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Abstract 

To understand whether the optimization of the operating/electrode structural parameters are 

temperature dependent, a 3D numerical model is developed and validated to gain insight into 

the impact of practical operating temperature (273.15 K~323.15 K) on vanadium redox flow 

battery (VRFB) performance, in which the property parameters are from published 

experimental data. The operating temperature is found significantly influence the optimal 

design of VRFBs. Increasing the inlet flow rate and state of charge (SOC), decreasing the 

electrode porosity and fibre diameter can all improve the battery performance with 

interdigitated flow channels, and the improvement increases with increasing temperature. In 

contrast, decreasing the fibre diameter or porosity increases the flow resistance and costs higher 

pump consumption, which is more pronounced at a lower temperature due to higher electrolyte 

viscosity. The effect of electrode thickness is also different at various temperatures. The 

gradient porosity electrode is applied in VRFB with interdigitated flow channels. The 

electrochemical performance of VRFB with gradient electrode (porosity increases from 0.8 at 

channel side to 0.93 at membrane side) performs similarly with the VRFB with 0.8 porosity 

electrode, while the pressure drop is reduced by 40% at all temperature. This model provides a 

deep understanding of effects of a wide range of working temperature on the optimization of 

operating/electrode parameters and on the VRFBs’ performance. 
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1. Introduction 

For realizing carbon neutrality, wind and solar energy as renewable energy have attracted the 

attention of the industry and scientific research community. But both wind and solar power are 

intermittent and fluctuating, leading to long-term energy supply instability [1–3]. When their 

scale is kW to MW, they can be directly integrated into the grid. However, for scale larger than 

MW, the grid tolerance capacity becomes a problem [4]. To circumvent this problem, long-

term energy storage technologies are thus needed to moderate the wind/solar and the grid. As 

a novel energy storage technology, flow batteries have received growing attentions due to their 

safety, sustainability, long-life circles and excellent stability. All vanadium redox flow battery 

(VRFB) is a promising candidate, especially it is the most mature flow battery at the current 

stage [5]. Fig.1 shows the working principle of VRFB. The VRFBs realize the conversion of 

chemical energy and electrical energy through the reversible redox reaction of active redox 

couples in positive and negative electrolyte solutions. During charge process, oxidation 

reaction occurs in the positive electrode to increase the valence state of the active substance, 

while reduction reaction occurs in the negative electrode to reduce the valence state of the 

active substance. The electrochemical reactions are proceeded in the opposite directions in the 

discharge process. Voltage losses and pump energy consumption are the two most important 

factors limiting the performance of VRFBs [6]. 

 

Fig.1 VRFB working principle during charging process (a) and discharging process (b). 



4 

 

Temperature is one of most important parameters affecting VRFBs’ performance as it directly 

affects the electrochemical reactions kinetics and the electrolyte material properties. In practice, 

VRFBs may need to work at varied temperatures. On the one hand, some places with abundant 

wind or solar energy, such as deserts, may have large temperature differences between day and 

night. Therefore, a wide working temperature range enables VRFBs to be installed in situ near 

wind/solar power plants, further reducing unnecessary losses. On the other hand, temperatures 

in winter (i.e., 0 oC or even lower) and summer (i.e. 35 oC) are substantially different in most 

places.  A wide working temperature range enables VRFBs to operate efficiently in both 

summer and winter. In recent years, some researchers studied the temperature effects on 

electrolyte properties of VRFB and tested the performance of single cell in a broad temperature 

range, which provides very necessary data basis and reference for future research and 

development. Xiao et al. [7] investigated both the physical and electrochemical properties of 

vanadium electrolytes from 233.15 K to 323.15 K. The positive electrolyte is found to be stable 

at a low temperature, while the negative electrolyte behaves more stably at a high temperature. 

The viscosity of both positive and negative electrolytes decreases while the conductivity 

increases with the increasing temperature. They also confirmed the enhanced electrochemical 

activity at a higher temperature. Their follow-up study [8] evaluated the effects of temperature 

on single cell performance. The results indicate that the energy efficiency of the VRFB can 

reach 65%~78% at 100 mA cm-2 at 253.15 K~323.15 K. Zhang et al. [9] tested a lab-scale 

single cell through changing ambient temperature to understand the effects of temperature on 

VRFB. When the temperature increases from 288.15 K to 328.15 K, the peak power density 

increases from 259.5 mW cm-2 to 349.8 mW cm-2, and the voltage efficiency increases from 

86.5% to 90.5% at 40 mA cm-2. Yin et al. [10] focused on the ion transfer processes in VRFB 

at 283.15 K~323.15 K and discussed the temperature dependence of the ion transfer properties. 

Further, they gave a temperature effects route map to clarify the relation between battery 
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performance and ions mass transfer properties. The research group of the University of New 

South Wales carried out lots of very valuable works since they successfully built first VRFB 

[11]. They developed an empirical model considering the linear dependence of electrolyte 

conductivity on the electrolyte temperature and state of charge (SOC) to detect system 

imbalance [12]. However, Ressel et al. [13] applied a different approach to estimate SOC by 

using temperature corrected in-situ electrolyte density measurements of VRFB. 

Some researchers also tested and analysed the VRFBs with optimized material and structure at 

different temperatures. Kim et al. [14] reported that sodium formate can act as a promising 

additive for VRFB to achieve high performance with high-temperature tolerance by preventing 

precipitation and decreasing viscosity of the electrolyte. The applicability of several typical 

membranes to VRFB at different temperatures is evaluated by Xi et al. [15]. Rao et al. [16] 

investigated how to restore the lost discharge capacity and energy efficiency at low temperature 

(263.15K and 283.15K) by applying thinner electrode and increasing the electrode compression 

ratio.  

Moreover, the visualization of VRFB characteristics by simulation is an essential tool to better 

understand the cell charge and discharge processes, design optimized structure and save both 

time and money compared with experiment [17]. VRFB thermal model is an essential tool for 

studying the behaviour of the battery and optimizing its performance, efficiency, lifespan, and 

safety. Some researchers developed thermal model of VRFB to further study the effects of 

operating conditions on heat generation at room temperature, which is also beneficial to the 

establishment of battery management system (BMS) [18–20]. For larger VRFB scale, some 

stack and system models for the study of thermal effects were proposed to investigate the 

overall performance and efficiency of the batteries, considering the flow pattern [21] or shunt 

current losses [22]. Wang et al. [23] built a thermal model to study the steady and dynamic-

state thermal conditions of VRFB system and proposed the improved cooling strategy to save 
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air conditioner consumption. The modelling methods of life-cycle charging state of VRFB 

considering the change of current and temperature can be referred to lithium-ion batteries 

studies from Wang et al. [24]. They also proposed the improved anti-noise adaptive neural 

network for accurate battery remaining useful life prediction [25], which provides a reference 

for the VRFB lifespan model. The above simulations are mostly based on room temperature. 

Different temperatures have great influence on the electrolyte properties and the 

electrochemical reaction rate, so it is also very important to establish the battery temperature 

effects model, which can help researchers better predict the battery performance. Xu et al. [26] 

built numerical model of iron-vanadium redox flow battery with deep eutectic solvent 

electrolyte and studied the temperature effects on over-potential and pumping loss. Some 

researchers also proposed numerical models to study the effects of electrode porosity [27], 

electrolyte concentration [28], flow pattern [29] and membrane [30] on VRFB performance, 

but all of them were carried out at room temperature. 

