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Featured Application: The wedge-shaped cells with static mixers simulated in this research 

can be applied to innovative high-performance toroidal vanadium redox flow battery 

(VRB/VRFB) designs for commercial development in public settings/urban environments. 

Abstract: The world is moving to the next phase of the energy transition with high 

penetrations of renewable energy. Flexible and scalable redox flow battery (RFB) technology is 

expected to play an important role in ensuring electricity network security and reliability. 

Continuous performance improvements will further enhance their value by reducing parasitic 

losses and maximizing available energy conversion over broader operating conditions. 

Concentration overpotentials from poor internal reactant distribution at high and low states 

of charge (SOC) limit power densities and are thus an important area of investigation. 

However, efforts to address these coupled electrochemical phenomena can compromise 

mechanical performance. Modelling and simulation of cell design innovations have shown it 

is possible to reduce losses from pump energy while increasing the availability of active species 

where required. The combination of wedge-shaped cells with static mixers investigated in this 

paper can reduce pressure drop and improve energy efficiency. Toroidal vanadium redox flow 
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battery (VRB/VRFB) designs incorporating this innovation are presented for further 

development to improve community engagement with the technology. 

Keywords: vanadium redox flow battery; power density; limiting current; cell geometry; mass 

transfer; electrolyte mixing; static mixer; industrial design; multidisciplinary research; energy 

transitions 

1. Introduction 

The transformation of our energy systems including generation, distribution and storage is 

rapidly, if patchily, underway around the world. This process requires the ability to intelligently 

manage electricity supply and demand via digital smart grids. Power networks will need to 

manage existing requirements, new demands such as electric vehicles, and an increase in 

variable asynchronous generation. A key enabler of this development will be large-scale energy 

storage, particularly batteries [1]. Amongst commercially available technologies, redox flow 

batteries (RFBs) stand out with their inherent technical advantages: long lifetimes, recyclable 

materials, non-flammable electrolytes, and independent power and capacity scaling. Scale is an 

important consideration for flow batteries as energy capacity costs can be lower than those of 

Li-ion for large scale applications [2]. 

The scalability of true redox flow batteries such as the vanadium redox flow battery 

(VRB/VRFB) is due to the manner that energy (kWh/MWh) is stored in liquid electrolyte tanks 

while energy conversion / power delivery (kW/MW) takes place in stacks similar to fuel cells. 

Unlike in fuel cells, however, and some hybrid technologies, the power conversion process in 

an RFB is reversible. In the case of VRBs, active vanadium ions supported in a sulfuric acid 

solution react when passed through conductive porous electrodes in two half-cells separated by 

an ion-selective membrane. The porous media, in the form of carbon paper or felt, is used to 

increase active surface area. To construct stacks with higher voltages, cells are linked together 

by solid bipolar electrodes, mechanically in parallel and electrically in series. 

The power generated by a battery stack as the electrolyte flows through the cells under an 

applied current is the product of the current and the voltage. The voltage of a cell, Vcell, is 

described below in Equation 1 [3]:  

𝑉𝑉𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 = 𝐸𝐸𝐶𝐶 + 𝐸𝐸𝐴𝐴 − 𝜂𝜂𝐴𝐴 − 𝜂𝜂𝐶𝐶 − 𝑖𝑖𝑅𝑅𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 (1) 

where 𝑖𝑖  is the current, 𝑅𝑅𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐  is the ohmic resistance, 𝐸𝐸𝐶𝐶  and 𝐸𝐸𝐴𝐴  are the reversible 

cathode and anode potentials respectively. Activation overpotential, 𝜂𝜂𝐴𝐴 , is the polarisation 
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potential required to overcome the activation energy barrier for both cathode and anode 

electron transfer reactions. Both charge and discharge requires adequate delivery of reactants 

to maintain elevated power densities, particularly at the extremes of the battery’s State of 

