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Abstract: Large-scale energy storage systems (ESS) are nowadays growing in popularity due to the
increase in the energy production by renewable energy sources, which in general have a random
intermittent nature. Currently, several redox flow batteries have been presented as an alternative
of the classical ESS; the scalability, design flexibility and long life cycle of the vanadium redox flow
battery (VRFB) have made it to stand out. In a VRFB cell, which consists of two electrodes and an ion
exchange membrane, the electrolyte flows through the electrodes where the electrochemical reactions
take place. Computational Fluid Dynamics (CFD) simulations are a very powerful tool to develop
feasible numerical models to enhance the performance and lifetime of VRFBs. This review aims
to present and discuss the numerical models developed in this field and, particularly, to analyze
different types of flow fields and patterns that can be found in the literature. The numerical studies
presented in this review are a helpful tool to evaluate several key parameters important to optimize
the energy systems based on redox flow technologies.

Keywords: energy storage; vanadium redox flow battery; VRFB; flow battery; vanadium; flow field;
CFD; numerical model

1. Introduction

The growing consumption of fossil fuel reserves [1], the constant increase in power
demand [2] and the environmental concerning has served to focus the attention on the
development of sustainable energy alternatives, particularly wind and solar, for electricity
generation and, therefore, to reduce greenhouse gas emissions [3]. Nowadays we are
involved in a daily global development, which is constantly increasing our requirement of
energy across the world, while the Earth in its own form and its natural resources cannot
follow this development anymore. With all of this in mind, we are all compelled to study
the different forms of energy sources in terms of security, access, sustainability, climate
change mitigation and reduction of environmental and health impacts [4]. Renewable
energies like wind and solar have experienced an exponential enhancement and spreading
during the last 20 years, however, the random and intermittent nature of this kind of
energies makes difficult to fully take advantage of them. For that reason, large-scale
energy storage systems (ESS) are growing in popularity to guarantee the suitable and
appropriate utilization of these power sources [5]. To that end, battery technology emerged
as a practical application due to the large-scale storage power and volume [6]. In fact, the
European Commission in its 2016 Integrated SET-Plan reported that to ensure European
Union competitiveness in the global battery sector, potential uses for batteries beyond
e-mobility need to be exploited [7]. Figure 1 shows the installed capacity from energy
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storage technologies in 2019, according to the International Energy Agency (IEA), with
only 5% of the total capacity provided by batteries.
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To date, many types of redox flow batteries have been proposed depending on the
redox couples used. All-vanadium [8,9], zinc-bromine [10,11], all-iron [12], semi-solid
lithium [13] and hydrogen-bromine [14] are some of the most common types of redox flow
batteries (RFB) that can be found in the literature. Since Skyllas-Kazacos et al. [15,16] sug-
gested a Vanadium Redox Flow Battery (VRFB) in 1985, this electrochemical energy storage
device has experimented a major development, making it one of the most popular flow
batteries these days [17]. Flow batteries are a remarkable option for the large-scale energy
storage issue due to their scalability, design flexibility, long life cycle, low maintenance and
good safety systems [18,19]. Table 1 summarizes the main characteristics of flow batteries
as well as other type of energy storage systems. It is important also to highlight the main
advantages that flow batteries offer [18,20,21]:

• Independence between peak power and the energy capacity: as the former depends
on the dimension of the stack, the latter is related to the dimension of the tanks and
hence the quantity of electrolyte stored. In some conventional technologies, such as
the lithium-ion batteries, the two parameters cannot be divided.

• Possibility of changing the electrolyte of the storage tanks while working.
• The security of the process and its long life cycle make the LCOS (Levelized Cost of

Storage) one of the most important parameters of the battery [22].
• Using vanadium in both anolyte and catholyte. The cross-mixing species due to the

non-ideal ion exchange membrane occurs, but since vanadium is used in both sides,
the loss of capacity is not definitive: the solutions could be shuffled and go back to the
initial state. The battery could also be left unused for a long period of time with low
loss of charge, because of the fact that both electrolytes are stored separately.

• Short response time: thanks to the fast electrochemical kinetics, the response time
is brief if the electrodes are kept full of electrolyte and the pumps are ready to start
working.

• Solution properties: the acid vanadium solution is inflammable, and even if it is toxic
in solid state (especially V2O5.), this form is not present in the normal condition of
working but when the solutions are made.

• On the other hand, the technology of VRFB is nowadays in an “early commercial”
state [23] and is still facing some issues as [20]:

• Low specific energy and power: this is related mainly to the low cell voltage and the
low solubility of the vanadium species (i.e., low number of ions reacting) within a
limiting temperature range from 5 ◦C to 40 ◦C.
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• Low energy density (e.g., 10 times less than Lithium-Ion batteries).
• High costs (energy Installation Cost of reference in 2016: 347 USD) [24].
• Shunt currents: some flow field designs inevitably introduce currents bypassing into

the manifolds in the stack, resulting in parasitic losses of power and energy [25].

Table 1. Main characteristics of various Energy Storage Systems.