The above-mentioned works show great impacts of working temperature on the performance 

of VRFB. However, most of them are experimental-based studies and cannot give quantitative 

description of working temperature effects on the complex physical/chemical/electrochemical 

phenomena in VRFB. The simulation works are still lacking at different temperatures. The 

relevant understanding is still vague [31–33]. To fill the research gap, a three-dimensional 

model is developed to investigate the effects of operating and electrode structural parameters 

on the VRFB performance over a wide range of temperature, from 273.15 K to 323.15 K. The 

model delivers detailed understanding of how temperature affects optimization of 

operating/electrode structural parameters, thereby minimizing the voltage losses and pump 

energy consumption. Such a model provides valuable information on how to formulate 

corresponding operating strategies for different working temperatures and how to optimize 

electrode fabrication at different temperature ranges. Furthermore, this model can serve as a 
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useful tool for VRFB design and offer valuable insights for other flow batteries with similar 

physical and electrochemical properties.  

2. Methods 

A 3D model is built for a VRFB with interdigitated flow field. Details can be found in Fig.2. 

The interdigitated flow field is applied in VRFB to 1) decrease the ohmic loss; 2) save the 

pump power; 3) supply the reactants uniformly in the electrolyte. Zero potential is applied at 

the contact surface of the current collector and the negative porous electrode. The working 

voltage, from open-circuit voltage (OCV) to 0.15 V, is applied to the contact surface of the 

current collector and the positive electrode to calculate the according current density 

(polarization curves). The whole battery is shown in Fig.2 (a), which has a 400 mm2 active 

square electrode on each side. Due to similar mass transfer process between the adjacent 

channels, the unit computational domain is applied. The unit computational domain consists of 

a 2 mm×16 mm active electrode and half inflow/outflow channels which are symmetrical along 

the centre line on each side, as shown in Fig.2 (b). 
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Fig.2 Schematic diagram of the whole battery (a), the unit computational domain (b) and the 

boundary condition setting (c).  

The initial concentration settings in computation refer to the experiment [24]. The process of 

configuring the electrolyte is as following: 

1. Add 0.75 mol V2O5 solid powder to 1 L of 3.875 mol H2SO4 solution with the chemical 

reaction, 2𝐻+ + 𝑉2𝑂5 ↔ 2𝑉𝑂2
+ + 𝐻2𝑂.  

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

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

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

2−.  

2. In the pre-step, the electrochemical reactions are performed. The reduction reaction is 

2𝑉𝑂2
+ + 3𝑒− + 6𝐻+ ↔ 𝑉𝑂2+ + 𝑉3+ + 3𝐻2𝑂 . The oxidation reaction is 𝐻2𝑂 ↔ 0.5𝑂2 +

2𝐻+ + 2𝑒−.  

After the pre-step, the solution in the reduction side can be used as the initial electrolyte [7]. 

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

means the initial total vanadium ion concentration, 𝑐𝑉𝑡𝑜𝑡𝑎𝑙
0 , is 1.5 M.  

3. In the pre-charge step, the positive reaction is 𝑉3+ +𝐻2𝑂 ↔ 𝑉𝑂2+ + 2𝐻+ + 𝑒− . The 

negative reaction is 𝑉𝑂2+ + 2𝐻+ + 𝑒− ↔ 𝑉3+ + 𝐻2𝑂.  

After the pre-step, the SOC of electrolyte is 0, the positive electrolyte consists of 1.5 M 𝑉𝑂2+, 

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

and 3.875 M 𝑆𝑂4
2−.  

At this point, the initial electrolyte configuration is complete and the battery charging and 

discharging process can proceed. The reactions occurring in negative and positive electrodes 

of VRFB can be expressed as: 

At negative electrode: 𝑉2+
𝐷𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑒
→         

𝐶 ℎ 𝑎 𝑟 𝑔 𝑒
←        

 𝑉3+ + 𝑒−                
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At positive electrode: 𝑉𝑂2
+ + 2𝐻+

𝐷𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑒
→         

𝐶 ℎ 𝑎 𝑟 𝑔 𝑒
←        

 𝑉𝑂2+ + 𝐻2𝑂 − 𝑒− 

After charge reaction, the SOC is 1, the positive electrolyte consists of 1.5 M 𝑉𝑂2
+, 6.25 M 𝐻+ 

and 3.875 M 𝑆𝑂4
2− and the negative electrolyte consists of 1.5 M 𝑉2+, 4.75 M 𝐻+ and 3.875 

M 𝑆𝑂4
2−.  

The inlet species concentration, 𝑐𝑖
𝑖𝑛, is determined by the 𝑆𝑂𝐶𝑖𝑛 except 𝑆𝑂4

2− as constant: 

𝑐𝑆𝑂42−𝑝𝑜𝑠
𝑖𝑛 = 𝑐𝑆𝑂42−𝑛𝑒𝑔

𝑖𝑛 = (1 𝑀 + 2.5 × 𝑐𝑉𝑡𝑜𝑡𝑎𝑙
0 ) 2 = 3.875 M⁄      

𝑐𝐻+
𝑛𝑒𝑔

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

𝑐𝐻+
𝑝𝑜𝑠

𝑖𝑛 = 4𝑀 + (𝑆𝑂𝐶𝑖𝑛 + 0.5) ∙ 𝑐𝑉𝑡𝑜𝑡𝑎𝑙
0  

𝑐𝑉𝑂2+
𝑖𝑛 = 𝑐𝑉2+

𝑖𝑛 = 𝑆𝑂𝐶𝑖𝑛 ∙ 𝑐𝑉𝑡𝑜𝑡𝑎𝑙
0              

𝑐𝑉𝑂2+
𝑖𝑛 = 𝑐𝑉3+

𝑖𝑛 = (1 − 𝑆𝑂𝐶𝑖𝑛) ∙ 𝑐𝑉𝑡𝑜𝑡𝑎𝑙
0         

2.1 Model assumptions 

In the present work, some assumptions are applied as follows: 

1. The entire computational domain is isothermal, due to the good thermal conductivity and 

high heat capacity of liquid electrolyte. 

2. The fluid flow is incompressible. 

3. The VRFB is in steady state operation,  considering that the two external tanks are large 

enough.  

4. The possible side reactions, such as hydrogen and oxygen evolutions, are neglected. 

5. Apart from proton transport, the membrane does not allow mass transport or transport of 

other ions.   

2.2 Momentum and mass transport 

The mass and the momentum conservation for electrolyte can be expressed with the continuity 

equation, Navier-Stokes equation, and Brinkman equation, respectively: 
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0 = 𝜌∇ ⋅ 𝑢⃗                                                               (1) 

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

 −∇𝑝 + ∇ ⋅ [
𝜇

𝜀
(∇𝑢⃗ + (∇𝑢⃗ )𝑇)] −

𝜇

𝜅
𝑢⃗ =

𝜌

𝜀2
(𝑢⃗ ⋅ ∇)𝑢⃗                              (3) 

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

dynamic viscosity (Pa·s), 𝜀  is the electrode porosity, and 𝜅  is the permeability of porous 

electrode, which is expressed as [25]: 

𝜅 =
𝜀3𝑑𝑓

2

16𝑘𝑐𝑘(1−𝜀)
2                                                          (4)   

where 𝑑𝑓 is the fibre diameter (µm), 𝑘𝑐𝑘 is the dimensionless Carman-Kozeny constant, which 

is set to be 4.28 [26]. 