Charge (SOC). Mass-transport limitations within the cell can result in electrode material 

degradation, hazardous gas evolution and a reduction in overall system performance. Current 

and flow rate must be regulated appropriately to balance pumping losses with system demands 

in order to avoid this. This limits the power density of Redox Flow Battery (RFB) systems [3,4] 

and the parasitic phenomenon is known as concentration polarization. The concentration 

overpotential, 𝜂𝜂𝐶𝐶, can become the dominant term in this situation. The limiting current density 

in this limiting case, 𝑖𝑖𝐿𝐿, is then expressed as shown in Equation 2 [4]: 

𝑖𝑖𝐿𝐿 = 𝑛𝑛𝑛𝑛𝑘𝑘𝑚𝑚𝐶𝐶𝑏𝑏 (2) 

where the local mass transfer coefficient, 𝑘𝑘𝑚𝑚 , is a function of velocity, 𝑣𝑣 , as shown in 

Equation 3 [4]:  

km = 1.6 × 10−4 ∙ 𝑣𝑣0.4 (3) 

Considerable attention has been devoted to the development of new cell materials, 

electrodes and reaction mechanisms [5], while electrolyte flow and the associated mass-transfer 

effects remains to be satisfactorily addressed [6]. Without turbulence or mechanical 

interventions, diffusion-limited flow conditions result in reactants being depleted close to 

boundaries. Cell design aimed at this issue predominately use fuel cell inspired flow fields, 

particularly interdigitated and serpentine channels [7], despite pressure drop challenges 

associated with scaling up to industrially relevant battery stack sizes [8]. Commercial scale cells 

rely on traditional flow-through configurations as the parasitic pressure drop associated with 

interdigitated and serpentine flow fields remains too high.  

Assessing larger cells is thus key for implementation, although experimental work on cells 

at that scale is more difficult, especially when the goal is to examine internal phenomena. 

Simulation with numerical models provides a more accessible means, and have been used since 

Shah and co-workers published their dynamic two-dimensional models [9–11]. Researchers have 

since developed more versatile coupled mechanical and electrochemical models. You et al. [12] 

published a simplified stationary model, which was then adapted to a three-dimensional 

domain [13]. Other groups have included considerations such as vanadium crossover and water 

transport between half-cells [14]. 
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Novel cell geometries, including trapezoidal [15] and radial designs [16], have been explored 

with the aid of these models, helping to show the potential of design modifications for flow-

through cell performance enhancement. Unfortunately, initial research into these particular 

designs found them to be susceptible to uneven distribution across the cell and increased 

pressure drop through the cell. An alternative approach, involving progressive reduction of the 

cross-sectional area to provide increased electrode compression and higher flow rate towards 

the outlet, showed it is possible to improve both electrochemical and mechanical performance 

with innovative design [17]. Subsequent experimental testing on laboratory-scale cells 

demonstrated improved energy efficiencies with wedge shaped cells, and a toroidal stack 

concept based on this concept was presented at the International Flow Battery Forum [18]. 

The effect of felt compression has been well documented [19,20] and other studies have 

applied the same theory in different ways, such as by modifying the materials instead of the cell 

geometry [21–23]. Another group has modified the cell architecture with asymmetric 

compression to address species crossover and associated capacity decay [24]. The problem of 

concentration gradients across the half-cell cross-section between the solid current collector 

and the membrane persists with these innovations and others like the circular concept proposed 

by Zheng at al. [13,25].  

The application of static mixers has been proposed to address this problem [26], but not in 

conjunction with varied compression. Static mixers had previously been used in experiments 

with VRBs for slurry electrodes, enabling better charge transfer with particles [27]. Subsequent 

research with inert mixers and conventional electrolytes showed enhanced electrochemical 

performance with a small parasitic pressure loss. The power consumed by pumps is a fraction 

of overall energy so this minor increase in power use is offset by the electrochemical 

improvement, though it may be possible to mitigate this pressure differential and further 

improve overall performance. There is no reason why varied electrode compression cannot by 

applied in the same cell, so in this work we assess the impact of combining the two innovations. 

Figure 1 provides a visual representation of this concept.  
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Figure 1. Single cell diagram showing mixers in wedge-shaped cells with flow from left 

to right. Note there is a gap in the porous material in the mixer volume. 

