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Abstract

:

An extensive review of modeling approaches used to simulate vanadium redox flow battery (VRFB) performance is conducted in this study. Material development is reviewed, and opportunities for additional development identified. Various crossover mechanisms for the vanadium species are reviewed, and their effects on its state of charge and its state of health assessed. A stack design focusing on flow fields and an electrode design tailored to various flow fields are reviewed. An operational strategy that takes these parameters into account is reviewed for various operating envelopes, chosen based on end user preference in terms of minimizing capital cost or operation and maintenance cost. This work provides a framework for the design and operation of a VRFB for various grid services.
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1. Introduction


With increased renewable penetration in the power grid, there is a need for batteries with the capability for long-duration energy storage (LDES) applications in the range of 10–24 h [1]. This is due to the intermittent nature of renewable sources, such as solar and wind, which require the development of storage technologies that can store this intermittent energy and deliver the stored energy as needed [2]. Redox flow batteries are ideal for durations greater than 6 h, where the stack cost can be distributed over a larger energy base. To be cost-effective, reversible and irreversible capacity losses need to be minimized and the utilization of electrolyte maximized. This paper addresses material development for all-vanadium redox flow batteries (VRFBs) in the areas of electrodes, bipolar plates and electrolyte; examines, in detail, the crossover mechanisms and associated mitigation approaches; reviews the approaches to measuring state of charge (SOC) and state of health (SOH); reviews electrode design, flow field design and their interactions; and discusses the various operational strategies that optimize the chosen objective function, e.g., minimizing capital cost, operation and maintenance costs and levelized cost, which are dependent on specific regional requirements and the end user business model.



The authors of [3] provided an overview of redox flow battery reactions (during charge, discharge, self-discharge and side reactions during overcharge), reaction mechanisms, electrode kinetics, performance as a function of electrolyte flow rate, and the theoretical estimation of limiting current densities as a function of flow rate and flow pattern. Another excellent review of critical VRFB issues included VRFB electrochemistry, overpotentials, a review of the core components (electrodes, electrolyte, membranes, bipolar plates), various modeling approaches, flow field design, operational strategies, stack design, challenges and development trends [4].



This paper focuses on all-vanadium redox flow batteries, since they are the most developed of the redox flow battery technologies. One of the advantages of an all-vanadium redox flow battery is that capacity decay due to the crossover of vanadium species can be restored using various balancing methods. The performance of a 15-cell stack using mixed-acid electrolyte was determined by Reed et al. [5] under different operating conditions—flow-through design, interdigitated design and varying flow rate. The interdigitated design enabled the use of a 3X higher flow rate than a conventional flow path through the electrodes for a fixed pressure drop, resulting in an improvement in stack energy efficiency from 66% to 70% at a current density of 320 mA/cm2, with a more modest increase from 73% to 76% at 240 mA/cm2. The effects of operating temperature at various current densities and flow rates were also explored for the interdigitated design to obtain a suitable operating envelope. These data were used to update a previously developed cost-performance model [6] to perform technoeconomic analysis on an all-vanadium redox flow battery after validating model performance prediction across all current densities and flow rates [7]. The validated model was also used to predict the performance of Fe-Cr and F-V redox flow batteries to enable cost comparison. The all-vanadium chemistry was found to be the most cost-effective at USD 300/kWh, followed by Fe-Cr at USD 400/kWh and Fe-V at USD 600/kWh.



An analytical performance model was developed and validated using data for zinc-based and S/Br2 single cells, and a 15-cell all-vanadium stack [8]. Cost comparison was performed versus all-vanadium batteries for a 1 MW, 8 MWh system, with the zinc-based chemistry showing lower cost across the 20–150 mA/cm2 current density range, building on the approach described by Viswanathan et al. [6]. Similar analysis needs to be performed on the levelized cost of storage, as described in the Energy Storage Grand Challenge Phase 2 report [9]. Another promising flow battery chemistry is the zinc iron redox flow battery, which has potential to reach a capital cost of USD 100/kWh, though challenges such as zinc dendrite growth need to be overcome [10].



A deep dive into redox flow battery materials is beyond the scope of this article, but information is available in the literature [11]. The following section covers modeling as it pertains to implementation in the battery management system (BMS), material development, tools for state of charge (SOC) and state of health (SOH) estimation, crossover mechanisms, BMS approaches, stack design and environmental impact. Where appropriate, gaps that need to be addressed are highlighted.



Figure 1 is a schematic of a vanadium redox flow battery (only one cell is shown) with balance of plant, while Figure 2 shows individual components within a cell with various flow fields in the bipolar plate. Note that VO2+ and VO2+ correspond to V+4 and V+5, respectively.



While this review focuses on all-vanadium redox flow batteries, other approaches to increasing energy density for LDES applications include slurry flow batteries [12,13,14] and using redox mediators [15,16]. The high viscosity of slurries results in a large pressure drop, while the presence of conductive fillers, such as carbon black, increase shunt current losses. To circumvent this, slurries of a LiCoO2 positive active material were prepared without conductive fillers [14]. While they worked in principle, the active material utilization was too low; hence, more development work needs to be conducted.



To remove the limitations associated with slurry systems while retaining their high energy density, the electroactive species was stored at a cooler temperature in tanks, where it resided in a saturated condition, with the solids on the tank bottom separated from the dissolved active species by a separator. The liquid was pumped into the stack via a heat exchanger, where it was heated to a higher temperature such that it entered and exited the stack with the electroactive reactants and products fully dissolved [17]. By adjusting the solid-to-liquid ratio in the tank, the energy density is adjusted as desired for the LDES application. More work needs to be conducted to increase the precipitation rate in the tank such that it is not a limiting factor.