According to fitting formula of experimental data, the two temperature-dependent parameters, 

dynamic viscosity [10] and electrolyte density [13], can be determined as follows: 

𝜇𝑛𝑒𝑔 = 𝜐𝑛𝑒𝑔 ∙ 𝜌𝑛𝑒𝑔 = 8 × 𝜌𝑛𝑒𝑔 × 𝑒𝑥𝑝(−0.055 × (𝑇 − 𝑇0) + 1.4) × (1 − 𝑆𝑂𝐶) + 𝜐𝑝𝑜𝑠 ∙ 𝜌𝑝𝑜𝑠 ∙ 𝑆𝑂𝐶    (5) 

𝜌𝑛𝑒𝑔 = −0.0006 𝑔 ∙ (𝑚𝑙 ∙ 𝐾)−1 × (𝑇 − 𝑇𝑟𝑒𝑓) + 1.3686 𝑔 ∙ 𝑚𝑙−1              (6) 

𝜇𝑝𝑜𝑠 = 𝜐𝑝𝑜𝑠 ∙ 𝜌𝑝𝑜𝑠 = 4.5 × 𝜌𝑝𝑜𝑠 × 𝑒𝑥𝑝(−0.06 × (𝑇 − 𝑇0) + 1.6)             (7) 

𝜌𝑝𝑜𝑠 = −0.0006 𝑔 ∙ (𝑚𝑙 ∙ 𝐾)−1 × (𝑇 − 𝑇𝑟𝑒𝑓) + 1.3447 𝑔 ∙ 𝑚𝑙−1               (8) 

where 𝑇 is the temperature of fluid (K), 𝑇𝑟𝑒𝑓 = 298.15 K, 𝑇0 = 273.15 K, and 𝜐 is the kinetic 

viscosity of the fluid (m2 s-1). The specific surface area of the electrode, 𝑎, is determined by 

porosity and fibre diameter as [27]: 

𝑎 =
4(1−𝜀)

𝑑𝑓
                                                              (9) 

The Nernst-Plank equation [28] is employed to describe the transport of dilute species in the 

porous electrode which comprises convective, migrative, and diffusive terms: 

𝑁⃗⃗ 𝑖 = −
𝑧𝑖𝑐𝑖𝐷𝑖

𝑒𝑓𝑓

𝑅𝑇
𝐹∇𝜙𝑙 + 𝑢⃗ 𝑐𝑖 −𝐷𝑖

𝑒𝑓𝑓
∇𝑐𝑖                                     (10) 

∇ ⋅ 𝑁⃗⃗ 𝑖 = 𝑆𝑖                                                            (11) 
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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). 𝑐𝑖  and 

𝑧𝑖 are molar concentration (mol m-3) and charge number of species 𝑖, respectively. 𝐹 is Faraday 

constant (96485 C mol-1). 𝜙𝑙  is the potential in the electrolyte (V). 𝑆𝑖  is the species molar 

source term (mol m-3 s-1) , which represents the generation/consumption rate of species due to 

the electrochemical reactions.  

The effective diffusivity 𝐷𝑖
𝑒𝑓𝑓

 (m2 s-1) is corrected according to the Bruggeman correction [29]: 

𝐷𝑖
𝑒𝑓𝑓

= 𝜀3/2𝐷𝑖                                                         (12) 

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

electrolytes with the temperature and the 𝑆𝑂𝐶 of vanadium ions [10]: 

ln𝐷𝑉2+,𝑉3+ = −2713.09 × (
1

𝑇
) − 5.67 × (1 − 0.14 × 𝑆𝑂𝐶 − 0.61 × 𝑆𝑂𝐶2)  (13) 

ln𝐷𝑉𝑂2+ ,𝑉𝑂2
+ = −4122.59 × (

1

𝑇
) − 1.04 × (1 + 1.27 × 𝑆𝑂𝐶 − 5.87 × 𝑆𝑂𝐶2)  (14) 

2.3 Electrochemistry 

In electrochemistry, the general Butler-Volmer equation is used to link the activation 

overpotential with the current density. Charge transport in the electrode for negative side is 

solved as: 

𝛻 ⋅ 𝑖 𝑙 = −𝜎𝑙
𝑒𝑓𝑓

𝛻2𝜙𝑙 = −𝑖𝑛𝑒𝑔                                            (15) 

  𝛻 ⋅ 𝑖 𝑠 = −𝜎𝑠
𝑒𝑓𝑓

𝛻2𝜙𝑠 = 𝑖𝑛𝑒𝑔                                              (16) 

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

𝜙𝑙 and 𝜙𝑠 are the ionic potential and electronic potential. 𝜎𝑙
𝑒𝑓𝑓

 and 𝜎𝑠
𝑒𝑓𝑓

 represent the effective 

ionic and electronic conductivity (S m-1) derived from the following expressions. 

 𝜎𝑙
𝑒𝑓𝑓

= 𝜀1.5𝜎𝑙                                                             (17) 

    𝜎𝑠
𝑒𝑓𝑓

= (1 − 𝜀)1.5𝜎𝑠                                                      (18) 

The positive electrode has similar equations for charge transport. 
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∇ ⋅ 𝑖 𝑙 = −𝜎𝑙
𝑒𝑓𝑓

∇2𝜙𝑙 = −𝑖𝑝𝑜𝑠                                                (19) 

∇ ⋅ 𝑖 𝑠 = −𝜎𝑠
𝑒𝑓𝑓

∇2𝜙𝑠 = 𝑖𝑝𝑜𝑠                                                 (20) 

The ionic conductivity 𝜎𝑙 is calculated from the empirical equation [12]. 

𝜎𝑙,𝑝𝑜𝑠 = (1.8 × (𝑇 − 𝑇0) + 93.503) × 𝑆𝑂𝐶 + (4.6713 × (𝑇 − 𝑇0) + 172.07)      (21) 

𝜎𝑙,𝑛𝑒𝑔 = (0.705 × (𝑇 − 𝑇0) + 55.042) × 𝑆𝑂𝐶 + (2.6176 × (𝑇 − 𝑇0) + 122.37)    (22) 

where 𝑇0 = 273.15 K. The unit of conductivity calculated from Eq. (21) and (22) is mS cm-1.  

The ionic current density at the membrane, 𝑖𝑚𝑒𝑚, determines the magnitude of the proton 

flux on membrane surfaces. For negative membrane surface, the proton flux is 𝑖𝑚𝑒𝑚/𝐹. 

For positive membrane surface, the proton flux is −𝑖𝑚𝑒𝑚/𝐹. The membrane is modeled by 

using Ohm’s law.  

∇ ⋅ 𝑖 𝑙 = −σ𝑚∇
2𝜙𝑙 = −𝑖𝑚𝑒𝑚                                              (23) 

where the σ𝑚 is the membrane conductivity.  

