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A B S T R A C T

Electrolyte imbalance is the main cause of capacity loss in vanadium redox flow batteries. It has been widely
reported that imbalance caused by vanadium crossover can be readily recovered by remixing the electrolytes,
while imbalance caused by a net oxidation of the electrolyte can only be reverted by means of more complex
chemical or electrochemical methods. At the moment, however, the joint effect of both types of imbalances
on the battery capacity is still not well understood. To overcome this limitation, generalised State of Charge
and State of Health indicators that consider both types of imbalances are derived in this work. Subsequently,
a thorough analysis on how the battery capacity depends on electrolyte imbalance is performed. As a result
of this analysis, two specific outcomes are highlighted. Firstly, it is shown that standard electrolyte remixing
may be counterproductive under certain imbalance conditions, further reducing the battery capacity instead
of augmenting it. Secondly, it is demonstrated that most of the capacity loss caused by oxidation can be
mitigated by inducing an optimal mass imbalance in the system. Consequently, a systematic procedure to
track this optimum is proposed and validated through computer simulation.
1. Introduction

Nowadays, governments and international organisations are ac-
tively promoting the deployment of renewable energies to accelerate
the transition towards a sustainable energy system. To properly manage
the power generated by renewable energies, it is necessary to couple
them with efficient and versatile energy storage systems [1]. Among
them, all-vanadium redox flow batteries (VRFB) are now positioned
as one of the most promising alternatives for large-scale stationary
applications [2]. This is a consequence of the combination of a high
round-trip efficiency (up to 85%), long lifespan (over 10000 cycles),
simple and safe operation and their ability to reach a high depth-
of-discharge [3]. A particular advantage of flow batteries is that, by
storing the reactants in two independent reservoirs, the energy capacity
becomes completely decoupled from the rated power, resulting in a
flexible modular design with excellent scalability [4]. Besides, because
of the utilisation of the same chemical element in both sides of the
system, most of the cross-contamination problems that affect other
types of redox flow batteries are eliminated.

In spite of VRFB remarkable merits, there are still some issues that
need to be addressed in order to make them commercially competitive
with other mature battery technologies, such as Li-ion. In particular,
they are liable to undergo several side reactions that undermine their
performance, diminishing their capacity and efficiency [5]. One of
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the most important consequences of these undesired phenomena is a
condition known as electrolyte imbalance [6], i.e., a disequilibrium in
the vanadium reactants concentrations.

Electrolyte imbalance is a critical issue in redox flow batteries. Most
importantly, it leads to a capacity loss that is caused by the discrep-
ancy in the number of moles of electron donor/acceptor species [7,8].
Moreover, when unnoticed, it may also give rise to additional negative
consequences such as those associated to the electrolyte overcharg-
ing [9]. These include an acceleration of the gassing side reactions [10],
a drop in the energy efficiency, and the corrosion of the electrodes and
bipolar plates [11].

In this context, many works have been dedicated to study the
causes of electrolyte imbalance in order to mitigate its progression and
counteract its negative effects. It has been found that the best way
to deal with the imbalance is strongly dependent on the causes that
have originated it [12]. On the one hand, imbalance caused by a net
transfer of vanadium moles from one side of the system to the other can
be corrected in a simple manner by remixing the electrolytes content
and evenly splitting the resulting solution into the two electrolyte
tanks [8,13]. On the other hand, imbalance caused by side reactions
that produce an oxidation or reduction of the vanadium ions can
only be reverted by means of more complex and costly chemical or
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electrochemical methods [10,14], as will be explained in details in
Section 2.3. At the moment, however, both types of imbalances have
been addressed independently, not taking into consideration how their
interaction affects the system’s capacity.

To overcome this problem, in this work a new strategy that allows
to substantially mitigate the negative effects of electrolyte imbalance
is developed. The proposal is based on a thorough analysis of the
combined effects of both types of imbalances on the battery capacity.
In addition, in order to perform this analysis it is necessary to firstly
redefine the expressions that allow to calculate the system’s State of
Charge (SoC) and State of Health (SoH) in terms of vanadium species
concentrations, so that they can be valid for VRFB’s that suffer from
both types of imbalances. The formulation of these indexes is not a
merely theoretical contribution, but also results of great interest to
correctly plan the battery operation and for the development of control
and estimation strategies.