The limitations of slurry-based systems and two-phase systems, as described above, are addressed using a redox mediator in a dissolved state that is oxidized or reduced at the stack electrodes, and exchanges electrons with the storage material that exists in a solid phase in the tank; this produces energy density an order of magnitude higher than that of conventional redox flow batteries [15,16]. Several redox materials have been identified that match the potential range of the solid storage medium. While solid material utilization still needs to be improved, this approach opens a pathway to combine the high advantage of conventional redox flow batteries, in terms of separation of power and energy, with the high energy density of solid electroactive material.




2. Modeling


The simulation of battery operation for various stack designs, durations and operating conditions can significantly reduce upfront expenses in trial and error. Modeling can be grouped into physics-based electrochemical/thermal/fluid dynamics models versus equivalent circuit modeling, with properties considered to be distributed across the modeling space or lumped into one average value [18]. Table 6 in [19] groups references for the above approaches into models that consider properties as lumped or distributed. In their study, the interdependence of the physics-based models is described; for example, the electrochemical model results depend on the stack temperature distribution predicted by the thermal model; the electrochemical model’s outputs, such as the species concentration distribution in the stack, the operating voltage, the current and the flow rate, affect the thermal model results, while the fluid dynamics model is affected by the current and SOC-dependent flow rate. This indicates that coupling of electrochemical/thermal/fluid dynamics models is needed to reliably predict performance and degradation. Note that model validation should be performed using reliable SOC measurement techniques, which are described in detail in the SOC estimation in Section 4.1.



For BMS implementation, using a simplified or reduced form of these coupled physics-based models without loss of reliability is paramount. Another option is to develop an equivalent circuit model with input from the coupled models to adjust the circuit parameters as a function of stack design. The limitation of this approach is that it can only be used to predict initial performance, with unreliable prediction of crossover rate and stack component degradation.



Utilizing previous work on polymer electrolyte membrane fuel cells, a reduced model that kept the system geometry intact was used to decrease computation time by up to three orders of magnitude [20]. This work assumes only proton crossover, and hence, ignores capacity decay due to vanadium species transport across the membrane. Analytical models were developed and validated versus finite element models [21], thus providing scope for implementation in a BMS.



The flow battery stack was modeled as a plug flow reactor system to estimate species concentration and cell voltage along the flow path for current density in the range of 75–200 mA/cm2, for a 1500 cm2 cell, over a wide range of stoichiometric values of 3–9, where the stoichiometric value was a multiple of the stoichiometric flow rate [22]. At the lower end of the current density range, charging could be performed up to ~90% SOC without gas evolution, while the SOC had to be restricted to < 80% when the current density was >165 mA/cm2. This indicates the importance of a charge algorithm to reduce charge power as SOC approaches 80% as a function of the maximum allowable flow rate for the system. Note that as the charge proceeds, the reactant concentration decreases, and hence, the required flow rate for fixed stoichiometry increases. The modeling also predicted electrolyte imbalance, based on the SOC difference between positive and negative electrolytes.



While hydraulic models are useful, Xu and Zhao [23] reviewed the lattice Boltzmann method to estimate flow through porous media while taking into account material wettability; they used the Monte Carlo method to generate the porous electrode geometry, with the finite volume method used to predict battery performance. The article also discussed the use of X-ray computer tomography to conduct an in-depth study of porous electrode geometry. The key here is that the Monte Carlo method can generate various porous geometries for the simulation of battery performance, while X-ray computer tomography is used to determine the structure of an existing felt electrode. This paper highlights the importance of using the Monte Carlo method and X-ray computer tomography to understand porous electrode geometry for input into hydraulic models. It can also be surmised that the validation of hydraulic models using the lattice Boltzmann model for a fixed porous electrode geometry and flow rate would enhance model reliability for future use.



Since vanadium species crossover is a key issue that needs to be better understood and addressed, the modeling of various crossover mechanisms is covered in detail in Section 4.2. Section 6 on stack design covers modeling efforts in stack sizing, flow field design and electrode design.



The path forward in the modeling landscape should focus on BMS implementation using reduced-order physics-based coupled models, or analytical models validated by reliable physics-based coupled models with simplified assumptions, such as a stack modeled as a plug flow reactor. Note that BMS implementation takes into account the electrode, the flow field design, crossover mechanisms and the effect of flow rate on performance at various SOCs to arrive at optimum operational parameters for charge and discharge. This will allow for the prediction of performance and degradation, which takes into account crossover-related reversible loss and gas ingress- or gas evolution-related irreversible loss.




3. Materials


Stack component materials are covered at various levels of detail based on opportunities for further research. Detailed specifications for tank designs are available [24], but this topic is beyond the scope of this article. The balance of plant components, such as pumps, pipes, valves, and manifolds, is not covered.



3.1. Membranes


A comprehensive review has been provided on the various types of membrane, their fabrication procedures and the test procedures to evaluate their conductivity, strength and durability [25,26]. Nafion™, which is currently the most widely used membrane in redox flow battery stacks, has good conductivity for protons and good resistance to an acid environment, but also has a non-negligible vanadium species crossover rate.



Nafion™ membranes for VRFB range in thickness from 25 microns to 180 microns; the thinner membranes are solution cast, while thicker membranes are extruded. To reduce crossover, oxides such as SiO2 and TiO2 are incorporated to form Nafion™ composite membranes [25]. Composites of Nafion™ with sulfonated poly ether ketone (S-PEEK), Poly Tetra Fluoro Ethylene (PTFE) and polypropylene have also been proposed to reduce crossover [25].