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

𝑖𝑝𝑜𝑠 . For the negative electrode: 𝑆𝑉3+ = −𝑖𝑛𝑒𝑔/𝐹, 𝑆𝑉2+ = 𝑖𝑛𝑒𝑔/𝐹. For the positive electrode: 

𝑆𝑉𝑂2+ = −𝑖𝑝𝑜𝑠/𝐹, 𝑆𝑉𝑂2+ = 𝑖𝑝𝑜𝑠/𝐹, 𝑆𝐻+ = −2𝑖𝑝𝑜𝑠/𝐹. The transfer current density, which is 

also termed local current density as, 𝑖𝑙𝑜𝑐 , is defined as, 𝑖𝑛𝑒𝑔/𝑎 in negative electrode and 𝑖𝑝𝑜𝑠/𝑎 

in positive electrode. The electrochemical reactions occurring on the surfaces of solid fibre in 

the electrode can be expressed by the Butler-Volmer equation [18]: 

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
)]     (24) 

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
)]    (25) 

where 𝑘𝑛𝑒𝑔
0  and 𝑘𝑝𝑜𝑠

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

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

coefficient of negative half-reaction, 𝛼𝑐,𝑝𝑜𝑠 and 𝛼𝑎,𝑝𝑜𝑠 are cathodic and anodic charge transfer 

coefficient of positive half-reaction. 𝑅 is the ideal gas constant (8.314 J mol-1 K-1). 𝑐𝑖
𝑠 is the 
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concentration at the fibre surface of species 𝑖. Overpotentials 𝜂𝑛𝑒𝑔  and 𝜂𝑝𝑜𝑠   are defined as 

follows: 

𝜂𝑛𝑒𝑔 = 𝜙𝑠,𝑛𝑒𝑔 − 𝜙𝑒,𝑛𝑒𝑔 − 𝐸𝑒𝑞,𝑛𝑒𝑔                                          (26) 

  𝜂𝑝𝑜𝑠 = 𝜙𝑠,𝑝𝑜𝑠 −𝜙𝑒,𝑝𝑜𝑠 − 𝐸𝑒𝑞,𝑝𝑜𝑠                                           (27) 

Equilibrium potentials are calculated via: 

𝐸𝑒𝑞,𝑛𝑒𝑔 = 𝐸𝑛𝑒𝑔
0 +

𝑅𝑇

𝐹
ln (

𝑐
𝑉3+

𝑐𝑉2+
)                                             (28) 

𝐸𝑒𝑞,𝑝𝑜𝑠 = 𝐸𝑝𝑜𝑠
0 +

𝑅𝑇

𝐹
ln (

𝑐
𝑉𝑂2

+𝑐𝐻+
2

𝑐𝑉𝑂2+
)                                          (29) 

The standard potentials 𝐸𝑛𝑒𝑔
0  and 𝐸𝑝𝑜𝑠

0  are related to the temperature [19].  

𝐸𝑛𝑒𝑔
0 = 𝐸𝑛𝑒𝑔,𝑟𝑒𝑓

0 +
𝑑𝐸0

𝑑𝑇
|
𝑛𝑒𝑔

(𝑇 − 𝑇𝑟𝑒𝑓) = 1.004 +
∆𝑆𝑛𝑒𝑔

𝑛𝐹
(𝑇 − 𝑇𝑟𝑒𝑓)                (30) 

    𝐸𝑝𝑜𝑠
0 = 𝐸𝑝𝑜𝑠,𝑟𝑒𝑓

0 +
𝑑𝐸0

𝑑𝑇
|
𝑝𝑜𝑠

(𝑇 − 𝑇𝑟𝑒𝑓) = −0.255 +
∆𝑆𝑝𝑜𝑠

𝑛𝐹
(𝑇 − 𝑇𝑟𝑒𝑓)               (31) 

where the 𝐸𝑛𝑒𝑔,𝑟𝑒𝑓
0  and  𝐸𝑝𝑜𝑠,𝑟𝑒𝑓

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

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

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

reactions [30]. 𝑛 denotes the number of charge transferred in the electrochemical reaction, 

which value is 1 in the calculation.   

The vanadium ions concentration at the surface of carbon fibers can be calculated by balancing 

the reaction rate and the rate of ion transfer from the bulk to the interface. A quasi-equilibrium 

state assumption is adopted for the ions transport considering that SOC of electrolyte changes 

slowly due to relatively small volume of electrolyte in the cell compared with that in the 

reservoirs. Therefore, the local flux at the surface of the negative electrode is [18]:  

        𝑁𝑉2+
𝑠 = 𝑘𝑚(𝑐𝑉2+ − 𝑐𝑉2+

𝑠 ) = −𝑖𝑛𝑒𝑔 (𝑎𝐹)⁄  

= 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
)]          (32) 

       𝑁𝑉3+
𝑠  = 𝑘𝑚(𝑐𝑉3+ − 𝑐𝑉3+

𝑠 ) =   𝑖𝑛𝑒𝑔 (𝑎𝐹)⁄  
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= 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
)]          (33) 

Combining Eqs. (32) and (33), the concentrations of 𝑉2+
 and 𝑉3+

 at the carbon fiber surface 

are derived as 

𝑐𝑉3+
𝑠 =

𝐴1𝑐𝑉2+  + (1+𝐴1)𝑐𝑉3+

1 + 𝐴1 + 𝐵1
                                                  (34) 

𝑐𝑉2+
𝑠 =

𝐵1𝑐𝑉3+  + (1+𝐵1)𝑐𝑉2+

1 + 𝐴1 + 𝐵1
                                                 (35) 

where 

𝐴1 =
𝑘𝑛𝑒𝑔
0

𝑘𝑚 
𝑐
𝑉2+
𝛼𝑐,𝑛𝑒𝑔−1

𝑐
𝑉3+
𝛼𝑎,𝑛𝑒𝑔 

exp (
𝛼𝑎,𝑛𝑒𝑔 𝐹𝜂𝑛𝑒𝑔

𝑅𝑇
)                                 (36) 

𝐵1 =
𝑘𝑛𝑒𝑔
0

𝑘𝑚 
𝑐
𝑉2+
𝛼𝑐,𝑛𝑒𝑔

𝑐
𝑉3+
𝛼𝑎,𝑛𝑒𝑔−1

exp (
−𝛼𝑐,𝑛𝑒𝑔 𝐹𝜂𝑛𝑒𝑔

𝑅𝑇
)                               (37) 

the local flux at the surface of the positive electrode is: 

       𝑁𝑉𝑂2+
𝑠 = 𝑘𝑚(𝑐𝑉𝑂2+ − 𝑐𝑉𝑂2+

𝑠 ) = −𝑖𝑝𝑜𝑠 (𝑎𝐹)⁄  

= 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
)]         (38) 

       𝑁𝑉𝑂2
+

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

= 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
)]         (39) 

Combining Eqs. (38) and (39), the concentrations of 𝑉𝑂2+
 and 𝑉𝑂2

+
 at the carbon fiber surface 

are derived as 

           𝑐𝑉𝑂2+
𝑠 =

𝐴2𝑐𝑉𝑂2++(1+𝐴2)𝑐𝑉𝑂2
+

1 + 𝐴2+ 𝐵2
                                                 (40) 

𝑐𝑉𝑂2+
𝑠 =

𝐵2𝑐𝑉𝑂2
+  + (1+𝐵2)𝑐𝑉𝑂2+

1 + 𝐴2 + 𝐵2
                                                 (41) 

where 

𝐴2 =
𝑘𝑝𝑜𝑠
0

𝑘𝑚 
𝑐
𝑉𝑂2+
𝛼𝑐,𝑝𝑜𝑠−1𝑐

𝑉𝑂2
+

𝛼𝑎,𝑝𝑜𝑠 exp (
𝛼𝑎,𝑝𝑜𝑠 𝐹𝜂𝑝𝑜𝑠

𝑅𝑇
)                                 (42) 