EES Max Power
Rating (MW)

Discharge
Time

Max Cycles or
Lifetime

Energy Density
(Wh/L)

Efficiency
(%)

Capital Cost
($/kW)

Pumped Hydro 1000 4–12 h 30–60 years 0.2–2 70–85 165
Compressed air 1000 2–30 h 20–40 years 2–6 40–70 105

Flywheel 20 Secs–mins 20,000–100,000 20–80 70–95 11,520
Lead-acid battery 100 1 min–8 h 6–40 years 50–80 80–90 1040 (756) a

NaS battery 100 1 min–8 h 2500–4400 150–300 70–90 2644 (1860) a

Li-ion battery 100 1 min–8 h 1000–10,000 200–400 85–95 1084 (756) a

Redox Flow Battery 100 Hours 12,000–14,000 20–70 60–85 2220 (1572) a

a 2025 cost predictions [26].

Several plants based on VRFB technology have been installed worldwide since 1996,
when Mitsubishi Chemicals installed a 200 kW/800 kWh power plant in Kashima-Kita
(Japan) conceived for load-leveling [27]. In 2015, Hokkaido Electric Power Company
(HEPCO) and Sumitomo Electric Industry completed the Minami Hayakita substation,
with a rated output of 15 MW and a capacity of 60 MWh. In Europe, it is worth to mention
the project carried out in 2019 by the Fraunhofer institute to install a VRFB of 2 MW and 8
MWH in Pfinztal, Germany. The biggest plant projected so far is placed in northern China,
where a VRFB of 200 MW and 800 MWH designed by Rongke Power and UniEnergy
Technologies are being installed in the Dalian High-Tech area. In an overall view, flow
batteries are still far from being a reference among the energy storage systems, as shown in
Figure 2.
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The different components used in a VRFB as well as the size of the whole system
influence the total cost. Since the power of the system is directly related with the dimension
of the stack, smaller cell areas with high operating current will be required to reduce
power costs. Nevertheless, operating at high current density lowers the electrochemical
efficiency. Therefore, the E/P ratio has an important influence in the cost and optimal
operating point. The levelized cost of energy (LCOE), which is a measure of a power source
that allows to compare different methods of electricity generation, determines the total
cost of a generating plant over its lifetime divided by the lifetime energy production, see
Equation (1).

LCOE =
∑N

n=0
(
CAPEX + OPEX/(1 + i)n)

∑N
n=0
(
kWhinitial,net/(1 + i)n) (1)

where CAPEX and OPEX are the investment costs and operation and maintenance costs,
respectively. kWhinitial,net is the initial net electricity production, i represents the discount
rate (%) and N the plant lifetime in years. Cost models for energy storage technologies
can be found in the literature [29,30]. Figure 3 illustrates the system installation cost for
different battery technologies in grid-scale energy storage systems. In the near future,
VRFB will compete for least-cost commercial batteries with lead-acid, sodium-sulfur and
lithium-ion technologies [22]. For that reason, the investigation for more efficient materials
and configurations are an essential condition for the future commercial development of
these batteries.
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In this article, we aim to complement other reviews available in the literature about
vanadium redox flow batteries [18,31–34] with a comprehensive review on the recent
studies and numerical models carried out by means of computational fluid dynamics
(CFD) techniques. An overview of the state of the art of energy storage and flow batteries
technology is provided in this introduction. The remainder of the manuscript is structured
as follows: Section 2 is devoted to a general description of a VRFB and the battery operation.
Section 3 relates with the main components that are involved in a VRFB. Some experimental
studies with VRFB stacks, approaches for VRFB optimization with CFD based models
as well as different flow field designs to improve the electrochemical performance are
discussed in Section 4. Finally, the main conclusions and future directions are summarized
in Section 5.
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2. Operating Principle of a Vanadium Redox Flow Battery (VRFB)

The VRFB consist of positive and negative electrodes and an ion exchange membrane.
The electrolytes with the vanadium ions are stored in two tanks and they are recirculated
through the set of cells (also known as stack) by mechanical pumps, see Figure 4. Within
the stack, electrochemical redox reactions appear along the surface and inside the elec-
trodes, which capture the released electrons and send them through the circuit, whereas
the hydrogen cations (protons) pass through the ion-selective membrane and offset the
charge equilibrium [35]. The reactions produced during cell operation are presented in
Equations (2)–(4):

Positive-side: VO2
+ + 2H+ + e−
VO2+ + H2O (2)

Negative-side: V2+
V3+ + e− (3)

Cell reaction: VO2
+ + V2+ + 2H+
VO2+ + V3+ + H2O (4)
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During the charge process, the VO2+ is oxidized to VO2
+ at the cathode, while the V2+

is reduced to V3+ at the anode. The latter is the slowest of all four reactions, and the charge
transfer resistance (CTR) of the positive half-cell at any SoC is negligible compared to the
negative half-cell [36]. That is the reason why negative electrode electrochemical activity
needs to be enhanced.

The equilibrium potential at one of the electrodes is calculated by the Nernst equation,
defined by Equation (5), which describes the potential difference between the electrolyte
and the electrode when no reaction is given inside the cell.

