2−, which 120 

means the initial total vanadium ion concentration, 𝑐𝑉𝑡𝑜𝑡𝑎𝑙
0 , is 1.5 M. After pre-charge reaction, 121 

1) the electrolyte state of charge (SOC) is 0; 2) the positive electrolyte consists of 1.5 M 𝑉𝑂2+, 122 

4.75 M 𝐻+ and 3.875 M 𝑆𝑂4
2−; 3) the negative electrolyte consists of 1.5 M 𝑉3+, 3.25 M 𝐻+ 123 

and 3.875 M 𝑆𝑂4
2−. After charge reaction, 1) SOC is 1; 2) the positive electrolyte consists of 124 

1.5 M 𝑉𝑂2
+, 6.25 M 𝐻+ and 3.875 M 𝑆𝑂4

2−; 3) the negative electrolyte consists of 1.5 M 𝑉2+, 125 

4.75 M 𝐻+  and 3.875 M 𝑆𝑂4
2− . The inlet species concentration, 𝑐𝑖

𝑖𝑛 , is determined by the 126 

𝑆𝑂𝐶𝑖𝑛 except 𝑆𝑂4
2− as constant:  127 

𝑐𝑉𝑂2+
𝑖𝑛 = 𝑐𝑉2+

𝑖𝑛 = 𝑆𝑂𝐶𝑖𝑛 ∙ 𝑐𝑉𝑡𝑜𝑡𝑎𝑙
0                  128 

𝑐𝑉𝑂2+
𝑖𝑛 = 𝑐𝑉3+

𝑖𝑛 = (1 − 𝑆𝑂𝐶𝑖𝑛) ∙ 𝑐𝑉𝑡𝑜𝑡𝑎𝑙
0   129 

𝑐𝐻+
𝑝𝑜𝑠

𝑖𝑛 = 4𝑀 + (𝑆𝑂𝐶𝑖𝑛 + 0.5) ∙ 𝑐𝑉𝑡𝑜𝑡𝑎𝑙
0   130 

𝑐𝐻+
𝑛𝑒𝑔

𝑖𝑛 = 4𝑀 + (𝑆𝑂𝐶𝑖𝑛 − 0.5) ∙ 𝑐𝑉𝑡𝑜𝑡𝑎𝑙
0      131 

𝑐𝑆𝑂42−𝑝𝑜𝑠
𝑖𝑛 = 𝑐𝑆𝑂42−𝑛𝑒𝑔

𝑖𝑛 = (1 𝑀 + 2.5 × 𝑐𝑉𝑡𝑜𝑡𝑎𝑙
0 ) 2⁄             132 

2.1 Model assumptions 133 

The assumptions and simplifications used in the present work are listed as follows: 134 

1. The VRFB is in steady state operation, considering that the two reservoirs are sufficiently 135 

large.  136 

2. The entire computational domain is assumed to be isothermal. 137 

3. The fluid flow is incompressible. 138 

4. The membrane is set as an ionic conductor with no mass transport or ion diffusion, except 139 

for proton transport which is considered as flux at both membrane surfaces. 140 

5. The possible side reactions such as oxygen and hydrogen evolutions are neglected. 141 
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 142 

Fig.2 Schematic diagram of the whole battery computational domain (a), the unit 143 

computational domain of the interdigitated flow field VRFB (b), the computational mesh (c) 144 

and the boundary condition setting (d). 145 

2.2 Fluid flow and mass transport model 146 

The mass and the momentum conservation for electrolyte in both the channel and porous 147 

electrode can be expressed with the continuity equation, Navier-Stokes equation, and Brinkman 148 

equation respectively: 149 

𝜌∇ ⋅ 𝑢⃗ = 0                                                              (1) 150 

𝜌(𝑢⃗ ⋅ ∇)𝑢⃗ = −∇𝑝 + ∇ ⋅ [𝜇(∇𝑢⃗ + (∇𝑢⃗ )𝑇)]                                    (2) 151 

 
𝜌

𝜀2
(𝑢⃗ ⋅ ∇)𝑢⃗ = −∇𝑝 + ∇ ⋅ [

𝜇

𝜀
(∇𝑢⃗ + (∇𝑢⃗ )𝑇)] −

𝜇

𝜅
𝑢⃗                              (3) 152 

where 𝜌 is fluid density (mol m-3), 𝑢 is the velocity (m s-1),  𝑝 is the pressure (Pa), 𝜇 is the 153 

dynamic viscosity of the fluid (Pa s), 𝜀 is the porosity of the porous electrode, which is defined 154 

as the ratio of the volume of the pores to the total volume of the electrode material, and 𝜅 is the 155 

permeability of the porous electrode. According to fitting formula of experimental data, the 156 

two temperature-dependent parameters, electrolyte density [18] and dynamic viscosity [19], 157 

are respectively set as follows: 158 

𝜌𝑝𝑜𝑠 = 1.3447 𝑔 ∙ 𝑚𝑙−1 − 0.0006 𝑔 ∙ (𝑚𝑙 ∙ 𝐾)−1 × (𝑇 − 𝑇𝑟𝑒𝑓)              (4) 159 

𝜌𝑛𝑒𝑔 = 1.3686 𝑔 ∙ 𝑚𝑙−1 − 0.0006 𝑔 ∙ (𝑚𝑙 ∙ 𝐾)−1 × (𝑇 − 𝑇𝑟𝑒𝑓)              (5) 160 

𝜇𝑝𝑜𝑠 = 𝜌𝑝𝑜𝑠 ∙ 𝜐𝑝𝑜𝑠 = 𝜌𝑝𝑜𝑠 × 4.5 × exp(−0.06 × (𝑇 − 𝑇0) + 1.6)             (6) 161 

𝜇𝑛𝑒𝑔 = 𝜌𝑛𝑒𝑔 ∙ 𝜐𝑛𝑒𝑔 = 𝜌𝑛𝑒𝑔 × 8 × exp(−0.055 × (𝑇 − 𝑇0) + 1.4) × (1 − 𝑆𝑂𝐶) + 𝜌𝑝𝑜𝑠 ∙ 𝜐𝑝𝑜𝑠 ∙ 𝑆𝑂𝐶        (7) 162 
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where 𝜐 is the kinetic viscosity of the fluid (m2 s-1), 𝑇 is the temperature of fluid (K), 𝑇𝑟𝑒𝑓 = 163 

298.15 K and 𝑇0 = 273.15 K. The specific surface area of the electrode, 𝑎, was determined 164 

by fibre diameter and porosity, which can be calculated by [20]: 165 

𝑎 =
4(1−𝜀)

𝑑𝑓
                                                              (8) 166 

where 𝑑𝑓 is the fiber diameter (m). The permeability of the porous electrode is expressed as 167 

[21]: 168 

𝜅 =
𝑑𝑓
2𝜀3

16𝑘𝑐𝑘(1−𝜀)
2                                                          (9)   169 

where 𝑘𝑐𝑘  is the dimensionless Carman-Kozeny constant which depends on the shape and 170 

orientation of the fibrous material. According to Ref. [22], for a flow parallel to the cylinder, 171 

the Carman-Kozeny constant is expressed as: 172 

𝑘𝑐𝑘,∥ =
2𝜀3

(1−𝜀)[2 ln
1

1−𝜀
−3+4(1−𝜀)−(1−𝜀)2]

                                         (10) 173 

For a flow perpendicular to the cylinder, the Carman-Kozeny constant is found to be: 174 

𝑘𝑐𝑘,⊥ =

2𝜀3

(1−𝜀)

ln
1

(1−𝜀)
−
1−(1−𝜀)2

1+(1−𝜀)2

                                                   (11) 175 

For previous electrode calculations, we generally treated them as isotropic electrodes, so the 176 

𝑘𝑐𝑘  is set to be 4.28 [23].  For the aligned electrode studies in this paper, the porosity of 177 

electrode is set to 0.9. Thus the 𝑘𝑐𝑘,∥ and 𝑘𝑐𝑘,⊥ can be calculated as 0.73 and 11.03, respectively. 178 

Further, we can obtain the permeability tensor of different fibre orientations to the flow field 179 

