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ABSTRACT In the wake of increasing the share of renewable energy-based generation systems in the
power mix and reducing the risk of global environmental harm caused by fossil-based generation systems,
energy storage system application has become a crucial player to offset the intermittence and instability
associated with renewable energy systems. Due to the capability to store large amounts of energy in
an efficient way, redox flow batteries (RFBs) are becoming the energy storage of choice for large-scale
applications. Vanadium-based RFBs (V-RFBs) are one of the upcoming energy storage technologies that
are being considered for large-scale implementations because of their several advantages such as zero cross-
contamination, scalability, flexibility, long life cycle, and non-toxic operating condition. This review presents
the current state of the V-RFB technology for power system applications. The basic working operation
of the V-RFB system with the principle of operation of its major components, the design considerations,
and the limitations of each component are discussed. It presents technical information to improve the overall
performance of the V-RFB by considering the materials of the cell components, modeling methods, stack
design, flow rate optimization, and shunt current reduction.

INDEX TERMS Energy storage system, flow battery, renewable energy, vanadium redox flow battery.

I. INTRODUCTION

In recent years, the energy sector has accounted for about
75% of the total emissions that have increased the world’s
temperature by 1.1°C with noticeable weather and climate
changes [1]. In spite of this, energy is still important in liveli-
hoods and in the continuous growth in the human population
that pushes the demand for energy services to higher scales.
To meet the increasing demand for energy and reduce the
emissions from conventional energy sources that dominate
the power grid, renewable energy (RE) sources have begun
to play important roles [2], [3]. Notwithstanding the effect
of COVID-19 lockdowns on the global economy, RE sources
like solar and wind have kept on growing at an exponential
rate to meet the increasing energy demands with their clean
energy characteristics. In several countries, solar and wind
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energy are the cheapest source of energy for the generation
of electricity [1].

While there is a global consensus that large-scale uti-
lization of RE sources is required for sustainable develop-
ment, their intermittence and uncontrollable nature make it
difficult to directly integrate them into the grid. Therefore,
methods to improve the quality and reliability of supply
must be introduced. One of the methods to increase the
penetration level of large-scale RE sources into the grid is
the application of energy storage systems (ESS) [4], [5],
[6]. ESS is beneficial to maintain the balance between gen-
eration and demand in a high RE-dominated grid, thereby
maintaining or improving the stability and resilience of the
grid. In off-peak periods, ESS can store excess energy from
the RE source and release the energy during peak periods.
In large power grids, ESS plays a crucial role in increasing
the penetration of RE, smoothing the power output from RE
sources, increasing the operating reserve, reducing peak load
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regulation capacity of the grid, and providing ancillary ser-
vices such as frequency regulation, low voltage ride-though,
reactive power support, fluctuation suppression, black start
capability, etc. [7], [8], [9], [10], [11]. In developing an
appropriate energy storage technique for large-scale applica-
tion, characteristics such as scalability, high storage capacity,
quick response time, high efficiency, long life cycle, low
environmental impacts, and low cost must be considered [12],
[13], [14], [15], [16]. Several energy storage techniques have
been developed for various applications. They are generally
grouped into chemical, electrical, mechanical, and thermal
ESS technologies; Table 1 shows the widely used ESS tech-
nologies with their respective advantages and disadvantages.
Presently, no single ESS technology meets all the satisfactory
requirements for large-scale applications [17]. For example,
pumped hydro-ESS and compressed air-ESS that have mature
technology are limited by site locations and other environ-
mental safety factors [18], [19]. Super capacitor-ESS have
very fast response times but are limited by their low energy
density, high self-discharge losses, and high cost of materials
for large-scale applications [20], [21]. Battery-based ESS
technologies like Lead-acid and Lithium-ion batteries have
the advantages of economies of scale and high energy density
but are highly sensitive to operating temperature [22], [23].
With the continuous development in the ESS industry for
large-scale applications, redox flow batteries (RFBs) have
been recently deployed to meet large-scale ESS requirements.
RFB is a type of battery ESS that uses a soluble pair of
redox electrolytes in the two half-cells. The electrolyte for
each half-cell is stored in an external tank and is pumped
into the cell where the electrochemical reactions (redox)
occur. The electrolytes in the half-cells are separated by a
membrane to avoid a direct mixture of the electrolytes. The
major advantage of the RFB is the independence between the
energy capacity and power capacity [24]. The energy capacity
of the RFB is proportional to the volume and concentration of
the electrolytes, and the power of the RFB is dependent on the
size of the electrodes and the behavior of the active materials
in the cell. This makes the cost of increasing the energy
capacity of the RFB marginally decline with increasing the
storage capacity. Therefore, the RFB is a flexible and scalable
ESS technology [25], [26], [27], [28]. The RFBs have few
rotating parts and do not often need the operator’s attention,
making them have low maintenance and operating costs [29].
Due to the reversibility of the redox reactions in the RFBs,
they tend to possess longer life cycles compared to other ESS
technologies [30]. They can fully discharge without causing
damage to the battery components [31], [32]. For power sys-
tem applications, RFBs are a good choice because they have
fast response times (milliseconds) that are required for power
smoothing in intermittent RE-based generations [31]. These
beneficial features have increased the research and devel-
opment of RFB technology for large-scale power systems
applications. Contrary to the aforementioned advantages of
the RFBs, they are associated with some drawbacks such as
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low energy density that make them suitable for stationary
applications, unlike electric vehicle (EV) applications where
size and weight are important factors for usability. Some RFB
variants have reactions that may reduce the power capacity
and system efficiency. They are associated with parasitic
losses that reduce overall efficiency. Another major drawback
is the high cost of the materials required to develop RFBs,
the majority of the RFB research is centered on developing
new materials for the RFB components to reduce its overall
cost [33], [34], [35].

With the number of RFB technologies that have been
developed in recent years, the Vanadium-based RFB (V-RFB)
has received the most attention. The major reason is its
benefits over other types of RFBs. V-RFBs adopt a sin-
gle element (vanadium) with various oxidation states in its
electrolytes, therefore, the possibility of cross-contamination
is very low [36]. There is a possibility of recycling the
electrolytes between applications [37]. V-RFBs have the
capability of ion crossover regeneration during regular opera-
tion [37]. They have low levels of charge cycles compared to
other RFBs [38]. The capacity of the V-RFBs can be recov-
ered because the vanadium ions used in the electrolytes do not
degrade, and only the oxidation states change [39]. They are
environmentally safe, do not release toxic compounds, and
have a low risk of explosion at high temperatures relative to
other batteries [39]. Contrariwise to these benefits, the V-RFB
has some disadvantages that include low energy/volume ratio,
deterioration of membrane and anode terminal due to high
oxidation properties of vanadium ions [40], reduced cell effi-
ciency and electrode surface area as a result of side reactions
at the electrodes [41], [42], [43].

Given the potential benefits of the V-RFB and the grow-
ing demand for large-scale energy storage to expedite the
penetration of RE systems, this review encapsulates the
current updates of the V-RFB technology based on past
and current developments, materials, modeling methods,
and the effect of internal parameters on their overall effi-
ciency and performance that are consequential to their large-
scale commercialization. Therefore, this review benefits
researchers and scientists to understand the requirements
of the V-RFBs for large-scale applications; and engineers
to understand the limitations and current developments in
the V-RFB technology for large-scale applications. Different
from the V-RFB reviews that have been reported in the lit-
erature, this paper presents a review that covers the physico-
chemical and electrochemical processes of the V-RFB system
including the practical limitations of the V-RFB components
that affect its large-scale application, the current projects in
the V-RFB industry, cost implications of large-scale V-RFB
systems, and practical methods that have been adopted to
improve the performance and reduce the overall cost of the
V-RFB system for large-scale applications.

