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ARTICLE INFO ABSTRACT

Handling Editor: Dr P. Vincenzini Vanadium Flow Batteries (VFBs) are a stationary energy storage technology, that can play a pivotal role in the
integration of renewable sources into the electrical grid, thanks to unique advantages like power and energy
independent sizing, no risk of explosion or fire and extremely long operating life. The first part of this paper
presents the main features and the basic performance parameters of VFB, which determine their electric, hy-
draulic, thermal, and aging feature. The latter part outlines the strengths and weaknesses of the technology, the
services that it can provide to the grid, and a short economic analysis. After presenting the fundaments of the
technology, prospects and trends of VFBs deployment are outlined. Most of the considerations highlighted in this
paper are inspired to studies performed on an industrial-size VFB operated at the Electrochemical Energy Storage
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and Conversion Lab (EESCoLab) at the University of Padua (Italy).

1. Introduction
1.1. Energy storage

In the last decades, the burn of fossil fuels for energy production and
vehicles propulsion has had an increasing environmental impact. To
mitigate climate change, the growing demand for energy needs to be
fulfilled with decarbonized and environmentally friendly renewable
energy sources (RESs), and this transition has already been started,
driven by long-term governmental programs aiming at abandon fossil
fuels by 2050. Unlike conventional power plants, renewable sources
such as wind turbines and solar panels do not generate electricity on
demand, but according to weather and astronomical conditions, which
creates a mismatch between power offer and demand such that a
renewable source production share of 20% may be sufficient to desta-
bilize the grids, resulting in black-outs and supply halts [1]. A pivotal
solution to this issue consists in energy storage (ES) of surplus produc-
tion in low demand period and its release in high demand periods. For a
reliable integration into the grid, a storage technology must be techni-
cally and economically competitive, namely it must ensure sufficient
storage capacity, withstand a high number of charge/discharge cycles,
provide flexible and safe operation, and present low capital investment
and operative costs. ES systems are required to provide different services
to the grid: depending on the operating and response time, the services
can be divided in power quality and energy management. The former

includes operations on the short timescale (ms - min), like frequency
regulation, voltage sag compensation, power smoothing and grid sta-
bilization. The latter refers to operations on a longer timescale (min - h)
as load leveling, peak shaving, time shifting and UPS (uninterruptable
power supply) [2]. Every storage technology has its own features, which
place it in a different position of the power duration/diagram (Fig. 1):
Pumped hydro energy storage (PHES) [3], compressed air energy stor-
age (CAE) [4], and thermal energy storage (TES) [5] are suitable for
long-duration applications (several hours), conversely flywheel energy
storage (FES) [6], superconducting magnetic energy storage (SMES) [7]
and electric double layer capacitor (EDLC) [8] can guarantee a very fast
response, on a second-minute timescale [9].

Electrochemical Energy Storage (ECES) can be used for both fast
response and intra-day applications, covering an area of the diagram
that is not occupied by other technologies. Unlike PHES and CAE, ECES
benefits of site versatility because it does not require specific territory
features. Furthermore, modularity and absence of moving parts allow
wide scalability, ease of use and low maintenance, making ECES
extremely suitable for the development of RES-based grids.

1.2. Flow batteries

Among ECES technologies, Lithium-Ion Batteries (LIBs) are the most
widespread. However, LIBs present some limitations: energy and power
are bonded together by the internal chemistry so that they are not
suitable for discharges longer than 4 h, their life hardly extend beyond
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Nomenclature

Full names

Ac Active area

ASR Area specific resistance

BMS Battery management system
BP Bipolar Plate

Cy Vanadium concentration

CAE Compressed air energy storage
CAPEX Capital expenditures

CCF Cumulative cash flow

DICP-RKP Dalian Institute of Chemical Physics — Rongke Power

DOE Department of Energy

ECES Electrochemical energy storage

EDLC Electric double layer capacitor

EIS Electrochemical impedance spectroscopy
ESS Energy storage system

F Faraday constant

FB Flow battery

FES Flywheel energy storage

FF Flow frames

HESS Hydrogen energy storage system
IS-VRFB Industrial scale - vanadium flow battery
jc Current density

LCOS Livelized cost of storage

LIB Lithium ion batteries

MEA Membrane electrode assembly

Nc Number of cells in a single stack

NPV Net present value

ocv Open circuit voltage

P Electrical power

Pp Pumping power

Ph Hydraulic pumping power losses
PCS Power conditioning system

PEM Proton exchange membrane

PEMFC Proton exchange membrane fuel cell
PHES Pumped hydro energy storage

Q Flow rate

RES Renewable energy sources

TES Thermal energy storage

SHE Standard hydrogen electrode

SMES Superconductive magnetic energy storage
SOC State of Charge

SOH State of Health

UPS Uninterruptible power supply

VFB Vanadium flow batteries

a Flow factor

Ap Pressure drops of the hydraulic circuit
Aps Pressure drop inside the stack

Appi Pressure drop inside the piping

Q Flow rate

Qs Stack flow rate

Vs Stack voltage

na Activation overpotential

nan Overall ancillary efficiency

ne Concentration overpotential

no Ohmic overpotential

5000 cycles after which a major loss in capacity occurs, risks of fire and
explosions exists (and persist also when advanced safety systems are
installed), and issues in raw materials supply rise concerns when the
coming forecasted expansion of the demand in the next years is
considered.