E = Eo +
RT
nF

ln

(
Coxidized species

Creduced species
·
γoxidized speies

γreduced species

)
(5)

where E is the potential difference and E0 is the standard reduction potential, R is the
universal gas constant, T is the absolute temperature, n is the number of equivalents
transferred per mole of species reduced or oxidized, F is Faraday’s constant, C is the ionic
concentration, and γ is the activity coefficient of the species.

Each potential depends on the reactions defined in Equations (2) and (3), where the
cathode’s (1) potential equals 1.0 V and anode’s (2) potential equals−0.26 V (both potentials
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are calculated using the Nernst equation). According to [37], the standard cell voltage is
calculated by Equation (6):

E = Eo + Eo = ∆V+− = V+ −V− = 1.0− (−0.26) = 1.26 V (6)

However, the real cell exhibits a standard cell voltage of E’o = 1.4 V when side effects
(e.g., the Donnan potential at the membrane surface) are taken into consideration [37].
Furthermore, the OCV (Open-Circuit Voltage) varies with the SoC (State of Charge) of the
electrodes, as shown in Equation (7) [21].

EOCV = E′o +
RT
nF

ln
SoC+SoC−

(1− SoC+)(1− SoC−)
(7)

The ideal battery would be able to provide (discharge) the same energy that would
have being stored up previously (charge), and the concept of efficiency is defined in three
different ways [38]:

1. Coulombic Efficiency (CE)–or current efficiency–refers to the ratio of the total charge
(in Amperes-hour) delivered by the battery to the charged stored up.

2. Voltage Efficiency (VE) is the ratio of the average discharged voltage to the average
charged voltage.

3. The Energy Efficiency (EE) is defined in Equation (8) as the ratio of energy (in Watts-
hour) discharged to charged energy. The EE is a key parameter of the battery’s overall
performance and it can be related to the CE and VE as follows:

ηE = ηC·ηV (8)

The efficiency of the process is called Coulombic efficiency (or Current Efficiency)
and depends on several factors: (1) an optimal electrolyte flow rate coupled with the
electrochemical reaction rate that allows reactions to occur before the electrolyte returns to
the storage tanks, (2) an efficient ion-selective membrane that prevents the cross-mixing of
the vanadium ions, (3) an even distribution of the electrolyte along the electrode to avoid
potential differences [39,40].

3. Main Parts of a Vanadium Redox Flow Battery

VRFB essentially consists of two key elements: the cell stacks, where several cells
are assembled with the aim of converting chemical energy into electricity in a reversible
process, and the tanks of electrolytes where energy is stored. In this Section, the main
elements of a VRFB are discussed: the electrolyte, the carbon felt electrodes and the ion
exchange membrane, respectively.

3.1. Electrolyte

In a VRFB, the electrolyte is composed of active species and supporting electrolytes.
Traditional VRFBs use vanadium ions dissolved in sulphuric acid. The ideal redox couple
would be one with high energy density, high nominal voltage and highly reversible redox
kinetics [41]. Additionally, it would be desirable to be stable enough to allow a high DoD
and SoC with high-capacity retention, ideally a symmetric system, as reported by Potash
et al. [42], as well as environmentally sustainable. With the aim of improving the electrolyte
technology, the development of organic active materials is presented as one of the most
promising alternatives to vanadium technology even though it still lacks the necessary
technological development [43]. Among the different families of organic compounds, the
use of quinone pairs has been an object of intensive research for their use in flow batteries
due to their stable and reversible nature in aqueous medium [44].

Furthermore, the supporting electrolyte, which includes organic or aqueous solvent,
buffer and/or additives, is essential in the electrochemical behavior of the cell. Non-
aqueous systems, a priori, have a wider potential window but aqueous systems present
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significant advantages. Leung et al. [43] reviewed lower cost and higher ionic mobility
compared to non-aqueous electrolytes in addition to a lower environmental impact.

Among the different research works on aqueous organic electrolyte for redox flow
systems (AORFB) reported in the literature there is a great disparity of data regarding
energy density and stability (number of cycles) [45,46], with very few studies combining
good results in both parameters, see the work of Liu et al. [47]. Choi et al. [48] covered in
depth the main issues and challenges for VRFB electrolytes. Table 2 illustrates the main
characteristics of different generations of VRFB, see Skyllas-Kazacos et al. [49].

Table 2. Main characteristics of different generations of VRFBs [49].

Generation Max. Vanadium
Concentration

Average
Discharge

Voltage (V)

Energy Density
for 80% SOC
Range (Wh/L)

Specific Energy
for 80% SOC

Range (Wh/kg)

V/V in H2SO4 1.5–3 M 1.2 38–50 15–25
V-halide in
HCl/HBr 2–3.5 M 1.0 42–63 25–50

V/V in HCl 2.3 M 1.2 35–40 a 35–70 a

Fe/V 1.5 M 0.75 20–25 15–20
Fe-V/2V 1.5 M 1.2 25–30 20–25

a Results at 70% SoC.