The remainder of this article is organized as follows;
Section II gives a brief history of the V-RFB develop-
ment and technology with different projects that have been
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TABLE 1. Advantages and disadvantages of different ESS technologies.

S/N ESS Technology Advantages Disadvantages
1 Pumped Hydro
o Mature technology o Requires specific location
o Long life cycle o High initial cost
o High capacity o Lengthy construction time
o Environmental concerns due to site lo-
cation
2 Compressed Air
e Mature technology o Requires appropriate location
o Long storage period o Limited flexibility
o Low initial cost o Limitation of fossil fuel combustion
o High capacity
3 Flywheel
¢ Low maintenance o High flywheel requirements
o Fast charge and discharge cycles o Significant maintenance cost due to
o High power density high speed of operation
o Long life cycle o Short storage time
o Risk of mechanical failure
4 Super Capacitor
o Fast charging time o Low energy density
o Fast response time o High self-discharge loss
o High power density o High cost to develop advanced materi-
¢ Low maintenance cost als
o Needs cooling for effective operation
5 Lead-Acid
o Mature technology o Short life cycle
o High number of charge/discharge cy- o Susceptible to sulfation
cles o Poor performance at low temperatures
o Fast response time e Low energy density at low tempera-
o High recycling potential tures
6 Lithium-ion
o High energy density o Short life cycle
o High power density o Highly sensitive to operating tempera-
o Fast response time tures
e Mature technology e Needs internal overcharge protection
o Little environmental impact technology
o Not suitable for full-discharge applica-
tions
7 Fuel Cell
o High energy density o Low life cycle
o Highly scalable o Low system efficiency
o Fast discharging with near-zero self- o Expensive hardware requirements
discharge
8 Superconducting magnetic En-
ergy Storage o High power density o High cost
o High efficiency e Low temperature operation that re-
o Low power losses quires a refrigeration system
o Long life cycle o High self-discharge rate
o Fast response time
9 Redox Flow Battery
o High flexibility and scalability o Low energy density
o Low environmental impact o High cost
o Long life cycle
o Low maintenance cost
o Long discharge duration

completed recently, Section III provides details on the oper-
ating principles of the V-RFB with developments of the major
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components of the V-RFB including the performance metrics
for V-RFBs, Section IV presents the modeling methods of the
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FIGURE 1. Schematic representation of a single cell V-RFB.

V-RFBs, Section V presents the key factors that impact the
performance and commercialization of the V-RFB systems
for large-scale applications, Section VI discusses the vari-
ous utilization of the V-RFB in RE-integrated systems, and
Section VII concludes the review with research directions for
future consideration.

Il. BRIEF HISTORY OF REDOX FLOW BATTERIES
The early RFBs were developed by the United States

National Aeronautics and Space Administration (NASA)
in the 1970s [44]. This RFB system is known as
the Iron-chromium battery (ICB) because it used Iron
(Fe2+/Fe3+) and Chromium (Cr3+/Cr2+) in the positive
electrolyte (catholyte) and negative electrolyte (anolyte)
half cells. A single-cell ICB has an open circuit voltage
of 1.18 V. The intrinsic drawback of the ICB is the low
CE and depth-of-charge due to the low redox potential of
the catholyte. The ICB was commercialized for large-scale
application by EnerVault, USA and under the Moonlight
project in Japan [45]. By replacing the Chromium in ICB
with Vanadium, the Pacific Northwest National Labora-
tory, USA developed the Iron-Vanadium (FeV) RFB. The
FeV-RFB has a low cell potential difference (p.d.) of 1.02 V
which leads to low energy density that can be bolstered
by increasing the concentration of the electrolytes [46],
[47]. Large-scale Zinc-Bromine (ZnBr) RFB with a cell p.d.
of 1.85 V was developed and commercialized [48]. While the
ZnBr-RFB offers high energy density, future developments
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were thwarted because of the corrosive nature and toxicity
of the Bromine vapor [49]. To address the safety concerns
of the ZnBr-RFB, the Zinc-Iodine (Znl) RFB was developed,
the trade-off of the ZnI-RFB compared to the ZnBr-RFB is
the low cell voltage of 1.30 V [50]. Using Sodium-bromide
and sodium-polysulfide in the positive and negative half
cells of the electrolyte tanks, the polysulfide-bromine (SpBr)
RFB was developed by Innogy, United Kingdom (UK) [51].
The SpBr-RFB has a cell p.d. of 1.35 V with an EE of
approximately 65%. The drawbacks of the SpBr-RFB are
the sedimentation of sulfur on the membrane which causes
electrolytic imbalance and the toxic nature of the bromine
emissions. In 2004, the Zinc-Cerium (ZnCe) RFB was devel-
oped by Plurion, UK [52]. The ZnCe-RFB system uses
Zn2+/Z+ in the negative half cell and Ce3+/Ce4+ in the
positive half cell, having an open circuit cell voltage of 2.43 V.
Based on the report in [53], the large-scale application of the
ZnCe-RFb has been unsuccessful. Another Zinc-based RFB
system that has been developed is the Zinc-Nickel (ZnNi)
RFB. The single cell ZnNi-RFB has a p.d. of 1.7 V with
a CE of 96%. Compared to other Zinc-based RFBs, the
ZnNi is the least expensive with a low propensity to emit
toxic gases. In 2013, the ZnNi-RFB was commercialized for
microgrid applications by ViZn Energy System, USA [54].
It is worth mentioning that the RFB systems presented so far
use different redox pairs for their redox reactions, i.e., the
element of the electrolyte in the positive half-cell is different
from the element of the electrolyte in the negative half-cell.
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This feature leads to cross-contamination or diffusion in the
RFB system which leads to capacity decay, the decline in
the battery overall efficiency, and is unsuitable for long-term
large-scale applications. These limitations have led to the
development of single-element RFB systems.

Due to the availability and low cost of Iron, the all-Iron
RFB that utilizes Fe2+ in both half cells of the RFB was
developed and patented by Savinell and his team [52], [65].
While the all-Iron has received considerable research atten-
tion, it has the limitation of low power density and overall
system efficiency [66]. The University of New South Wales
(UNSW) Professor Maria Skyllas-Kazacos and her research
team developed the all-vanadium RFB (V-RFB), which used
the same vanadium element in both half-cells, to prevent
cross-contamination. The all-vanadium RFB’s patent was
submitted by the UNSW research team in 1986. The first
generation of the V-RFB system developed at UNSW focused
on different material components of the batter, modeling
and simulation methods, control strategies, and cell stack
design, generating over 30 patents [67], [68], [69]. In 1993,
UNSW issued Gypsum, Thailand the license to start the first
field test of the V-RFB system. A 2 kW/12 kWh V-RFB
system was integrated into a 1 kW rooftop PV system in
Thailand to demonstrate the self-sufficiency of the PV-battery
system in place of a PV-diesel system [70]. In 1998, Pinnacle
VRB, a firm located in Australia bought the UNSW’s V-RFB
patents to further develop the V-RFB technology. Pinnacle
issued a license to Sumitomo Electric Industries, Japan that
successfully commissioned over 20 V-RFB systems ranging
from medium-scale to large-scale applications including the
4 MW/6 MWh V-RFB installed at the Subaru Wind Farm,
Japan in 2005. When the basic patent for the V-RFB expired
in 2006, the research and development of the V-RFB expe-
rienced significant progress that has led to the commercial-
ization of various V-RFB projects worldwide [71], [72], [73],
over 700 MWh of V-RFBs have been installed worldwide by
2021 and more projects are underway [74]. Table 2 presents
some of the recent V-RFB projects that have been commis-
sioned or are ongoing.