𝐵2 =
𝑘𝑝𝑜𝑠
0

𝑘𝑚 
𝑐
𝑉𝑂2+
𝛼𝑐,𝑝𝑜𝑠𝑐

𝑉𝑂2
+

𝛼𝑎,𝑝𝑜𝑠−1exp (
−𝛼𝑐,𝑝𝑜𝑠 𝐹𝜂𝑝𝑜𝑠

𝑅𝑇
)                                (43) 

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

0  are temperature 

dependent and can be written as follows:  
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𝑘𝑛𝑒𝑔
0 = 𝑘𝑛𝑒𝑔,𝑟𝑒𝑓

0 exp (−
∆𝐺𝑛𝑒𝑔

0

𝑅
(

1

𝑇𝑟𝑒𝑓
−

1

𝑇
)) = 𝑘𝑛𝑒𝑔,𝑟𝑒𝑓

0 exp (
𝑛𝐹𝐸𝑛𝑒𝑔

0

𝑅
(

1

𝑇𝑟𝑒𝑓
−

1

𝑇
))            (44) 

𝑘𝑝𝑜𝑠
0 = 𝑘𝑝𝑜𝑠,𝑟𝑒𝑓

0 exp (−
∆𝐺𝑝𝑜𝑠

0

𝑅
(

1

𝑇𝑟𝑒𝑓
−

1

𝑇
)) = 𝑘𝑝𝑜𝑠,𝑟𝑒𝑓

0 exp(
𝑛𝐹𝐸𝑝𝑜𝑠

0

𝑅
(

1

𝑇𝑟𝑒𝑓
−

1

𝑇
))          (45) 

where ∆𝐺𝑛𝑒𝑔
0 = −𝑛𝐹𝐸𝑛𝑒𝑔

0  and ∆𝐺𝑝𝑜𝑠
0 = −𝑛𝐹𝐸𝑝𝑜𝑠

0  are the standard Gibbs free energy change 

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

0  are the standard reaction rate constants at 

𝑇𝑟𝑒𝑓 = 298.15 K. The local mass transfer coefficient can be calculated approximately [31]: 

𝑘𝑚 = 8.85 × 10−4|𝑢⃗ |0.9                                                (46) 

The parameters of geometry, operating conditions, electrochemical reactions and material 

properties are listed in Table 1 and Table 2. 

Table 1 Geometric and operating parameters. 

Parameters Symbols (Unit) Value 

𝑡ℎ𝑖𝑐𝑘𝑒 Electrode thickness (mm) 0.5 ~ 1.5 

𝑡ℎ𝑖𝑐𝑘𝑚 Membrane thickness (μm) 50 

𝑟𝑖𝑏𝑤 Rib width (mm) 1 

𝑐ℎ𝑎𝑛𝑛𝑒𝑙𝑤 Channel width (mm) 1 

𝑐ℎ𝑎𝑛𝑛𝑒𝑙𝑑 Channel depth (mm) 1 

𝑐ℎ𝑎𝑛𝑛𝑒𝑙𝑙 Channel length (mm) 16 

𝑐ℎ𝑎𝑛𝑛𝑒𝑙𝑛 Inflow channel number 5 

𝜀 Electrode porosity 0.8 ~ 0.93 and gradient 

𝑑𝑓 Carbon electrode fibre diameter (μm) 5 ~ 20 and gradient 

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

𝑆𝑂𝐶𝑖𝑛  SOC of inlet 0.2 ~ 0.8 

𝑄𝑖𝑛  Inlet flow rate (ml min-1) 10 ~ 60 

𝑇 Working temperature (K) 273.15 ~ 323.15 
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Table 2 Electrochemical parameters and material properties. 

Parameters Symbols (Unit) Value 

𝐸𝑛𝑒𝑔,𝑟𝑒𝑓
0  Standard equilibrium potentials of negative side at 298.15 K (V) -0.255 [32] 

𝐸𝑝𝑜𝑠,𝑟𝑒𝑓
0  Standard equilibrium potentials of positive side at 298.15 K (V) 1.004 [32] 

𝛼𝑎,𝑛𝑒𝑔  Anodic charge transfer coefficient for negative side 0.5 

𝛼𝑐,𝑛𝑒𝑔  Cathodic charge transfer coefficient for negative side 0.5 

𝛼𝑎,𝑝𝑜𝑠  Anodic charge transfer coefficient for positive side 0.5 

𝛼𝑐,𝑝𝑜𝑠  Cathodic charge transfer coefficient for positive side 0.5 

𝑘𝑝𝑜𝑠,𝑟𝑒𝑓
0  The standard reaction rate constant of negative side (m s-1) 6.8×10-7 [33] 

𝑘𝑛𝑒𝑔,𝑟𝑒𝑓
0  The standard reaction rate constant of negative side (m s-1) 1.7×10-7 [34] 

𝐷𝐻+ Proton diffusion coefficient (m2 s-1) 9.3×10-9 [35] 

𝐷
𝑆𝑂4

2− 𝑆𝑂4
2− diffusion coefficient (m2 s-1) 1.1×10-9 [35] 

𝜎𝑠 Electrode material conductivity (S m-1) 5000 

𝜎𝑚 Membrane conductivity (S m-1) 12 

 

2.4 Boundary conditions 

The boundary conditions are shown in Fig.2 (c). Working voltage, 𝑉𝑤𝑜𝑟𝑘 , is applied from OCV 

to 0.15 V on the contact surface of the positive porous electrode and the current collector. Zero 

potential is adopted at the contact surface of the negative porous electrode and the current 

collector, as mentioned above. The inflow velocity boundary of the unit calculational domain 

is set to be 𝑣𝑖𝑛, 

𝑣𝑖𝑛 =
𝑄𝑖𝑛

𝑐ℎ𝑎𝑛𝑛𝑒𝑙𝑛×2×𝐴𝑖𝑛
=

𝑄𝑖𝑛

𝑐ℎ𝑎𝑛𝑛𝑒𝑙𝑛×2×
𝑐ℎ𝑎𝑛𝑛𝑒𝑙𝑤

2
×𝑐ℎ𝑎𝑛𝑛𝑒𝑙𝑑

                        (47) 

where 𝐴𝑖𝑛 is the cross-sectional area of the half inflow channel in the computational domain. 

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

needs to be divided by two. At the outlet of the outflow channel, the pressure is set to be zero 
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as the reference and concentration gradient is assumed to be zero. The inlet species 

concentration, 𝑐𝑖
𝑖𝑛, is given in details at the beginning of this section. The two ends of the unit 

in the zx-plane are set as symmetric plane in charge transfer, mass, and species. All the other 

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

2.5 Validation and case study details 

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

set to 1×10-4. The model is validated at inlet flow rate 20 mL min-1, current density 60 mA cm-

2, 1.5 M total vanadium ion concentration, 0.06 ~ 0.94 SOC, and ambient temperatures 273.15 

K ~ 323.15 K through discharge curves. The simulation results show good agreement with 

experimental data [10], as shown in Fig.3 (a). The mesh independence check is shown in Fig.3 

(b). The number of 414 thousand is chosen for the degrees of freedom in the subsequent 

simulations. 