Sulfonated polyether ether ketone (S-PEEK) membranes, which are the leading alternative choice to Nafion™, have a lower vanadium crossover rate, with an optimum degree of sulfation, ensuring good conductivity with high durability [27]. High degrees of sulfation lead to membrane swelling in an aqueous environment, compromising durability.



While anion exchange membranes eliminate vanadium species crossover, their conductivity and durability in acidic environments are low, which has limited their use in VRFB applications. However, with the advent of long-duration energy storage (LDES) > 20 h, they may also have a role, if their durability is increased. Membrane modification to minimize crossover and its effect on electrode degradation are discussed in Section 4.3.




3.2. Electrode Development


Electrodes need to have good activity and durability and tailored porosity to ensure low pressure drops while also ensuring sufficiently high electrolyte velocity to promote fast mass transport, taking into account the flow field architecture and the maximum current density/flow rate the stack can accommodate. Electrode treatment to improve activity and durability includes thermal activation, chemical treatment with acid, electrochemical oxidation, metal and metal oxide catalyst incorporation [28,29], coating, doping, metal oxide modification [30] and carbon black coating of large-diameter electro-spun fibers with high mass transport capability [31].



For negative electrodes, hydrogen evolution during charging at high current and/or high SOC results in degradation of the electrodes, possibly via removal of the active oxygen functional groups. A study on pyrolytic graphite showed that the edge planes had more hydrogen evolution activity, while the basal planes degraded more when cycling was carried out to negative potential [32]. This work indicates that further work needs to be conducted to develop negative electrodes with good faradaic efficiency (basal plane) and good stability (edge plane).




3.3. Bipolar Plate Development


Bipolar plates need to have good electronic conductivity, have impermeability to the electrolyte and possess high bending strength (not brittle) while being compatible with the electrolyte. Metal-based bipolar plates undergo corrosion in an acidic environment, while pure graphite bipolar plates are brittle, are relatively porous, allowing leakage between cells, and have high interfacial resistance with felt electrodes [33]. Graphite-based composites with carbon black and other conductive fillers are by far the most predominant choice for vanadium redox flow batteries. Their advantages are high bending strength, low porosity, low interfacial resistance with felt electrodes and low corrosion rates in an acidic environment. Satola et al. [34] conducted a comprehensive review of bipolar plates that addressed their corrosion, durability and manufacturability. The importance of standardized test procedures to characterize bipolar plate properties such as conductivity and durability was highlighted, and a pathway to increase plate size by more than one order of magnitude using an extrusion process was discussed.



Composite bipolar plates using carbon black in a polymer matrix have demonstrated promising performance at an optimum carbon black content [35] and optimum graphite coating thickness on carbon fabric [35], but these have not gained traction in commercial deployment. It appears that the commercial bipolar plates on the market are sufficiently well developed to meet performance requirements. One of the main developments in bipolar plate design is the incorporation of various flow fields, which is discussed in Section 6.2.




3.4. Electrolyte Development


Simulations at the molecular level using molecular dynamics have enabled the identification of a V+5 species existing in a protonated form, which was unstable at 40 °C due to deprotonation. A high acid concentration in a mixture of chloride and sulfate ions was found to mitigate deprotonation by forming contact ion pairs [36]. However, chloride ions interact with the V+3 species in the anolyte, leading to precipitation at low temperature. In addition, a special material is needed for compatibility with the mixed-acid electrolyte. The use of bi-additives was effective in mitigating this interaction, allowing for use of the conventional sulfuric acid electrolyte, while increasing the operating temperature range and energy density significantly [37].



Depending on the electrolyte synthesis procedure, which can be performed with either vanadyl sulfate or vanadium pentoxide, different electrolyte volumes will be present at the start of pre-charge, affecting material utilization [38,39]. While high-purity vanadium sources are currently used, the high material cost is detrimental to cost-effective long-duration energy storage applications. The influence of lower-purity electrolytes and specific ions that are detrimental to the performance and life of the battery need to be better understood to further lower the cost of the electrolyte.





4. State of Charge, Crossover and State of Health Estimation


A battery’s state of charge estimation is not straightforward since it is affected by coulombic efficiency during charge, energy consumption to support auxiliary load during rest and discharge, and the crossover of vanadium species. Oxygen ingress in the anolyte tank and hydrogen evolution at the negative electrode during charge change the average oxidation state (AOS) of the electrolyte, leading to irreversible capacity loss and a reduction in the state of health. SOC estimation, crossover rates, flow rate optimization and SOH are linked to each other. As an example, accurate SOC estimation allows for the quantification of crossover rates, which, in turn, enables flow rate adjustment to mitigate crossover, with the estimation of AOS enabling SOH estimation. The inter-dependence among SOC, crossover and state of health is covered.



4.1. SOC Estimation


Cell potential measurements do not capture individual half-cell potentials, and hence, are unreliable estimates of SOC, especially considering crossover across the membrane that makes one electrode limiting during charge and the other during discharge. Techniques such as potentiometric titration require withdrawing a sample of electrolyte, and hence, are not practical for an operating system. UV/vis spectroscopy allows for the in-line measurement of SOC but requires expensive equipment and set-up. The measurement of half-cell potentials using reference electrodes allows for the estimation of SOCs in each electrolyte. Electrolyte conductivity, density and viscosity are also proxies for SOC. Half-cell potential measurements coupled with density measurements were used to estimate SOCs for each half cell [40]. These measurements also accounted for crossover and side reactions to estimate SOH.