Among ECES systems for stationary applications, a highly promising
technology consists in Flow Batteries (FBs), which in recent years have
expanded their commercial availability. FBs use liquid electrolytes
which are stored in two tanks, one for the positive electrolyte (catholyte)
and the other for the negative one (anolyte), as shown in Fig. 2. During

1sec-

discharge time at rated power

Li-ion: lithium ion

charge and discharge, the electrolytes are cycled inside of an electro-
chemical reactor (called “stack™) made of several cells where, flowing
within the cell porous electrodes, they undergo electrochemical re-
actions which convert chemical energy into electrical energy and vice
versa. This design uncouples power and energy, which is not possible for
conventional closed ECES systems like LIBs. The possibility of decou-
pling power and energy can guarantee long discharge time and the
chance of using FBs not only as grid buffer but also in other application
like support of charging station for EVs. The All-Vanadium type is the
most developed FB, due to its good power and energy densities, good

H2: electrolyzer-fuel cell
1 T
1kw 10 kW 0.1 MW

T
1MW

T T
1o0MW  0.1GW

power rating

Fig. 1. Ragone-like plot of energy storage systems.
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Fig. 2. A vanadium flow battery scheme. Pumps move the liquid electrolytes from the tanks to the stack where the redox reactions take place (courtesy of Elsevier J

Power Sources [9]).

efficiency, and very long life [10]. Currently, the Chinese DICP-RKP
(Dalian Institute of Chemical Physics — Rongke Power) group is work-
ing on the 200MW/800 MWh all-vanadium FB (VFB), which will be a
world-top ECES facility [11]. In addition to all-fluid FBs, there are sys-
tems with solid electroactive materials deposited inside the stack, called
hybrid FBs (e.g. zinc-bromine FBs), whose commercial diffusion is much
lower than VFBs.

A vanadium flow battery uses electrolytes made of a water solution
of sulfuric acid in which vanadium ions are dissolved. It exploits the
ability of vanadium to exist in four different oxidation states: a tank
stores the negative electrolyte (anolyte or negolyte) containing V(II)
(bivalent V?*) and V(III) (trivalent V3*), while the other tank stores the
positive electrolyte (catholyte or posolyte) containing V(IV) (tetravalent
V02+) and V(V) (pentavalent VO3). In commercial VFBs, to avoid pre-
cipitations the electrolyte concentration ranges between 2 and 5 mol L™
for the sulfuric acid and 1.5-2 mol L™ for the vanadium ions. With such
vanadium concentration the energy density of VFBs is between 20 and
30 Wh L™L. Laboratory tests have shown that a significant enhancement
in the energy density of the electrolyte can be achieved by using addi-
tives that act as precipitation inhibitors for the vanadium ions at con-
centrations of 2.2-2.5 mol L~! [12]. The electrochemical half-reactions
that occur in the cells are.

Positive electrode

discharge

VO; +2H" + ¢~ = VO™ +H,0 Ej, =+1.00V vs. SHE @

charge
Negative electrode

v2+d“:‘=“'gev3+ +e By ——026V vs. SHE @
charge

The corresponding Open Circuit Voltage (OCV) of the cell is Ey =
1.26 V at standard conditions T = 298.15 K and SOC = 50%. Real cells
exhibit Ey’ = 1.4 V due to side effects such as the Donnan potential [13].

Like fuel cells (FCs), the electrochemical reactor of a VFB is a stack of
several cells connected electrically in series and fed hydraulically in
parallel. Each cell includes two carbon-based porous electrodes (e.g.

carbon felt, carbon-fiber paper, or carbon nanotubes) which, in opera-
tion, are flooded by the electrolytes. The electrodes are separated by an
ion-exchange polymeric membrane that keep separated the positive and
negative electrolytes as shown in Fig. 3a. It allows balancing ions
passing from one to the other electrode to maintain the electrical
neutrality of the system and, at the same time, since the electrons cannot
cross the membrane, they flow in the external circuit, consuming/
releasing electrical power from/to the grid. To ensure both electric and
hydraulic connections, the cells are interleaved with flow frames (FF)
encasing conducting plates, called bipolar plates (BPs), which ensure the
electrical connections between adjacent cells while separating the so-
lutions of opposite polarity (Fig. 3b) [14].

2. Characterization and development of a VFB

The development of a high—performance VFB cannot exclude tests on
small single cell devices for the characterization of active materials and
tests on large area multiple-cell stacks for the assessment of the elec-
trical, thermal, and hydraulic performance of the battery. In the
following paragraphs the main features of a VFB will be presented
together with some recent results obtained at the Electrochemical En-
ergy Storage and Conversion Laboratory (EESCoLab) of the University of
Padua (Italy), where an Industrial Scale Vanadium Redox Flow Battery
(IS-VRFB) is used as a base for kW-class studies [14]. Pilot plants like the
IS-VRFB allow to highlight critical issues of a real system, which rep-
resents a challenge in the production of resilient and efficient com-
mercial FBs.