2. Materials and Methods 

This research used an approach based on a combination of methods applied in prior 

published work conducting validated multiphysics simulations of VRB half-cells [16], 2D wedge 

full-cells [17] and then 3D cells with mixers [26]. A concise overview and key parameters are 

provided here, with further details available in the references. 

Previous simulation of wedge-shaped cells with increasing compression used 2D models 

for computational resource efficiency. This model, with variable porous electrode parameters, 

was transferred into a 3D model in order to enable the assessment of geometries with mixers 

which cannot be defined in 2D. This model was then used to simulate three cases: 

• Case 1 – conventional rectangular reference geometry uniformly compressed at 15% (3.4 

mm thick), the average of the 0 to 30% compression used in the wedge geometries. 

• Case 2 – wedge-shaped geometry with 0% compression (4 mm) at the inlet and 30% 

compression at the outlet (2.8 mm). 

• Case 3 – wedge-shaped geometry with 0 to 30% compression with a blade-style mixer 

bounded by an 8 mm fluid domain. 

Based on the findings of previous research [26], 2-element mixers (Figure 2a) were placed 

at the halfway point in each half cell, which was shown to be the most effective out of the 

simulated variations. 400 cm2 cells (200 mm length) were chosen for this study instead of 900 
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cm2 (300 mm length) to assess the impact on this scale, which is versatile and considered to be 

the smallest commercially viable size. Full-cell models (geometry with mixers, truncated for 

easy viewing, shown in Figure 2b) were used to assess the effect of the mixer on cell voltage. 

The active area of exposed membrane remains almost identical, however 4% of the porous 

electrode is removed to accommodate the mixer. Symmetry boundaries were used on both sides 

of the unit-width geometry to minimize the computational domain. 

 

Figure 2. CAD renders of (a) 2-element blade-type mixer and (b) a section of a unit-

width full-cell with mixers in both half-cells. The mixer is 8 mm long and the cell 

domain is 200 mm long and 4 mm wide. 

Meshing strategies resulting from previous refinement studies were used, which were found 

to achieve convergence for the minimum concentration values that are sensitive to both 

convective mass transfer and electrochemical processes. Mapped meshes with elements biased 

towards the outlet and current collector boundaries were used for the rectangular geometry, 

while the volume surrounding the mixers was discretized with unstructured meshes. Numbers 

of elements in the order of 200,000 provided acceptable resolution.  

Governing equations were applied based on the approach developed by Shah et al. [9] and 

You et al. [12]. Ion flux is described by the Nernst-Planck equations and the Butler-Volmer law 

is used to define electrode reaction kinetics, while Darcy’s law was applied to give the velocity 

in the porous electrode. Some elements of the model were taken from Knehr et al. [14] in relation 

to fluid parameters and the treatment of the boundaries between the membrane and electrodes. 

Selected SOC values were simulated for model validation as described by You et al. and Zheng 

et al. [28]. 
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The coupled electrochemical and fluid models were solved using the finite element method 

with software package COMSOL Multiphysics using the UNSW Sydney computational cluster, 

Katana. A combination of flow and current distribution interfaces were used to implement the 

convection-diffusion, general-form and ordinary differential equations. The general parameters 

shown in Table 1 were applied to each case. 

Table 1. General operating parameters. 

Parameter Symbol Value Unit 

Outlet pressure 𝑃𝑃 0 Pa 

Temperature T 293.15 K 

Current density 𝑖𝑖 160 mA cm−2 

State of Charge 𝑆𝑆𝑆𝑆𝑆𝑆 90 - 

Domain width w 4 × 10−3 m 

Current collector thickness h 1.0 × 10−3 m 

Membrane thickness 𝑑𝑑 0.1 × 10−3 m 

 

The inlet velocity was set to deliver a flowrate of 7.5 stoich. This was chosen as it is the 

average of the common 5 and 10 stoich flowrates used in previous studies of mixers and wedge 

geometries [17,26]. The electrolyte is assumed to have constant physical properties. Key 

parameters are shown below in Table 2. The Carmen-Kozeny equation was used to define the 

permeability of the electrodes as a function of porosity. 
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Table 2. Model parameters from Knehr et al. [14]. 