Equivalent circuit modeling has been used to estimate SOC, with predicted electrolyte volume changes to estimate capacity fade [41]. Balancing the pressure drop in each half cell by controlling the flow rate in each electrode to be inversely proportional to the average electrolyte viscosity reduced convective electrolyte cross-over and capacity decay [42]. It was also proposed that in addition to flow rate, the permeability of felt electrodes could also be controlled to equalize the pressure drop in each compartment. This work assumed that for such a balanced pressure drop, transfer via diffusion and migration cancel out over a full cycle, ignoring the self-discharge reactions that convert the crossed over V+2 and V+3 to V+4, and the crossed over V+5 and V+4 to V+3; it was also assumed that there would be a reduction in V+5 concentration in the positive electrolyte and V+2 concentration in the negative electrolyte, and an associated change in the diffusivities of the products.



Vanadium species concentration was estimated in each half cell using an extended Kalman filter (EKF) from the open circuit voltage (OCV) of each half cell measured against a reference cell [43]. This on-line measurement of vanadium species concentration allowed for the control of flow rate to optimize system efficiency, requiring high flow rates at extreme SOCs, and lower flow rates near 50% SOC, increasing system efficiency. Flow rate optimization is covered in greater detail in Section 5.1.




4.2. Crossover


As described earlier, a good understanding of crossover pathways and mechanisms is important for accurate SOH estimation.



To address the gap in the data, the transference numbers and diffusion coefficients for all-vanadium species were obtained via measurement of crossover during current flow and open circuit, with V+4, V+5 flow on one side at various SOCs (including 0% SOC where only V+4 was present, and 100% SOC where only V+5 was present), and a blank sulfuric acid flow on the other side of a Nafion™ membrane. The experiments were repeated by replacing V+4 and V+5 with V+3 and V+2 [44].



The simulation of performance took into account the crossover of species and associated water across the membrane via convection, diffusion and migration [45]. The self-discharge reactions were assumed to occur as soon as the crossover species entered the other compartment. The novelty in this approach was the calculation of the membrane potential as a function of species concentration distribution within the membrane. Under the operating conditions, net species crossover occurred from positive to negative. Using this work, the membrane properties were determined to be critical in determining the net crossover rate of vanadium species using a 2-D model that considered diffusion, migration and convection [46]. Diffusion was reported to be the dominant transport mechanism for Nafion™ membranes, while electro-osmotic convection dominated for sulfonated Radel (s-Radel) membranes (negligible migration and diffusion); this led to a reversal in vanadium crossover between charge and discharge, resulting in lower capacity loss. The higher vanadium crossover rate for s-Radel membrane led to lower coulombic efficiency. Note that convection-related crossover was also significant for Nafion™; however, it always occurred from negative to positive, with the magnitude for discharge an order of magnitude higher than that for charge, while it changed direction for s-Radel. Migration-related crossover for Nafion™ was smaller than for convection, but not negligible. This paper highlights the complexities of species crossover, and the importance of R&D in membrane development. The 2-D model was used to simulate convection-related crossover for four cases where viscosity and flow rates were varied in each compartment. The electro-osmotic contributions to crossover were nearly equal and opposite magnitudes for charge and discharge, while hydraulic convection, incorrectly referred to as osmotic convection by some groups, took place from positive to negative during both charge and discharge; this was related to the higher viscosity of the positive electrolyte. By using asymmetric flow, the pressure drop on either side is made equal, thus eliminating convection-related crossover. Crossover via diffusion, migration and convection was explored for cation and anion exchange membranes [47], with the advantages of higher conductivity for cation exchange membranes countered by lower crossover rates for anion exchange membranes due to the Donnan exclusion effect.



It was determined that the crossover of vanadium species from negative to positive was greater, resulting in greater consumption of V+5 species, and in a lower SOC range on the positive side during cycling [48]. This is because the diffusion coefficient of vanadium species in the membrane is highest for V+3 and lowest for VO2+, and is in the following order V + 3 > VO+2 or (V+4) > V + 2 > VO2+ (or V+5) [49]. Rebalancing was carried out by flowing electrolyte through an open circuit to allow mixing via diffusion, and via the active transfer of a portion of the positive electrolyte to the negative; the latter method was more energy efficient, since it could be performed faster, consuming less pumping power.



When migration is not properly accounted for, vanadium crossover occurs from negative to positive due to the higher diffusion coefficient of V+2 and V+3. When migration is properly accounted for during discharge, migration occurs from positive to negative, and during charge, it occurs from negative to positive [49]. Hence, during charge, there is a net transfer of vanadium species from positive to negative, and vice versa during discharge. Note that depending on the magnitude of diffusion and migration, for equal charge–discharge duration and current, there would still be net transfer of vanadium species from one electrode to the other. Operation at higher currents increases the contribution due to migration. Hence, depending on the charge–discharge rates, to maintain a balanced electrolyte, the SOC range needs to be restricted. This work provides a tool to operate the flow battery such that the objective of the user is achieved, whether it is high round trip efficiency (RTE), high power or low crossover. The influence of membrane thickness and degradation on crossover was investigated in later work, with the degraded membrane assumed to be 10x the diffusion rate [50], which provides additional insights into BMS for various stack designs and membrane states of health.



Table 1 summarizes transport via diffusion and hydraulic convection, and the total transport for each vanadium species. The table also provides the direction of net vanadium species transfer at the end of each cycle; a positive sign indicates transport from negative to positive, and a negative sign indicates the opposite. While the net transport direction depends on several factors, two out of three cases involve net transfer from negative to positive for Nafion™, and the only reported data for S-PEEK correspond to net transfer from negative to positive. The data corresponding to S-PEEK are identified, and the rest correspond to Nafion™.