[24]: 180 

[𝑘] = [

𝑘𝑥𝑥 𝑘𝑥𝑦
𝑘𝑦𝑥 𝑘𝑦𝑦

𝑘𝑧𝑧

] =181 

[

𝑘∥ cos
2 𝜃 + 𝑘⊥ sin

2 𝜃 𝑘∥ cos𝜃 sin 𝜃 − 𝑘⊥ cos𝜃 sin 𝜃

𝑘∥ cos𝜃 sin 𝜃 − 𝑘⊥ cos𝜃 sin 𝜃 𝑘∥ sin
2 𝜃 + 𝑘⊥ cos

2 𝜃

𝑘⊥

]                               (12) 182 

where 𝜃 is the angle of fibre to the x-axis as shown in Fig.3. Since the arrangement of aligned 183 

electrode only varies on the xy-plane, the flow along the z-axis is always perpendicular to the 184 

fibre. 185 

For isotropic arrangement in xy-plane, [𝑘] = 𝑘 [
1 0
0 1

], then the permeability tensor can be 186 

calculated as [
1.065 × 10−10 0 0

0 1.065 × 10−10 0
0 0 4.13 × 10−11

]. 187 
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The calculated result shows that the electrode has two same in-plane permeability, which is 188 

higher than the through-plane permeability. This result is consistent with the literature data 189 

[25]. 190 

For parallel orientation arrangement, the permeability tensor is 191 

[
6.24 × 10−10 0 0

0 4.13 × 10−11 0
0 0 4.13 × 10−11

].  192 

For vertical orientation arrangement, the permeability tensor is 193 

[
4.13 × 10−11 0 0

0 6.24 × 10−10 0
0 0 4.13 × 10−11

].  194 

For 𝜃 = 45°  arrangement, the permeability tensor is 195 

[
3.33 × 10−10 2.91 × 10−10 0
2.91 × 10−10 3.33 × 10−10 0

0 0 4.13 × 10−11
].  196 

For 𝜃 = 7°  arrangement, the permeability tensor is 197 

[
6.15 × 10−10 7.05 × 10−11 0
7.05 × 10−11 5 × 10−11 0

0 0 4.13 × 10−11
].  198 

The schematic of the above setup can be found in Fig.3. 199 

 200 

Fig.3 Schematic diagrams of the different aligned electrode configurations. 201 

Nernst-Plank equation [26] is employed to describe the transport of dilute species in the porous 202 

electrode which comprises diffusive, migrative, and convective items: 203 

𝑁⃗⃗ 𝑖 = −𝐷𝑖
𝑒𝑓𝑓

∇𝑐𝑖 −
𝑧𝑖𝑐𝑖𝐷𝑖

𝑒𝑓𝑓

𝑅𝑇
𝐹∇𝜙𝑙 + 𝑢⃗ 𝑐𝑖                                     (13) 204 

∇ ⋅ 𝑁⃗⃗ 𝑖 = 𝑆𝑖                                                            (14) 205 
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where the index 𝑖 represents the species, and 𝑁⃗⃗ 𝑖 is the flux of the species (mol m-2 s-1). 𝑆𝑖  is the 206 

species molar source term, which represents the generation rate of species due to the 207 

electrochemical reactions. 𝑐𝑖  and 𝑧𝑖 are molar concentration (mol m-3) and charge number of 208 

species 𝑖, respectively. 𝐹 is Faraday’s constant (= 96485 C mol-1). 𝜙𝑙 is the potential in the 209 

electrolyte (V). 210 

The effective diffusivity (m2 s-1) 𝐷𝑖
𝑒𝑓𝑓

is corrected according to the Bruggeman correction [27]: 211 

𝐷𝑖
𝑒𝑓𝑓

= 𝜀1.5𝐷𝑖                                                         (15) 212 

The empirical equation is used based on the linearity of the diffusion coefficients of 1.5 M 213 

electrolytes with the temperature and the 𝑆𝑂𝐶 of vanadium ions [19]: 214 

ln𝐷𝑉𝑂2+ ,𝑉𝑂2
+ = −1.04 × (1 + 1.27 × 𝑆𝑂𝐶 − 5.87 × 𝑆𝑂𝐶2) − 4122.59 × (

1

𝑇
)  (16) 215 

ln𝐷𝑉2+,𝑉3+ = −5.67 × (1 − 0.14 × 𝑆𝑂𝐶 − 0.61 × 𝑆𝑂𝐶2) − 2713.09 × (
1

𝑇
)  (17) 216 

2.3 Electrochemical reaction model 217 

Electricity produced from electrochemical oxidation and reduction reactions can be described 218 

by the electrochemical reaction model. The general Butler-Volmer equation is used to link the 219 

current density with activation overpotential. Vanadium ions in different valence states 220 

participate in electrochemical reactions as redox couples. 221 

Charge transport in the electrode for positive side is solved as: 222 

∇ ⋅ 𝑖 𝑠 = −𝜎𝑠
𝑒𝑓𝑓

∇2𝜙𝑠 = 𝑖𝑝𝑜𝑠                                                (18) 223 

∇ ⋅ 𝑖 𝑙 = −𝜎𝑙
𝑒𝑓𝑓

∇2𝜙𝑙 = −𝑖𝑝𝑜𝑠                                             (19) 224 

where 𝑖 𝑠is the current density in the electrode (A m-2), 𝑖 𝑙 is the current density in the electrolyte. 225 

𝜎𝑠
𝑒𝑓𝑓

 and 𝜎𝑙
𝑒𝑓𝑓

 represent the effective electronic and ionic conductivity (S m-1) derived from 226 

the following expressions. 𝜙𝑠 and 𝜙𝑙 are the electronic potential and ionic potential.  227 

The membrane is set only conductive through proton transport as an electric insulator. The 228 

ionic current density at the membrane, 𝑖𝑚𝑒𝑚, determines the magnitude of the proton flux on 229 

membrane surfaces. For positive membrane surface, the proton flux is −𝑖𝑚𝑒𝑚/𝐹. For negative 230 

membrane surface, the proton flux is 𝑖𝑚𝑒𝑚/𝐹. The membrane is modeled by using Ohm’s law. 231 

The σ𝑚 is the membrane conductivity. 232 

∇ ⋅ 𝑖 𝑙 = −σ𝑚∇
2𝜙𝑙 = −𝑖𝑚𝑒𝑚                                              (20) 233 

Similar equations for charge transport are applied to the negative electrode. The ionic 234 

conductivity 𝜎𝑙 is calculated from the empirical equation [28]. 235 

∇ ⋅ 𝑖 𝑠 = −𝜎𝑠
𝑒𝑓𝑓

∇2𝜙𝑠 = 𝑖𝑛𝑒𝑔                                                (21) 236 
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∇ ⋅ 𝑖 𝑙 = −𝜎𝑙
𝑒𝑓𝑓

∇2𝜙𝑙 = −𝑖𝑛𝑒𝑔                                             (22) 237 

𝜎𝑠
𝑒𝑓𝑓

= (1 − 𝜀)1.5𝜎𝑠                                                      (23) 238 

𝜎𝑙
𝑒𝑓𝑓

= 𝜀1.5𝜎𝑙                                                           (24) 239 

𝜎𝑙,𝑝𝑜𝑠 = (1.8 × (𝑇 − 𝑇0) + 93.503) × 𝑆𝑂𝐶 + (4.6713 × (𝑇 − 𝑇0) + 172.07)      (25) 240 

𝜎𝑙,𝑛𝑒𝑔 = (0.705 × (𝑇 − 𝑇0) + 55.042) × 𝑆𝑂𝐶 + (2.6176 × (𝑇 − 𝑇0) + 122.37)    (26) 241 

where 𝑇0 = 273.15 K. The unit of conductivity calculated from Eq. (25) and (26) is mS cm-1. 242 

The source term 𝑆𝑖 of different species 𝑖 is related to the electrochemical reaction rate 𝑖𝑝𝑜𝑠 and 243 

