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Abstract: The vanadium redox flow battery (VRFB) is being investigated as one of the promising 
candidates for large-scale energy storage systems. In the present work, the role of electrode shape on 
a single VRFB cell performance has been studied through a 3D numerical model. The model 
accounts for the coupling between electrochemistry and fluid mechanic physics. Seven cases of 
electrode configurations at the same volume size (10 cm3) have been simulated to investigate the 
overall battery performance. Results from the simulation show that the configuration (case 7) has 
the best battery efficiency, while the worse one is (case 4) under the same operating conditions, 
e.g., 71.72% and 63.82%, respectively. Also, the ratio of output to input power for (case 7) is 0.72, 
while 0.63 for (case 4). In addition, there is an optimal flow rate for each case to get maximum 
battery efficiency, which means a balance between electrochemical reactions and pumping losses is 
required. Overall, adopting a thicker electrode (cases 2, 3 and 4) results in lower battery performance 
due to the poor voltage responses. One feature of the introduced model is its capability to predict the 
performance of most flow batteries cell configurations. 
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1. Introduction 

Currently, burning the fossil fuel such as oil, coal, and gas is the major source of electrical 
output generation. This non-renewable source is limited with a lot of negative aspects in terms of 
environmental damage such as CO2 production and other greenhouses gases that cause global 
warming. In order to combat global warming, many countries have begun phasing out energy 
production based on fossil fuels in order to reduce the amount of greenhouse gasses produced. This 
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has prompted researchers with an opportunity to develop ‘clean’ renewable energy resources such as 
wind, sun, wave, and tides to meet the increasing energy demand and to replace the current 
technology based on fossil fuels [1]. One slight downfall of these sources is the dependence on 
variable factors such as the wind speed and sunlight, i.e., weather, which cause fluctuations in energy 
output. [2,3]. Energy storage, therefore, is a common solution to supply continuous power and to 
anticipate an integration into the electric grid [4]. Flow batteries (FB) are the most common 
stationary electrochemical energy storage devices that store chemical energy and produce electricity 
by a redox reaction between ion species dissolved in electrolytes. Flow batteries have many desirable 
characteristics such as power and energy independency, long cycles of charge and discharge, and 
size control flexibility [5]. In addition to the desirable characteristics of (FB), VRFB utilizes same 
electrolyte and catholyte in both sides of the cell that can eliminate the contamination due to 
electrolyte crossover through the membrane, which reducing the effect of battery degradation [6–13].  

Recently, some research has been focused numerically and/or experimentally on different cells 
of VRFBs by considering the impact of flow field, electrode and membrane materials, and types of 
electrolyte solutions and concentrations under various operating conditions at the aim of battery 
performance enhancement. Different types of flow channels have been experimentally performed to 
investigate their impact on the VRFB cell performance. The results showed that the cell with 
serpentine configuration has better performance among them in terms of voltage responses and pressure 
losses [14]. An experimental study of a new developed cell structure has been achieved in [15], which 
was introduced to overcome the issues of using conventional graphite, which are the weakness 
structure and electrolyte leakage by using polyvinyl chloride (PVC) sheets. The new structure 
showed many advantages such as the easiness of cell assembly and the low cost and weight of cell 
components. In Ref. [16], an important unresolved problems has been presented such as the way of 
designing the flow channel cross section, determining its length, and investigating its impact on the 
distribution of pressure losses in both electrodes. This was implemented through a verified 3D model 
to determine the voltage response, pressure losses, pumping power, and finally, the overall battery 
performance. It was found that channel height is an important geometric parameter that determines 
battery performance, rather than channel length. Also, a numerical and experimental study of a 
parallel flow field design has been conducted to predict the VRFB performance under various 
species concentrations [17], and the results from the numerical model and experiment work were in a 
good agreement. Another numerical study has been conducted to study the sensitivity of changing 
multi- input parameters on output response voltage for a single cell VRFB under various loading 
conditions [18], and it has been found that some input parameters had an impact on response voltage 
while others were not. Also, a polarization study has been conducted to investigate the VRFB 
performance for two types of cells: without flow field and flow field (serpentine pattern), and the 
results showed that the ohmic losses were dominant compared to polarization and activation losses 
for the cell with flow field, i.e., serpentine pattern [19]. An interdigitated flow channel configuration 
has been performed numerically through a 3D model of VRFB [20]. The distribution of pressure 
drops, vanadium concentrations, and current density was examined under two inlet structures of flow 
rates: single and multi-inlet structures. 
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Most relevant research on the literature, however, has focused on different aspects to improve 
the overall battery efficiency such as: the types of electrode and membrane materials, the 
concentration of vanadium solution, and various types of channel configurations, including 
serpentine, interdigital, parallel, and spiral. However, according to the author knowledge, there is no 
evidence that the current work about studying the role of different electrode configurations at same 
volume size on battery performance has been studied and reported in the literature. In this paper, the 
model represents a guidance for future VRFB designs to better understand the behavior of battery 
performance. Different case studies (7 cases) of electrode configurations at the same volume size 
have been performed in order to figure out their impact on output voltage response, pumping power 
losses, and finally the overall battery performance; and to determine the best option among them. 
The findings provide some insights for the optimization of electrodes in redox flow batteries as 
discussed below. 