2.1. Electrical characterization

The electric power of the battery is related to the size of the stack.
The cell voltage depends on the current density, i.e. the cell polarization
curve, can be modeled with the following equation:

V.=0CV —y, — . — 1, = OCV — ASR}j, 3)

Where OCV = Ej’ is the Open Circuit Voltage, ASR is the Area Specific
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Fig. 3. (a) MEA (membrane-electrode assembly) and bipolar plates of a PEMFC. (b) Cell and stack configuration of the IS — VRFB studied at the EESCoLab of the

University of Padua (Italy) (courtesy of Elsevier Appl Energy [14]).

Resistance and j, is the current density (with the convention that j. > 0 in
discharge and j. < 0 in charge). ASR is a synthetic parameter related to
the internal resistance R as R = ASR/A, with A the cell active area. It
takes into account cell effects such as the activation 7, and concentration
n overpotentials in the electrodes and the electrical conductivity asso-
ciated with membrane, electrodes, bipolar plates, electrolytes and their
interfaces, which are counted as ohmic overpotential 7,. Both OCV and
ASR vary with the battery State Of Charge (SOC). Small-scale single cell
tests are typically performed for characterizing the cell active materials,
namely membrane [15-18], electrodes [19-21], current collectors [22]
and bipolar plates [23-25], for identifying which material combination
minimizes the ASR [26].

Since V. has to be kept within a specific range, i.e. between ~1 V (in
discharge) and ~1.6 V (in charge), j. must be kept among a specific
interval in charge and another in discharge, according to the SOC con-
dition, as shown in Fig. 4a. When these values are determined, the cell
active area A, can be chosen to achieve power requirements, as follow:

(€3]

Where P is the rated electrical power and N, is the number of cells
forming the stack. This latter is usually in a range of 40-50 cells, which is
a trade-off between a high stack voltage to ease electric power man-
agement in the power conditioning system (PCS) interfacing the battery
to the grid and low “shunt currents”, i.e. the parasitic currents flowing in

a) b)

50

100 150 200
Current (A)

250 300 350 400

150
Current (A)

the electrolytes from one cell to the next due to the electrolyte con-
ductivity (see Section 2.3). Typically, A, is evaluated in the most critical
conditions, namely at SOC as low as 10% in discharge and as high as
90% in charge. The largest between the resulting two values is adopted.

Similar measurements are performed on stacks made of several large
cells. An example of electrical characterization on a VFB system is re-
ported in Ref. [27], which consider an industrial-size 9 kW/26 kWh,
40-cells 600-cm? stack (IS-VRFB). The obtained polarization curves
during charge and discharge, in two cases are reported: the former
pertains to fast response applications in a timescale of few seconds
which can be of interest in power quality services such as frequency
regulations, the latter pertains steady state operating conditions which
can be of interested in energy management services such as peak shaving.
Families of polarization and power curves as function of SOC and flow
rate Q were obtained (Fig. 4a and b). These data provide information on
the internal resistance of the stack and on the maximum current density
(higher than 600 mA/cm?). Another interesting result is presented in
Fig. 4c, where the power curves, at a constant SOC = 70%, are plotted at
some flow rate Q, showing that the maximum power varies with Q. This
means that the delivered power can be maintained constant while the
SOC changes by modulating Q. The testing procedure presented in
Ref. [27] can constitute a standard approach for the performance
assessment of kW-class VFBs, which at present is lacking, and can
contribute to the definition of performance parameters for the com-
parison of different All-vanadium redox flow batteries [28]. To analyze

c)

Power (kW)

200 250 300 350 400

——Q=29.5L min"!
——— Q=25L min *!
—— Q=20Lmin"
——— Q=15L min"
Q=10L min"

100 200

Current (A)

300

Fig. 4. a) Polarization curves for fast response at different SOCs with Q = 29.5 Lmin'; b) Power curves at different SOCs with Q = 29.5 Lmin’}; ¢) Discharge power
curve at SOC = 70% and different flow rates Q (courtesy of Elsevier J Power Sources [28]).
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the performance of the battery, it is also necessary to evaluate the
response characteristics of the stack, to design an effective power con-
ditioning system (PCS), which interfaces the battery with the grid.