𝑖𝑛𝑒𝑔 . For the positive electrode: 𝑆𝑉𝑂2+ = 𝑖𝑝𝑜𝑠/𝐹, 𝑆𝑉𝑂2+ = −𝑖𝑝𝑜𝑠/𝐹, 𝑆𝐻+ = −2𝑖𝑝𝑜𝑠/𝐹. For the 244 

negative electrode: 𝑆𝑉2+ = 𝑖𝑛𝑒𝑔/𝐹, 𝑆𝑉3+ = −𝑖𝑛𝑒𝑔/𝐹. The local current density, which is also 245 

termed as transfer current density, 𝑖𝑙𝑜𝑐 , is defined as, 𝑖𝑝𝑜𝑠/𝑎 in positive electrode and 𝑖𝑛𝑒𝑔/𝑎 246 

in negative electrode. The electrochemical reactions occurring on the surfaces of solid fiber in 247 

the electrode can be expressed by the Butler-Volmer equation [29]: 248 

𝑖𝑝𝑜𝑠 = 𝑎𝐹𝑘𝑝𝑜𝑠
0 𝑐

𝑉𝑂2+
𝛼𝑐,𝑝𝑜𝑠 𝑐

𝑉𝑂2
+

𝛼𝑎,𝑝𝑜𝑠 [
𝑐
𝑉𝑂2

+
𝑠

𝑐
𝑉𝑂2

+
exp (−

𝛼𝑐,𝑝𝑜𝑠 𝐹𝜂𝑝𝑜𝑠

𝑅𝑇
) −

𝑐
𝑉𝑂2+
𝑠

𝑐𝑉𝑂2+
exp (

𝛼𝑎,𝑝𝑜𝑠 𝐹𝜂𝑝𝑜𝑠

𝑅𝑇
)]     (27) 249 

𝑖𝑛𝑒𝑔 = 𝑎𝐹𝑘𝑛𝑒𝑔
0 𝑐

𝑉2+
𝛼𝑐,𝑛𝑒𝑔 

𝑐
𝑉3+
𝛼𝑎,𝑛𝑒𝑔 

[
𝑐
𝑉3+
𝑠

𝑐𝑉3+
exp (−

𝛼𝑐,𝑛𝑒𝑔 𝐹𝜂𝑛𝑒𝑔

𝑅𝑇
) −

𝑐
𝑉2+
𝑠

𝑐𝑉2+
exp (

𝛼𝑎,𝑛𝑒𝑔 𝐹𝜂𝑛𝑒𝑔

𝑅𝑇
)]    (28) 250 

where 𝑘𝑝𝑜𝑠
0  and 𝑘𝑛𝑒𝑔

0
 is the reaction rate constant of the reactions occurring in positive and 251 

negative sides, respectively. 𝛼𝑎,𝑝𝑜𝑠 and 𝛼𝑐,𝑝𝑜𝑠 are anodic and cathodic charge transfer 252 

coefficient of positive half-reaction, 𝛼𝑎,𝑛𝑒𝑔 and 𝛼𝑐,𝑛𝑒𝑔 are anodic and cathodic charge transfer 253 

coefficient of negative half-reaction. 𝑐𝑖
𝑠 is the concentration at the fiber surface of species 𝑖. 𝑅 254 

is the ideal gas constant. Overpotentials 𝜂𝑝𝑜𝑠 and 𝜂𝑛𝑒𝑔 are defined as follows: 255 

𝜂𝑝𝑜𝑠 = 𝜙𝑠,𝑝𝑜𝑠 −𝜙𝑒,𝑝𝑜𝑠 − 𝐸𝑒𝑞,𝑝𝑜𝑠                                          (29) 256 

𝜂𝑛𝑒𝑔 = 𝜙𝑠,𝑛𝑒𝑔 − 𝜙𝑒,𝑛𝑒𝑔 − 𝐸𝑒𝑞,𝑛𝑒𝑔                                         (30) 257 

Equilibrium potentials are calculated via: 258 

𝐸𝑒𝑞,𝑝𝑜𝑠 = 𝐸𝑝𝑜𝑠
0 +

𝑅𝑇

𝐹
ln (

𝑐
𝑉𝑂2

+𝑐𝐻+
2

𝑐𝑉𝑂2+
)                                        (31) 259 

𝐸𝑒𝑞,𝑛𝑒𝑔 = 𝐸𝑛𝑒𝑔
0 +

𝑅𝑇

𝐹
ln (

𝑐
𝑉3+

𝑐𝑉2+
)                                              (32) 260 

The standard potentials 𝐸𝑛𝑒𝑔
0  and 𝐸𝑝𝑜𝑠

0  are related to the temperature [30].  261 

𝐸𝑝𝑜𝑠
0 = 𝐸𝑝𝑜𝑠,𝑟𝑒𝑓

0 +
𝑑𝐸0

𝑑𝑇
|
𝑝𝑜𝑠

(𝑇 − 𝑇𝑟𝑒𝑓) = −0.255 +
∆𝑆𝑝𝑜𝑠

𝑛𝐹
(𝑇 − 𝑇𝑟𝑒𝑓)               (33) 262 

𝐸𝑛𝑒𝑔
0 = 𝐸𝑛𝑒𝑔,𝑟𝑒𝑓

0 +
𝑑𝐸0

𝑑𝑇
|
𝑛𝑒𝑔

(𝑇 − 𝑇𝑟𝑒𝑓) = 1.004 +
∆𝑆𝑛𝑒𝑔

𝑛𝐹
(𝑇 − 𝑇𝑟𝑒𝑓)                (34) 263 
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where the 𝐸𝑝𝑜𝑠,𝑟𝑒𝑓
0  and 𝐸𝑛𝑒𝑔,𝑟𝑒𝑓

0  are the standard equilibrium potentials at 𝑇𝑟𝑒𝑓 = 298.15 K. 264 

The temperature dependent term for the negative or positive electrode is related to the entropy 265 

changes ∆𝑆𝑛𝑒𝑔= 21.7 J mol-1 K-1 and ∆𝑆𝑝𝑜𝑠== 100 J mol-1 K-1 during the electrochemical 266 

reactions [31]. 𝑛 denotes the number of charge transferred in the electrochemical reaction, 267 

which value is 1 in the calculation.  268 

A quasi-equilibrium state assumption is adopted for the ions transport considering that SOC of 269 

electrolyte changes slowly due to relatively small volume of electrolyte in the cell compared 270 

with that in the reservoirs. The vanadium ions concentration at the surface of carbon fibers can 271 

be calculated by balancing the reaction rate and the rate of ion transfer from the bulk to the 272 

interface. Therefore, the local flux at the surface of the positive electrode is [29]: 273 