3.2. Electrodes

The electrode is one of the essential parts of a VRFB. It is responsible for capturing
the electrons released in the chemical reactions, getting electric current from the cells
when discharging, and providing electric current to the cell when charging. Despite the
above-mentioned, the electrode does not participate in the reaction itself, but provides the
active sites for the reactions to be given. The ideal electrode should fulfill the following
characteristics [50].

• To be chemically stable to bear the strong acids dissolved within the aqueous elec-
trolyte.

• To be made of a material with favorable electrocatalytic activity.
• Provide a three-dimensional network structure with an optimal porosity in order to

reach the optimal pressure-drop/reaction-rate equilibrium and a uniform electrolyte
distribution.

• Operate correctly in the voltage range of the battery.
• To have excellent electrical conductivity for faster charge transfer reactions with low

internal resistance.
• Low cost.

In its most widespread configuration, the electrodes are used in the form of graphite
felts (GF), a porous material through which the electrolyte flows. However, this material
has a very poor wettability with aqueous electrolytes, so a pretreatment of the surface is
usually given to achieve a sufficiently hydrophilic surface [51]. Table 3 classifies different
types of electrodes studied in VRFB systems. Leung et al. [52] showed that removing the
distance between the electrodes (i.e., the membrane, electrodes, and current collectors are
in direct contact), reduces the internal ohmic resistance, facilitating mass transport and
helping to minimize the voltage drop across the battery. This configuration, known as
zero-gap flow field design (see Figure 5), has also been reported to achieve significantly
high power densities [53].



Energies 2021, 14, 176 8 of 20

Table 3. Electrodes used as negative and positive electrode components.

Electrode Type Charge/Discharge
Potential Range (V)

Energy
Efficiency (%) Ref.

Negative Electrode

ZrO2 nanoparticle embedded carbon nanofibers 0.7 and 1.7 73.3 He et al. [54]
MnO2 nanosheet array-decorated carbon paper 0.7 and 1.7 66.4 Jiang et al. [55]

Titanium nitrite coated graphite felt 0.9 and 1.7 77.4 Wei et al. [56]
Flexible electrospun carbon nanofiber embedded with TiO2 0.7 and 1.7 75 He et al. [57]

Electrospun nitrogen-doped carbon nanofiber 0.7 and 1.7 72.8 He et al. [58]

Positive Electrode

3D graphene-nanowall-decorated carbon felts 0.7 and 1.7 90 Li et al. [59]
Graphene deposited carbon felt (CF) 0.7 and 1.75 85 Xia et al. [60]

Mn3O4/multi-walled carbon nanotube modified graphite felt 0.7 and 1.7 84.6 He et al. [61]
Co2-activated graphite felt 0.7 and 1.6 84 Chang et al. [62]
Biomass-derived electrode 0.9 and 1.65 86.3 Zhang et al. [63]
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To further improve the electrochemical properties (catalytic activity, electrical con-
ductivity and wettability) and the useful life [36] (durability of the electrodes against 
chemical attack, overload, aging and corrosion) of carbon electrodes, different superficial 
treatments are under research [65]. Xia et al. [60] obtained promising results with a gra-
phene modified carbon felt electrode with a coating process for a VRFB. Recently, Lv et 
al. [66] studied biomass carbon materials in order to obtain new low cost, renewable and 
sustainable energy storage systems. Reviews in this field can be found in the literature 
summarizing the recent progress on electrode materials and the development and appli-
cation of carbon fiber in batteries [67,68]. 

Figure 5. Electrode configuration: (a) Traditional setup; (b) zero-gap design of porous electrodes.
Redrawn from [64].

To further improve the electrochemical properties (catalytic activity, electrical conduc-
tivity and wettability) and the useful life [36] (durability of the electrodes against chemical
attack, overload, aging and corrosion) of carbon electrodes, different superficial treatments
are under research [65]. Xia et al. [60] obtained promising results with a graphene modified
carbon felt electrode with a coating process for a VRFB. Recently, Lv et al. [66] studied
biomass carbon materials in order to obtain new low cost, renewable and sustainable
energy storage systems. Reviews in this field can be found in the literature summarizing
the recent progress on electrode materials and the development and application of carbon
fiber in batteries [67,68].

There are two main electrode designs: the “flow-through”(FT) and the “flow-by”(FB)
configuration, as illustrated in Figure 6 [32].
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The “flow-by” configuration was presented as the best flow field option long ago, as
shown in the study of Trainham et al. [69]. Compared with the FT design, the addition of
a flow field improves the distribution uniformity of the electrolyte through the electrode,
particularly at flow rates [70,71]. Increasing the flow rate also increases the pumping power,
but this effect is offset by the lowered overpotential, indicating that there is an optimal flow
rate where maximum efficiency can be achieved [71]. In 2015, Reed et al. [70] experimented
with a flow-through configuration VRFB at high density currents. Initially, they obtained
too high temperatures related to the high pressure drop of the model; then, they decided
to include a “flow-by” configuration with an interdigitated pattern, working at a higher
flow rate while reducing the pressure drop. The new design reached an outstanding EE of
75% at 320 mA/cm2. In 2016 they carried out another flow-through/flow-by comparison,
concluding that the FT configuration only outperformed the FB one at low flow rates
(400 cc/min) [72]. The main advantages of the flow fields on the flow battery system
summarize as follows [32]:

• Using thinner electrodes implies lower ohmic losses (increasing the efficiency).
• The enhancement of localized mass transfer in the porous electrode because the flow

is driven through by the forced convection associated with the pressure drop along
the flow field.