Vanadium crossover from negative to positive was found to be dominant for operation at 80 mA/cm2, with nearly a 50% capacity loss after 150 cycles, and with the total vanadium concentration increasing from 1.8 M to 2.2 M in the positive electrolyte and decreasing from 1.7 M to 1.2 M in the negative electrolyte. This was accompanied by a decrease in the average oxidation state from 4.8 to 4.4 in the positive electrolyte (<50% SOC) and from 2.2 to 2.1 in the negative electrolyte (>90% SOC) [51]. The rate of capacity loss decreased with each cycle due to the slowing diffusion of vanadium species as the total vanadium concentration gradient across the membrane increased. Using a lower catholyte volume slowed down the capacity decay, with the optimum catholyte volume being 75% of the anolyte volume, and corresponded to the highest average capacity over 160 cycles, thus offering a pathway to increase the energy density and lower crossover-related maintenance using a lower total electrolyte volume.



To quantify the effect of the membrane manufacturing process and pre-treatment, the permeability via diffusion of VO2+ was studied for membranes of different thickness produced via dispersion casting or extrusion. Various pre-treatment processes, such as annealing and soaking in water or sulfuric acid, were also examined [52]. The manufacturing process contributed to 3X variation in permeability, while pretreatment contributed to 15X variation. Interestingly, after cycling, the variations in permeability among all membranes disappeared, which indicates that membrane pretreatment and manufacturing processes do not influence the permeability of the membrane towards VO+2 and selectivity towards hydrogen ions.



The refractive index of the electrolyte was shown to be a function of total vanadium and sulfate concentration, and SOC [53]. Total vanadium concentration in the catholyte was obtained via titration. During charge, proton transfer to the anolyte leads to a decrease in the catholyte volume. The vanadium concentration obtained via titration at the end of charge was lower than the value computed while taking water transfer into account, which indicates that the vanadium species moved to the anolyte during charge. At the end of discharge, the vanadium species concentration was higher than that occurring due to volume change, which indicates a reverse flow of vanadium to the catholyte from the anolyte.



A 0-D lumped parameter model was developed to simulate vanadium species crossover via diffusion, migration and convection [54]. Crossover via convection was negligible, while migration contributed to 5 to 10%, with diffusion dominating, resulting in the capacity asymptotically approaching a constant value after ~200 cycles. Note that this plateauing of capacity may not happen when migration and convection play a larger role. Some of the parameters, such as membrane electrokinetic permeability and V+2 diffusivity in the membrane, were obtained via fitting and may need to be experimentally measured. Simulation for various membrane thicknesses showed that power density was higher for thinner membranes, while the limiting current density remained higher for thicker membranes; this was related to the lower crossover and higher reactant concentration in the electrodes.



While the majority of work on electrolyte optimization focuses on increasing specific energy and energy density while maintaining high electrolyte stability across a wide temperature range, Liu et al. [55] showed that lowering the vanadium ion-to-hydrogen ion ratio reduced crossover, thus improving cycling stability. This allowed for operation over a wider temperature range and improved electrolyte utilization, which made it more cost-effective.



Shin, J. et al., used a 3-D model to determine that a net transfer occurred from anolyte to catholyte after a full charge–discharge cycle, taking into account the water that was carried via vanadium species crossover, proton transfer and diffusion, but ignoring migration and convection [56]. Using a lower water concentration and a higher sulfuric acid concentration in the anolyte mitigated net water transfer, while not affecting cell performance, thus mitigating capacity loss. This was validated experimentally in later work [57].



Clearly, research groups have focused on various transport modes—diffusion, migration, hydraulic convection and electro-osmatic transport. Overall, there appears to be a consensus that there is a net transfer of vanadium species from the negative to the positive side. However, the actual transport direction depends on multiple factors, such as membrane type, thickness, SOC range of operation, electrolyte concentration, and current density. A good understanding is needed of the specific system and operating conditions for reliable long-term operation with minimal maintenance.



Table 2 summarizes the modeling work related to crossover, with models ranging from 0-D to 3-D, with and without thermal coupling, with and without water transport being considered, and including one or more of diffusion, migration, hydraulic and electro-osmotic transport of vanadium species across the membrane. Figure 3 shows the various crossover mechanisms during charge and discharge.




4.3. SOH Estimation


One of the factors affecting state of health is the electrode morphology as it ages. As long as the cell potential is kept within its operating window, with a positive electrode potential of less than 1.6 V vs. SCE, O2 and CO2 evolution do not take place. However, charging to 1.7 V roughens the electrode surface, which is related to C=O and COOH functional group formation, increasing both the desired reaction rate marginally and the side gas evolution reaction rates significantly, accompanied by lowering of the overpotential [61]. The gas evolution rate, which is the same as the electrode corrosion rate, increases with polarization time and with temperature. While sufficient work has been conducted to optimize the electrode properties for wettability, kinetics and mass transfer, the quantification of electrode corrosion rate that contributes to irreversible loss in electrolyte capacity provides an opportunity for research.



For hydraulically parallel electrolyte feed, the overpotential is highest at the port interface with the cell, resulting in high oxidation and reduction currents [62]. This overpotential can be reduced by increasing port resistance, which can mitigate side reactions, such as the generation of CO2 via the oxidation of felt electrodes, thus reducing felt electrode degradation. This article highlights the fact that reducing shunt current losses also increases the life of felt electrodes.