The remainder of this work is structured as follows: Section 2
presents a general description of a VRFB system and the main side
reactions that originate electrolyte imbalance, together with the spe-
cific background available in the literature to deal with this problem.
In Section 3, generalised SoC and SoH indicators that consider the
two main sources of electrolyte imbalance are derived. In Section 4,
the effects of both types of imbalance on the battery’s capacity are
analytically decoupled and their interaction is discussed. Subsequently,
a cost-effective strategy to maximise the battery’s capacity is proposed.
Section 5 presents comprehensive simulations to better understand the
proposed strategy and assess its efficiency. Finally, Section 6 presents
the conclusions of the work, collecting its main contributions and
outlining some future research lines.

2. Electrolyte imbalance and existent solutions

A brief description of the fundamental operating principles of a
VRFB is presented in this section. Afterwards, the main side reactions
and undesired phenomena that affect VRFB are introduced and classi-
fied in terms of the type of electrolyte imbalance they produce. Finally,
the existing approaches to mitigate and correct electrolyte imbalance
and its associated capacity loss are discussed.

2.1. Vanadium redox flow batteries overview

In VRFB the energy is generated by the electron transfer reaction
between vanadium ions with four different oxidation states [15,16].
Specifically, these are found in the electrolytes which consist of sul-
phuric acid solutions of vanadium salts. In the negative side of the
system, the electrolyte (anloyte) contains the redox couple conformed
by V2+ and V3+. For its part, the positive electrolyte contains the oxides
O2+ and VO+

2 , respectively abbreviated as V4+ and V5+ because of
the oxidation state of vanadium in those ions. The electrolytes are
stored in two independent tanks, as illustrated in Fig. 1a. The system
is completed with an electrochemical cell (or stack of cells) whose
function is to generate the electric power; and an hydraulic system,
responsible of connecting the tanks with the cell.

In normal operation, the electrolytes are continuously pumped from
the tanks to the electrochemical stack, in order to guarantee a sufficient
supply of the vanadium reactants required to produce the electric cur-
rent. Inside the cells, the anolyte and the catholyte are kept separated
by an exchange membrane that, ideally, allows only the passage of
protons. The proton flux through the membrane allows to close the
electric circuit internally and preserve the electrical neutrality of the
solutions [17]. After leaving the cell, the electrolytes are returned to
their respective tanks, thus closing the hydraulic circuit. In order to
achieve a greater voltage and power, it is common practice to arrange
groups of cells electrically in series to conform a stack.

VRFB are rechargeable so, when the battery is connected to an
external power source, the reactions proceed in the inverse direction
2

and the reactants are regenerated. The main electrochemical reactions
that take place in the system, together with their standard potential,
are the following:

At the negative electrode:

V2+ 𝑑𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑒
⇌

𝑐ℎ𝑎𝑟𝑔𝑒
V3+ + 𝑒− 𝐸0

𝑛 = −0.255 V (1)

At the positive electrode:

VO+
2 + 2H+ + 𝑒−

𝑑𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑒
⇌

𝑐ℎ𝑎𝑟𝑔𝑒
VO2+ + H2O 𝐸0

𝑝 = +1.004 V (2)

2.2. Side reactions and electrolyte imbalance

Vanadium redox flow batteries are expected to be balanced. A
VRFB is said to be balanced when both tanks contain the same liquid
volume, and the concentrations of V5+ and V4+ in the positive elec-
trolyte are equal to the concentrations of V2+ and V3+ in the negative
electrolyte, respectively [14,18]. Ideally, when (1) and (2) are the
only reactions occurring in the system, the VRFB will remain balanced
provided that the electrolytes were originally balanced. However, as
a consequence of several undesired phenomena, the electrolytes tend
to become progressively imbalanced over extended charge–discharge
cycling. This imbalance can be classified in stochiometric and faradaic
imbalance [10]:

(a) Stoichiometric imbalance.
Stochiometric imbalance, also referred to as concentration imbal-

ance [14], is associated to a difference in the total vanadium con-
centration between the catholyte and the anolyte. The main cause
of stoichiometric imbalance is the undesired crossover of vanadium
ions through the exchange membrane. After reaching the positive half-
cell, V2+ and V3+ ions react rapidly with the V5+ ions present in the
catholyte. Analogously, when V4+ and V5+ ions reach the negative half
cell, they react with the V2+ ions of the anolyte. These reactions are
typically known as self-discharge reactions and can be represented as
follows [15]:

In the negative half-cell: VO+
2 + 2V2+ + 4H+ ⟶ 3V3+ + 2H2O (3)

VO2+ + V2+ + 2H+ ⟶ 2V3+ + H2O (4)

In the positive half-cell: V2+ + 2VO+
2 + 2H+ ⟶ 3VO2+ + H2O (5)

V3+ + VO+
2 ⟶ 2VO2+ (6)

When the flux of V2+ and V3+ towards the positive half-cell is
exactly the same as the flux of V5+ and V4+ towards the negative one,
the crossover is said to be symmetric and its only effect is to produce
electrolyte self-discharge [5]. However, crossover will be generally
asymmetric, thus leading to a dilution of one of the electrolytes and
an accumulation in the other.

A wide range of studies have been conducted to determine the
causes of vanadium crossover. It has been found that it results from the
combination of the mechanisms of diffusion, convection and migration.
However, there is not a consensus on whether one of them prevail
over the others. For instance, Tang et al. [19] found that crossover
can be accurately modelled using a simple diffusion law. In contrast,
Pugach et al. [20] showed via numerical simulation that, for certain
membranes, convection is likely to be the dominant mechanism in a
wide range of operating conditions. In general, it is now accepted that
the relative contribution of each mechanism, as well as the magnitude
and net direction of crossover, depends on the material of the exchange
membrane as well as on the operating conditions [3]. In any case, it is
clear that crossover cannot be completely eliminated and eventually
would lead to imbalance in VRFB systems.

(b) Faradaic imbalance.
Faradaic imbalance is originated by those processes that lead to

a net oxidation or reduction of the vanadium ions present in the

electrolyte [10]. In normal operation, even in the presence of crossover
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Fig. 1. Schematic of a VRFB with its main components, indicating (a) the ideal electrochemical reactions, and (b) its main undesired processes: vanadium crossover, gassing side
reactions and oxidation with air.
and its associated reactions, the electrons are transferred only between
vanadium species. Consequently, the average oxidation state of the
system as a whole is not altered. However, there exists a second type
of side reactions that produce an oxidation (or reduction) of vana-
dium species without a reduction (or oxidation) of another vanadium
counterpart [21]. The main reactions included in this category are:

1. Gassing side reactions. These side reactions occur when species
different to the vanadium ions, such as water and protons, start
participating in the electron transfer reactions. The main side
reaction included in this category is the so-called hydrogen evo-
lution, that takes place at the negative electrode during charge
operation [22,23]. Specifically, a fraction of the electrons that
would normally be transferred to V3+ ions, are captured by the
protons which get reduced to gaseous hydrogen (see Eq. (7)).
Therefore, the reduction rate of V3+ at the negative electrode
becomes slower than the oxidation of V4+ at the positive, hence
causing electrolyte imbalance. In addition, other serious conse-
quences associated to hydrogen evolution have been reported
in the literature, such as the degradation of the carbon elec-
trodes [24] and the bipolar plates [9]. The complementary
gassing side reaction is the oxygen evolution at the positive
electrode [25] (see Eq. (8)), which has similar effects as the
hydrogen evolution although its occurrence is comparatively less
3

frequent.

Hydrogen evolution: 2H+ + 2𝑒− ⟶ H2(𝑔) (7)

Oxygen evolution: 2H2O ⟶ O2(𝑔) + 4H+ + 4𝑒− (8)

It is worth mentioning that, from the thermodynamics point of
view, H2 evolution is favoured over the reduction of V3+ to V2+

at the negative electrode [10,23]. This is because the former has
higher standard reduction potential (𝐸0

H+∕H2
= 0 V) than the

latter (𝐸0
V3+∕V2+ = −0.26 V). It is only the sluggish kinetics of

H2 evolution on carbon electrodes what makes (7) occur at a
much lower rate than (1). Therefore, despite being sometimes
disregarded, hydrogen evolution remains always a possibility in
VRFB [5].

2. Air oxidation. When the anolyte tank is not perfectly sealed, the
oxygen present in the air tends to dissolve in the electrolyte and
react with V2+ ions, oxidising them to V3+ [26]:

Air oxidation: O2 + 4V2+ + 4H+ ⟶ 4V3+ + 4H2O (9)

In order to prevent air oxidation, it is crucial to keep the neg-
ative electrolyte tank isolated from the atmosphere. Besides,
this phenomenon can also be minimised by periodically purg-
ing the electrolyte with an inert gas, such as nitrogen [27].
However, although these measures contribute to substantially
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reduce the oxidation rate, it is difficult to achieve a complete
protection [10].