The porosity of 0.8 ~ 0.93 is chosen for calculation because commercial electrodes generally 

have a porosity of 0.95. After installation, slight compression is needed for sealing and long-

term stability, thus the porosity is lower than 0.93 according to different compression ratio. 

Further compression of the electrode makes the pump consumption rise rapidly and is possible 

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

study. 
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Fig.3 (a) Model validation for the VRFBs working at various temperature; (b) Mesh 

independence validation. 

For investigating the effect of different electrode porosity distributions on electrochemical 

performance of battery, different gradient electrodes are constructed, as shown in Fig.4. For 

example, the gradient electrode with decreasing porosity in z-direction means the porosity 

decreases linearly from 0.93 at the flow channel side to the 0.8 at membrane side in z-direction 

of electrode. Gradient electrode structures in y- and x-direction have the same setting in their 

both positive and negative electrodes. 
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Fig.4 Structures of VRFB with different gradient electrodes, linear decreasing (a) and linear 

increasing (b) porosity in z-direction, linear increasing porosity in y-direction (c), and half 

linear increasing half decreasing porosity in x-direction (d). 

3. Results and discussion 

3.1 Effects of operating condition over a wide range of working temperature 

First, a base case is calculated to give a holistic description of the distribution of velocities, 

current densities, and concentrations throughout the entire VRFB at various temperatures. 

Simulation results are shown in Fig.5 and the detailed electrode parameters are listed in Table 

3. It is worth noting that the unmarked and unexplained parameters in following parametric 

studies are all subject to the parameters in basic case (Table 3). In addition, all contours are at 

the working potential 0.8 V. 

Table 3 Electrode parameters of the base case. 

Parameters Symbols (Unit) Value 

𝜀 Electrode porosity 0.9 

𝑑𝑓 Carbon electrode fibre diameter (μm) 10 
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𝑡ℎ𝑖𝑐𝑘𝑒 Electrode thickness (mm) 1 

𝑆𝑂𝐶𝑖𝑛  SOC of inlet 0.5 

𝑄𝑖𝑛  Inlet flow rate (𝑚𝑙 ∙ 𝑚𝑖𝑛−1) 30 

Due to the unconnected inflow and outflow channel of the interdigitated flow field, the 

electrolyte penetration is increased to enhance the convection in electrodes, which results in a 

better electrochemical performance than the serpentine flow field case. The more uniform 

species distribution and less pressure drop comes from the shorter inflow and outflow route in 

the interdigitated flow field [36]. From the Fig.5 (a), (c) and (e), it is found that the velocity 

distribution: 1) almost same at different temperatures due to the property of interdigitated flow 

field; 2) highest value near inlet and outlet; 3) its value close to zero near both ends wall. The 

surface concentration distributions of V5+ in positive electrode and V2+ in negative electrode 

illustrates symmetry and show negligible variation along channel in x-direction. At the same 

working voltage, the surface concentration of reactants decreases with increased temperature. 

Fig.5 (b), (d) and (f) exhibit the current density distribution at the middle cross section of 

membrane in xy-plane with different colour legends and local current density distribution in 

yz-planes with same colour legend. It is obvious that, at a higher temperature, VRFB can attain 

a larger current density, which shows an asymmetrical distribution in all xyz-directions. 

It is worth noting that in the following parametric studies, unless otherwise noted,  all contours 

of velocity distribution, concentration distribution and current density distribution in yz-plane 

are set at the middle of channel length (x=8 mm). In addition, the velocity components in yz-

direction are all scaled up by a factor of 50.  
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Fig.5 Surface concentrations distribution of the reactants in yz- and xz-planes with velocity 

vector at different temperatures (a), (c) and (e); Current density distribution at middle cross 

section of membrane in xy-plane and local current density distribution in yz-planes at different 

temperatures (b), (d) and (f). 

3.1.1 Inlet flow rate 

The effects of inlet flow rate on the polarization curves at different temperatures are shown in 

Fig.6 (a-c). With the increase of inlet flow rate, the battery performances at different 

temperatures are all improved. However, the performance improvement becomes more obvious 

with increased working temperature, due to the enhanced reactivity. It can be observed that, at 

a low inlet flow rate, the limiting current densities at different temperatures are all around 425 

mA cm-2. Nevertheless, the concentration loss increases with the increasing temperature. 

According to Eq. (5) and (7), as the viscosity of the negative electrolyte is larger than that of 

the positive electrolyte, the pressure drop of the negative electrode is larger than that of the 

positive electrode in Fig.6 (d), indicating a higher pump energy consumption in the negative 
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electrode. The difference of pressure drop between the negative electrode and the positive 

electrode increases with the decreasing temperature. With the increase of flow rate, the increase 

in pressure drop is more obvious at 273.15 K than that at 323.15 K. Due to the high viscosity 

of the electrolyte at 273.15 K, how to balance battery performance and system pump 

consumption becomes an important indicator for evaluating of battery operation and design.  

From the Fig.6 (e), the high-speed region locates under the rib, and the low-speed region 

appears under the channel. Due to the characteristics of the interdigitated flow field analysed 

above, there is no significant difference between the velocity fields at 323.15 K and 273.15 K. 

While the main difference lies in the pressure drop, which will not be repeated in the following 

sections. Combining Fig.6 (f) and (g), the reactants are significantly consumed due to the faster 

electrochemical reaction at 323.15 K. The range of bulk concentration is 503~750 mol m-3 at 

323.15 K and 638~750 mol m-3 at 273.15 K. The conversion of reactant at 323.15 K is higher 

and the bulk concentration decreases near the outlet channel. Moreover, the surface 

concentration of reactant on electrode fibre is much lower than its bulk concentration. The 

range of surface concentration is 24~437 mol m-3 at 323.15 K and 0.3~695 mol m-3 at 273.15 

K. The distribution of surface concentration is related to the velocity distribution. For example, 

the surface concentration is close to zero in the low-speed region near the membrane under the 

flow channel. The distribution of local current density also shows a correlation with the velocity 

distribution and surface concentration distribution in Fig.6 (h). The local current density 

increases with the increasing temperature. The local current density is high at the rib edge and 

is small in the low-speed region near the membrane under the channel. 
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Fig.6 Polarization curves with different inlet flow rate at different temperatures (a-c); Pressure 

drop with temperature effects (d); Velocity distribution (e), V5+ bulk concentration distribution 

(f) with velocity component in yz-direction, V5+ surface concentration distribution (g), and 

local current density distribution (h). 

3.1.2 Inlet SOC 

The effects of inlet SOC on the polarization curves at different temperatures are shown in Fig.7 

(a-c). Referred to the Eq.(28-31), OCV of battery varies with the different inlet SOCs and 

temperatures. As shown in Fig.7 (d), with increasing inlet SOC, the surface concentration can 

be increased, indicating a reduced concentration overpotential. Combining with Fig.7 (e), as 

the working temperature increases, the reactivity of electrochemical reaction also increases, 

leading to a high reactant consumption and a high local current density. However, according 

to Eq.(42), the mass transfer coefficient is only proportional to |𝑢⃗ |0.9. As analysed above, the 
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difference in velocity field is negligible at various working temperatures. Therefore, with the 

increase of inlet SOC, the surface concentration of reactant decreases due to the limited mass 

transfer coefficient. In addition, the effects of concentration overpotential increases with the 

increasing working temperature. Noteworthy, with the decreasing working temperature, the 

ohmic overpotential and activation overpotential increase. The increased ohmic overpotential 

results from the reduced electrolyte conductivity according to Eq. (21) and (22). Additionally, 

the increased activation overpotential results from the reduced reaction rate constant based on 

Eq. (40) and (41). Therefore, even providing a high inlet SOC, these two dominant 

overpotentials still significantly limit the VRFB performance. 