• Higher limiting current density and peak power density.

3.3. Ion-Exchange Membranes

In general, the energy efficiency and cyclability of electrochemical cells with dissolved
redox materials are intrinsically connected to the stability, ion conductivity and transport
selectivity of the ion exchange membrane. The materials currently used for membranes are
mostly material previously designed from other applications that have different functional
requirements.

The use of alternative redox materials to vanadium (organic and/or organometallic),
which presents complex phenomena of transport of ionic species, together with increasingly
demanding operating conditions in redox flow batteries towards higher energy and current
densities must be taken into account for the design of a new generation of membrane
materials [73]. Most of redox based flow batteries (RFBs) employ polymeric membranes or
separators, both anion exchange (AEM) and cation exchange (PEM) membranes.

Among the commercial options available in the market, perfluorinated membranes
(Nafion®) are the most widespread for use in aqueous redox flow systems due to their
excellent chemical stability and high ionic conductivity, see the work of Reed et al. [70].
Nonetheless, according to the study carried by Li et al. [35], these commercial alterna-
tives have a low coulombic efficiency and a high cost. Its extensive use in fuel cells and
also in vanadium technology has helped to check its viability for its use, which require
high-performance membranes (fuel cells) and/or high stability against corrosive media.
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However, its efficiency in terms of ion selectivity for the vanadium system results in a loss
of EC.

In the case of Anion Exchange Membranes (AEM), they offer better performance in
terms of selectivity respect to the vanadium system, but are generally lower in conductivity
than the PEMs previously mentioned. Several studies have reported this type of membrane
in aqueous-organic systems [74,75]. In these cases and taking advantage of the lower
requirements of the organic electrolyte, commercial membranes of lower cost are the
most common used, see the work of Hu et al. [74]. According to Pezeshki et al. [76],
membranes of the polyarylene type, either anionic or cationic, show remarkable properties
in comparison to commercial membranes based on perfluorosulfonic polymers. However,
chemical stability is usually a challenge for such materials.

Among the most interesting materials to manufacture membranes when chemical resis-
tance and stability against oxidation are required, polybenzimidazole (PBI) is very promis-
ing. PBI membranes have been widely investigated in nanofiltration applications [77] and
in high-temperature fuel cells [78]. PBI is able of absorbing acid and being protonated,
developing anion exchange properties, as is the case of HMT-PBI [79], or for cation ex-
change, introducing sulfonic groups in the polymer structure [80]. PBI can also be built
as an asymmetric porous membrane, see the work of Gubler et al. [73]. The review of
Shi et al. [81] covered all the recent developments, challenges and future directions of
membranes in non-aqueous redox flow batteries.

4. Experimental and Numerical Modelling of VRFB

In this Section, experimental studies with VRFB stacks, different approaches for VRFB
optimization by means of CFD based models as well as different flow field designs to
improve the electrochemical performance and are presented.

4.1. Experimental Studies with VRFB Stacks

Generally, due to the cost of large experimental facilities, the research in the field of
VRFBs is carried out with short stacks or with small-size cells with active areas no longer
than 10 cm2. Besides, experimental studies can barely quantify most of the component
parameters that govern the flow battery operation. Schreiber et al. [82] designed a VRFB
system with 10 kW in power and 100 kWh in energy (FB10/100 battery) and with a smart
controller. A multi-stage-operation mode was defined leading to an improvement in the
overall battery performance compared to all stacks in operation. Kim et al. [83] developed
a prototype VRFB system with a mixed acid supporting electrolyte. The 1 kW/1 kWh
VRFB system presented, which was evaluated experimentally and numerically, delivered
more than 1.1 kW at 15–85% SoC with an energy efficiency of 82%. A lower capital cost and
a simplified system design was also reported with the use of mixed acid electrolytes. In the
work of Bryans et al. [84], the 200 kW/400 kWh VRFB system placed in the energy station
of Martigny (Switzerland) was analyzed and characterized with the aim of confirming
its optimal application. They reported an overall efficiency of 48–60% and reached to the
conclusion that would be suitable for the charging of electric vehicles. Guarnieri et al. [85]
have also performed an experimental study with the design, construction and operation of
a VRFB test facility of industrial size. The system comprises a 40 cell stack with a 600 cm2

active area to deliver 4 kW, and two tanks with 550 L of vanadium solution. Their results
showed a peak power of 8.9 kW with a stack specific power of 77 W/kg and a maximum
current density of 665 mA/cm2. Recently, Trovò [86] have used this test facility to develop
a battery management system (BMS) as a valuable tool for controlling and testing a VRFB.
Park et al. [87] constructed an all-vanadium RFB stack with 31 cells and an electrode surface
area of 2714 cm2. The system was tested at current densities of 60 and 90 mA/cm2 and
confirmed that was suitable for electric storage with high efficiency.
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4.2. Numerical Modeling of VRFB Cells and Different Flow Field Architectures with CFD Tools