Fig. 1b illustrates the main side reactions that have been presented
n this section. These constitute the most common causes of elec-
rolyte imbalance given their continuous and often unavoidable nature.
onetheless, it should be remarked that there exist additional processes
r events that may lead to electrolyte imbalance. For instance, a damag-
ng event that produces an electrolyte leakage in one of the tanks would
esult in a VRFB with both faradaic and stoichiometric imbalances.

.3. Background on electrolyte imbalance mitigation and recovery

The aforementioned side reactions actuate even when the battery
s correctly operated, unavoidably leading to electrolyte imbalance
fter extended operation. Consequently, many efforts are being done
o develop strategies to mitigate and correct this imbalance.

Stoichiometric imbalance can be reverted in a relatively easy way,
ith several methods being described in the literature. By far, the most
opular of them is the electrolytes remix [10,28]. This strategy consists
f mixing the contents of both electrolytes and, subsequently, evenly
edistributing the resulting mixture into the two tanks. When both
lectrolytes are put in contact, reactions (3)–(6) take place, producing
solution that contains V3+ and V4+ in proportion 1:1, often referred

o as V3.5+. After the remix, the volume and vanadium concentration in
ach tank become perfectly equalised [10]. To avoid the interruption
f the battery operation as well as its full discharge, it has also been
roposed to perform a partial remix [8], i.e., transferring small aliquots
f electrolyte from one tank to the other, just to compensate the effects
f crossover.

Other authors have focused on strategies to mitigate the progression
f stoichiometric imbalance rather than correcting it. For instance,
ang et al. [29] introduced a very simple method that consisted in
reflow from the positive tank to the negative, to counteract the

olume change that spontaneously tends to increase the volume of the
ositive electrolyte at the expense of the negative. In the same line,
chafner et al. [30] applied a very similar method and concluded, by
omputer simulation, that despite the capacity loss is minimised with
n overflow strategy, an electrolyte remix is eventually necessary to
ompletely correct the stoichiometric imbalances. Bhattarai et al. [31]
xperimentally found that placing an hydraulic shunt, namely a long
arrow tube that connects both tanks at their bottom, permits to
inimise the capacity loss. However, the working principle of this
ethod is not explained in detail, and it is possibly just another way to
revent an electrolyte volume change. A different approach to mitigate
he capacity fade is to periodically add fresh electrolyte to the negative
ank [32,33]. However, this implies consuming more electrolyte and,
urthermore, it is not clear why it is convenient to add it in stages
nstead of just increasing the initial volume. Shin et al. [34] proposed,
nd experimentally validated, utilising a higher concentration of sul-
huric acid in the anolyte than in the catholyte to minimise the volume
hange and the electrolyte imbalance. Finally, Lu et al. [35] found
hat crossover and its associated capacity loss can be minimised by
tilising a higher vanadium concentration in the positive electrolyte,
n order to compensate the difference in vanadium species diffusivities.
n addition, they demonstrated that crossover can also be mitigated by
etting an asymmetric operating pressure in both half cells to induce a
onvective flux in a direction opposed to diffusion.

Faradaic imbalance, on the other hand, is considerably less easy to
eal with. The oxidation (or reduction) processes previously discussed
roduce a shift in the average oxidation state of the whole system [14,
6]. Therefore, if remixed, the ratio between V3+ and V4+ would not

be 1:1. In other words, the average oxidation state will be higher than
+3.5 (oxidative imbalance) or lower than +3.5 (reductive imbalance).
Consequently, the capacity of the battery would remain diminished
even after remixed. Accordingly, to restore the capacity of a faradaic
4

imbalanced VRFB, it is necessary to resort to more complex chemical
or electrochemical methods.