 

Fig.7 Polarization curves with different inlet SOC at different temperatures (a-c); V5+ surface 

concentration distribution (d), and local current density distribution (e). 

3.2 Effects of electrode structure over a wide range of working temperature 

Over a wide range of working temperature, the effect of electrode structure properties on 

battery performance demonstrates more complex trends than those of operating parameters. 
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The effects of electrode structure properties, such as porosity, fibre diameter and thickness, on 

battery performance over a wide range of working temperature are explored in this section. 

3.2.1 Electrode porosity 

The effects of electrode porosity on the polarization curves at different temperatures are shown 

in Fig.8 (a-c). As the porosity decreases, the improvement of battery performance becomes 

more significant at a higher temperature. The decreased porosity leads to a larger specific 

surface area, reducing the activation overpotential. According to Eq. (17) and (18), the 

decreased porosity can also reduce the ohmic overpotential, since total battery conductivity is 

increased (the increased effective electronic conductivity is larger than the decreased effective 

ionic conductivity). 
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Fig.8 Polarization curves with different porosity electrode at different temperatures (a-c); 

Velocity distribution (d), V5+ bulk concentration distribution (e), V5+ surface concentration 

distribution (f), and local current density distribution (g). 

From Fig.8 (d), compared with case of ε=0.93, the high-speed region under the rib at ε=0.8 is 

larger. In addition, the deviation between the velocity fields of ε=0.93 and ε=0.8 in a VRFB 

with interdigitated flow field is not obvious. The bulk concentration in ε=0.8 case is less 

uniform than that in ε=0.93 case, since more reactants are consumed (shown in Fig.8 (e)). 
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Moreover, with the increase of temperature, the difference of bulk concentration between 

ε=0.93 case and ε=0.8 case becomes more obvious. As mentioned above, the surface 

concentration of reactant is significantly lower than the bulk concentration of reactant and the 

minimum value is almost zero near the membrane under the flow channel, as demonstrated in 

Fig.8 (f).  

Combining with Fig.8 (g), at the same operating voltage, although the current density of the 

battery with ε=0.93 is smaller than that of the battery with ε=0.8, the local current density in 

the electrode with ε=0.93 is larger than that in the electrode with ε=0.8. This can be explained 

by the insufficient specific surface area in the electrode with ε=0.93, according to Eq. (9), (24) 

and (25). Due to the limited mass transfer, the surface concentration of reactants is significantly 

lower than the bulk concentration in the electrode with ε=0.93, leading to a high concentration 

overpotential. With the increasing working temperature, the difference of surface concentration 

between ε=0.93 case and ε=0.8 case becomes more pronounced. 

3.2.2 Electrode fibre diameter 

Due to assembly problems such as sealing and mechanical strength, carbon-based electrodes 

are not easy to maintain a high porosity in the VRFB. Adjusting electrode fibre diameter is one 

of the methods to change electrode microstructural properties such as permeability and specific 

surface area. The effects of electrode fibre diameter on the polarization curves at different 

temperatures are shown in Fig.9 (a-c). To some extent, the effects of fibre diameter on battery 

performance are similar to the effects of porosity. Moreover, the decreased fibre diameter can 

result in an increase in the specific surface area, but does not have a direct impact on the battery 

conductivity. Combining Fig.9 (d) and (e), at the same operating voltage, although the current 

density of the battery with df =20 μm is smaller than that of the battery with df =5 μm, the local 

current density in electrode with df =20 μm is larger than that in electrode with df =5 μm. This 

can be explained by the insufficient specific surface area in the electrode with df =20 μm, 
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according to Eq. (9), (24) and (25). Due to the considerably limited mass transfer, the surface 

concentration of reactants is significantly lower than the bulk concentration in the electrode 

with df =20 μm, leading to a high concentration overpotential. With the increasing working 

temperature, the difference of surface concentration between df =20 μm case and df =5 μm case 

becomes more pronounced. 

 

Fig.9 Polarization curves with different fibre diameter electrode at different temperatures (a-c); 

V5+ surface concentration distribution (d) and local current density distribution (e). 

3.2.3 Electrode thickness 

The effects of electrode thickness on the polarization curves at different temperatures are 

shown in Fig.10 (a-c). The VRFBs with different thick electrodes perform differently at 

different temperatures. At 273.15 K, when the working voltage < 0.9 V, the VRFB with a 

thinner electrode performs worse due to a higher activation overpotential. This can be 

explained by insufficient reaction sites in thin electrodes. At 273.15 K, with the further decrease 
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of working voltage, the VRFB with a thin electrode performs better than the VRFB with a thick 

electrode, since the ohmic overpotential in a thin electrode is smaller than that in a thick 

electrode. However, since the electrolyte ionic conductivity increases with the increasing 

temperature, the difference between the VRFB with a thin electrode and the VRFB with a thick 

electrode becomes smaller. Specifically, at 323.15 K, the effect of electrode thickness on 

battery performance is not obvious when the operating voltage is > 1.15 V. Additionally, with 

a further decrease in voltage at 323.15 K, the VRFB with a thin electrode performs better until 

the voltage decreases to 0.7 V. Interestingly, it is found that the performance of a VRFB with 

a thin electrode significantly decreases when the operating voltage is less than 0.7 V. 

Significant concentration overpotential in the thin electrode reduces the performance of VRFB. 

Limited by the insufficient total surface area of the 0.5 mm thick electrode, the limiting current 

densities of the VRFBs at different temperatures are all around 950 mA cm-2. 
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Fig.10 Polarization curves with different thickness electrode at different temperatures (a-c); 

V5+ surface concentration distribution (d) and local current density distribution (e); Pressure 

drops with temperature effects in negative sides (f). 

Over a wide temperature range, the VRFB with a thin electrode shows an evident concentration 

overpotential. Combining Fig.10 (d) and (e), at 0.8 V, the surface concentration of reactant in 

a 0.5 mm thick electrode is lower than that in a 1.5 mm thick electrode at all temperatures. 

Furthermore, at 0.8 V, the local current density in a 0.5 mm thick electrode is higher than that 

in a 1.5 mm thick electrode at all temperatures. To achieve the same total current density, since 

the total reaction site (surface area) in a 0.5 mm thick electrode is less than that of a 1.5 mm 

thick electrode, the local current density in a 0.5 mm thick electrode needs to be higher, leading 

to a higher consumption of reactants on fibre surface.  

In addition, with the increasing temperature, electrochemical activities and ionic conductivities 

both increase. Therefore, the activation and ohmic overpotentials decrease correspondingly. 

However, the local current density increases with the increasing temperature as well, leading 

to a significant decrease in the surface concentration of reactant on carbon fibre. With the 

decrease of electrode thickness, the velocity in the electrode becomes higher and distributes 

more uniform (Fig.10 (d)), also leading to a higher pressure drop (Fig.10 (f)). In Fig.10 (d), the 

velocity in a 1.5 mm thick electrode under the rib region is much higher than the velocity near 

membrane, which leads to a considerable non-uniform distributions of surface concentration 

of reactant and the local current density. Fig.10 (f) also indicates that, with the increasing 

electrode thickness, the pressure drop in a VRFB with interdigitated flow field decreases but 

remains nearly unchanged when the thickness is above 1 mm. 