In an early study, two kW-class batteries were analyzed, in respect to
the connection with a passive load (a resistor), and an electronic load
operating in a galvanostatic mode [29]. During the experiment the
batteries were discharged and the evolution of current and voltage was
evaluated in two timescales: 20 ms and 120 s, corresponding to fast
responses (of interest in quality services) and slow response (of interest
in power management) applications. The discharge on a passive load
revealed a time, of approximately 7 ms, characterized by a large swing in
the stack current and voltage (Fig. 5). The absence of large fluctuation
during the discharge through the power electronics interface proves that
VFBs can ensure quality services to the grid if properly driven by the
PCS. This result is important because millisecond response time is a
prerequisite to provide frequency regulation for the grid. The experi-
mental data obtained by the 120 s analysis, revealed insertion over-
currents up to 130% and overpowers up to 160% (Fig. 6). To complete
the investigation on the long timescale, a numerical simulation on an
equivalent electrical circuit, representing the battery discharge, was
computed for different SOC, Q, load and discharge mode. As opposed to
the experimental results, the simulation was characterized by the
absence of fluctuations, demonstrating that current and voltage swings
are caused by electrochemical phenomena, like successive activations of
different vanadium species occurring at the solid-electrolyte interfaces
in the positive electrode, due to the varying accumulation of different
vanadium complexes.

2.2. Thermal characterization

The operating temperature of a VFB may vary due to cell dissipative
effects related to electrical resistance, electrochemical reactions, and
environmental condition, thus affecting electrode kinetics, transport
property and ohmic resistance [30]. Zangh et al. report a higher battery
voltage efficiency and an improved peak power density when the tem-
perature increases from 15 °C to 55 °C, together with a lower energy
consumption from the pumps related to a lower viscosity of the elec-
trolytes [31]. However, undesired side effects tend to increase at high
temperature, like hydrogen and oxygen evolutions and vanadium ions
crossover through the membrane, causing a lower coulombic efficiency
and capacity decay [32,33]. In addition, several studies have focused
their attention on vanadium precipitations in the electrolytes at high
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temperature, which reduces the storage capacity, the pump reliability
and the stack performance. Usually, V(II), V(III), and V(IV) precipitate at
low temperature (e.g. V(IV) at a concentration of 2.0 M vO2t/5.0 M
H2SO4 reaches its solubility limit below —5 °C [34]), while V(V), for
concentration of about 2.0 M, precipitate after few days when it is kept
at a temperature above 40 °C [35]. To increase the energy capacity of
the battery, high vanadium ions concentrations can be reached by
mixing the electrolyte with sulfate—chloride [36] or with organic and
inorganic chemicals additives [37,38]. So far, an operating temperature
in the range of 10 °C-40 °C is considered safe in most commercial ap-
plications. Since the electrolyte stored in the tanks keeps isothermal
with the room, which is controlled by an air conditioning system, even if
the temperature inside the stack increases during operations, the elec-
trolytes flow removes the heat, providing an effective cooling. Differ-
ently, the thermal behavior of a VFB stack in standby condition cannot
rely on such cooling when power and reactant flow are turned off. In this
condition the temperature inside the cells increases because of Joule
effects produced by shunt currents and side reactions between vanadium
species, occurring after unavoidable species crossover through the
membrane. Trovo et al. presented a numerical dynamic model of cells
temperature evolution during standby conditions [39]. The study
demonstrates that at high SOC the cells are subjected to an increase in
temperature up to 10 °C, which can trigger VO3 precipitations. To avoid
internal heat generation in no-load conditions, the stack can be emptied,
so that no side reactions and consequently no self-discharge occur.
However, in this way is no more possible to ensure fast grid services (e.g.
frequency regulation) because filling the stack and bringing it up to a
ready state require too much time. Conversely, a strategy for
ready-to-operate standby conditions may consist in applying a constant
small flow rate of “cold” electrolyte, but this implies additional energy
losses. A different strategy may consist in an advance cooling protocol to
keep the temperature within safety limits while minimizing additional
losses. The IS-VRFB was provided with such a standby thermal man-
agement system, capable of performing two different standby modes:
swamped standby mode, characterized by smart intermittent washings
and streamed standby mode, that provide a small electrolyte cooling flow
rate [40]. Fig. 7 shows that the electrolyte that fill the stack, if not
removed, increases its temperature with a peak that raises with the SOC
of the battery. The swamped standby mode was able to minimize
self-discharge losses to 1.9% of the nominal charge capacity over a
standby duration of 1.5 h, while the streamed standby mode exhibited a
self-discharge of 10.5% over a standby period of 6 h. The former mode
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Fig. 5. Measured IS-VRFB current, voltage and power in the early 20 ms of discharges on a passive load, at SOC = 90% and for different flow rate Q (courtesy of IEEE

Trans Sustain Energy [29]).
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Fig. 6. Measured IS-VRFB current and voltage in the early 120 s of discharges on a passive load, for Q = 30/20/10 L/min, at SOC = 90% (courtesy of IEEE Trans

Sustain Energy [29]).
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can be used in slow energy management services while the latter can be

used in fast power quality services. This result may help to increase the

life of the battery, avoiding vanadium precipitation and reducing
self-discharge, leading to greater economic return.
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pumps must be chosen after estimating the pressure drops along the
system and the electrolyte flow rate needed at rated electrical power
[41]. The power P, consumed by the pumping system consists of the
hydraulic power losses in the piping P, and the losses in the pumps,
motors and feeding inverters, which can be accounted for in an overall
ancillary efficiency #5,,:

Pl
m:i; 5)
Where the net hydraulic power Py can be expressed as follow:
P,=Q:Ap, +Q-Ap_ (6)

Where Q. are the positive and negative electrolyte flow rates and Ap.
are the pressure drops of the corresponding hydraulic circuit. The stack
flowrates Qs depend on the battery electrical power P, on the vana-
dium concentration Cy, on the stack voltage Vs and on the flow factor a
(the ratio between electrons available for the reaction and the fraction
effectively reacting; typical a values are around 7-8). The stack flow rate
during charge/discharge Qs +/Qgs 1 can be expressed as:

NI
a < a
FCy(1-50C) ~ "VsF Cy(1-S0C)
N1 P
a =a
F CySoC Vs F CySOC

P
Qs =

)

Qd.Si =

where F is the Faraday constant. The pressure drops Ap. of the battery
can be expressed as the sum of the pressure drop in the stack Aps ;. and in

the piping App;+:
(8)

The hydraulic design must limit not only the pressure drops, but also
the so-call shunt currents. Typically, the electrochemical cells, assembled
into a stack, are electrically connected in series and hydraulically fed in
parallel. Since the electrolyte is conductive, this configuration creates
secondary paths through manifolds and channels where electric cur-
rents, called “shunt currents”, flow, causing Joule losses affecting the
battery efficiency. According to the literature [42], this loss reduces by
ca.10% the energy efficiency of a VFB, both during its operation and in
standby conditions. To reduce shunt currents, the electrical resistance of
the hydraulic circuits need to be increased. The electrical resistance R of
a segment of the hydraulic circuit depends on the electrolyte resistivity p
and on its geometry. According to Ohm’s law:

Ap. = Apg: + Appi s+

R:p% ©

Where [ and A are the length and the cross-sectional area of the hydraulic

—__v—lv l P

Pse Peo Pw

e

N

/
- 4
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circuit. In a VFB, p varies with the vanadium species concentrations and
temperature. According to Ohm’s law, it is possible to increase the
electrical resistance by both reducing the section area and increasing the
channels length. An analysis that takes into account all these factors is
presented in Ref. [42]. From his study some general considerations can
be extended to a wide range of kW-class VFBs. The major losses involved
in a VFB systems are related to: cell overpotentials, species crossover,
shunt currents, hydraulic pressure drops and power consumption due to
ancillary devices (Fig. 8). Generally speaking, these losses do not impact
equally on overall efficiency. In fact, in the case of IS-VRFB, shunt cur-
rents losses are tenfold to twentyfold higher than hydraulic losses and, as
regards the membrane, the losses caused by the ion resistivity are higher
than the losses caused by species crossover. Pumps and their motors,
especially if small sized, can involve significant losses. What emerges
from this analysis is that increasing the electrolyte electric resistances in
the flow channels i.e. adopting long and thin flow channels inside the
stack, is preferable in the trade -off between shunt current and hydraulic
losses. As regards the energy efficiency, a membrane with a high ion
conductivity is more important than one with reduced vanadium
crossover.

2.4. Aging evaluation

Despite that VFBs can ensure 20 thousand charge and discharge
cycles, this technology is not free from degradation mechanisms.
Alongside the fundamental reactions of charge and discharge (1)-(2),
some undesired side processes can occur: (i) oxidation of the V (II) ions
in the negative half-cell as a consequence of air contamination, (ii)
hydrogen evolution at the negative electrode, (iii) differential crossover
of vanadium ions from one half-cell to the other, and (iv) volumetric
transfer of an electrolyte from one half-cell to the other due to pressure
difference [43]. Further degradation processes consist in the electrolyte
precipitation, which reduce the capacity of the battery and may obstruct
the pumps and the stack flow channels. Several methods can be used to
overcome this problem. The easiest way to rebalance the electrolyte is a
complete mixing of the positive and negative electrolytes stored in the
two tanks. This mixing implies interrupting the operation of the battery,
emptying the reservoirs and filling them again. To reduce the frequency
of the conventional mixing procedure, tanks with anolyte and catholyte
can be kept hydraulically connected by means of a bypass to ensure a
natural redistribution of the two electrolytes [44]. However, this mixing
technique is not effective against reductive and oxidative imbalances.
Poli et al. tested a procedure for eliminating the charge imbalance
caused by air-oxidation and hydrogen evolution, which is resorts to an
electrolysis cell called “regeneration cell”, where an electro-reduction
reaction of V(V) is coupled with an oxygen evolution reaction cata-
lyzed by a Ti — IrO, electrode [45]. The electrolyte is not the only

e tanks

| Peo P P

Pw

Fig. 8. Sankey diagram of the power flow of the IS — VRFB of the EESCoLab (University of Padua), with the impact of the power losses of the system on the overall