In order to develop and optimize the systems based on redox flow technologies, a
deep knowledge of the main physical phenomena is critical. It could be very helpful to
regulate the operation and performance of the battery and to quantify the corresponding
performance losses. Therefore, the Computational Fluid Dynamic based simulations
(CFD) are a powerful tool which allows the design of simulations with different flow
rates, load states, material properties and distribution channels. This useful technique for
numerical simulations, combined with a validation of the computational results by means
of experimental data, provides valuable information of the problems associated with mass
transport in flow batteries.

Wu et al. [88] manufactured a 5 KW VRB stack composed by 40 cells and performed
a CFD study to analyze the flow and pressure distribution. This stack, with a zigzag
coverplate and multi-distribution channel, reached an EE of 82.8% at 50 mA/cm2. However,
in the scientific community, the challenge of modeling and simulation of these systems
has been solved with different approaches and/or approximations to study in detail more
physical quantities. Most of them consider a simplified geometry, even without channels,
which is not a representative configuration of the flow field used in potential industrial
applications. Usually, this setup results in an uniform distribution of the variables in one
direction, simplifying the initial three-dimensional model into a two-dimensional one, see
the study of Barton et al. [89]. This strategy based on the geometry simplification allows a
prompt understanding of properties such as the transport and electrochemical phenomena
which characterize the flow battery performance, but does not provide a direct perception
of the fluid dynamics occurring along the channels and the porous medium.

The application of CFD techniques allow to evaluate the influence of several param-
eters, such as electrodes thicknesses, cell active areas, flow rates and channel designs, as
shown in the study of Knudsen et al. [90] for high-power flow batteries. Furthermore,
Kumar et al. [91] studied the influence of electrode intrusion into the flow channel. To that
end, numerical simulations were performed taking into account that due to the compres-
sion a portion of the electrode protruded into the flow channel. Three different electrode
thicknesses were evaluated (3 mm, 6 mm and 9 mm) and concluded that an uncompressed
thickness of 6 mm provided the optimal electrochemical performance. Recently, Sun
et al. [92] showed that reactants can be uniformly distributed in the porous electrodes by
arranging the aligned fibers with the orientation perpendicular to the flow channels. Ozgoli
et al. [93] developed different models to investigate the electrochemical and hydrodynamic
characteristics. A two-dimensional model was chosen to study the vanadium distribution
at different levels of the electrodes, profiles across them and the membrane along with a
sensitivity analysis of several physical properties. On the other hand, a three-dimensional
model was used to focus the research in the dynamic behavior of the fluid within the porous
electrodes, using different configurations of the inlet and outlet to obtain the optimal one
with regard to pressure drop and performance.

A transient and non-isothermal 3D model of a VRFB is developed in the study carried
out by Oh et al. [94] with the aim of analyzing the charge-discharge curves and the local po-
tential profiles across the electrode. A three-dimensional isothermal and stationary model
is proposed in the work of Ma et al. [95], where the results in a half-cell were compared
with simulation data extracted from literature sources. They investigated parameters such
as the distribution of current density, velocity, vanadium concentration and overpotential
at several heights of a porous electrode. Wang et al. [96] combined a non-isothermal 3D
model with electrolyte tanks in order to make a simulation of the charge and discharge
curves. The evolution of the current density, concentration and temperature distributions
were studied and validated alongside experimental data. Nevertheless, those authors did
not take into account the effect of vanadium ion migration and secondary reactions in their
computational models. That effect was modeled by describing the transport of species with
a dilute solution approach.
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The study of different flow field distributions in order to get an optimum balance
between pressure losses and electrochemical reaction rate (i.e., maximum efficiency), is
one of the key developments that the VRFB needs if the early commercialization-state is
expected [97]. In addition, other considerations must be taken into consideration:

• The enhancement of the porosity and the optimization of the electrode’s thickness in
order to improve the velocity and decrease the resistance to the mass transfer [98].

• Lower velocities will cause higher overpotential, resulting in side reactions and corro-
sion [95].

• For low-intermediate Reynolds numbers (Re), the effect of the canalization and stag-
nant zones becomes relevant [99]. Re is the ratio of inertial forces to viscous forces and
is obtained from a combination of the geometrical characteristics of the channel, the
fluid flow rate and its properties, see Equation (9).

Re =
V × D×ρ

µ
(9)

where ρ and µ correspond to the density and dynamic viscosity of the electrolyte, D is the
characteristic length of the channel and V is the fluid velocity.