Measurements of transmitted spectra from the positive electrolyte enable accurate estimation of its SOC in the range of 98–100%, where side reactions are expected to occur [63]. The side reaction intensity as a function of current density was quantified, providing a very useful way to reduce electrolyte loss via side reactions and felt electrode corrosion. The average oxidation state of the electrolyte increases if hydrogen evolution at the negative electrode or oxygen ingress into the anolyte occurs. This increased AOS is accompanied by higher ohmic, charge transfer and mass transfer resistance due to the increase in electrolyte resistivity and viscosity, along with irreversible capacity loss [64].



There has been sufficient work conducted on membrane modifications to reduce crossover while ensuring minimal resistance increase. The modifications range from graphene oxide nanosheets, reducing membrane pore size with silica, and sandwiching a silicate layer between membranes [65,66,67]. However, none of these studies looked at effect of membrane modification on the degradation of other components. The introduction of a barrier layer onto a Nafion™ NR212 membrane significantly reduced capacity loss after 250 cycles, with a loss of 50%, compared to 67% for the membrane without a barrier layer [68]. The replacement of the felt electrode allowed the capacity to recover to 91% of its initial value for the membrane with a barrier, while the recovery was only to 54% for the barrier-less membrane. This shows that electrode degradation contributed to 41% of capacity loss for the barrier layer case, while it contributed to only 21% of capacity loss for the barrier-less membrane. This study shows the importance of understanding the mechanism that contributes to the degradation of stack components such as felt electrodes while trying to solve the crossover issue.



A very effective experimental technique was developed to calculate the average oxidation state of an electrolyte using an OCV cell and determining the number of plateaus [69]. A two-plateau system had an AOS of 3.5, while a three-plateau system had an AOS less than or greater than 3.5. Based on the plateau voltage, it could be determined that the AOS was < or >3.5. However, the plateau voltage drift could lead to errors in the AOS estimation. This was circumvented by looking at the derivative of OCV with respect to time (dOCV/dt), with a steeper value corresponding to V+3 to V+4 on the positive side, and a less steep value of V+4 to V+3 on the negative side. If the less steep peak occurred first, AOS < 3.5, and vice versa. This was tested using solutions of different AOS in a laboratory single cell and in a stack, with an estimation error of <4%.



Di Noto et al. [70] considered the complexity of the all-vanadium chemistry, accounting for the multiple vanadium species and associated adverse reactions, to fully understand and reduce its capacity loss by proposing approaches to reduce undesired reactions, which can further help in ensuring optimal operation.





5. Battery Management System


5.1. Flow Optimization


Different strategies have been used to optimize flow in a redox flow battery. Using a fixed stoichiometric flow rate, the flow rate increases during charge or discharge as the reactant concentration decreases. Some approaches are based on physics-based models that ignore mass transport and shunt current losses [71], while these losses are considered in other models [5,72,73]. The estimation of the limiting current during operation allowed for the optimization of flow rate to ensure the maximization of input energy from a renewable wind source after accounting for pumping losses; the average current in each time step was used as an input to calculate the optimum flow rate in the next time step [74], while ensuring the SOC and flow rate did not cross the minimum and maximum limits. In this work, the results for minimum flow rate were better than those for maximum flow rate due to lower pumping losses, but this is simply due to the values of minimum and maximum flow rates chosen. This highlights the importance of the chosen operating envelope.




5.2. Operation Strategy


The implementation of an approach to maximize self-consumption for a residential 3.24 kW photovoltaic (PV) array paired with a 5 kW and 60 kWh vanadium redox flow battery was performed—with no power injected to the gird and 25% of the energy supplied by PV, within a range of 0–100% SOC—while accounting for varying charge and discharge power as a function of SOC [75]. To improve RTE, it was determined that the DC operating voltage range of the battery needs to be compatible with the efficient operating range of the inverter. In a later work, the group included ramp control along with self-consumption maximization as a second energy management approach, with a third approach taking into account the 24 h forward-looking weather forecast to optimize night-time charging [76]. The simulation was successful in maintaining a PV ramp rate below 10% of the rated power per minute, with a self-consumption rate close to 60%, while improving grid reliability.



Parmeshwarappa, P. et al. determined that the average charge power is three times that of the average discharge power when a flow battery is coupled with rooftop solar panels, with a peak power ratio equal to 4.7 [77]. Hence, the battery charging is more severe, with the stack sizing and flow rate optimized for charging. With the SOC range set to 20–90%, the flow rate needs to be increased significantly at the higher end of the SOC range to support the charge power.



A model to minimize voltage loss and crossover-related capacity loss was developed by applying different weighting factors to the type of loss [78]. As expected, a higher flow rate minimized voltage loss, and a lower flow rate minimized crossover-related capacity loss. The novelty of this approach is that depending on the chosen objective functions (capital cost minimization versus levelized cost minimization versus energy throughput maximization), different weighting factors can be assigned to capacity loss and voltage loss/overpotential. In general, flow rate control has to be tailored to the end user’s preferred objective function.





6. Stack Design


6.1. Stack Sizing and Architecture


One of the earlier papers on system design included specifications, design details, and an estimation of cost, with stack sizing performed based on the required total current and current density; the electrolyte volume estimation was performed using the number of moles required and the associated concentration [79].



A MATLAB model was developed to size a redox flow battery connected to a 13 kW PV array. The vanadium charged species concentration in the stack and tanks was used to estimate the current based on the difference between solar array generation and load [80]. Model validation with experimental data was followed by optimization of the stack and tank size to support the load at the target efficiency. A detailed analysis of capital cost and performance characterization of redox flow batteries were used to optimally size redox flow batteries for residences with PV arrays, taking into account market prices [81].