energy efficiency of the battery (courtesy of Elsevier J Power Sources [42]).
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element subjected to aging phenomena. Membranes degradation result
in reduced capacity and increased ohmic losses. It can be related to
chemical instability caused by high concentration of HoSO4 and by hy-
draulic pressure difference at both sides of the membrane, which leads
to undesired transport of water and vanadium between the two cell
electrodes, and, in the worst cases, it can cause its failure. Also, the
carbon felt electrodes may be subjected to degradation due to chemical
reaction with sulfuric acid and vanadium [46], furthermore, at high
voltage (>1,65 V) the carbon can be oxidized with consequent COy
evolution. As concerns BPs, Kim et al. [47] advise that due to shunt
currents the voltage between electrolyte and BPs increase, causing the
electrolyzation of water. If water penetrates into the graphite bipolar
plates may be electrolyzed and the generated gas may delaminate the
graphite layer [25]. Materials with low degradation rate are the first step
to amortize the initial investment in a longer period and make this
technology more profitable. Since long-term stability tests are extremely
time consuming, a solution can consist in the development of acceler-
ated aging tests, performed with high temperature and high HySO4
concentration.

An important tool to evaluate the State Of Health (SOH) of the active
materials, i.e. the aging effect and any degradation phenomena that can
occur during the lifetime of a VFB cell or stack, is the Electrochemical
Impedance Spectroscopy (EIS). By means of an excitation sinusoidal
signal at varying frequency, either current or voltage, electrochemical
processes with a given characteristic time can be activated and each
individual process contribution can be detected in a relatively short
measurement time, such as: ohmic resistance, mass transport resistances
and the interfacial charge-transfer resistance [48]. The sinusoidal
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stimulus is repeated sequentially at different frequencies in a range from
1 mHz to 1 MHz [48]. The response of the VFB cell or stack, in terms of
voltage or current, allows to identify the impedance of the system, which
characterizes its dynamic response, expressed in the frequency domain
by means of Nyquist plots. From these plots, an equivalent electrical
circuit model can be identified. A good equivalent circuit model consists
of a dynamic Thevenin equivalent, which uses a voltage source and a
combination of resistors, capacitors, and nonlinear elements. Examples
of such equivalent circuits are shown in Fig. 9. Fitting the equivalent
circuit to the experimental behavior of the EIS Nyquist plots provides the
value of each equivalent circuit elements, which represents a specific
process occurring inside the system. During the lifetime of the battery,
the values of such elements may change, providing an indication of the
aging of the system.

3. Key features: type of services, advantages and downside
3.1. Advantages

VFBs and other flow batteries can be sized independently in con-
version power and energy storage. This feature, that FBs share with
hydrogen energy storage systems (HESSs), allow for long discharge
times without oversizing the stacks, resulting in commercial systems
capable of delivering energy at full power for far more than 4 h, unlike
other ECES systems such as lithium-ion battery, which at present are
sold for discharge duration of 1-4 h. Since the positive and the negative
electrolytes are stored in different tanks, no self-discharge occurs and
VFBs can remain completely charged or discharged for long periods, like
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Fig. 9. Example of Nyquist plots and electrical circuit models used to simulate the electrical, chemical, and physical processes that occurs in a VFB system (courtesy

of MDPI sensors [49]).
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HESSs with Proton Exchange Membrane FC. However, VFBs present
different advantages on HESSs. In fact, while HESSs, typically use an
electrolyzer for the conversion of electricity into chemical energy of
hydrogen and oxygen and a fuel cell for the opposite conversion, VFB
reactors are completely reversible and perform both charge and
discharge. In addition, HESS systems suffer from low round-trip effi-
ciency and require high-pressure hydrogen storage, that implies losses
and safety measures both of which are costly. VFBs operates by changing
the oxidation states of the same metal at room temperature and pressure,
with no risk of fire or explosion and by using low-cost tanks. The use of
the same element, together with the absence of moving parts, allows for
a long lifetime. Another advantage regards the low environmental
impact. In fact, all the components of the battery are recyclable, and the
electrolyte have extremely long lifetimes thanks to appropriate regen-
eration techniques [50]. At the end of the useful life of the plant, all
electrolyte components (vanadium, water, and sulfuric acid) can be
easily separated by precipitating electrochemically oxidized vanadium,
resorting to pH change.

3.2. Drawbacks

The power and energy densities of VFBs, 100 W kg~ and 20 Wh L~}
respectively, are low compared to other electrochemical devices. For
this reason, to reach high power and energy value, cells with large area
and reservoirs with high capacity (thousands of liters) are required,
making them unusable in mobility applications. Another disadvantage is
related to the shunt currents phenomenon, which takes place both
during operation and standby reducing the SOC of the battery and
affecting efficiency [51]. Even if the temperature it is not critical for
safety, it must be controlled to avoid vanadium ions precipitation.
Usually, a range of 10-40 °C is suitable for most applications as
mentioned above. Another factor that can cause vanadium precipitation
is the species crossover through the membrane that affects the ion sol-
ubility. Due to tanks, piping, pumps, sensors, controls, reactor structure,
switch converter (PCS), and BMS, a VFB power plant is usually more
complex than other ECES systems.