       𝑁𝑉𝑂2+
𝑠 = 𝑘𝑚(𝑐𝑉𝑂2+ − 𝑐𝑉𝑂2+

𝑠 ) = −𝑖𝑝𝑜𝑠 (𝑎𝐹)⁄  274 

= 𝑘𝑝𝑜𝑠
0 𝑐

𝑉𝑂2+
𝛼𝑐,𝑝𝑜𝑠 𝑐

𝑉𝑂2
+

𝛼𝑎,𝑝𝑜𝑠 [
𝑐
𝑉𝑂2+
𝑠

𝑐𝑉𝑂2+
exp (

𝛼𝑎,𝑝𝑜𝑠 𝐹𝜂𝑝𝑜𝑠

𝑅𝑇
) −

𝑐
𝑉𝑂2

+
𝑠

𝑐
𝑉𝑂2

+
exp (−

𝛼𝑐,𝑝𝑜𝑠 𝐹𝜂𝑝𝑜𝑠

𝑅𝑇
)]         (35) 275 

       𝑁𝑉𝑂2
+

𝑠   = 𝑘𝑚 (𝑐𝑉𝑂2+ − 𝑐𝑉𝑂2+
𝑠 )   =    𝑖𝑝𝑜𝑠 (𝑎𝐹)⁄  276 

= 𝑘𝑝𝑜𝑠
0 𝑐

𝑉𝑂2+
𝛼𝑐,𝑝𝑜𝑠 𝑐

𝑉𝑂2
+

𝛼𝑎,𝑝𝑜𝑠 [
𝑐
𝑉𝑂2

+
𝑠

𝑐
𝑉𝑂2

+
exp (−

𝛼𝑐,𝑝𝑜𝑠 𝐹𝜂𝑝𝑜𝑠

𝑅𝑇
) −

𝑐
𝑉𝑂2+
𝑠

𝑐𝑉𝑂2+
exp (

𝛼𝑎,𝑝𝑜𝑠 𝐹𝜂𝑝𝑜𝑠

𝑅𝑇
)]         (36) 277 

Combining Eqs. (35) and (36), the concentrations of 𝑉𝑂2+
 and 𝑉𝑂2

+
 at the carbon fiber surface 278 

are derived as  279 

𝑐𝑉𝑂2+
𝑠 =

𝐵1𝑐𝑉𝑂2
+  + (1+𝐵1)𝑐𝑉𝑂2+

1 + 𝐴1 + 𝐵1
                                                  (37) 280 

𝑐𝑉𝑂2+
𝑠 =

𝐴1𝑐𝑉𝑂2++(1+𝐴1)𝑐𝑉𝑂2
+

1 + 𝐴1+ 𝐵1
                                                 (38) 281 

where 282 

𝐴1 =
𝑘𝑝𝑜𝑠
0

𝑘𝑚 
𝑐
𝑉𝑂2+
𝛼𝑐,𝑝𝑜𝑠−1𝑐

𝑉𝑂2
+

𝛼𝑎,𝑝𝑜𝑠 exp (
𝛼𝑎,𝑝𝑜𝑠 𝐹𝜂𝑝𝑜𝑠

𝑅𝑇
)                                 (39) 283 

𝐵1 =
𝑘𝑝𝑜𝑠
0

𝑘𝑚 
𝑐
𝑉𝑂2+
𝛼𝑐,𝑝𝑜𝑠𝑐

𝑉𝑂2
+

𝛼𝑎,𝑝𝑜𝑠−1exp (
−𝛼𝑐,𝑝𝑜𝑠 𝐹𝜂𝑝𝑜𝑠

𝑅𝑇
)                                (40) 284 

The local flux at the surface of the negative electrode is: 285 

       𝑁𝑉2+
𝑠 = 𝑘𝑚(𝑐𝑉2+ − 𝑐𝑉2+

𝑠 ) = −𝑖𝑛𝑒𝑔 (𝑎𝐹)⁄  286 

= 𝑘𝑛𝑒𝑔
0 𝑐

𝑉2+
𝛼𝑐,𝑛𝑒𝑔 

𝑐
𝑉3+
𝛼𝑎,𝑛𝑒𝑔 

[
𝑐
𝑉2+
𝑠

𝑐𝑉2+
exp (

𝛼𝑎,𝑛𝑒𝑔 𝐹𝜂𝑛𝑒𝑔

𝑅𝑇
) −

𝑐
𝑉3+
𝑠

𝑐𝑉3+
exp (−

𝛼𝑐,𝑛𝑒𝑔 𝐹𝜂𝑛𝑒𝑔

𝑅𝑇
)]          (41) 287 

       𝑁𝑉3+
𝑠  = 𝑘𝑚(𝑐𝑉3+ − 𝑐𝑉3+

𝑠 ) =   𝑖𝑛𝑒𝑔 (𝑎𝐹)⁄  288 

= 𝑘𝑛𝑒𝑔
0 𝑐

𝑉2+
𝛼𝑐,𝑛𝑒𝑔 

𝑐
𝑉3+
𝛼𝑎,𝑛𝑒𝑔 

[
𝑐
𝑉3+
𝑠

𝑐𝑉3+
exp (−

𝛼𝑐,𝑛𝑒𝑔 𝐹𝜂𝑛𝑒𝑔

𝑅𝑇
) −

𝑐
𝑉2+
𝑠

𝑐𝑉2+
exp (

𝛼𝑎,𝑛𝑒𝑔 𝐹𝜂𝑛𝑒𝑔

𝑅𝑇
)]          (42) 289 
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Combining Eqs. (41) and (42), the concentrations of 𝑉2+
 and 𝑉3+

 at the carbon fiber surface 290 

are derived as 291 

𝑐𝑉2+
𝑠 =

𝐵2𝑐𝑉3+  + (1+𝐵2)𝑐𝑉2+

1 + 𝐴2 + 𝐵2
                                                 (43) 292 

𝑐𝑉3+
𝑠 =

𝐴2𝑐𝑉2+  + (1+𝐴2)𝑐𝑉3+

1 + 𝐴2 + 𝐵2
                                                 (44) 293 

where 294 

𝐴2 =
𝑘𝑛𝑒𝑔
0

𝑘𝑚 
𝑐
𝑉2+
𝛼𝑐,𝑛𝑒𝑔−1

𝑐
𝑉3+
𝛼𝑎,𝑛𝑒𝑔 

exp (
𝛼𝑎,𝑛𝑒𝑔 𝐹𝜂𝑛𝑒𝑔

𝑅𝑇
)                                 (45) 295 

𝐵2 =
𝑘𝑛𝑒𝑔
0

𝑘𝑚 
𝑐
𝑉2+
𝛼𝑐,𝑛𝑒𝑔

𝑐
𝑉3+
𝛼𝑎,𝑛𝑒𝑔−1

exp (
−𝛼𝑐,𝑛𝑒𝑔 𝐹𝜂𝑛𝑒𝑔

𝑅𝑇
)                               (46) 296 

Based on Arrhenius law, the reaction rate constants, 𝑘𝑝𝑜𝑠
0  and 𝑘𝑛𝑒𝑔

0  are temperature dependent 297 

and can be written as follows:  298 

𝑘𝑝𝑜𝑠
0 = 𝑘𝑝𝑜𝑠,𝑟𝑒𝑓

0 exp (−
∆𝐺𝑝𝑜𝑠

0

𝑅
(

1

𝑇𝑟𝑒𝑓
−

1

𝑇
)) = 𝑘𝑝𝑜𝑠,𝑟𝑒𝑓

0 exp(
𝑛𝐹𝐸𝑝𝑜𝑠

0

𝑅
(

1

𝑇𝑟𝑒𝑓
−

1

𝑇
))            (47) 299 

𝑘𝑛𝑒𝑔
0 = 𝑘𝑛𝑒𝑔,𝑟𝑒𝑓

0 exp (−
∆𝐺𝑛𝑒𝑔

0

𝑅
(

1

𝑇𝑟𝑒𝑓
−

1

𝑇
)) = 𝑘𝑛𝑒𝑔,𝑟𝑒𝑓

0 exp (
𝑛𝐹𝐸𝑛𝑒𝑔

0

𝑅
(

1

𝑇𝑟𝑒𝑓
−

1

𝑇
))           (48) 300 

where ∆𝐺𝑝𝑜𝑠
0 = −𝑛𝐹𝐸𝑝𝑜𝑠

0  and ∆𝐺𝑛𝑒𝑔
0 = −𝑛𝐹𝐸𝑛𝑒𝑔

0  are the standard Gibbs free energy change 301 

for the respective reaction. 𝑘𝑝𝑜𝑠,𝑟𝑒𝑓
0  and 𝑘𝑛𝑒𝑔,𝑟𝑒𝑓

0  are the standard reaction rate constants at 302 

𝑇𝑟𝑒𝑓 = 298.15 K. The mass trasfer cefficient can be sloved by the measured limiting currents 303 

[20,32]. Thus, the local mass transfer coefficient can be calculated approximately [33,34]: 304 

𝑘𝑚 = 8.85 × 10−4|𝑢⃗ |0.9                                                (49) 305 

The parameters of electrochemical reactions, material properties, geometry, and operating 306 

conditions are listed in Table 1 and Table 2. Although a slight increase in the electron transfer 307 

coefficient at room temperature to higher temperature has been reported in the literature [35], 308 

it has been verified that the constants used in most of the literature [29] is feasible with 309 

acceptable accuracy. 310 

Table 1 Electrochemical parameters and material properties. 311 

Symbols Parameters (Unit) Value 

𝛼𝑎,𝑝𝑜𝑠  Anodic charge transfer coefficient for the positive side 0.5 [29,35,36] 