2. Model development 

2.1. Geometric model building 

Normally, a single electrochemical cell of VRFB contains a pair of electrodes (cathode and 
anode), ion-exchange membrane, and vanadium species stored in external tanks, as depicted in 
Figure 1a. In this study, a simplified 3D model of single cell VRFB is built to save computational 
time and memory space. The model includes porous electrodes for anode and cathode as depicted in 
Figure 1b, and an ion exchange membrane to separate the two half-cells. Seven designs of electrode 
configurations at the same volume size (10 cm3), but at different electrode heights (Hel) and widths (Wel) 
are considered in this model. The dimensions of each case are listed in Table 1. 

                    

                                                 (a)                                                                             (b) 

Figure 1. (a) Simple diagram of a single VRFB during charge process, (b) 3D simulated electrode. 
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Table 1. Dimensions of seven cells for VRFB models. 

Electrode dimension (cm) Seven different cases of electrode configuration 

Case 1 Case 2 Case 3 Case 4 Case 5 Case 6 Case 7 

Hel 4 3.5 3 2 4.5 5 6 

Wel 3 3 3 3 3 3 3 

Del 0.83 0.95 1.11 1.66 0.74 0.66 0.55 

2.2. Model formulation 

A 3-D steady state and isothermal VRFB model is considered in this work by using COMSOL 
software. More details regarding this model including assumptions: governing equations; boundary 
and initial conditions; and tables about the applied values of the kinetic, electrolyte, porous electrode 
properties, source/sink terms, and operating conditions can be found in our previously developed 
study [16]. Only three domains are taken into account in the current simulation (i.e., anode, 
membrane, and cathode) without considering the flow field part, i.e., no channels. A brief description 
of the main governing equations is formulated, as follows:  
To develop the VRFB model for each domain, some assumptions are considered, as follows:  
The motion of a charged chemical species in a fluid medium was described by Nernst-Plank [20]: 

                                            𝑁 ,  𝐷  ∇𝐶 ,  𝑍  𝑀 ,  𝐶 , 𝐹 ∇∅ ,  𝑢⃗ 𝐶 ,                                     (1) 

where 𝑁 , ,  𝐷 , 𝐶 , , 𝑍  , 𝑀 , , 𝐹, ∅ , , 𝑢⃗ are the flux of the charged species (species of i) in the 

electrolyte (represented by subscript e), the effective diffusion coefficient, the species concentration, 
the valence for species 𝑖, the ionic (liquid) mobility, Faraday constant, the ionic potential,  and the 
velocity of the electrolyte, respectively. 

The species transport, electrochemical reactions, and current in the electrode domain are 
coupled through the conservation of charge [21]:  

    ∇ ∙ 𝚥 ∇ ∙ 𝚥⃗ 𝐼                                                              (2) 

where 𝐼 is the reaction current density. 𝚥  and 𝚥⃗ denote the total liquid and solid current density in 
both electrodes, respectively. Also, to predict accurate prediction of the cell potential without using a 
fitting voltage value, the Donnan potential across the membrane is accounted.  