Ill. BASIC WORKING PRINCIPLE AND COMPONENTS OF
A V-RFB SYSTEM

A. OPERATION OF V-RFBs

The V-RFB is a type of flow battery that uses the different oxi-
dation states in the vanadium ions to store chemical energy.
A typical V-RFB system consists of electrodes (anode and
cathode), electrolyte, ion membrane, circulation pumps, and
storage tanks as shown in Fig. 1 [75], [76]. The electrodes
which are separated by the membrane are housed in the
cell stack while the circulation pump is used in each half
cell (positive and negative) to drive the electrolyte from the
storage tank into the cell stack where the electrochemical
reaction occur. The electrolyte in the storage tank for the
positive half-cell is a pair of VO2+4-/VO+2 (V4+/V5+) while
the negative half-cell electrolyte is a pair of V24-/V3+, the
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vanadium-based electrolytes in both half-cells are dissolved
in sulfuric acid as a supporting electrolyte.

During the discharge electrochemical process, the positive
half-cell undergoes a reduction reaction, i.e., gain of an elec-
tron on the surface of the anode as given by

VOJ +e” +2H" < VO*" + H,0 E®=1.004V. (1)

In the negative half-cell, an oxidation reaction, i.e., loss of
an electron, occurs on the surface of the cathode to convert
V27 ions to V3% ion. This electrochemical process can be
expressed as

V*F o vt pe EV=-0255V. )

The overall electrochemical reaction can be written as
VOI +2H" +V*" & VO T +H,04+ V3 E'=1.259V,
3)

where <> represents a reversible reaction (charge and dis-
charge). The reversible electrode reactions must be at the
same rate where the rate of oxidation is equal to the rate of
reduction under balanced conditions. The cell open circuit
voltage can be deduced from the Nernst equation using [77]
and [78]

Eocy = E° +

R_; " |:CV5+ (Cp+)? Cyas } W
Z

Cv3+ Cv4+

where EV is the standard electrode potential, R is the universal
gas constant, F is Faraday’s constant, T is the thermodynamic
temperature in Kelvin, z is the number of electrons transferred
in the overall redox reaction, Cy is the concentration of the
different vanadium ions, and Cy+ is the concentration of the
protons. The state of charge (SoC) of the V-RFB is dependent
on the concentration of the vanadium ions in the electrolytes,
this can be defined as

SoC — Cyo+ _ Cys+ )
CV2+ + Cv3+ Cv4+ + Cv5+
From (5), the Nernst equation in (4) can be rewritten as
RT SoC
Eocy =E°4+ —In| ———|. 6
ocv +ZF n|:1—SoC:| (6)

In a V-RFB stack, there are a number of individual cells
connected together in series. The stack terminal voltage for
a V-RFB system consisting of N.;; number of cells can be
expressed as

Estack = NeeitEocv — Ejoss, (7)

where Ej,; is the total voltage loss in the stack that can be
expressed as

Eloss = Eopm + Eaer + Eyr + Eer, (8)

where E,p, is the ohmic loss as a result of the current passing
through the components in the stack, E,; is the activation loss
as a result of the reaction polarization at the electrode, E;,
is the transfer loss as a result of the concentration variation
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TABLE 2. Recent V-RFB projects and their applications.

Reference Name of Project Size Location  Year RE Integration Applications
o Improve the quality of power supply
Hubei St Inteerati from the RE sources
[55] ubet storage egration g N1y 40 MWh China 2017 PV and Wind o Reduce peak load on grid
Demonstration Project e Reduce emissions
o Peak shaving
o Improve clean energy utilization
(561 Hesteel Project 5 KW/ 20 kWh China 2020 PV ¢ reduce emissions
o Reduce overall fossil energy consump-
tion
e Improve the quality of power supply
[57] Scottish Water Project 800 kWh UK 2022 PV and Wind from the RE sources
o Load shifting
[58] Energy Superhub Project 2 MW/5 MWh UK 2022  None o Grid support
. PV power shifting
Yadlamlka Energy Project . ° SR .
[59] (Ongoing) 8§ MWh Australia 2022 PV o Local grid frequency support
e Reduce peak load on grid
. . . o Improve power quality
[60] Dalian City 100 MW/400 MWh China 2022 None o Increase size of RE on the grid
o Improve PV efficiency
o Grid support
[61] Elemental Energy 2.8 MW/8.4 MWh Canada 2022 PV o Increase flexibility of the system
[62] Automobile - Industrial g0 \ry/so0MWh  China 2023 PV + Grid support
Park (Ongoing)
o Grid support
. . o Reduce power generation from gas plant
[63] H2 Project (Ongoing) 20 MWh USA 2023  Gas plant « Reduce emissions from gas plant
o Provide more reliable power during sea-
sonal peak demands
[64] G&W Electric (Ongoing) 2 MW/8 MWh USA 2023 PV o actively participate in power utility de-

mand response program

between the electrolyte and the surface of the electrode, and
E., is the crossover loss as a result of the ion passage in the
membrane and the shunt current [79], [80], [81]. To reduce
the stack voltage loss and improve the performance of the
V-RFB system, an improvement in the material and compo-
nents of the V-RFB is required [82].

B. MAJOR COMPONENTS AND MATERIALS OF V-RFBs

1) ELECTROLYTE

The electrolyte is a major active material in the V-RFB
system, it stores energy in its chemical forms and its concen-
tration level determines the energy capacity of the system.
In a typical V-RFB, the electrolyte is a mixture of different
oxidation states of vanadium and supporting additives such
as hydrochloric (HCl) acid, sulphuric (H,SO4), etc [83].
The functions of the supporting electrolytes are to increase
the conductivity of the main electrolyte and transfer hydro-
gen ions for the positive half-cell reaction as shown in (1).
The conventional H,SO4-based V-RFBs have the limitation
of low energy density as a result of the poor solubility
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and stability of the vanadium solution [84]. Research to
improve the energy density and performance of the V-RFB
by using different supporting electrolytes have been reported
in [84], [85], [86], [87], [88], [89], [90], [91], [92], and [93].
In [85], four different organic additives, di-sorbitol, fruc-
tose, glucose, and mannitol, are investigated to prevent the
precipitation of the VO;r /VO>* electrolyte. It was observed
that the di-sorbitol additive produced the best performance
with a slightly higher EE of 82% in contrast to 80% EE
for the electrolyte without additives. In [86], two organic
additives —inositol and phytic acid— are used to improve
the electrochemical reversibility of the VO;r /VO*T elec-
trolyte. It was reported that the organic additives improved
the thermal stability of electrolytes. In [87], amino-methyl
sulfonic acid (AMSA) and methane-sulfonic acid (MSA)
are employed as organic additives for the electrolytes. How-
ever, [84] postulated that organic additives cannot provide the
significant development that will increase the marketability
of the V-RFB for large-scale renewable energy applications.
Thus, inorganic additives have been used to improve the
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electrochemical process of the electrolyte. In [88], potassium-
diformate (KDF) is added to the electrolyte to increase the
thermal stability of the electrolyte. The results of the exper-
iments showed that the KDF-based electrolyte maintained
approximately 99% of its concentration at 60°C compared
to the traditional electrolyte solution at 88% concentration.
Authors in [89] prepared the all-vanadium electrolyte using
ammonium-metavanadate (AMV) as the additive electrolyte.
Other inorganic additives such as sodium pyrophosphate
tetrabasic (SPT) [90], boric acid [91], methacrylic acid [92],
ammonium phosphate [93] have been adopted to improve
the electrochemical potency and stability of the electrolyte
at high temperatures.