A tubular design, with advantages related to scalable manufacturing, was found to have much lower sealing length, but had a current density an order of magnitude lower due to high ohmic resistance, while the activation and mass transfer resistance were comparable to a planar design [82].




6.2. Flow Field Design


A performance comparison of serpentine and interdigitated flow fields was performed experimentally and using finite element analysis [83]. At low flow rates, the interdigitated flow field showed better performance in the 250–500 mA/cm2 range, with a more uniform flow and current distribution, which was further verified by thermal imaging. As flow rate was increased, the gap in performance decreased at the same current density, but the serpentine flow field had a much greater pressure drop. For a fixed flow rate, increasing the electrode thickness led to an improvement in performance for both designs, followed by a performance reduction with a further increase in thickness. The gap in performance decreased with increasing electrode thickness, mainly due to lower velocity through the porous electrode at larger electrode thicknesses. This study showed the importance of flow field design, felt electrode thickness and flow rate in determining which design is preferred at various current and power densities. Felt electrode treatment to improve kinetics is an additional parameter that allows the use of thinner felt, and hence, results in a higher velocity through the electrode for the interdigitated design. Another study showed that serpentine flow design had the lowest pressure drop, followed by the interdigitated design and the flow-through design [84]. It should be noted that there was no header at the inlet or outlet, which favored the serpentine design and eliminated the advantage of the interdigitated design. While the conventional flow-through design would still be expected to have the highest pressure drop, the presence of the headers would direct the flow more uniformly, thus improving performance and reducing pressure drop at a fixed flow rate. Three-dimensional finite element modeling showed that performance and pressure drop for serpentine electrodes was higher at a fixed flow rate compared to the interdigitated flow field [85]. Accounting for higher pumping losses, the interdigitated flow field design provided greater system efficiency. The reactant, current and SOC distribution were found to be more uniform for the interdigitated design, with these factors affected by electrode permeability and specific surface area. A comprehensive review of the effectiveness of various flow fields was performed [86,87]. A detailed analysis of interdigitated flow field channel dimensions and rib width that minimized system costs was performed for a fixed SOC operating range for a system with various durations [88], with a focus on the positive half-cell whose kinetics are faster, and hence, mass transport becomes dominant.



Flow pattern analysis for serpentine flow fields of varying channel widths and heights and rib widths was conducted. For smaller channel and rib widths, cross-flow through porous electrodes was dominant, while flow through channels dominated for larger channel and rib widths [89]. Simulations underestimated the pressure drop, which was attributed to uncompressed felt electrodes in the channels. When accounting for this and adjusting for lower permeability of the compressed region under the ribs, the experimental results were in good agreement with the simulations.




6.3. Electrode Design for Various Flow Fields


The significance of ohmic, activation and mass transport polarization was investigated via modeling for serpentine and interdigitated flow designs [90]. The performance increased with specific area up to a certain limit, after which mass transfer dominated; a further performance increase required a larger fiber diameter and higher porosity to improve mass transport. The optimum specific surface area, fiber diameter and porosity depended on the flow field design and the applied current density. For example, at a lower current density, mass transfer limitations were not significant, favoring a high specific surface area. At a higher current density, graded porosity along the electrode thickness and along the flow path distributed the current uniformly throughout the electrode. Increasing the fiber diameter significantly increased electrolyte velocity in the electrode in the serpentine case, reducing mass transfer overpotential, while the pressure drop was reduced for interdigitated flow.



Gundlapalli, R. et. al., determined that increasing electrode size led to higher system efficiency due to lower pumping losses because the number of channels feeding the stack was reduced for a fixed power level [91]. So, in addition to dimensions for flow channel width and depth and rib width, electrode sizing positively impacts performance and manufacturing scalability.



The effects of electrode shape and flow field were investigated [92], which resulted in findings that circular electrodes have the most uniform flow distribution and the lowest pressure drop, followed by rhomboidal and square. The parallel flow field design has the lowest pressure drop for circular electrodes, followed by the flow-through and serpentine designs.



Laboratory experiments commonly use high flow rates to maximize DC performance; however, the flow rate per ampere for larger electrodes in commercial stacks is typically maintained at lower levels to reduce pumping losses. The porosity gradient in the catalyst layer has been explored in the fuel cell space to ensure a sufficient reactant gas delivery rate to the active sites. However, this has not been explored for flow batteries within felt electrodes. A proxy for higher porosity is larger fiber diameter, with the associated reduction in specific surface area countered by appropriate surface treatment [90].



The effect of the compression of electrodes on performance was also investigated [93]. Performance improvement related to improved contact resistance was observed at 20% compression, while mass transport and pumping losses dominated at >25% compression, thus demonstrating a 20–25% compression ratio as optimum.





7. Environmental Impact


While performance and life have been the main criteria for material and process selection to manufacture flow batteries, the importance of considering environmental impact was highlighted [94]. Eight categories were used to characterize different flow battery chemistries, namely, global warming potential, the depletion of abiotic or natural resources, ozone depletion potential, freshwater ecotoxicity, fine particulate matter, acidification potential, algae growth in freshwater (also known as eutrophication) and cumulative fossil fuel energy demand. Iron flow batteries had the lowest environmental impact in the six categories, while vanadium redox flow batteries had the highest impact in the six categories. Zinc bromine batteries had the highest impact on the depletion of abiotic or natural resources, and the lowest impact on ozone depletion and freshwater ecotoxicity. Using alternate materials and processes, each technology showed potential for reducing environmental impact. For example, the global warming potential of vanadium redox flow batteries can be reduced by 67% using an alternative process for vanadium pentoxide extraction and by replacing Nafion™ to reduce ozone depletion, while replacing polymer resins with alternate materials could lower the ecotoxicity of iron flow batteries.