2.3. Simulated case studies 

In this study, simulations are performed for different seven electrode configurations with same 
electrode volume size (10 cm3). All cases are simulated at same operating conditions during 
charging/discharging processes, at the most utilized ones in literature, which include wide range of 
current densities (300 A/m2, 600 A/m2, and 900 A/m2) and volumetric flow rates (3 ml/min, 10 ml/min, 
40 ml/min, 90 ml/min, 160 ml/min, and 300 ml/min) at a range of SOCs (state of charges). In these 
simulations, the electrode dimensions for each case are listed in Table 1. Two termination conditions 
are applied in the charge and discharge processes. During charging process, the VRFB is charged 
from (SOC = 0.15 to 0.95 unless it reaches the cutoff voltage 1.7 V), while from (SOC = 0.95 to 0.1 
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unless it reaches the cutoff voltage 0.95 V) during discharging process. However, at low flow rate 
and high current density conditions, those termination conditions are not satisfied as it will be seen in 
Figure 2 in the next section. 

3. Results and discussion 

3.1. Voltage response under various operating conditions 

It is necessary to balance the flow rate amount in VRFB operation so that the capacity can be 
increased. The lack in flow rate leads to reduce capacity utilization of electrolyte, while the 
abundance of it results in high pumping power losses and leakage issues, and accordingly, the overall 
system efficiency is reduced. In the plots of Figure 2, the left directed arrow refers to the left and 
bottom axes for voltage response against SOC during the charge process, whereas the right directed 
arrow refers to the right and top axes for voltage response against SOC during the discharge process. 
Figure 2a,b show the charge/discharge curves for range of flow rates (3, 10, 40, 90, 160, 300 ml/min) 
to the cell (case 1) at 30 and 90 mA/cm2 current densities, respectively. It is clear that as the flow rate 
increases, the SOC during charge/discharge processes increases too due to the enhancement of 
vanadium ion utilization, which means the battery can store more energy, i.e., it has more capacity. 
The effect of flow rate becomes more significant as the current density increases, as shown in 
Figure 2b, due to the fact that more consumption of supplied vanadium ions takes place at high applied 
current density, which requires additional flow rate to improve the cell performance [22]. Figure 2c,d 
show the charge/discharge curves for range of current densities (30, 60, 90 mA/cm2) at 3 and 300 
ml/min, respectively. It is, also, shown that increasing the current density at constant volumetric flow 
rate leads to larger ohmic drop which, in turn, results in a quick jump in cell voltage through 
charging and lower initiated cell voltage through discharging processes. In some instances, the 
termination conditions are not satisfied as stated above. For instance, at low flow rate (3 ml/min in 
Figure 2b), the terminal condition during charge process is SOC = 0.73 instead of 0.95, and it is 0.275 
instead of 0.1 during discharge process. This can be attributed to the (high concentration polarization) 
as a result of the lack of supplied amount of vanadium species to the electrode surface. The 
insufficient amount of provided electrolyte can make a quick raise in voltage (to reach 1.7 V at 
SOC < 0.95) and a quick drop in voltage (to reach 0.95 V at SOC > 0.1) during charging and 
discharging, respectively. Also, this effect can be noticed more clearly when high current density 
condition is applied, as shown in Figures 2c and 3b due to the same reason (concentration 
polarization). 
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                                     (a)                                                                                (b) 

 

                                     (c)                                                                                  (d) 

Figure 2. The voltage response in a charge/discharge processes at range of volumetric 
flow rates and current densities: (a) at current density 30 mA/cm2, (b) at current density 
90 mA/cm2, (c) at flow rate 3 ml/min, (d) at flow rate 300 ml/min.  