𝛼𝑐,𝑝𝑜𝑠  Cathodic charge transfer coefficient for the positive side 0.5 [29,35,36] 

𝛼𝑎,𝑛𝑒𝑔  Anodic charge transfer coefficient for the negative side 0.5 [29,35,36] 

𝛼𝑐,𝑛𝑒𝑔  Cathodic charge transfer coefficient for the negative side 0.5 [29,35,36] 

𝜎𝑠 Electrode conductivity (S m-1) 5000 [37] 

𝜎𝑚 Membrane conductivity (S m-1) 12 [38] 
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𝑘𝑝𝑜𝑠,𝑟𝑒𝑓
0  The standard reaction rate constant of the negative side (m s-1) 6.8×10-7 [39] 

𝑘𝑛𝑒𝑔,𝑟𝑒𝑓
0  The standard reaction rate constant of the negative side (m s-1) 1.7×10-7 [40] 

𝐸𝑝𝑜𝑠,𝑟𝑒𝑓
0  Standard equilibrium potentials of positive side at 298.15 K (V) 1.004 [41] 

𝐸𝑛𝑒𝑔,𝑟𝑒𝑓
0  Standard equilibrium potentials of negative side at 298.15 K (V) -0.255 [41] 

𝐷𝐻+ Proton diffusion coefficient (m2 s-1) 9.3×10-9 [42] 

𝐷
𝑆𝑂4

2− 𝑆𝑂4
2− diffusion coefficient (m2 s-1) 1.1×10-9 [42] 

 312 

Table 2 Operating and geometric parameters. 313 

Symbols   Parameters (Unit) Value 

𝑇 Operating temperature (K) 273.15 ~ 323.15 

𝑉𝑤𝑜𝑟𝑘  Working voltage (V) Open-circuit voltage (OCV) ~ 0.15 

𝜀 Electrode porosity 0.8 ~ 0.93 

𝑎 Specific surface area (m-1) Original ~ 5×105 

𝑑𝑓 Carbon electrode fiber (μm) 5 ~ 20 

𝑄𝑖𝑛  Inlet flow rate (ml min-1) 10 ~ 30 

𝑡ℎ𝑖𝑐𝑘𝑒 Electrode thickness (mm) 0.5 ~ 1.5 

𝑡ℎ𝑖𝑐𝑘𝑚 Membrane thickness (μm) 50 

𝑆𝑂𝐶𝑖𝑛 SOC of inlet 0.5 

𝑐ℎ𝑎𝑛𝑛𝑒𝑙𝑙 Channel length (mm) 16 

𝑐ℎ𝑎𝑛𝑛𝑒𝑙𝑤 Channel width (mm) 1 

𝑐ℎ𝑎𝑛𝑛𝑒𝑙𝑑 Channel depth (mm) 1 

𝑐ℎ𝑎𝑛𝑛𝑒𝑙𝑛 Inflow channel number 5 

 314 

2.4 Boundary conditions and model solving 315 

Fig.2 (d) shows the boundary conditions of the unit computational domain of the VRFB with 316 

interdigitated flow field. It is worth noting that the inflow velocity boundary of the unit 317 

calculational domain is set to be 𝑣𝑖𝑛, which can be converted by using following equation 318 

𝑣𝑖𝑛 =
𝑄𝑖𝑛

𝑐ℎ𝑎𝑛𝑛𝑒𝑙𝑛×2×𝐴𝑖𝑛
=

𝑄𝑖𝑛

𝑐ℎ𝑎𝑛𝑛𝑒𝑙𝑛×2×
𝑐ℎ𝑎𝑛𝑛𝑒𝑙𝑤

2
×𝑐ℎ𝑎𝑛𝑛𝑒𝑙𝑑

   319 

where 𝐴𝑖𝑛 is the cross-sectional area of the half inflow channel in calculational domain. Since 320 

the calculated inflow channel domain is only half the actual size, the inflow rate 𝑄𝑖𝑛 also needs 321 

to be divided by two. The inlet species concentration, 𝑐𝑖
𝑖𝑛, is given in details at the beginning 322 

of this section. At the outlet of the outflow channel, the pressure is set to be zero as the reference 323 
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and concentration gradient is assumed to be zero. Zero potential is adopted at the contact 324 

surface of the negative porous electrode and the current collector. Working voltage, 𝑉𝑤𝑜𝑟𝑘 , is 325 

applied to the contact surface of the positive porous electrode and the current collector. The 326 

two ends of the unit in the zx-plane are set as symmetric plane in mass, species, and charge 327 

transfer. All the other boundaries are impermeable to the mass, species, and charge transfer. 328 

2.5 Model validation and mesh independence 329 

The above equations are solved based on the finite element method. The relative tolerance is 330 

set to 1×10-4. Based on the experimental data [19], we validated the model at inlet flow rate 20 331 

mL min-1, current density 60 mA cm-2, 1.5 M total vanadium ion concentration, 0.06 ~ 0.94 332 

SOC, and ambient temperatures 273.15 K ~ 323.15 K through discharge curves. As depicted 333 

in Fig.4 (a), the simulation results show good agreement with experimental data [19]. Fig.4 (b) 334 

shows the mesh independence validation. The operating voltage, 0.5 V, is applied to VRFB for 335 

checking the dependence of the calculated current density on the number of degrees of freedom 336 

at different temperatures. It can be seen that with the increased number of degrees of freedom, 337 

the current density at 273.15 K gradually approaches at 613 mA cm-1, while the current density 338 

at 293.15 K gradually stabilizes at 841 mA cm-1 and current density at 323.15 K gradually 339 

stabilizes at 1061 mA cm-1. Considering the accuracy and computational cost, the number of 340 

414,861 is adopted for the degrees of freedom in the subsequent simulations. The final selected 341 

computational mesh can be found in Fig.2 (c). 342 

 343 

 344 

Fig.4 (a) Model validation for the VRFBs working at various temperature; (b) Mesh 345 

independence check. 346 
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3. Results and discussion 347 

The main objective of the present work is to study and fully describe the complicated 348 

interrelationships of electrode structural parameters and surface properties. Another objective 349 

is the consideration of a more practical temperature range for VRFB operation, which has not 350 

been considered in the previous studies. Finally, the potential aligned electrodes are evaluated 351 

as a hopeful design. In the subsequent parametric studies, the polarization curves were 352 

calculated with 0.5 inlet SOC, same 1.5 M total ion concentration and same operating 353 

temperatures, compared to validation conditions. Other detailed operating conditions and 354 

electrode parameters are provided in each sub-section respectively. 355 

3.1 Combined effects of electrode thickness and specific surface area  356 

In this sub-section, the inlet flow rate is 30 ml min-1, SOC of inlet is set as 0.5, the electrode 357 

porosity is 0.9 and the carbon electrode fibre diameter is set as 10 μm. The specific surface area 358 

of original electrode without modification is calculated from Eq. (8). Other detailed operating 359 

conditions and electrode parameters are labelled in each sub-figure respectively. The combined 360 

effects of the electrode thickness and the specific surface area at various temperatures on 361 

polarization curves are shown in Fig.5 (a-c).  362 

At 273.15 K, the VRFB with a 0.5 mm thick original electrode performs worse than VRFB 363 

with a 1.5 mm thick original electrode when the voltage is higher than 0.9 V, due to the 364 

insufficient total reaction site in the thin electrode. In addition, with the decreased working 365 

temperature, the electrochemical activity decreases, also leading to a higher activation loss. To 366 

get sufficient reaction sites and reduce activation loss, the fibre specific surface area is modified 367 

as same value (2.5×105 m2 m-3). After the fibre surface modification, no obvious difference is 368 

observed in the performance of VRFB with different electrode thicknesses when the voltage is 369 

higher than 1.05 V at 273.15 K. At 293.15 K, the VRFB with a thin original electrode performs 370 

worse than VRFB with a thick original electrode when the voltage is higher than 1.0 V. The 371 

mentioned voltage range changes from 0.9 V~OCV at 273.15 K to 1.0 V~OCV at 293.15 K, 372 

because the increasing electrochemical activity leads to less activation loss difference. At 373 