Different classic flow channel designs (serpentine, interdigitated, parallel, spiral) have
been analyzed over the years to evaluate which one is the most adequate for an efficient
VRFB. Several studies have concluded that serpentine flow field design (see Figure 7a)
and interdigitated flow field design (see Figure 7b) provide the best electrochemical per-
formance [71,99–101]. The parallel pattern was dropped as a reference flow field because
even if it has one of the lowest pressure drops, it also exhibit poor energy efficiencies (e.g.,
worse than a flow-through configuration [71]), and less efficient mass transfer than the
interdigitated flow channel [102]. In addition, Chen et al. [103] reported in 2011 the parallel
pattern requirement for an optimized inner flow field structure by the utilization of CFD
tools.
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Adding a flow field increases the crossover rate of the vanadium ions due to the
strong convection effect, which slightly lowers the Coulombic Efficiency. However, the uni-
form distribution of the electrolyte that provides the flow field decreases the polarization,
improving the voltage efficiency while the overall efficiency is also enhanced [71]. Jiang
et al. [104], using a 3D numerical simulation, slightly sacrificed the Coulombic Efficiency
with a high conductivity membrane in order to achieve higher Voltage Efficiency. This
membrane combined with a uniform distribution of the electrolyte provided by the inter-
digitated flow field, allowed them to reach an outstanding energy efficiency of 80.83% and
a high stability of operation during the time at high current densities (600 mA/cm2). Flow
distributions are extremely difficult to be measured directly through experimental meth-
ods; therefore, optical measurements and numerical studies are an effective approach to
simulate the flow transport [105]. The most common CFD model is the three-dimensional,
because it considers the electrolyte movements under the ribs and the flow channels (see
Figure 8), which are relevant factors as an important number of the reactions occur within
the porous electrode, and the overpotential depends on the distribution in both the in-plane
and through-plane directions [71]. On the other hand, 2D models are commonly used to
study the flow distribution from the top view of the flow field scheme, as the work carried
out by Yaji et al. [106], who studied the optimized flow field distribution and obtained a
“branched” interdigitated model. However, there are also some researchers, as Ishitobi
et al. [107], that studied the velocity, concentration of reactants, and overpotential at differ-
ent SoCs from a side-view of the stack. Furthermore, this model has been also used in some
heat transference studies along the stack, reporting the importance of the temperature at
the outlet caused by the heat (of the exothermic reactions) transfer of the electrolyte out of
the stack [94,108].
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As mentioned above, 3D models have been a useful tool when studying the differences
between the different flow patterns, describing the advantages and disadvantages between
the most popular flow architectures: the serpentine flow field (SFF) and the interdigitated
flow field (IFF). Latha et al. [109] studied both experimentally and numerically the flow
distribution and pressure drop with SFF and IFF configurations, obtaining less pressure
drops and better electrochemical performance for the IFF design. However, other studies
have reported that SFF have a better performance than the IFF [101], with low charging
voltage and high discharging voltage [56], especially at low flow rates. On the other hand,
according to Messaggi et al. [101], the IFF has an homogeneous reaction rate and much less
pressure drop than the SFF at high flow rates [102]. Additionally, Ke et al. [110] concluded
that with an IFF design a higher fraction of the electrolyte penetrates into the porous
electrode (i.e., improving the reaction rate) in comparison with a SFF.
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Another variation of the classic flow fields are the multi-distribution channels. Yin
et al. [102] studied the differences between a single-inlet and multi-inlet interdigitated flow
field, using a 3D model. As expected, it was reported a pressure drop 50% lower in the multi-
distribution configuration under the same flow rate than the single-inlet one. However, the
pressure drop of the multi-distribution significantly decreased at low flow rates, resulting
in a non-desired uneven distribution. On the other hand, the single-distribution’s flow
field, electrical potential, current density and overpotential were uniformly distributed
along the flow direction. Although the performance of the multi-distribution seems to be
worse than the single-distribution at low flow rates, at high flow rates the distribution of
the multi-inlet cell becomes uniform, leading to a better performance. Chen et al. [103]
evaluated by means of a transient model the fluid dynamics behavior of the flow field
with a parallel architecture and performed a comparison with experimental data. A broad
vision on VRFB modeling based on CFD techniques is represented by the works of Yin
et al. [102] and Xu et al. [71], who studied how the local distribution of physical quantities
are affected by the flow field configuration. Yin et al. [102] made different computational
simulations of a simplified geometry with both electrodes using an interdigitated flow field
configuration, exploring different input/output schemes and evaluating their effects on
the potential distribution, performance, pressure drop and current density. Furthermore, a
sensitivity analysis was carried out on the flow velocity and on the channels’ geometric
dimension. On the other hand, in the work of Xu et al. [71], VRFBs with no field and with
parallel and serpentine flow fields were evaluated in terms of pressure drop, performance
and overpotential. They also defined an overall efficiency for each flow field configuration
and reached to the conclusion that the serpentine flow field provided the best results
with regard to efficiency and heterogeneity. Obtain a uniform electrolyte distribution in
the reaction region is an important to optimize the performance of a VRFB. To that end,
four different layout configurations were studied by Bortolin et al. [111] to analyze the
electrolyte solution distribution system. Messaggi et al. [101] studied the local distribution
of reaction rates for both serpentine and interdigitated flow fields, as illustrated in Figure 9,
where an heterogeneous distribution of the reaction rate was noted using a serpentine flow
field.
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trolyte distribution in the reaction region is an important to optimize the performance of 
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Despite of the high performances of the IFF and the SFF architectures, the reduction
of the overpotential is still a target to be reached. In 2017, Houser et al. [112] proposed two
new flow field patterns, in order to give a solution for the above-mentioned overpotential
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issue: the Equal Path Length (EPL) and the Aspect Ratio (AR) models. They stated that, for
a high performance RFB (i.e., high current density with low flow rate), pressure drop and
parasitic pumping losses are relatively negligible. These designs could be described as a
flow-by and flow-through flow field combination, where a simple pattern makes the entire
volume of electrolyte to penetrate into a larger area of the porous electrode, eliminating
the bypass flow and improving mass transport in comparison with the SFF and the IFF at
the expense of higher pressure drop. The EPL model was reported to reach higher current
densities than AR, but with less efficiency. They concluded that the AR design, with a more
scalable design and higher EE, outperformed the EPL one.