2) ELECTRODE

Another important component of the V-RFB that affects its
applications and market penetration is the electrode. Com-
pared to conventional electrochemical batteries such as Li-ion
and lead-acid batteries where the electrodes are active agents
in the electrochemical reactions, the electrodes in the V-RFBs
do not actively partake in the electrochemical reaction, rather
they act as a surface for the reaction to occur. Therefore,
to harness a high electrochemical reaction on the electrode
surface area, the electrodes in the V-RFB must have certain
characteristics such as large surface area and electrochemi-
cal window, high conductivity and electrochemical reaction
activity, good chemical stability, and cheap [94], [95], [96].
The review in [97] revealed that the improvement in elec-
trode surface with low cost will increase the large-scale engi-
neering applications and commercialization of the V-RFB
technology. Since the development of the first V-RFB in the
1980s, carbon-based materials, carbon-polymer composites,
and non-carbon materials have been investigated and used for
the electrodes in the positive and negative half cells of the
V-RFB. Experiments have shown that carbon-based materials
such as carbon felts, carbon paper, carbon nanotubes, graphite
felts, and graphene are the most suitable due to their high
electrical conductivity, high specific surface area, and low
cost [98].

To reduce the concentration polarization that causes
the activation voltage loss, and improve electrochemical
reversibility and catalytic activity on the surface of the elec-
trodes, several modification strategies have been proposed.
The electrode modification strategies based on the increase
in surface area [99], [100], [101], [102], the introduction
of surface functional groups [103], [104], [105], [106], the
introduction of electrocatalyst [107], [108], [109], [110],
and optimization of the microstructure [111], [112], [113],
[114] have been investigated. To reduce the ohmic voltage
loss that is caused by the ohmic polarization (internal resis-
tance) in the V-RFBs, porous electrode structures have been
introduced [115], [116], [117]. Since the ohmic voltage loss
increases as the operating current increases, it is expected
that the ohmic losses will be higher in large-scale V-RFB
applications. Thus, it is necessary to reduce the thickness of
the electrodes to reduce the ohmic loss; some works have

VOLUME 11, 2023

developed techniques to address this issue. However, it should
be noted that reducing the thickness of the electrode will
reduce its surface area, leading to an increase in concen-
tration and electrochemical polarization. Therefore, optimal
electrode thickness must be selected to achieve the best per-
formance and efficiency.

3) MEMBRANE

The ion membrane is another important component of the
V-RFB and has a significant impact on the performance of the
battery. It separates the positive half-cell from the negative
half-cell to prevent the cross-transportation of electrolytes.
It is also responsible for completing the electrical circuit
by transporting protons [118]. An ideal membrane should
have a low permeability to mitigate the rate of self-discharge,
high ion conductivity to dampen the ohmic loss during the
transport of protons, and low production cost - the membrane
accounts for 44% and 27% of the total cost of 250 kWh and
4 MWh V-RFBs, respectively [119], [120]. The movement of
protons in the membrane is based on the principle of convec-
tion, diffusion, and migration [121], [122]. To reduce cross-
contamination —a major cause of performance deterioration
in V-RFBs, it is important to investigate the transport mech-
anism of ions to optimize the performance of the V-RFB.
Studiesin [123], [124], [125], [126], and [127] have presented
various transport models that can increase the efficiency of
the V-RFB system.

Nafion is the most widely used material for the membrane
of V-RFBs because of its high conductivity and good chemi-
cal stability. However, it is highly permeable and expensive,
making it unsuitable for large-scale applications [128], [129].
Different kinds of membranes including cation exchange
membrane [130], [131], [132], [133], anion exchange mem-
brane [134], [135], [136], [137], amphoteric ion exchange
membrane [138], [139], [140], [141], and porous mem-
branes [142], [143], [144], [145] have been proposed and
developed for V-RFB systems.

C. PERFORMANCE EVALUATION METRICS OF V-RFBs

In practical applications of batteries, it is impossible for the
battery to have the same charge and discharge capacity. Thus,
it is important to evaluate the performance of the battery
based on its efficiency. The charging and discharging oper-
ations are the widely used methods for evaluating the perfor-
mance of a battery. The battery can be charged or discharged
in constant current (CC) mode, constant voltage (CV) mode,
or constant power (CP) mode.

In CC mode, the charge or discharge current is
constant while the voltage and power rise(charge) or
decline(discharge). In the CV mode, the charge or discharge
voltage is constant while the current and power decline in
both operations because the difference between the OCV
and charge/discharge voltage gets smaller as the process
continues. In CP mode, power is fixed during the charge
and discharge operations. In the charge operation, the current
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declines while the voltage rises. In the discharge operation,
the current rises as the voltage declines. Based on the sim-
plicity of the CC mode to study the performance of V-RFB
systems, it has been widely used to evaluate the performance
and efficiency of V-RFB systems. In this section, we con-
sider four efficiency metrics that are applicable to all ESS
technologies and an additional metric that is specific to RFB
systems [146], [147]:

1) COULOMB EFFICIENCY

The coulomb efficiency (CE) is defined as the ratio of the
discharged ampere-hours (Ah) to the charged Ah. It can be
mathematically expressed as

_ Ahdisch

CE f(;d Laiscndt

x 100% = =——— x 100%. O]
Ahgp, f0” Iopdt

where 1;5cp s the discharge current, [, is the charge current,
t. and 15 are the charge and discharge times, respectively.
Compared to solid-state ESS such as Li-ion batteries where
the CE indicates the capacity loss per cycle which is a vital
metric to predict the remaining battery life, the CE evaluation
in V-RFBs measures the ratio of the charge and discharge
capacities for a given cycle. Thus, it is difficult to predict
the life cycle of the V-RFB using the CE because of the
reversibility of the vanadium species. The higher the CE,
the less capacity in Ak that the V-RFB loses in a specific
charge/discharge cycle. Experiments in [148] showed that at a
constant flow rate, the CE of the V-RFB stack increases as the
current density increases. In practice, the CE is determined
by charging and discharging the battery at specified voltage
limits and taking note of the time taken for the charge and
discharge operation. The drawback of this method is that it
does factor in the capacity loss during the cycling between
charge and discharge operations. Instead of using the voltage
limits to compute the CE, another approach is to use the SoC
limits of the V-RFB to determine its CE since any decline in
the battery’s capacity is usually reflected in the SoC [149].

2) VOLTAGE EFFICIENCY

Voltage efficiency (VE) is defined as the ratio of the average
discharge voltage to the average charging voltage. It can be
mathematically expressed as

avg

Ve
VE = th x 100%. (10)

avg
ch
The VE evaluates the effect of cell voltage losses during the
charge/discharge cycle. The losses resulting from the ohmic
resistance, reaction polarization of electrodes, and concen-
tration overpotential as given in (7) reduce the VE of the
battery. The SoC of the battery also plays a significant role
in determining the VE of the battery as given in (6). Since the
ohmic losses increase as the stack current increases, the VE
decreases with an increase in the current density of the V-RFB
stack. The VE of the V-RFB can be increased by reducing the
cell resistance (reduce ohmic loss), utilizing materials with
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good electroactivity (reduce reaction polarization) and high
electrical conductivity (reduce concentration overpotential)
for the electrodes [150]. Studies suggest that optimizing the
flow rate in the V-RFB stack can increase the VE because
the concentration overpotential is reduced, thus the battery
can operate at a lower voltage during the charge period and a
higher voltage during the discharge period [148].