8. Conclusions


A review of the gaps in all-vanadium redox flow battery development was conducted and pathways were provided to address them and facilitate deployment for durations extending to >24 h. The importance of reduced-order physics-based models or analytical models for implementation in a BMS was highlighted. The use of the Monte Carlo method to generate various porous electrode geometries and enable the simulation of a diverse range of porous electrodes, and of the lattice Boltzman method to validate hydraulic models, was identified to be important in reducing simulation time and validating existing models.



In the area of material development, S-PEEK with an optimized sulfation degree was identified to be the most viable alternative to Nafion™ membranes, while anion exchange membranes, despite their lower conductivity, were identified as a good choice for LDES if their durability in an acidic environment can be increased.



Material properties for bipolar plates were not addressed in detail, since commercial bipolar plates comprising graphite composites with carbon black and other conductive fillers meet performance and durability requirements. The main area for additional development was matching flow fields with porous felt properties, such as permeability, such that at the maximum flow rate available for the system, and the velocity of the electrolyte at high SOC during charge and low SOC during discharge, is sufficiently high to overcome mass transfer limitations in the design of the SOC operating range.



The impact of molecular-level modeling for electrolyte development was highlighted by providing examples of mixed-acid electrolytes to minimize the de-protonation of V+5 species, and the use of bi-additives to expand the temperature range of operation at higher electrolyte concentrations.



The inter-dependance of SOC, crossover and SOH was described, offering insights on the mitigation of reversible and irreversible capacity loss via power and flow control; this is to ensure voltages stay below gassing levels and crossover is minimized while obtaining good performance, especially at extreme SOCs, by ensuring sufficient velocity through the felt electrode and facilitate mass transport. In other words, opposing factors, such as enhanced mass transport and crossover mitigation, need to be balanced against each other.



For electrodes, matching the permeability with the bipolar flow field to ensure sufficient velocity and ensure good mass transfer was identified as crucial to improving electrolyte utilization across the 6–24+ hour duration where flow batteries are best deployed. To address hydrogen evolution at the negative electrode towards the end of charge, which causes irreversible capacity loss, areas for developmental work to improve high faradaic efficiency (basal plane) and durability (edge plane) were identified.



Tailoring electrode properties to various current densities was also discussed. As an example, increasing the fiber diameter reduces the pressure drop at a fixed flow rate, while also reducing the surface area. Having a high surface area at the expense of high pressure drop at a fixed flow rate leads to mass transport losses at a high current density, and a low surface area leads to high activation losses. Hence, the surface treatment of electrodes with optimum fiber diameters to enhance surface area and permeability, while maintaining high velocity at extreme SOCs during charge or discharge, is important.



The environmental impact of each technology needs to be considered, along with its performance and durability, to gain a holistic understanding of the technology’s true positive and negative impacts on storing and dispatching clean electricity.
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Figure 1. Schematic of vanadium redox flow battery (green is charge and red is discharge). 
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Figure 2. Individual components within a cell with various flow fields in the bipolar plate flow-through (top left), interdigitated (top right), serpentine flow-by (bottom). 
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Figure 3. Crossover mechanisms in a vanadium redox flow battery during charge (green arrows) and discharge (red arrows). 
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Table 1. Direction of vanadium species transport during charge and discharge—data corresponding to S-PEEK are identified, and the rest correspond to Nafion™.
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Mode

	

	
Charge

	
Discharge

	




	
Species

	

	
V+2

	
V+3

	
V+4

	
V+5

	
V+2

	
V+3

	
V+4

	
V+5

	
Net V Transport after Each Cycle




	
Mechanism

	
Reference

	

	

	

	

	

	

	

	

	






	
Diffusion

	
[45]

	

	
+

	
-

	

	

	
+

	
-

	

	




	
[46]

	
+

	
+

	
-

	
-

	
+

	
+

	
-

	
-

	




	
[46] S-PEEK

	
+(negligible)

	
+(negligible)

	
−(negligible)

	
~0

	
+(negligible)

	
+(negligible)

	
−(negligible)

	
~0

	




	
[49]
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Hydraulic convection
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Table 2. Summary of models of species crossover in VRFBs.
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	Reference
	[45,46]
	[47]
	[4]
	[50]
	[54]
	[56]
	[58]
	[59]
	[60]



	Model type
	2-D
	1-D
	3-D
	3-D
	0-D
	3-D
	1-D
	3-D
	0-D



	Thermal coupling?
	No
	No
	Yes
	Yes
	No
	No
	No
	No
	No



	V species transport mechanisms
	
	
	
	
	
	
	
	
	



	Diffusion?
	Yes
	Yes
	Yes
	Yes
	Yes
	Yes
	Yes
	Yes
	Yes



	Migration?
	Yes
	Yes
	Yes
	Yes
	Yes
	No
	Yes
	Yes
	Yes



	Hydraulic convection of electrolyte due to delta P across membrane?
	Yes
	No
	No
	No
	Yes
	No
	No
	No
	No



	Electro-osmotic?
	Yes
	Yes
	No
	No
	Yes
	No
	Yes
	Yes
	Yes



	Water transport mechanisms
	
	
	
	
	
	
	
	
	



	Osmotic transport of water?
	No
	No
	No
	No
	No
	No
	No
	No
	No



	Transfer of water via electro-osmosis
	No
	No
	No
	No
	No
	Yes
	No
	No
	Yes
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