3.2. Voltage response at different cell configurations 

The cell shape impact on discharge voltage behavior has been shown in Figure 3a,b for the 
conditions (30 mA/cm2 and 90 mA/cm2) at same flow rate of 300 ml/min, respectively. The 
enhancement in the discharge voltage for the cell (case 7) becomes more significant at high current 
density (90 mA/cm2) as compared to others (Figure 3b), whereas almost identical response is noticed 
for the cells in cases (1, 2, 5, 6 and 7) at low applied current density (30 mA/cm2), as shown in 
Figure 3a. In general, the cell in case (7) achieves the higher overall battery system among all the 
studied cases while case (4) represents the worst one.  

As the electrode cross section area decreases (Figure 3c), the specific resistance of the electrode 
will be reduced which, in turn, promotes the electron transfer and enhances the vanadium ions 
transfer. This ion movement enhancement is attributed to the high inlet velocity in the cell (case 7) 
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that push and distribute the electrolyte solution in more uniform way, and it can be noticed, more 
clearly, at high current density conditions where the concentration polarization becomes larger, as 
depicted in Figure 3b. Overall, it can be concluded that decreasing the cell inlet cross section has a 
positive effect on the cell voltage response, but there is a limitation for this enhancement depending 
on the applied operating conditions, i.e., flow rates and current densities.  

(a)                                                                                   (b) 

 

(c) 

Figure 3. The impact of different electrode configurations on: (a and b) voltage response in 
a discharge process at (300 ml/min, 30 mA/cm2) and (300 ml/min, 90 mA/cm2), 
respectively, (c) inlet cross section area of electrode.  

3.3. Overall battery performance at different cell configurations 

Overall battery system efficiency can be, normally, evaluated based on two competitive 
objectives: concentration overpotential and pumping power [22]. Pumping power is obtained through 
flow rate and pressure losses according to [19,20]: 
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                                                        𝑃  
𝑁  . 𝑉  .  ∆p

𝜂
                                                                        3  

where 𝑁  , 𝑉 , 𝜂 , and ∆p represent the number of pumps (two pumps), the actual volumetric 
flow rate, the pump efficiency (~85%), and  the pressure drops average in both electrodes, 
respectively. Figure 4a,b depict the relation between the pressure drop and correspondence pumping 
power against range of flow rates for all cases. It is obvious from all cases that a linear behavior is 
obtained for pressure variation with flow rate, whereas a non-linear relation for pumping power [22]. 
As it can be seen in Figure 4a,b, higher pressure drop and pumping power in the cell with the 
smallest cross section area (case 7) due to the high velocity at the electrode inlet cross section area 
and vice versa for the cell with the largest cross section area (case 4).  

Finally, the overall battery efficiency, 𝜂 , is defined as follows [19]: 

                                  𝜂𝐵
𝑃𝑑𝑖𝑠𝑐ℎ 𝑃𝑝𝑢𝑚𝑝  𝑑𝑆𝑂𝐶

𝑃𝑐ℎ 𝑃𝑝𝑢𝑚𝑝  𝑑𝑆𝑂𝐶
                                                        (4) 

where 𝑃 ℎ, 𝑃 ℎ are the charging and discharging power, respectively, as a function of SOC. The 
ratio of input power to output power (𝑃 ℎ/𝑃 ℎ) at 90 mA/cm2 is shown in Figure 4c. It is obvious 
that (case 7) has higher output (discharge) power than other cases due to the high discharge voltage 
response Figure 3b. Two factors are basically controlling the battery efficiency: voltage responses 
during charging/discharging and pumping losses as indicated in Eq 4. Figure 4d shows the overall 
battery efficiency with respect to the flow rates for all studied cases at 90 mA/cm2. It can be seen 
that (case 7) represents the highest battery efficiency among all cases for the selected range of flow 
rates in this study. Although the pumping losses is noticed to be higher in (case 7), but the output 
voltage is improved in a higher ratio, which eventually enhanced the battery efficiency in this case. 
Therefore, there is a trade-off between these two factors to determine the battery efficiency. It is, also, 
observed that each cell configuration has its optimal flow rate where the highest battery efficiency 
can be obtained. The effect of applied current density on battery efficiency has been studied and 
shown in Table 2. It is noticed, for case 7, that the optimal flow rate is 40 ml/min (𝜂 88.57%) 
at 30 mA/cm2, while 90 ml/min ( 𝜂 80.09%  and 𝜂 73.71% ) at 60 and 90 mA/cm2, 
respectively. Increasing the flow rate behind the optimal value leads to decrease the battery 
efficiency as pumping power becomes more dominant compared to the small improvement in output 
voltage responses as indicated in Table 2. 
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                                                (a)                                                                  (b) 