3) ENERGY EFFICIENCY

Energy efficiency (EE) is defined as the ratio of discharge
energy in watt-hour (Wh) to the charged energy. It can be
mathematically expressed as

td
Liisen+ Vaiscndt
%« 100% — fo tdlsch disch
Whep, foc Loy Vepdt

The EE of the battery represents its energy conversion capa-
bility. A high EE indicates a strong energy conversion capa-
bility. As the cycling (charge/discharge) operation of the
V-RFB increases, the EE of the battery degrades. This is
mostly a result of the deterioration in the surface properties
of the electrodes during the redox reaction. One direct way
to recover the EE of the V-RFB is to replace the deteri-
orated electrodes. However, the drawback of this method
is the increase in the maintenance cost of the V-RFB sys-
tem. Another cost-effective method to recover the EE of
a V-RFB system is to interchange the electrodes, i.e., the
positive electrode now becomes the negative electrode and
vice-versa [151]. The relationship between the CE, EE, and
VE is given as

EE — thisch

x100%. (11)

EE = CE x VE. (12)

4) SYSTEM EFFICIENCY

The system efficiency (SE) of a V-RFB system is defined as
the ratio of the net output power during discharge to the net
power consumed while charging. It can be mathematically
expressed as

Pngt
SE = ﬁ x 100% (13)

ch
In contrast to EE, the SE accounts for the parameters such as
pump power consumption, cooling system power consump-
tion, and power consumption from other auxiliaries in the
V-RFB system that participate in the charge and discharge

operations. Following this, the SE can be calculated from

P, — paux
_ disch disch x 100%, (14)

SE = ——
Py +Pccl;7x

where P ;s the average discharge power by the battery, Py, is

the average charge power of the batter, P37, and P¢;" are the
auxiliary power consumption during the discharge and charge

operations, respectively.

5) ELECTROLYTE UTILIZATION
Electrode utilization is defined as the ratio of the actual
capacity of the electrolyte to the calculated capacity of the
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electrolyte. It can be mathematically expressed as

hactual

Electrolyte Utilization = x 100% (15)

calc

The electrolyte utilization is a reflection of the V-RFB capac-
ity since the capacity of the V-RFB is a function of the
concentration and volume of the electrolyte. The electrolyte
utilization represents the utilization of the active species in
the electrolyte. Due to the power and capacity decoupling
in V-RFB systems, the increase in volume or concentration
increases the capacity of the battery without altering the stack
configuration (electrode surface area and stack number) of
the V-RFB system. As the number of charge/discharge cycles
increases, the capacity of the V-RFB reduces. Conventionally,
the capacity of the battery can be restored by remixing the
anolyte and catholyte, then starting the splitting all over again.
During the electrolyte splitting, it is important that the anolyte
and catholyte are divided into two equal parts [151].

IV. MODELING METHODS OF V-RFB SYSTEMS

In this section, the modeling techniques of V-RFBs are dis-
cussed. Generally, the study of V-RFBs can be divided into
four stages depending on the objective of the study and area
of interest [152], [153]. The first stage is the material stage,
which involves the material modeling and analysis of the
components such as electrodes, electrolytes, and membranes.
The second stage is the cell stage, which involves modeling
methods based on the interaction of the different compo-
nents in the V-RFB cell. The interactions may include heat
transfer, mass transport, and other physicochemical reactions
in the cell. The third stage is the system stage, which will
be buttressed in this section, it involves modeling methods
based on the electrochemical process of the V-RFB. It relates
to flow rate, cell stack design, and electrical and thermal
processes in the V-RFB stack. The last stage is the market
stage, which involves modeling methods based on the com-
mercialization of the V-RFB stack. It relates to the capacity
loss, cost analysis, life cycle, and safety measures of the
V-RFB system [154]. The system-level modeling is the most
appropriate to study the practicality of V-RFBs for renewable
energy and power systems applications [43], [155]. In the
early stages of V-RFB developments, small-scale laboratory
experiments and field testing are used to investigate their
performance. The major drawback of these approaches is to
difficulty to quantify their economies of scale under different
operating conditions and applications. The use of simulation
tools to model the V-RFB system will aid a more thorough
investigation of system performance under varied testing
conditions.

A. EQUIVALENT CIRCUIT MODEL

The equivalent electric circuit model has shown accurate
results to represent the behavior of the V-RFB for system-
level analysis. The method uses the basic electrical compo-
nents to model the system. The advantage of this approach
is that it reduces the computational complexity for solving
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the physicochemical process of the V-RFB but the accurate
methods for parameter estimation and identification still pose
a challenge. Most works rely on experimental or field data
for cross-validation. The generic equivalent circuit model of
a V-RFB stack consists of internal resistance that represents
the losses based on the bipolar plate, electrode, mass transfer,
membrane, and reaction kinetics; the parasitic resistance rep-
resents the circulation pump power loss and by-pass current
power loss [156], [157], [158]. It can be divided in to three
subsystems;(i) Stack voltage (Egqck ) subsystem, (ii) SoC esti-
mator subsystem, and (iii) flow rate subsystem.

The Eger 1s based on the Nernst equation in (6) and (7).
Since the SoC of the V-RFB depends on the concentration
(energy capacity) of the electrolyte in the tank, (5) can be
redefined as

Instantaneous Energy

SoC (16)

~ Total Energy Capacity
Under balance conditions of the electrolytes, the SoC can be
expressed as

SoC(t) = SoC(t — 1) + ASoC, a7

where SoC (¢t — 1) is the initial SOoC and ASoC is the change
in SoC that is a function of the current flowing in the stack
(Zs1ack) and the capacity of electrolyte remaining in the tank.

The circulation pump is used to pump the electrolyte from
the tank into the stack, it is important to model the dynamics
of the flow rate (Q) that can be mathematically expressed as

_ Lstack
SoC X Colect’

where Coj.; 1S the electrolyte capacity.

In [159], the proposed equivalent circuit model uses a
voltage source to represent the stack voltage, and a controlled
current source in parallel with a resistor to represent the
pump losses. In [160], the extended Kalman filter was used
for parameter identification of unknown parameters in the
equivalent circuit. The simulation results were consistent with
the field data. The model did not consider the impacts of
parameters that are dynamic in the practical operation of the
system. The real-time simulation of the equivalent model was
presented in [161], but the impact of self-discharge was not
covered. The self-discharge behavior was explored in [162]
using the equivalent circuit model, although the model did
investigate the effects of vanadium ions crossover over the
membrane and the impact of the dynamic flow rate on the EE
was not considered. A detailed equivalent circuit model of
the V-RFB was proposed in [163] to obtain internal param-
eters by fitting the experimental data into the model. The
self-discharge phenomenon and ion crossing were taken into
consideration in the model. The effect of the flow rate on the
internal resistance of the V-RFB stack was also discussed.
To evaluate the effect of the pump and shunt current losses,
the model proposed in [164] used a resistor connected in
series and parallel to represent the shunt current circuit and
used the hydraulic model equation to design the pump model.

Q (18)
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To estimate the unknown parameters, the experimental results
in [165] were used. In [166], the dynamic equivalent circuit
of the V-RFB that considered the SoC, operational cycle
number, and flow rate of the stack was proposed. The inter-
nal parameters of the systems were extracted using param-
eter identification from a 1 kW/6kWh V-RFB system. The
major drawback of the previously proposed equivalent circuit
models is the assumption of constant operating temperature,
which is impractical.