4. Economic evaluations

The CAPEX of a VFB includes the power component costs, the energy
component costs and the costs needed for the assembly of the battery.
The power component costs depend on the stacks sizes and therefore on
the size of Flow Frame (FF), Bipolar Plate (BP), membrane, gasket,
current collector and heads, while the energy component costs are
mainly due to the electrolyte volumes. The costs of the plant increase
with its dimension and include the installation of thermal, fluid-dynamic
and electric probes, hydraulic system, power conditioning system (PCS),
contactors, cables and control panels. The US Department of Energy
(DOE) has established cost and performance targets for long-term stor-
age technology systems with the aim of reaching a maximum capital cost
(CAPEX) of $150/kWh (~€150/kWh) with a cycle life of more than
5000 cycles [52]. Nowadays, the capital cost of a VFB is around 600
€/kWh and the Levelized Cost of Storage (LCOS) swings between 0.10
and 0.4 €/kWh [53,54], depending on the ratio Energy to Power [E/P]
and on some assumptions made in the analysis. In fact, some studies
consider only the costs of stack, reservoir and electrolyte, whereas
others include the site construction and the maintenance costs. Poli et al.
provide cost analyses which include the entire process, from stack pro-
duction to the realization of the storage system and its maintenance
work [55]. In their analysis CAPEX and LCOS were calculated at
different system sizes, assuming 20 years as overall life of the battery,
one maintenance intervention every five years and a discount rate of 8%.
The results suggest that a VFB systems with E/P higher than 4 h can be
profitable, with a Net Present Value (NPV) that can reach the 2 M€ in
twenty years when E/P = 10 h (Fig. 10).

Features, advantages, and developments of flow batteries allow to
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Fig. 10. a) NPV values as a function of CAPEX for VFBs with a duration that
varies between 2 and 20 h. b) Cumulative cash flow diagram (CCF) for a VFB
system with a E/P ratio of 10 h. ¢) Variation of the NPV value, as a function of
CAPEX, with an annual number of regeneration processes equal to 4 and a
discount rate of 8% (E/P ratio between 2 and 10 h) [55].

forecast that this technology will expand its penetration in the future.
Reducing the costs of active cell materials and electrolytes, which
constitute the higher voices of the investment [56,57], as well as moving
toward stack with higher power [58], will allow a reduction of the in-
vestment costs. It must be considered that the economic return depends
on the energy price and if this increase, a higher CAPEX can result in the
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same break-even point. A major factor that makes this technology
competitive is the overall life and a lifetime longer than 20 years, as
expected, makes profitable and competitive an investment higher than
in other storage technologies.

5. Market perspective and investment strategies

In last two decades, flow batteries have presented a gradual pace of
implementation and future projects are expected to gain increased
market share. At present some very large plants have been built or are
under construction, confirming that VFBs are solutions of choice for
large systems thanks to the economies of scale which they feature. The
largest project is a 200 MW/800 MWh plant under construction by
Rongke Power at Dalian, China [11]. Other examples of plants rated
above 1 MW are reported in Table 1.

These projects are evidence of the growing importance of flow bat-
teries globally, notably in large ESSs [60]. A major European manu-
facturer guarantees 25-years with no degradation on its batteries [61],
which is key in enhancing the customer trust in VFB technology. Annual
VFB project deployment revenue is projected to grow from $856.4
million in 2022 to $7.76 billion by 2031 [62]. The main barrier to adopt

Table 1
World installations of vanadium flow batteries rated above 1 MW.
Producer Plant/location Power Energy Discharge
[MW] [MWh] duration [h]
VRB Energy Xiangyang, China 100 500 5
Shanghai Yancheng, China 100 400 4
Electric
CellCube Gonazales, Port 50 200 4
Augusta, Australia
Korid Energy New York, US 50 200 4
Sumitomo Hokkaido, Japan 17 51 3
Concentric Salinas, California, 16 128 8
Power us
Sumitomo Abira-Chou, Japan 15 60 4
Shanghai Xinjiang, China 7.5 225 3
Electric
Concentric Gonazales, 10 80 8
Power California, US
Rongke Power Kaifeng, China 6 24 4
Concentric Monterey, 6 18 3
Power California, US
Sumitomo Tomamae, Japan 6 6 1
H2 Inc California, US 5 20 4
Rongke Power Faku, China 5 10 2
VRB Energy Gonghe, China 3 15 5
VRB Energy Zaoyang, China 3 12 4
Rongke Power Jinzhou, China 3 6 2
Enel-Largo Mallorca, Spain 1.1 5.5 5
VRB Energy Gonghe, China 2 10 5
Gildemeinster Milton, Canada 2 8 4
UET Everett, US 2 8 4
Rongke Power Snohomish, US 2 8 4
Sumitomo San Diego, US 2 8 4
Invinity Yadlamaklka, 2 8 4
Australia
VRB Energy Zhangbei, China 2 8 4
Invinity Energy Superhub 2 5 2.5
Oxford (ESO) [59]
Rongke Power Jinzhou, China 2 4 2
Rongke Power Qinghai, China 1 5 5
Shanghai Qinghai, China 1 5 5
Electric
Rongke Power Washington, US 1 3.2 3.2
Sumitomo Yokohama, Japan 1 5 5
Bushveld Brits, South Africa 1 4 4
Rongke Power Wafangdian, China 1 4 4
Enerox Mokopane, South 1 4 4
Africa
Rongke Power Tengzhou, China 1 2 2
Shanghai Shantou, China 1 1 1
Electric
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VFB by residential users, in support to photovoltaic panels or mini wind
turbines, is the high investment of small VFBs. In the last decades we did
not assist to a significant drop in the CAPEX of VFBs, which is set to 500
€/kWh for a 4-h discharge system [55,63], but costs are expected to
reduce as the demand expand.