 

                                           (c)                                                                      (d) 

Figure 4. The impact of different electrode configurations on: (a) the pressure drop, (b) 
the pumping power, (c) the input to output power ratio, (d) the overall battery efficiency 
at range of flow rates. 
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Table 2. The overall battery efficiency of 7 cells under various loading conditions. 

Cell type Volumetric flow rate (ml/min) 

3 10 40 90 160 300 

Current density 30 mA/cm2 

Cell 1 87.71% 88.35% 88.66% 88.64% 88.46% 87.77% 

Cell 2 87.43% 88.10% 88.37% 88.35% 88.20% 87.60% 

Cell 3 86.89% 87.61% 87.83% 87.82% 87.68% 87.17% 

Cell 4 84.56% 85.18% 85.34% 85.32% 85.24% 84.90% 

Cell 5 87.60% 88.42% 88.78% 88.76% 88.56% 87.79% 

Cell 6 87.59% 88.38% 88.78% 88.76% 88.54% 87.68% 

Cell 7 87.78% 88.45% 88.85% 88.85% 88.69% 87.86% 

Current density 60 mA/cm2 

Cell 1 77.90% 79.13% 79.40% 79.45% 79.25% 78.95% 

Cell 2 77.45% 78.39% 78.73% 78.78% 78.72% 78.45% 

Cell 3 76.55% 77.50% 77.64% 77.68% 77.63% 77.40% 

Cell 4 72.63% 73.29% 73.45% 73.47% 73.34% 73.20% 

Cell 5 78.44% 79.45% 79.79% 79.71% 79.64% 79.30% 

Cell 6 78.37% 79.57% 79.98% 80.06% 79.83% 79.46% 

Cell 7 78.49% 79.58% 80.01% 80.09% 80.00% 79.65% 

Current density 90 mA/cm2 

Cell 1 70.57% 71.69% 72.07% 72.15% 72.12% 71.94% 

Cell 2 69.70% 70.76% 71.15% 71.13% 71.10% 70.94% 

Cell 3 68.50% 69.33% 69.64% 69.69% 69.67% 69.53% 

Cell 4 63.82% 64.30% 64.53% 64.49% 64.47% 64.37% 

Cell 5 71.25% 72.32% 72.80% 72.80% 72.77% 72.56% 

Cell 6 71.51% 72.69% 73.26% 73.27% 73.24% 73.01% 

Cell 7 71.72% 72.89% 73.57% 73.71% 73.68% 73.31% 

4. Conclusions  

Both electrochemistry and fluid mechanic physics have been accounted to develop a 3D 
numerical model of a single VRFB. The impact of electrode shape on voltage responses, pumping 
power losses, input to output power ratio, and overall battery efficiency has been studied under 
various values of operating conditions (flow rates and current densities) as a function of SOCs. 
Constant electrode volume (10 cm3) of 7 different configurations has been performed through the 
numerical model. Results from the simulation show that the configuration of the cell (case 7) has the 
best battery efficiency under different ranges of flow rates, while the worse one is (case 4) under the 
same operating conditions. In general, and for all cases, increasing the circulated flow rate can 
improve the cell voltage response and results in a deeper charge-discharge cycle, however, the 
pressure losses and the related pumping energy losses increase too. In addition, it is noticed that 
under different operating conditions, each cell configuration can have various optimal flow rates, 
where behind this optimal value the battery efficiency decreases. Overall and among all the 
specified cases in this study, (case 7) has been selected to show better output discharge power and 
superior battery performance under different operating conditions, on the other side, (case 4) 
represents the worse cell configuration.  
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This model can be extended to predict the overpotential and ion vanadium distributions on 
anode/cathode surfaces, besides the limiting current density. 
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