Parameter Symbol Value Unit 

Dynamic viscosity (negative electrolyte) 𝜇𝜇− 0.0025 Pa s 

Dynamic viscosity (positive electrolyte) 𝜇𝜇+ 0.005 Pa s 

Density (negative electrolyte) 𝜌𝜌− 1300 kg m-3 

Density (positive electrolyte) 𝜌𝜌+ 1350 kg m-3 

Mean pore radius 𝑟𝑟𝑝𝑝 50.3 × 10−6 m 

Kozeny-Carman constant 𝑘𝑘𝐶𝐶𝐶𝐶  180 – 

Conductivity of current collector 𝜎𝜎𝑠𝑠𝑐𝑐𝑐𝑐 1000 S m-1 

 

Data published by Park et al. [29] for carbon felt electrodes at various states of compression 

was used for electrical conductivity and porosity parameters, as shown below in Table 3. 

Table 3. Carbon felt electrode data adapted from Park et al. [29]. 

Thickness Compression Conductivity Porosity 

mm mm % S / m  

4.0 0.0 0% 5.9 0.95 

3.6 0.4 10% 14.3 0.90 

3.2 0.8 20% 20.0 0.89 

2.8 1.2 30% 50.0 0.87 

 

Electrochemical properties used are summarised in Table 4 for reference. A Bruggeman 

correction was applied to diffusion coefficients and electrical conductivity parameters. 
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Table 4. Electrochemical parameters from You et al. [12]. 

Parameter Symbol Value Unit 

V2+ diffusion coefficient 𝐷𝐷𝑉𝑉2+ 2.4 × 10−10 m2 s−1 

V3+ diffusion coefficient 𝐷𝐷𝑉𝑉3+ 2.4 × 10−10 m2 s−1 

VO2+ diffusion coefficient 𝐷𝐷𝑉𝑉𝑉𝑉2+  3.9 × 10−10 m2 s−1 

VO2+ diffusion coefficient 𝐷𝐷𝑉𝑉𝑉𝑉2+
 3.9 × 10−10 m2 s−1 

Proton diffusion coefficient 𝐷𝐷𝐻𝐻+  9.312 × 10−9 m2 s−1 

Initial vanadium concentration 𝑐𝑐0 1500 mol m−3 

Initial proton concentration (negative) 𝑐𝑐𝑛𝑛𝐻𝐻+
0  4500 mol m−3 

Initial proton concentration (positive) 𝑐𝑐𝑝𝑝𝐻𝐻+
0  6000 mol m−3 

Standard reaction rate constant (negative) 𝑘𝑘𝑐𝑐 1.7 × 10−7 m s−1 

Standard reaction rate constant (positive) 𝑘𝑘𝑐𝑐 6.8 × 10−7 m s−1 

Anodic transfer coefficient 𝛼𝛼𝑎𝑎 0.5 – 

Cathodic transfer coefficient 𝛼𝛼𝑐𝑐 0.5 – 

Equilibrium potential: V2+/V3+ 𝐸𝐸𝑐𝑐,−
′  - 0.255 V 

Equilibrium potential: VO2+/VO2+ 𝐸𝐸𝑐𝑐,+
′  1.004 V 

 

The full-cell model implemented here with parameters defined by You et al. [12], including 

a 140 mV voltage correction for considerations not included in the simplified model such as 

contact resistances, showed good agreement with the experimental data published in their 

work. These validation studies have been documented previously [17,26].  

Performance parameters were obtained through post-processing in COMSOL, with derived 

values providing the minimum V3+ concentration over the negative electrode cross-section. The 

electric potential was measured at the current collector boundary at the positive half-cell, 

implemented with a boundary probe. This boundary was defined as an electrode current set at 

the applied average current density, while the negative was given an electric ground boundary 

condition. Differential pressure values were extracted by subtracting the inlet boundary average 

absolute pressure from that at the outlet. 
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3. Results and Discussion 

Cell simulations showed higher minimum reactant concentration, and lower differential 

pressure and cell voltage for cases with wedge-shaped cells and mixers. The values for each case 

are given in Table 5, where the minimum V3+ concentration and differential pressure are for the 

negative half-cell.  