323.15 K, the effects of electrode thickness on battery performance are not obvious when the 374 

operating voltage is higher than 1.15 V with original fibre.  375 

After the fibre surface modification, the VRFB with a thin electrode delivers a larger current 376 

density than VRFB with a thick electrode at the same working voltage at both 293.15 K and 377 

323.15 K. The slope of battery polarization curve with a 1.5 mm thick electrode is steeper than 378 

that of battery with a 0.5 mm thick electrode at all temperatures with original and modified 379 
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electrode fibre. This is due to the larger ohmic loss caused by the thicker electrode, which 380 

decreases the voltage significantly. Moreover, since electrolyte ion conductivity increases with 381 

the increasing temperature, the slope of the polarization curve of VRFB at 273.15 K is sharper 382 

than VRFB at 323.15 K with the same electrode thickness, no matter using original or modified 383 

fibre. With the increasing current density, the VRFB with a 0.5 mm thick original electrode 384 

performs better until the voltage decreases to 0.4 V at 293.15 K or decreases to 0.7 V at 323.15 385 

K. At different temperatures, the VRFB with an original thin electrode shows an evident 386 

concentration overpotential under high current density, especially at high temperatures. 387 

Limited by the insufficient surface area in a 0.5 mm thick electrode, the limiting current 388 

densities of the VRFBs at different temperatures are all around 950 mA cm-2. After the fibre 389 

surface modification, the battery performance improves significantly, especially at high 390 

temperatures. Thin electrode can reduce the ohmic overpotential. When the electrode is thin, 391 

the ohmic impedance mainly comes from the electrolyte, and it is necessary to keep the 392 

electrolyte temperature not too low to reduce the ohmic impedance. Meanwhile, the influence 393 

of electrode thickness on battery performance is more obvious. For example, from Fig.5 (a-c), 394 

at working potential of 0.8 V, this more obvious difference is mainly due to the fact that the 395 

modified electrode has a larger specific surface area than the conventional electrode. Even if 396 

the local current density difference is small, the battery current density difference is more 397 

significant due to the effect of large specific surface area. At 273.15 K, 0.8 V, compared with 398 

VRFB with conventional electrode (0.5 mm), the performance of VRFB with a modified 399 

electrode (0.5 mm) increases by 133.79%. This enhancement in the performance decreases 400 

slightly to 133.18% at 323.15 K. The simulation results are consistent with the Ref. [15]. The 401 

modified electrode with highly microporous has sufficient active sites compared to the 402 

conventional electrode, which greatly improves the performance of the battery. Besides, the 403 

modified electrode can be prepared from renewable waste, which has a promising practical 404 

VRFB applications. 405 
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 406 

Fig.5 Polarization curves of VRFB with different electrode thickness and electrode 407 

modification at 273.15 K (a), 293.15 K (b) and 323.15 K (c); Pressure drop of VRFB with 408 

temperature effects (d); V5+ bulk concentration distribution with velocity component (scale-up 409 

factor 50) in yz-direction (e), V5+ surface concentration distribution (f), and local current 410 

density distribution (g) in yz-plane at middle of channel length (x=8 mm). 411 

As shown in Fig.5 (d), due to the different viscosities of the positive and negative electrolyte, 412 

the pressure drop of the negative electrode is larger than that of the positive electrode, leading 413 
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to a higher pump energy consumption. The difference between them increases with the 414 

decreasing temperature. In addition, the VRFB with a 0.5 mm thick shows the highest pressure 415 

drop at different temperatures. When the electrode thickness increases to 1.0 mm, the pressure 416 

drop in the negative electrode decreases by 20%, while the pressure drop in the positive 417 

electrode decreases by 25%. However, when the thickness further increases to 1.5 mm, the 418 

decreases in the pressure drop of negative and positive electrodes are insignificant. Therefore, 419 

the electrochemical performance and the pump energy consumption can be balanced by 420 

controlling the electrode thickness at an optimal value. Due to a larger specific surface area in 421 

the modified electrode, the reactant conversion is higher as demonstrated in Fig.5 (e). 422 

Combining Fig.5 (f) with (g), under the same output, the local current density in the 423 

conventional electrode is larger than that in the modified electrode due to the insufficient 424 

specific surface area. This can lead to a lower surface reactant concentration in the conventional 425 

electrode. 426 

3.2 Combined effects of electrode porosity and specific surface area 427 

The SOC of inlet is set as 0.5 and the carbon electrode fibre diameter is set as 10 μm in this 428 

sub-section. The porosity of 0.8 ~ 0.93 is chosen for calculation because commercial electrodes 429 

generally have a porosity of 0.95. After installation, slight compression is needed for sealing 430 

and long-term stability, thus the porosity is lower than 0.93 according to different compression 431 

ratio. Further compression of the electrode makes the pump consumption rise rapidly and is 432 

possible to crush the membrane in the middle, thus 0.8 is selected as the lower porosity limit 433 

for the study. Other detailed operating conditions and electrode parameters are labelled in each 434 

sub-figure, respectively. The combined effects of electrode porosity and specific surface area 435 

at various temperatures on the VRFB performance at 0.8 V are shown in Fig.6 (a). With the 436 

increasing specific surface, the performance of VRFB is improved at different temperatures 437 

and porosity, but the enhancement of performance becomes gradually smaller. Under relatively 438 

sufficient inlet flow rate 30 ml min-1 and 1 mm thick electrode, even with the same specific 439 

surface area, the VRFB with low porosity electrode achieves higher current density at 0.8 V. 440 

The difference is also observed in Fig.6 (b). This is because, with the decreased porosity, the 441 

ohmic polarization decreases, which indicates that the increased electronic conductivity is 442 

larger than the decreased ionic conductivity. In addition, as mentioned above, the reaction rate 443 

constant and the electrolyte ion conductivity both increase with the increase of temperature, 444 

decreasing both the activation and ohmic overpotentials. Therefore, VRFB at a higher 445 

temperature can achieve larger current density at same operating and electrode structure 446 
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parameters. If VRFB switches to thinner electrode, as shown in Fig.6 (c), the performance of 447 

VRFB is improved at different temperatures and porosities, as discussed in the previous sub-448 

section. At 0.8 V, specific surface area 2×105 m2 m-3 and 1 mm thick electrode, the current 449 

density of a VRFB with 0.93 porosity electrode is 1231 mA cm-2, while the current density of 450 

VRFB with 0.8 porosity electrode is 1373mA cm-2. In the same condition but 0.5 mm thick 451 

electrode, the current density of VRFB with 0.93 porosity electrode is 1639 mA cm-2, while 452 

the current density of VRFB with 0.8 porosity electrode is 1798 mA cm-2.    453 

Noteworthy, the inlet flow rate is reduced from 30 ml min-1 to 10 ml min-1 to further investigate 454 

the performance of VRFBs with different porosities after fibre modification. In a large-scale 455 

commercial stack, the average flow rate per cm2 is normally low, which is only around 1 to 2 456 

mL min-2 cm-2 [43]. In the present model, the battery has a 4 cm2 active area. When the flow 457 

rate is operated at an inlet flow rate of 30 mL min-1, the average flow rate per cm2 is 7.5 mL 458 

min-2 cm-2, which can only reflect the battery performance at different temperatures when the 459 

flow is relatively sufficient. When the flow rate is operated at an inlet flow rate of 10 mL min-460 