B. THERMAL MODEL

Modeling the thermal behavior of the V-RFB is important
in understanding the practical dynamics of the battery in
order to develop an efficient battery management system. The
temperature rise in the V-RFB stack is primarily a result of the
heat generated by the internal resistance of the stack during
charging and discharging operations. The thermal model of
the V-RFB is based on the principle of mass transfer theory
and thermodynamics equations can be expressed as [167]
and [168]

dT.
Cp,OVSd—ts =0 Cpp (TT —=T°)+Q Cpp (T~ —T%)
+ I3 Ren, (19)
dT,
Cp,OVSd—: =Q"Cpp (TT —T°)+Q Cpp (T —T°)
+ IFenRaisch, (20)
Cppv+dd$ =0 Cpp (T° = TH)+ UTAT (T* —-T7),
21
drs
CppV ™ = QO Cop(T* =T )+ U A" (T*-T7),

(22)

where C, is the specific heat of the electrolytes, p is the
density of the electrolyte, Vi, V*, and V~ are the vol-
umes of the battery stack, catholyte tank, and anolyte tank,
respectively; T%, T, T, and T¢ are the temperatures of
the battery stack, catholyte tank, anolyte tank, and ambient
temperatures, respectively; O and Q~ are the flow rates of
the catholyte and anolyte; U™ and U~ are the heat transfer
coefficients of the catholyte and anolyte; AT and A~ are
the surface areas of the catholyte and anolyte tanks; /., and
Lgisen, are the charging and discharging currents; R, and
Rgisen, are the total internal resistances of the stack during
charging and discharging cycles. Equivalent thermal models
that characterize the impacts of parasitic pump losses and
shunt current have been investigated. A 3-D nonisothermal
model of the V-RFB was developed in [169] to study the heat
generated in form of entropic heat, joule heat, and overpo-
tential at different current densities. The results showed that
the cathode generated more heat than the anode during the
charge and discharge operations. In [170] and [171], the 2-D
model was developed and the results were similar to the 3-D
model. Three metaheuristic algorithms — ant lion algorithm,
genetic algorithm, and particle swarm algorithm— were used
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for parameter identification of the thermal model developed
in [172].

In order to investigate the coupling effect of different mod-
els of the V-RFB under varying operating conditions, a hybrid
model of V-RFBs has been developed.

C. HYBRID MODEL

The existing modeling of V-RFB is being improved to hybrid
models that provide realistic simulation characteristics for the
analysis of large-scale V-RFBs required for renewable energy
applications. The hybrid models may consider a combina-
tion of the chemical characteristics, electrical characteristics,
thermal characteristics, and other features of the V-RFB to
develop a comprehensive model that can accurately predict
the performance of the V-RFB under a wide range of operat-
ing scenarios. Authors in [173] proposed a thermal-hydraulic
hybrid model of the V-RFB. The model was used to estimate
the temperature of the electrolytes under different current
densities and ambient temperatures. In [174], an electro-
thermal model including a cooling strategy was developed.
Their analysis showed that the temperature of the electrolyte
was impacted by the flow rate of the coolant which improves
the CE, EE, and VE of the battery. An optimized hybrid model
was proposed in [175] for the operation of the V-RFB in a
microgrid with high penetration of renewable energy. The
model comprises electrochemical and fluid dynamics models
to obtain the efficiency of the battery, an economic model
was then formulated by considering the economic benefits,
investment costs, operation costs, and renewable energy uti-
lization in the microgrid. By considering the electrochemical
equations, electrode kinetics equation, membrane kinetics
equation, and flow dynamics kinetics equations, a multi-
physics model of the V-RFB was developed to analyze the
performance and efficiency of the battery for renewable
energy applications. In the hybrid model developed in [176],
the equivalent circuit is used to model the electrical behavior
of the battery, the electrochemical model is used to reflect
the chemical behavior of the battery, and the hydrodynamic
model is used to reflect the effect of the flow of the battery.
The accuracy of the proposed model was verified by compar-
ison with experimental data.

A major challenge in the modeling of the V-RFB system is
the estimation of the key parameter of the model that guaran-
tees its accuracy. Also, some of the parameters of the V-RFB
cannot be measured in real-time, causing modeling errors.
Therefore, a complementary modeling approach is usually
deployed for the V-RFB system. In this approach, the known
parameters of the developed models are validated with the
experimental data, and the unknown parameters are estimated
using the developed models. This guarantees proper emula-
tion of the V-RFBs with minimum error and aids the develop-
ment of an accurate battery management system (BMS) for
the V-RFB system. For example, accurate estimation of the
SoC ensures the proper charging and discharging operation of
the battery while accurate estimation of the stack temperature
can mitigate the risk of electrolyte precipitation, reducing the
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TABLE 3. Parameter identification methods for V-RFB models.

Reference Model Estimated Parameter(s) Estimation/Identification Method
o Open circuit voltage
[160] Equivalent Circuit Model o Polarization losses Extended Kalman Filter
e SoC fading
[164] Hybrid Model * Stack voltage Least Squares Method
o Pump power losses
[171] Thermal Model o Cell stack temperature distribution Experimental Validation
o Heat transfer coefficients
. o Electrolyte temperature Genetic Algorithm, Particle Swarm Opti-
[172] Thermal Model o Stack temperature mization, and Ant Lion Optimization
o Electrolyte temperature
[174] Hybrid Model e Terminal voltage Genetic Algorithm
e SoC
[180] Equivalent Circuit Model o Capacity fading factor Sliding Mode Observer
o Ohmic resistance
. L o Polarization loss Unscented Kalman Filter and Recursive
[181] Equivalent Circuit Model e SoC Least Squares Algorithm
o Electrolyte temperature
[182] Hybrid Model o SoC . Extended Kalman Filter
e Terminal voltage
[183] Equivalent Circuit Model o Peak power Extended Kalman Filter and Recursive Least
Squares
o Flow rate
[184] Hybrid Model o Open circuit voltage PI and Robust controllers
[185] Thermal Model * Stack temperature Lookup table
o Cell stack temperature
[186] Thermal Model o Shunt current Curve fitting
o Stack power loss Linear Regression, Support vector regres-
[187] Equivalent Circuit Model o Pump power loss sion, and Ensemble learning-Adaptive boost
algorithms
[188] Electrochemical model * Electrolyte flow rate Gain scheduling
o Flow rate
. o Pump losses ..
[189] Hybrid Model o Stack temperature Empirical Data
. . e SoC
[190] Hybrid Model - Real-time data o Battery capacity Back propagation neural network

extraction

V. SYSTEM-LEVEL PERFORMANCE IMPROVEMENT

risk of a fire incident. It is important to mention that the
BMS of the V-RFB system has similar functions —cell moni-
toring, SoC estimation, protection, charging and discharging
operation, local diagnosis, and data management— with con-
ventional ESS technologies with the addition of the flow
rate management [177], [178], [179]. Table 3 provides the
parameter identification techniques that have been used
in V-RFB models to improve the BMS of the battery
technology.