A reduction of costs comes from size scaling up and extended
discharge duration to 8 h and more, thanks to the lower incidence of the
power components, following the demand increase for long duration
energy storage. In fact, some of the large project reported above already
exceed largely the 4 h duration. VFB stacks are mostly assembled
manually at present, at the best of our knowledge, and a major CAPEX
decrease can come from robotized production, that can reduce
manufacturing and amortization costs to few points percent of raw
material costs.

VFBs have reached a technological readiness level (TRL) that qual-
ifies them as reliable and efficient and, also in the framework of the
accelerated transition to renewable sources, a fast growth of VFB de-
mand is often forecast. The investment costs of VFB are still higher than
Li-ion batteries, which hold the largest share of the stationary storage
market. However, if the capacity fade of Li-ion can be recovered adding
new battery modules to the ESS, in VFBs it is possible to counteract
crossover imbalance and to retrieve the original capacity by simple
rebalancing of the electrolytes, which restores the pristine properties of
the electrolytes and no spent vanadium issue emerges. As mentioned in
Section 4, the mixing procedure can be executed automatically without
human supervision or by using alternatively anionic (AEM) and cationic
(CEM) exchange membranes in the cells [64-66]. In the latter case, the
capacity decay is more than halved and constant capacity can be
maintained for more than 200 cycles, so that one balancing procedure
per year is sufficient to restore the nominal capacity of the battery. The
impact of rebalancing on the LCOS depends on the rebalancing strategy
(e.g. rebalancing schedule and lost capacity threshold), technique (e.g.
how the rebalancing is obtained: via CEM and AEM or via hydraulic
shunt), initial design of the system (type of membrane and battery load)
and the investment approach (e.g. electrolyte leasing). In real applica-
tions it is important to evaluate how the capital expenditure increases
with the frequency of rebalancing [67]. Energy authorities in several
countries (e.g. US DOE) state a target lifespan of 5000 cycles for energy
storage systems, however many studies and producer datasheets
pinpoint a VFB lifespan above 15,000 cycles which provides a much
lower need of reinvestment in EES over the years. In fact, long lifespan
lowers LCOS making VFB more competitive than other batteries as
regards this major key performance indicator.

In addition, long lifespan allows VFBs to be discharged several times
each day for short duration services, discharged once in a day for a long
service, or some combination of these services. A market boost can also
derive from government founding policies. In addition, producers can
ease market penetration by offering leasing options of the whole battery
or for the electrolytes only to reallocate the cost through a long-term
period. Recycling is a key factor to minimize the raw materials de-
mand and promote a circular economy. In the case of VFBs the systems
can be recycled almost completely. FF, BP, pipes and tanks, which are
made of PP, PE or PVC can be reused [68-70], as well as the heads of the
stack made of aluminum or steel and the felts made of carbon. If the
system is properly designed the electrolytes at the end of the battery life
can be directly used in other VFBs. In the unlike case that electrolytes
were contaminated, vanadium can be extracted through precipitation
processes and reused in the production of new electrolyte. Alternatively,
vanadium can be sold to the iron and steel industry which sums up 80%
of the whole vanadium demand, in a market trend where the production
of vanadium is constantly increasing, from 35,000 t in 1994 to almost
90,000 t in 2020 [71].

6. Conclusions

Building on the experiences gained at the Electrochemical Energy
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Storage and Conversion Lab (EESCoLab) at the University of Padova
(Italy) and on pertinent scientific literature, the paper has presented the
main features of large-scale all-vanadium flow batteries and their po-
tentials in providing power quality and energy management services for
future smart and micro grids applications. The electric, thermal and
hydraulic aspects have been outlined with the aim of indicating criteria
for the development of competitive VFBs for industrial applications. kW
and MW-class VFB have already been manufactured and put into service
in different countries, proving their intrinsic safety, long lifetime and
full recyclability. Improvements in power and energy density, electro-
lyte stability and active materials performance and costs, as well de-
velopments in engineering features such as mitigation of shunt currents
and pumping consumption, will contribute to a larger commercial
diffusion of this technology. Processing and manufacturing advance-
ments together with the evolution of the market demand for energy
storage are expected to galvanize production and reduce costs, taking
the technology to larger and larger market shares.
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