1, the average flow rate per cm2 is 2.5 mL min-2 cm-2, which is closer to the specific flow rate 461 

of the stack.  462 

Moreover, from the Fig. 6 (d), when the total flow rate is 10 mL min-1, the polarization curves 463 

show obvious concentration losses at all temperatures, and the voltage of the battery decreases 464 

rapidly, which can reflect the similar situation in the VRFB stack. The corresponding result 465 

analysis can also be used as reference for the VRFB stack. As shown in Fig. 6 (d), it is found 466 

that, the VRFB with 0.8 porosity electrode only outperforms the VRFB with 0.93 porosity 467 

electrode when the operating voltage > 0.8 V, which is caused by the reduced ohmic loss in 468 

electrode with low porosity (Fig.6 (f)). However, when the operating voltage < 0.8 V, the 469 

concentration loss becomes dominant, therefore the VRFB with 0.93 porosity electrode 470 

performs better.  471 

From Fig.6 (e), the velocity under rib is slightly higher in the 0.8 porosity electrode than that 472 

in the 0.93 porosity electrode. The reactant conversion is also higher in the 0.8 porosity 473 

electrode at 0.8 V. The surface concentration of reactant is in the range of 17~263 mol m-3 in 474 

the electrode with 0.8 porosity and is in the range of 33~354 mol m-3 in the electrode with 0.93 475 

porosity, as illustrated in Fig.6 (g). With a higher surface concentration, the limiting current 476 

density of VRFB with 0.93 porosity electrode is 1439.6 mA cm-2 at 0.8V, 323.15 K, while 477 

VRFB with 0.8 porosity electrode only reaches 1361 mA cm-2. The high local current density 478 

region is wider in 0.93 porosity than 0.8 porosity as shown in Fig.6 (h). From Fig.6 (i), another 479 

attractive advantage of using modified high porosity electrodes is the reduction of pressure 480 
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drop, especially at low temperature. Due to assembly problems such as sealing and mechanical 481 

strength, carbon-based electrodes are not easy to maintain high porosity in VRFB. Therefore, 482 

the electrode with modified fibre of 0.9 porosity is a more beneficial choice, achieving better 483 

performance at both high and low flow rates and relatively low pressure drop.  484 



21 

 

 485 



22 

 

Fig.6 Effect of specific surface area on current density (a) and ohmic loss (b); Polarization 486 

curves of VRFB below 0.8 V (c), below 1.3 V (d); Ohmic loss at 1.3 V (f); V5+ bulk 487 

concentration distribution (e), V5+ surface concentration distribution (g) with velocity 488 

component (scale-up factor 50) in yz-direction, and local current density distribution (h) in yz-489 

plane at middle of channel length (x=8 mm); Pressure drop of VRFB with temperature effects 490 

(i); All contours at working potential 0.8 V and same conditions as (d).  491 

3.3 Combined effects of the electrode fibre diameter and specific surface area 492 

As mentioned before, the 0.9 porosity is a good choice for electrode with modified fibre. 493 

Adjusting electrode fibre diameter is also one of the methods to change electrode permeability. 494 

Therefore, the SOC of inlet is set as 0.5 and the electrode porosity is set as 0.9 in this sub-495 

section. Other detailed operating conditions and electrode parameters are labelled in each sub-496 

figure, respectively. The combined effect of electrode fibre diameter and specific surface area 497 

at different temperatures on the VRFB performance at 0.8 V are shown in Fig.7 (a). Noteworthy, 498 

different fibre diameters in the modified electrodes do not pose a significant impact on the 499 

conductivity. However, it can change specific surface area considerably. A thinner electrode 500 

with specific surface area of 1×105 m2 m-3, is chosen for further study, as demonstrated in Fig.7 501 

(b). VRFBs with electrodes using different fibre diameters at 323.15 K show larger 502 

performance differences than those at 273.15 K. 503 

Noteworthy, the inlet flow rate is reduced from 30 ml min-1 to 10 ml min-1 to further investigate 504 

the performance of batteries with electrodes using different fibre diameters. Fig.7(c) shows the 505 

concentration loss in the electrode with a large fibre diameter is smaller than that in the 506 

electrode with a small fibre diameter, as the mass transfer in an electrode with a large fibre 507 

diameter can be enhanced considerably. Moreover, at different temperatures, the limiting 508 

current density is the same in VRFB with same fibre diameter. From Fig. (d), the modified 509 

electrodes with large diameter fibres decrease the pressure drop, especially at low temperature. 510 

Referring to Fig.7 (e), the velocity distribution under rib is slightly higher in the electrode with 511 

small fibre diameter than that in the electrode with large fibre diameter. The bulk concentration 512 

of reactant near outlet channel is slightly lower in the electrode with large fibre diameter at 0.8 513 

V, compared with the electrode with small fibre diameter case. At 273.15 K, 0.8 V, the battery 514 

with different fibre diameters electrode achieves almost same current density. This leads to: 1) 515 

a small difference in reactant surface concentration distribution with different fibre diameters 516 

in Fig.7 (f); 2) a small difference in local current density distribution with different fibre 517 

diameters in Fig.7 (g). At 323.15 K, 0.8 V, the battery with larger fibre diameter electrode 518 
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achieves a higher current density, leading to a lower surface reactant concentration. The local 519 

current density distribution in a modified electrode with a larger fibre diameter is more uniform. 520 

In addition, the VRFB with the modified electrodes with large diameter fibres shows low 521 

pressure drop, especially at a low temperature. 522 

It is worth noting that in this section, due to the adaption of the Bruggeman’s correlation to 523 

calculate the effective conductivity in Eq. (23), which may lead to error without considering 524 

the correlation of adapted inter fibre contact areas and fibre diameters. However, because the 525 

electrode conductivity is relatively high, the ohmic loss is small compared with the electrolyte. 526 

Therefore, neglecting the dependence of ohmic loss on the fibre diameter does not significantly 527 

influence the battery performance. 528 
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Fig.7 Effect of specific surface area on current density (a); Polarization curves of VRFB below 530 

0.5 V (b), below 1.3 V (c); Pressure drop of VRFB with temperature effects (d); V5+ bulk 531 

concentration distribution (e) with velocity component (scale-up factor 50) in yz-direction, V5+ 532 

surface concentration distribution (f) and local current density distribution (g) in yz-plane at 533 

middle of channel length (x=8 mm); All contours at working potential 0.8 V and same 534 

conditions as (c). 535 

3.4 Aligned electrode design with interdigitated flow field 536 

In the previous section, electrodes are simply treated as isotropic. To study the effects of the 537 

aligned electrode design at various temperatures, the permeability of electrode is set to be 538 

anisotropic. Detailed setting can be found in Eq.(9)-(12) and Fig.3. Unmodified electrode is 539 

selected in this sub-section to study the effects of aligned electrode design on the performance 540 

of VRFB. The inlet flow rate is 30 ml min-1, SOC of inlet is set as 0.5, the electrode porosity 541 

is 0.9 and the carbon electrode fibre diameter is set as 10 μm in this sub-section. Other detailed 542 

operating conditions and electrode parameters are labelled in each sub-figure, respectively. By 543 

changing the orientation between aligned fibres and flow channel, the influences of xy-plane 544 

permeability on the reactant distribution and battery performance are investigated. The effects 545 

of different aligned electrode design on the polarization curves at various temperatures are 546 

shown in Fig.8 (a-c). It is worth noting that the arrangement angle θ can be controlled by 547 

rotating the aligned electrode during installation in practice. Excess parts can be trimmed for 548 

other purposes. 549 

At different temperatures, when the current density is less than 200 mA cm−2,  the effects of 550 

different aligned electrode designs on the activation overpotential are insignificant. With the 551 

increasing current density, the electrode with aligned fibre in θ=7° arrangement outperforms 552 

other electrode designs. Furthermore, the electrode with aligned fibre in θ=7° arrangement 553 

considerably reduces the concentration overpotential, indicating an enhanced mass transfer. 554 