VOLUME 11, 2023

OF V-RFB SYSTEMS FOR RENEWABLE

ENERGY APPLICATIONS

The majority of the research and developments have focused
on the material level such as electrode design, electrolyte
improvement, ion membrane design, and current collec-
tors. However, the key technical parameters that affect the
large-scale integration of the V-RFBs are at the system level
and market level [191].
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A. EFFECT OF SHUNT CURRENT IN V-RFBs

In the operation of the V-RFBs, the circulation pumps trans-
port the electrolytes into the stack through the manifolds and
flow channels. Owing to the conducting characteristics of
the electrolytes, shunt currents are generated within the flow
channels, manifolds, and inside the piping system. There are
two major problems associated with shunt currents inside
the V-RFB stack. First, they corrode the materials in the
V-RFB stack, shortening the V-RFB’s cycle life. Additionally,
they reduce the V-RFB stack’s ability to transfer energy,
which results in the reduction of the CE of the battery [192].
They can also increase the stack’s temperature beyond safe
operating limits. Experiments on a 9 kW/27 kWh V-RFB
system showed that the shunt current losses are about 20 times
higher than the pump losses [193]. Therefore, methods to
measure and reduce shunt currents are required to increase the
large-scale applications of the V-RFB system. Shunt currents
are usually impacted by the number of individual cells in the
stack, the number of stacks in the system, SoC, operating
current, the equivalent resistance of the electrolyte in the flow
channel and manifold, and the piping structure of the system.
The CE of a V-RFB was reduced from 99% to 80% when the
number of cells in the stack was increased from 5 to 40 [194].
Analysis of the work conducted in [195] concluded that
decreasing the number of individual cells in the stack and
increasing the power of each cell in the stack can reduce
the shunt current losses. In the instance of a bipolar stack
design, the presence of shunt currents has a direct impact on
the battery performance. Higher efficiency is guaranteed by
a proper stack design with reduced shunt current. Authors
in [196] studied how the shunt current affected the perfor-
mance of a 40-cell 5 kW V-RFB stack when it was in idle
mode. While they did not examine the impact of the shunt
current at the cell level, they did study the temperature effect
of the shunt current, which caused the temperature within the
V-RFB stack to increase. Since the industrial-level V-RFB
stack consists of a sizable number of cells, it was necessary to
determine how the shunt current affected the individual cells.
In [186], a numerical thermal model that calculated the shunt
current losses caused by the internal channels and manifolds
linking identical cell electrodes was developed. Due to the
difference in cell potentials in the stack, electrical loops are
formed on the path provided by the internal channels and
manifolds for the flow of electrolytes. These electrical loops
receive the shunt current that raises the temperature profile
of the stack. By extending the channel of the V-RFB stack
and decreasing the cross-sectional area of the manifold of
the V-RFB cell, the shunt current loss can be reduced. It is
worth noting that the pressure loss is directly proportional
to the channel’s length [197]. Strategies to reduce the shunt
current losses include decreasing the electrolyte’s conduc-
tivity, reworking the geometry of the flow channel and cell
manifold, optimizing the piping system, and optimal stack
design [194], [198].
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B. EFFECT OF FLOW RATE IN V-RFBs

The flow rate, Q, is the rate at which circulation pumps deliver
electrolytes into the V-RFB stack. The flow rate is a major
feature of the V-RFB to increase its application at the macro
level. The flow rate is affected by the SOC, electrolyte capac-
ity, and stack current as given in (18). Studies have shown
that improving the flow rate and flow field structure of the
V-RFB reduces the concentration polarization, an increase the
EE, and the overall performance of the battery [199]. A lower
flow rate increases the battery polarization which reduces
the terminal voltage of the battery stack as expressed in (8).
Furthermore, the pressure difference between the outlet and
inlet valves of the electrolyte channel is directly proportional
to the flow rate of the electrolyte. It was experimentally
shown in [185] that is important to maintain the flow rate
at a higher level to ensure complete charge and discharge
operations. A strategy to increase the flow rate at the end of
charge and discharge operations while maintaining a constant
flow rate was proposed in [200]. While this method increases
the EE of the battery, it reduces its system efficiency because
of the increase in pump losses. Since the concentration over-
potential and the pump losses are impacted by the flow rate,
using the flow channel design to minimize shunt current can
potentially have a detrimental effect by increasing energy
losses. Therefore, a trade-off between flow rate optimization
and stack design is required to minimize parasitic losses and
achieve higher system efficiency. In [201], a variable flow
rate strategy was developed to ensure an optimal trade-off
between the concentration overpotential and the pump losses
while maintaining the stack temperature with safe limits.
A flow rate optimization framework under different charge
and discharge conditions was developed in [202]. The frame-
work was developed based on the multi-physics model of
the V-RFB and validated using real-time data. To guaran-
tee robustness to dynamic parametric changes that occur in
practical V-RFBs, several closed-loop flow rate strategies
including PI control [188], robust feedback control [184],
online dynamic optimization [203], fuzzy logic control [204]
have been proposed for optimal flow rate in the V-RFB
stack to reduce the pump losses and obtain good dynamic
characteristics of the system under varying conditions.

C. EFFECT OF STACK DESIGN

The stack of the V-RFB is an important part that needs to
be strategically designed to improve the performance of the
system. The stack design is affected by the number of cells,
the size of individual cells, and the flow channel configura-
tion. For a given stack, the current density and EE vary under
varying output power. Thus, the current density, output power
of the stack, and the EE must be considered during the stack
design. While the stack output power can be increased by
increasing the size of the electrodes, this increases the cost of
the stack. Similarly, an increase in cell size will increase the
output power of the stack, this will also impact the uniformity
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FIGURE 2. Variation in Capital Cost of V-RFB (a) [205] (b) [206].
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FIGURE 3. V-RFB ESS configuration (a) centralized (b) distributed [211].

in the flow rate of the electrolyte over a long flow path which
increases the pump losses [207]. A low-loss stack topology
was proposed in [208] using different cell and stack arrange-
ments to evaluate the shunt current losses in a V-RFB system.
A parallel-series cell configuration was adopted to increase
the terminal voltage and reduce the shunt current losses. The
multi-stack design investigated in [209] showed that the shunt
current between stacks increases the shunt current within
stacks leading to a decrease in CE of the V-RFB system. In a
multi-stack system, the overall efficiency of the system is
determined by the stack with the least efficiency. Therefore,
the cell arrangement in the stack to achieve optimal efficiency
of the system is crucial. In [210], the effect of cell layout on
the performance of a multi-stack system was studied. Thirty-
five possible cell layouts for an eight-stack system were
considered during the experiments. The result showed that
the CE of the system can be improved by grouping cells with
similar internal resistances into stacks. The reduction of the
internal resistance of the stack via cell layout reconfiguration,
increasing the electrolyte conductivity, and optimal flow rate
are ways to increase the stack performance of the V-RFB
system.