Table 5. Key values for Cases 1, 2 and 3 for simulations of 200 mm long unit-width 

cells charged at 160 mA cm−2 from 90 % SOC. 

Geometry 
Electrode 

Compression 

Min. V3+ 

Concentration 

Differential 

Pressure 
Cell Voltage 

  mol m-3 kPa V 

1 – Uniform 15% 1 7.7 1.74 

2 – Wedge 0 to 30% 5 7.0 1.71 

3 – Mixed Wedge 0 to 30% 13 6.7 1.70 

 

The effect of the mixer is clearly seen in Figure 3, which shows the reactant distribution at 

the outlet boundary. Improved availability of reactants leads to lower concentration 

overpotentials and a higher minimum limiting current density. The improvement due to the 

varied electrode compression is less visible in the concentration distribution as the benefits are 

derived from optimizing local material properties. 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 26 March 2020                   doi:10.20944/preprints202003.0379.v1

Peer-reviewed version available at Applied Sciences 2020; doi:10.3390/app10082801

https://doi.org/10.20944/preprints202003.0379.v1
https://doi.org/10.3390/app10082801


 

Figure 3. Concentration (mol m-3) of V4+ (top) and V3+ (bottom) at the outlet boundary 

for (a) Case 1, (b) Case 2 and (c) Case 3 showing improved electrolyte utilization during 

charging at high current density in a wedge-shaped cell with mixing. 

The mixer mechanism is shown in Figure 4. The boundary layers are disrupted in the center 

of the cell by the blades, redistributing the depleted electrolyte, which carries through the cell 

to the outlet shown above. 
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Figure 4. Concentration (mol m-3) of V4+ (left) and V3+ (right) on the unit-width cell 

domain boundary showing the mixing action in the positive and negative half-cells 

respectively over a truncated section. 

The improvement in cell voltage when compared to the reference uniform geometry was 

>1% by applying reducing compression, and >2% improvement with the addition of a mixer as 

well. These results were achieved in conjunction with a reduction in parasitic pressure losses 

across the cell, shown in Table 6, and despite the reduction in active porous electrode volume 

from the inserted mixers.  

Table 6. Change in cell voltage and pressure drop across a 200 mm long unit-width 

cell, relative to conventional uniform reference geometry, when charged at 160 mA 

cm−2 from 90 % SOC. 

Geometry 

Pressure 

Drop 

Improvement 

Cell Voltage 

Improvement 

Wedge without mixer 9 % 1.6 % 

Wedge with mixer 12 % 2.2 % 
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Simulations in this work were conducted in a stationary model to reduce computational 

resource requirements, so while these improvements may seem small, they can translate into 

much more significant benefits in an operational system over time. When wedge cells without 

mixers were tested in laboratory cycling experiments [18] the reduction in overpotentials 

resulted in a 15% increase in energy efficiency, and increased energy capacity from an improved 

depth of charge and discharge between voltage cutoffs. With the addition of mixers, energy 

efficiency improvements of over 20% would be expected. If applied to batteries at the scale of a 

commercial stack, such as the concepts shown below, this would equate to improvements in 

the order of kWs and kWhs. 

With regards to pressure drop, the results of this study are consistent with the finding in 

the previous mixer study [26] – the mechanical benefit, or penalty, of the mixers depends on 

the electrolyte flowrate. While the stoichiometric flowrate used here was higher in relative 

terms, the absolute velocity is lower in this case as the cells here have a smaller active area (400 

cm2 vs 900 cm2). Further optimization of felt parameters and mixer geometries could preserve 

this advantage in larger cells, some of which exceed 2.5 m2, which are being developed to deliver 

economies of scale [30]. 

Possible concerns for the application of mixers in flow cells include the manufacturability 

of the geometries, and potential damage to thin structurally weak membranes. There are 

commercially available mixers for pipe applications on this scale, and Figure 5 shows a grey 

mixer prototype 3D printed in Accura® Xtreme™ using stereolithography (SLA), sitting atop a 

black filament printed cube for contrast. This material is rigid, but we have previously 

demonstrated the ability to print at the same scale with flexible VisiJet® CE-NT using material 

jetting (MJP), a soft material with a Shore Hardness of 27-33A [31].  
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Figure 5. Prototype two-element mixer additively manufactured using 

stereolithography (SLA). 