VRFB with vertical aligned fibre electrode performs even worse than the VRFB with xy-plane 555 

isotropic electrode. VRFB with parallel aligned fibre electrode performs same as the battery 556 

with isotropic electrode. The electrode with aligned fibre in θ=45° arrangement also enhances 557 

the battery performance but less than θ=7° arrangement.  558 

However, it is still necessary evaluate the influences of different aligned electrode designs on 559 

the pressure drop. As shown in Fig.8 (d), all pressure drops and their variations at low 560 

temperature are larger than those at high temperature. Even though the θ=7° aligned fibre 561 

electrode improves the battery performance the most, it also produces a very large pressure 562 
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drop. The vertical aligned fibre electrode has the worst performance and the smallest pressure 563 

drop. The parallel aligned fibre electrode has the largest pressure drop without improving the 564 

performance of VRFB. Surprisingly, the battery with θ=45° aligned fibre electrode not only 565 

improves battery performance significantly, but also reduces the pressure drop. At 323.15 K, 566 

the VRFB with θ=45° aligned fibre electrode achieves a limiting current density of 1142 mA 567 

cm−2, which is 21% higher than VRFB with xy-plane isotropic electrode. At different 568 

temperatures, the pressure drop of the VRFB with θ=45° aligned fibre electrode is at least 36% 569 

lower than the pressure drop of VRFB with isotropic electrode. 570 

 571 

Fig.8 Polarization curves of VRFB with different aligned electrode design at 273.15 K (a), 572 

293.15 K (b) and 323.15 K (c); Pressure drop in negative electrode of different electrode cases 573 

(d). 574 

From Fig.9, compared 273.15 K profile with the 323.15 K profile, the velocity distributions of 575 

different electrode designs are almost the same. The current density becomes larger, and its 576 

distribution becomes less uniform at 323.15 K (noting that the legend scales are different 577 
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between two temperature profiles). In xy-plane isotropic, parallel, and vertical electrode, the 578 

velocity component directions are similar. Specifically, under the rib, the velocity component 579 

direction is oriented perpendicular to the channel (x direction), while under the channel, it is 580 

slightly inclined to the outlet direction. In θ=45° and θ=7° aligned fibre electrodes, the direction 581 

of velocity component is more consistent with the fibre orientation, especially in the middle 582 

section of the battery. The vertical aligned fibre electrode shows the most non-uniform current 583 

density distribution. 584 

From Fig.10, compared with 323.15 K case, the local current density is more uniform at 273.15 585 

K. The velocity components of vertical and θ=45° aligned fibre electrodes are extremely high 586 

in the region under the rib, while are very low in the region near the membrane. However, the 587 

velocity components of isotropic, parallel and θ=7° aligned fibre electrodes are more uniform. 588 

Due to small velocity near the membrane, vertical aligned fibre electrode has a low surface 589 

concentration of reactant, especially at a high temperature. At 273.15 K, the local current 590 

density concentrates near membrane in isotropic, parallel and θ=7° aligned fibre electrodes, 591 

while concentrates in the region under the rib in vertical aligned fibre electrode. At 323.15 K, 592 

the local current density concentrates in the region under the rib except θ=7° aligned fibre 593 

electrode case. Noteworthy, the θ=7° aligned fibre electrode exhibits the most uniform local 594 

current distribution. 595 

 596 

 597 
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 598 

Fig.9 Current density distribution at the middle cross section of membrane in xy-plane with 599 

velocity component (scale-up factor 150) in xy-direction at 0.05 mm from the membrane xy-600 

plane of positive electrode at 273.15 K (a) and 323.15 K (b) at working potential 0.8 V. 601 
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 602 

Fig.10 V5+ bulk concentration distribution (left in each sub-figure with colour legend at left-603 

bottom) with velocity component (scale-up factor 50) in yz-direction, V5+ surface 604 

concentration distribution (right-up in each sub-figure with colour legend at right-top) and local 605 

current density distribution (right-down in each sub-figure with colour legend at right-down) 606 

on yz-plane at middle of channel length (x=8mm) at 273.15 K (a) and 323.15 K (b) at working 607 

potential 0.8 V. 608 

3.5 Combined effects of aligned electrode design and specific surface area 609 

The fibre modification can be used in aligned electrodes to further improve the battery 610 

performance in this sub-section. The inlet flow rate is 30 ml min-1, SOC of inlet is set as 0.5, 611 

the electrode porosity is 0.9 and the carbon electrode fibre diameter is set as 10 μm in this sub-612 
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section. Other detailed operating conditions and electrode parameters are labelled in each sub-613 

figure, respectively. The combined effect of different aligned electrode designs and specific 614 

surface area at various temperatures on the VRFB performance are shown in Fig.11. After fibre 615 

modification, only θ=7° aligned fibre electrode can further improve battery performance at 616 

different temperatures. The θ=45° aligned fibre electrode is only able to increase battery 617 

performance with specific surface area 1×105 m2 m-3 at 323.15 K. The changes of permeability 618 

in xy-plane induced by different aligned electrode designs only have enormous effects on 619 

concentration polarization. In electrodes with large specific surface area, the positive impact of 620 

the aligned electrode design on battery performance becomes smaller than in the case of low 621 

specific surface area electrodes. Under this condition, activation and ohmic overpotentials are 622 

the main factors limiting the battery performance. 623 

In general, the practical application of aligned electrode requires full and comprehensive 624 

consideration of the battery operating conditions and flow pattern. The fabrication of aligned 625 

electrode by electrospinning technology has been successfully applied in the laboratory level 626 

batteries since minimal sophisticated equipment or tooling is required by this technique [44]. 627 

Electrospinning can easily produce continuous fibres with diameters ranging from tens of 628 

nanometres to several microns and several methods for aligning the nanofibers were developed 629 

[45]. According to the published experimental data [12], compared with the conventional 630 

electrode, the aligned electrode achieves better battery performance and is potentially stable 631 

over long battery cycles. Therefore, the design of different orientation of aligned electrode has 632 

a certain practical basis. Although the simulation results show that the aligned electrode has 633 

advantage under certain conditions, different aligned electrode designs can greatly affect the 634 

battery performance, especially the pump consumption, which has potential reference value in 635 

the engineering design of large-scale VRFB. In the future, multi-parameter optimization can 636 

be performed at the system level to further balance the effects of aligning electrodes and other 637 

parameters on battery performance and pump consumption. 638 
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 639 

Fig.11 Polarization curves of VRFB with high specific surface area 1×105 m2 m-3 at 273.15 K 640 

(a), 293.15 K (c) and 323.15 K (e) and higher specific surface area 2×105 m2 m-3 at 273.15 K 641 

(b), 293.15 K (d) and 323.15 K (f) of different aligned electrode design. 642 
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4. Conclusion 643 

In this work, in order to elucidate the combined effects of electrode structural parameters and 644 

surface properties the VRFB performance, a 3D model is developed for a VRFB with 645 

interdigitated flow field. The fluid flow, species transport, charge transport, and 646 

electrochemical reactions behaviour at different temperature are fully considered. The model 647 

shows a good agreement with the experimental data from literature. The effects of different 648 

aligned electrode designs on battery performance are also discussed in detail. 649 

After fibre modification, 0.5 mm thick electrode has 3 advantages: 1) sufficient total reaction 650 

sites reduce activation loss, 2) lower ohmic loss due to thin electrode, 3) lower concentration 651 

loss due to enhanced mass transfer. The electrode with modified fibre of 0.9 porosity is a 652 

beneficial choice, showing good performance under different inlet flow rates and relatively 653 

lower pressure drop. With the increasing fibre diameter in the electrode, although the battery 654 

performance can be increased, the pressure drop also increases. Without fibre modification, the 655 

VRFB with θ=7° aligned fibre electrode reaches limiting current density of 1270 mA cm−2 at 656 

323.15 K, which is 35% higher than VRFB with xy-plane isotropic electrode. However, the 657 

θ=7° aligned fibre electrode also produces a very large pressure drop. Remarkably, at 323.15 658 

K, the VRFB with θ=45° aligned fibre electrode achieves limiting current density of 1142 mA 659 

cm−2, which is 21% higher than VRFB with xy-plane isotropic electrode. The pressure drop of 660 

θ=45° case is 228 Pa, which is 36% lower than that in the VRFB with isotropic electrode. After 661 

fibre modification, the positive effects of aligned electrode design on battery performance 662 

becomes insignificant, if the specific surface area in the electrode becomes sufficient for 663 

electrochemical reactions. 664 

Overall, this model can provide insights into the combined effects of electrode structures and 665 

surface properties on VRFB performance and pressure drop at various temperatures. This 666 

model also offers a detailed and comprehensive understanding of the complex interaction 667 

between the electrode structural parameters and surface properties. 668 
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