D. COST IMPLICATION OF V-RFBs

Despite the wide range of benefits of the V-RFB ESS, its
large-scale implementation has been significantly hampered
by cost. It is not completely understood which components
of the V-RFB have the most contribution to the overall. Some
studies suggest that a significant portion of the capital cost

VOLUME 11, 2023

(b)

V-RFB

+
T

Converter
Charger
T|— T “
PMSG

AC ¢ 230v é
lnad hl_

FIGURE 4. Stand-alone PMSG-based wind turbine with V-RFB
integration [156].

of a V-RFB is from the cost of the electrolyte as shown in
Figure 2(a) [205] while others suggest that the cell stack
accounts for the highest proportion of cost in the V-RFB sys-
tem as shown in Figure 2(b) [206]. Studies performed in [212]
showed that the replacement cost of the membrane inside a
V-RFB stack is around 15% of the initial investment costs.
Therefore, the cost-benefit or techno-economic analysis of
the V-RFB is crucial to investigate its economic benefits for
large-scale applications. For the techno-economic analysis
of ESS investments, the Levelized cost of storage (LCOS)
is a metric that is used to evaluate the discounted cost per
unit of discharged energy. It takes into account the economic
and technical parameters that directly affect the cost of dis-
charging stored energy in ESS over its lifetime, similar to the
Levelized cost of electricity (LCOE) in traditional generation
technologies [213]. The LCOS represents the average cost at
which the stored energy in the ESS can be sold to get at least a
zero net present value. The LCOS in $/MWh can be evaluated
using [214]

ZN OC+CCHEC
n=1"__(I+r)"

ZN Edisch
n=1 (1+r)"

LCOS =

(23)

where IC is the investment cost; OC is the operation cost;
EC is the end-of-life cost; r is the discount rate; N is the
lifetime of the ESS. The IC is computed from the energy
capacity and nominal power of the ESS, cost of energy, and
cost of replacement. The OC takes into account the cost of
operation and maintenance which is relative to the capacity
of the battery. The CC is calculated from the round-trip
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FIGURE 6. Output of wind power and V-RFB power during power smoothing [191].

efficiency and price of electricity while the EC is com-
puted as a fraction of the investment cost [214]. A cost-
benefit analysis using the LCOS was conducted in [214]
for nine ESS technologies including the V-RFB for twelve
different ESS applications such as energy arbitrage, primary
response, secondary response, tertiary response, black start,
power reliability, bill management, peaker replacement, sea-
sonal storage, power quality, congestion management, and
transmission and & distribution investment deferral. The
techno-economic study conducted in [215] showed that using
RFBs with inexpensive materials is cost-advantageous for
long discharge applications exceeding eight hours compared
to other ESS technologies. It also revealed that the high
efficiency and high power density of the V-RFB makes it
technically impressive in minimizing its LCOS compared to
other RFB technologies. However, the study did not include
the capacity loss of the V-RFB in the LCOS formulation. The
cost-benefit framework that incorporates the capacity fading
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and re-balancing characteristics of the V-RFB was developed
in [216]. The results of the analysis identified avenues such as
a re-balancing schedule, reducing fade rates, optimal battery
sizing, and electrolyte leasing as methods of cost reduction in
the V-RFB.

In contrast to other ESS technology, the long life cycle of
the V-RFB allows for a trade-off between the initial invest-
ment cost and lifetime operating cost to achieve optimal
LCOS. For medium and large-scale commercial applications,
the economic analyses showed that the V-RFB has a high net
profit margin despite its high capital cost [217].

VI. APPLICATION OF V-RFBs WITH RENEWABLE

ENERGY SYSTEMS
As aforementioned that the V-RFB has been used in RE-based

systems for different applications such as power smooth-
ing, peak shaving, improving power quality, grid support,
etc. In this section, we discuss some of the applications of
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V-RFBs in PV and wind-based RE systems. In grid-connected
microgrids, V-RFBs, as with other ESS, can be connected
in three different configurations as shown in Figure 3 [211].
In the centralized configuration shown in Figure 3(a), the total
power of the ESS is delivered to the grid via the point of
common coupling (PCC). If the V-RFB is to achieve power
smoothing of the aggregated RE output power at the PCC,
the capacity of the storage required would increase, thereby
increasing the cost of the V-RFB setup for large-scale RE sys-
tems. In the distributed configuration shown in Figure 3(b),
the energy storage is connected to individual RE sources
before connecting to the PCC. The distributed configuration
makes the control of the V-RFB easier, and it prevents the
problem of excessively scaling the storage capacity as in the
centralized configuration.

In [156], a 5 kW/20 kWh V-RFB system is connected to
a stand-alone 3 kW wind energy system with a permanent
magnet synchronous generator (PMSG) on the DC side as
shown in Figure 4. In the setup, the AC output from the wind
turbine is rectified to DC and connected to the output of the
bi-directional charger controller of the V-RFB, the AC load
is supplied from the inverter that is connected to the common
DC output of the power supplies (wind turbine and battery).
When the load is greater than the power from the wind
turbine, the battery discharges to offset the power deviation
on the system. Similarly, when the wind turbine generates
more power than the power, the excess power is used to charge
the battery for another cycle of operation. For grid-connected
applications, a 600 kW/1200 kWh V-RFB is integrated with
a2 MW grid-connected PMSG-based wind turbine system as
shown in Figure 5 [191]. The V-RFB was deployed for power
smoothing of the wind turbine output as shown in Figure 6.
To achieve power smoothing, the high-frequency component
of the output power from the wind turbine is absorbed by
the V-RFB, and the smoothened wind power is supplied
to the grid. Similarly, a V-RFB was employed for power
smoothing of a grid-connected doubly fed induction gener-
ator (DFIG)-based wind farm in [218]. Results show that the
V-RFB responds to filter the gust power from the wind farm
before the action of the pitch angle controller that has a larger
time constant. The fast response characteristics of the V-RFB
system for a grid-connected PV system were investigated
in [219]. The analysis was carried out under different SoC,
flow rate, and load conditions. In the discharge mode of the
V-RFB, two timescales (20 ms and 120 ms) were investigated
for a fast response such as primary frequency regulation. The
results showed that the V-RFB can provide fast services to
the 50/60 Hz grid if the discharge current is driven in the
constant current-source mode by the bi-directional converter
interface of the V-RFB system. For protection services, the
V-RFB is connected to the DC link of the full power converter
of a wound rotor synchronous generator (WRSG)-based
wind turbine to enhance its low-voltage ride-through
capability [220].
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VIi. CONCLUSION AND FUTURE DIRECTIONS

The emerging changes in modern power systems struc-
ture and operations require the adoption of energy storage
systems, especially to enable higher penetration of renew-
able energy systems without compromising the stability and
resilience of the entire system. This review has covered the
current state of V-RFB technology in research and industry.
The recent and ongoing projects are presented. It covers
the working principle, design, and constraints of the major
component and research to increase the operating efficiency
of each component in the V-RFB system. The importance
of accurate and hybrid modeling schemes has been empha-
sized. These hybrid modeling schemes will provide scope for
evaluating various parameters of the V-RFB under different
operating conditions in order to improve the overall system
efficiency. While significant progress has been made over
time in the research and development of V-RFB systems, the
current technologies still do not meet the requirements for
large-scale power systems applications. Advancements are
required at all levels (materials, cell, system, and market) of
the V-RFB modeling to improve its capability for commercial

applications.
e Research in practical vanadium-based -electrolytes

with higher energy density, stability, and a wider
range of operating temperatures is required for the
increased commercialization of the V-RFBs for large-
scale applications.

« Advanced research to increase the electrochemical reac-
tions at the electrode surface is required. The effect of the
ohmic loss, activation loss, and concentration should be
thoroughly investigated. New techniques to determine
the optimal surface area of the electrodes to increase the
power density would be beneficial.

« Continuous effort to improve the flow rate strategy in a
large-scale multi-stack V-RFB is required to reduce the
pump losses and improve the overall performance of the
system.

o Advanced methods to determine the optimal cell and
stack arrangements of large-scale V-RFB systems to
increase the output power without compromising its EE
are required.

o Advanced multi-physics modeling methods are required
to understand the dynamic behavior of the V-RFBs under
varying conditions. Real-time Accurate and realistic
modeling are needed to understand and investigate the
practical operation of large-scale V-RFBs in different
grid scenarios.

o A major limitation to the market penetration of the
V-RFB is cost. Therefore, all methods to improve the
overall efficiency and performance of the system must
be cost-effective.
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