A toroidal vanadium redox flow battery (VRB-T) concept was first introduced at the 

International Flow Battery Forum [18] based on the simulation and experimental testing of 

wedge-shaped cells. Figure 6 shows development on this concept with internally contained 

pumps, providing a visualization of how wedge-shaped cells with mixers could be applied in an 

assembly of multiple 400 cm2 cell stacks. This novel RFB system is only possible with wedge-

shaped cells, and would realize the technical advantages promised by the simulation results 

presented here. 

 

Figure 6. Rendering of 4 x 40 toroidal redox flow cell stack concept incorporating 

auxiliary plant (motor and pumps) capped and centrally mounted internally.  

Public acceptance of new energy generation and storage technologies is crucial to their 

long-term uptake and viability within social settings, especially if they are to be seamlessly 
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integrated into highly visible urban environments [32]. Lessons learnt from the early 

installations of wind turbines are instructive in this regard [33]. Without adequate engagement 

with the communities that the technologies were located in, significant public push back 

occurred. Social surveys were used to identify and resolve some of these concerns for existing 

and future installations. For urban environments, where deployment of these new energy 

storage technologies are anticipated, public acceptance will be even more important. For this 

reason, it is instructive to use simulations and scenario planning to ensure that adequate 

groundwork is carried out to facilitate the seamless integration of these new energy storage 

systems into existing urban landscapes and the built environment.  

To promote easy recognition and association with the function of the flow cell, we have 

chosen to render the battery design to draw on existing consumer understanding and 

associations with common, and widely known household batteries. Figure 7 shows a 5 kW / 25 

kWh VRB concept with 415 L tanks of 1.8 M electrolyte. This is comparable to the power of a 

Tesla Powerwall 2, with almost double the capacity, in a package 50% wider and higher. A 

system of two such batteries would be capable of providing the electricity requirements for an 

average Australian household. The capital cost of vanadium flow batteries is currently higher 

than lithium-ion systems but is expected to decrease more quickly through increased 

manufacturing scale [34]. 

 

Figure 7. Rendering of 5 kW / 25 kWh toroidal vanadium redox flow battery concept 

incorporating positive and negative electrolyte tanks (middle and base respectively), 

internal auxiliary plant and external status displays. Human model provided for scale. 
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Early adopters’ of devices such as solar panels, electric vehicles and smart appliances are 

motivated by technical innovation [35], while more widespread dispersion is facilitated by 

simplicity and observability. It is for this reason that the design resembles a D cell battery. Other 

advantages of this design include modularity and possible improvements to heat management 

with airflow through the center aided by convection. Figure 8 shows a 20 kW / 100 kWh concept 

with 1,660 L tanks of 1.8 M electrolyte for an alternative configuration, which would have the 

power and capacity to meet Level 2 Fast charging specifications [36] for a full charge of two mid-

size electric vehicles, such as a Hyundai Kona Electric. Electrolyte energy density improvements 

[37] could lead to increased capacity or more compact systems. These future developments 

would be readily facilitated by the modular design. 

 

Figure 8. Rendering of 20 kW / 100 kWh toroidal vanadium redox flow battery 

concept incorporating positive and negative electrolyte tanks with piping bridge and 

external status displays. Human models provided for scale. 

4. Conclusion 

Simulations of representative sections of 400 cm2 cells showed enhanced mechanical and 

electrochemical performance with the combination of wedge architecture and static mixers. A 

reduction in concentration overpotentials was accompanied by pressure drop reduction of over 

10%. The corresponding >2% improvement in operational cell voltage would result in 

significantly extended cycle capacity between voltage limits and a 20% increase in energy 

efficiency. The promise of technical benefits from the application of wedge-shaped cells with 

static mixers in addressing mass transport issues in flow batteries, coupled with the design 

possibilities enabled by this innovation, make a compelling case for further development of this 
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concept. Future research may use simulations to investigate different mixer geometries and 

optimize compression ratios, and complement this work with more laboratory cycling 

experiments to demonstrate reliable performance and aid in materials selection.  
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