Summarizing, CFD techniques emerge as a suitable resource to be taken into account
to optimize the performance of VRFBs and to evaluate key parameters such as flow rate,
flow distribution through the channels and electrodes and pressure drop. Table 4 reports
some of the main parameters and the pressure drop values obtained with different types of
flow fields that can be found in the literature.

Table 4. VRFBs main parameters and pressure drop values from different flow field configurations.

Flow Field Flow Channel
Height-Width (mm)

Electrode
Thickness (mm)

Flow Rate
(mL/min)

Pressure Drop
(Pa) Ref.

No flow field — 4 30 3.6–21.2 [93]

No flow field — 3 5–20 957–4210
[71]Serpentine 3 × 3 3 5–20 330–4768

Parallel 3 × 3 3 5–20 83–1170

Interdigitated (single-inlet) 1.5 × 1.5 2 10 stoich * ~3.62
[102]Interdigitated (multi-inlet) 1.5 × 1.5 2 10 stoich * ~2.44

Serpentine 3 × 3 3 0–122 108.45–1297.28
[109]Interdigitated 3 × 3 3 0–122 119.32–941.1

Serpentine 3 × 3 3-6-9 114 ~2866–9508
[91]Serpentine (two-way split) 3 × 3 3-6-9 114 ~1327–5484

Serpentine (three-way split) 3 × 3 3-6-9 114 ~2475–10362

Serpentine 1 × 0.8 0.34 10–60 12030–105950
[101]Interdigitated 1 × 0.8 10–60 5010–20380

Serpentine (10 cm2) 1 channel 1.016 × 0.7874 0.4-1.2-2.4 10 ** ~101325

[90]
Serpentine (50 cm2) 4 channels 0.795 × 0.795 0.4-1.2-2.4 10 ** ~151988
Interdigitated (50 cm2 loose) 0.8 × 0.8 0.4-1.2-2.4 10 ** ~192518
Interdigitated (50 cm2 tight) 0.8 × 0.8 0.4-1.2-2.4 10 ** ~415432

Interdigitated (400 cm2 loose) 0.8 × 0.8 0.4-1.2-2.4 10 ** ~751831

* Stoich represents the ratio of input reactants molar versus the consumed one under certain current applied. ** Units in (mL min−1 cm−2).

According to Ke et al. [110], further studies will be made about the flow field distribu-
tions as exploring new flow fields beyond the classic designs in order to reduce losses from
kinetic, ohmic and mass transport for a better performance of the VRFB is desired.

5. Conclusions

A comprehensive review of VRFBs has been carried out in the present study. This is
a very promising technological solution for large-scale stationary electric energy storage,
due to their high cycle life, versatile design and independence between energy stored and
rated power.

One of the key developments that VRFBs need for early commercialization-state is a
deep study of different flow field distributions that are required in order to obtain a suitable
balance between pressure losses and electrochemical reaction rate. The electrolyte homoge-
neous distribution and the pressure drop influence in order to get the less overpotential
and the highest efficiency as possible is an essential factor when thinking about the stack
configuration. Comparing different models at the same flow rate has to be remarked, as the
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behavior of the same pattern has important differences when studying it at different flow
rates. Additionally, more research about new electrode materials are under development
stage since most common materials such as graphite felts (GF) have poor low wettability
properties with aqueous electrolytes. Therefore, a surface pretreatment is generally applied
to achieve enough hydrophilic surface.

CFD based techniques have been proven as a useful tool to develop feasible numerical
models for the optimization of energy systems based on redox flow technologies, which
combined with rigorous experiments provide valuable information about the performance
of the proposed flow field configurations. They allow to study several key parameters (flow
rate, flow distribution through the channels and electrodes, pressure drop, charge-discharge
states) to enhance the performance and lifetime of VRFBs.

A strong anticipated investment cost reduction for redox flow battery technologies
means that by near future VRFBs have the potential to be the most cost-efficient energy
storage system technology.
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