3.3 Effects of gradient electrode design over a wide range of working temperature 

In the above results, VRFBs with various electrode structures behave differently with the 

increasing temperature. Some studies [6,37,38] apply gradient electrode design to improve 
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performance of VRFBs, so how the gradient electrode design affects the performance of a 

VRFB with interdigitated flow filed over a wide working temperature range is discussed in this 

section. The details of different gradient electrodes setting are illustrated in Fig.4. 

3.3.1 Gradient porosity electrode design 

The effects of different gradient porosity electrode design in z-direction on the polarization 

curves at various temperatures are shown in Fig.11 (a-c). All VRFBs with various linearly 

increased porosity perform almost as well as VRFB with a porosity 0.8. At 273.15 K, the 

electrode with a linearly increased porosity (0.8~0.9) performs slightly better (951.94 mA cm-

2 at 0.35 V) even with less total surface area and low total conductivity compared to lower 

porosity gradient. At 323.15 K, the electrode with linearly increased porosity (0.8~0.85) 

performs better (1034.9 mA cm-2 at 0.8 V and 1843.8 mA cm-2 at 0.15 V). Fig.11 (d) shows 

that, at 0.8 V, the surface concentration of reactant in the electrode with linearly decreased 

porosity is lower than the surface concentration of reactant in the electrode with linearly 

increased porosity. Fig.11 (e) reveals the high local current density in both gradient electrodes 

occurs at high porosity region where the velocity is also high to ensure an adequate surface 

concentration of reactants. In the electrode with linearly decreased porosity, high velocity 

region only appears under rib and far away from membrane, leading to a large concentration 

overpotential near membrane. In contrast, the permeability of electrode with linearly increased 

porosity increases gradually along the electrode thickness, delivering a more uniform 

distribution of velocity in the electrode. The high velocity and local current density regions are 

close to the membrane, and there is no large area of near to zero local current density in 

electrode. As shown in Fig.11 (f), the different electrode structures can also affect the pump 

loss in VRFBs to further influence the overall efficiency of the VRFB system. Due to the high 

viscosity of the electrolytes at low temperature, the pressure drop response to different 

electrode design is also greater than that at high temperature. When the operating voltage > 0.5 
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V, the gradient porosity electrode (0.8~0.93) has a similar electrochemical output to an 

electrode with porosity of 0.8, whereas the pressure drop of the gradient porosity electrode is 

reduced by 40%. Noteworthy, with the increase of working temperature, more pumping energy 

can be saved in a gradient electrode (saving 1573.8 Pa at 273.15 K, 706.9 Pa at 293.15 K and 

369.4 Pa at 323.15 K). To obtain both high VRFB performance and system efficiency, a careful 

and decent balance should be achieved between overpotentials and pump loss.  

 

Fig.11 Polarization curves with different gradient porosity electrode design in z-direction at 

different temperatures (a-c); V5+ surface concentration distribution (d) and local current density 

distribution (e); Pressure drops in negative sides (f). 

The effects of different gradient porosity electrode designs in xyz-directions on the polarization 

curves at various temperatures are shown in Fig.12 (a-c). Interestingly, the gradient porosity 

design in the z-direction has the most obvious improvement on the battery performance. Fig.12 

(d) shows that the current density distribution has a highly coupled relation with the velocity 

distribution near membrane. The pressure drop in Fig.12 (e) shows similar results. Compared 
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with other electrode designs, the gradient porosity electrode design in x-direction has the least 

pump loss. 

 

Fig.12 Polarization curves with gradient porosity electrode design in different direction at 

different temperatures (a-c); Current density distribution at middle cross section of membrane 

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

membrane xy-plane of positive electrode (d); Pressure drops in negative sides (e).  

3.3.2 Gradient fibre diameter electrode design 

By using electrospinning method, a gradient in the fibre diameter can be created in the electrode 

[39]. The effects of electrodes with different gradient diameter fibres on the polarization curves 

at various temperatures are shown in Fig.13 (a-c). The bulk concentration in Fig.13 (d) reveals 

a higher reactant conversion rate near the flow outlet in an electrode with gradient diameter 

(5~10 μm) fibre. Combining Fig.13 (e) and (f), the surface concentration of the reactant is 

smaller in an electrode with gradient diameter (5~20 μm) fibre. However, with a smaller total 

surface area, the electrode gradient diameter (5~20 μm) fibre has a lower current density than 

the electrode with gradient diameter (5~10 μm) fibre. The electrode design with gradient 
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diameter fibre design can also help decrease the pressure drop in VRFB as shown in Fig.13 (g). 

In conclusion, by sacrificing a little VRFB’s performance, the electrode with gradient diameter 

(5~10 μm) fibre only achieves 68% of the pressure drop of electrode with constant diameter (5 

μm) fibre over a wide working temperature range. 

 

Fig.13 Polarization curves with different gradient fibre diameter electrode design in z-direction 

at different temperatures (a-c); V5+ bulk concentration distribution (d), V5+ surface 

concentration distribution (e) and local current density distribution (f); Pressure drops in 

negative sides (g).  

4. Conclusion 

In this work, to reveal the effects of working temperature on the battery performance and 

electrode optimization design of VRFB, a numerical 3D model is developed to simulate the 

coupled physical/ electrochemical processes in a VRFB with interdigitated flow field. The fluid 

flow, species transport, charge transport, and electrochemical reactions behaviours at different 

temperatures are fully considered. The model shows a good agreement with the experimental 

data from the literature. The effects of operating conditions (inlet flow rate and SOC) and 
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electrode structural parameters (porosity, fibre diameter and thickness) on the VRFB 

performance are well-studied over a wide range of working temperature. Meanwhile, the 

effects of different gradient electrode designs on the performance of VRFB are also discussed 

in detail over a wide range of working temperature. 

Increasing the inlet flow rate and SOC can both improve the battery performance. However, 

increased inlet flow rate results in a significant pressure loss, especially at a low temperature, 

subsequently reducing the overall efficiency of the system. Reducing the porosity to 0.8 or 

fibre diameter to 5 μm not only increases the performance of VRFB, but also increases the 

pump consumption. At a low temperature, thin electrode performs better when the working 

potential < 0.9 V. At a high temperature, thin electrode performs better when the working 

voltage > 0.7 V. It shows the effects of a wide working temperature range on the electrode 

thickness optimization. 

The gradient electrode design is applied for balancing the battery performance and pump loss. 

When the operating voltage > 0.5 V, the gradient porosity electrode (0.8~0.93) has a similar 

electrochemical output to an electrode with porosity of 0.8, whereas the pressure drop is 

reduced by 40% at all temperature. The gradient porosity design in the z-direction has the most 

significant improvement on the battery performance at all temperature. By sacrificing a little 

VRFB’s performance, the pressure drop of the gradient electrode with gradient diameter (5~10 

μm) fibre reduces 32%, compared to electrode with constant diameter (5 μm) fibre.  

Overall, this work provides insights into the effects of a wide temperature range on the VRFB’s 

performance and can serve as a useful toolkit for further large-scale VRFB system optimization, 

including operation optimization, flow pattern optimization, and electrodes optimization. 
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