Roznyatovskaya [37] introduced a method that allows to fully
recover the capacity of the battery by charging the imbalanced elec-
trolytes, and subsequently replacing a part of the catholyte by fresh
V3.5+ electrolyte. Although simple and effective, that method requires
of an external supply of electrolyte to compensate the removed part,
somewhat limiting its applicability. In [21], an alternative hydraulic
circuit that connects both tanks to each other is included in the system.
Then, when the VRFB is operated in ‘‘recovery mode’’ this alterna-
tive path is enabled, resulting in the full mixing of the electrolytes.
Afterwards, the desired average valence of +3.5 system is restored
by means of an electrochemical cell. This cell utilises an auxiliary
electrolyte to reduce the vanadium, and is equipped with an optical
sensor to detect the correct endpoint of the electrolysis. More recently,
Poli et al. [14] proposed to couple the system with an electrochem-
ical cell that is placed in parallel to the main hydraulic circuit. This
method outperforms the former, in the sense that it is not needed to
interrupt the operation to recover the electrolyte and, furthermore,
the electrolysis does not require an auxiliary reducting agent, but the
anodic reaction is the oxygen evolution from the water contained in the
electrolyte. Finally, it has also been proposed the addition of external
reducing/oxidising agents to the system, such as methanol or oxalic
acid [6].

To the best of our knowledge, the only work that has considered the
joint effects of faradaic and stoichiometric imbalances on the battery
capacity is that recently published by Wang and collaborators [38].
In that work, it is proposed to utilise an electrolyte with an elevated
average valence, to mitigate the effects of stoichiometric imbalance
when the crossover goes towards the positive electrolyte. Although
very interesting results are shown in that work, the analysis is mostly
restricted to that specific case and, furthermore, does not consider the
possibility of a spontaneous progression of the faradaic imbalance.

The analysis carried out in this section can be summarised with two
final remarks. In first place, it has been shown that stoichiometric im-
balance can be corrected in a much easier way than faradaic imbalance,
which requires of additional equipment or reactants. Secondly, it has
been found that VRFB are prone to suffer from both stoichiometric and
faradaic imbalance after extended operation. However, as anticipated
in Section 1, the interaction between these two types of imbalance
has not been analysed and thus, these are normally addressed inde-
pendently. In this work, such interaction is considered, allowing to
better understand the relation between electrolyte imbalance and the
battery capacity. Based on that analysis, the design of a new approach
to maximise the capacity of an imbalanced VRFB will be explored.

3. Generalised indicators formulation

In this section, new indexes will be defined to describe the bat-
tery available charge, namely, the State of Charge; and the maximum
charge capacity, namely, the State of Health. Specifically, generalised
expressions in terms of the vanadium species number of moles will be
derived and explained through illustrative examples. These proposed
expressions should be capable to deal with the two types of electrolyte
imbalance described in Section 2. For clarification regarding the mean-
ing of the variables that appear in this section, please refer to the
nomenclature summary included at the end of this paper.

3.1. State of charge

The SoC is defined as the ratio between the level of charge stored
in the battery (𝑄) at a specific point in time and the total battery
capacity (𝑄𝑀 ) [39], as expressed in Eq. (10). Then, the objective of
this subsection is to derive a mol-based expression for the SoC that is
compatible with (10), even in the presence of electrolyte imbalance.

SoC = 𝑄 (10)

𝑄𝑀
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The electrical charge in a VRFB system is directly related to the
amount of vanadium ‘‘charged species’’ (V2+ and V5+) present in the
electrolyte. Consequently, assuming that the battery is balanced, the
resulting expression for the SoC in terms of the vanadium number of
moles is:

SoC =
𝑀2

𝑀2 +𝑀3
=

𝑀5
𝑀4 +𝑀5

(11)

where 𝑀𝑖 is the number of moles in the battery of the vanadium species
with oxidation state +𝑖.

Eq. (11) is very popular in the literature [18,39] and has a clear
physical interpretation. The numerator represents the electric charge
that is currently stored in the system, which is given by the number
of moles of the system charged species at present time. In turn, the
denominator is the total electric charge the system can deliver from
fully charged, i.e., the total battery capacity. Accordingly, it is given
by the sum of the charged species and the discharged ones.

Before proceeding with the development of the new generalised
expressions, it is important to state three clarifying remarks:

1. Strictly speaking, it is necessary to multiply the number of moles
by the Faraday constant (𝐹 = 96485 C∕mol) to obtain the electric
charge of the battery. However, to ease the reading and avoid
unnecessary reiterations, in the remainder of this paper, the
battery’s charge will be normally expressed in terms of moles.

2. In the literature, Eq. (11) is more commonly presented in terms
of the vanadium species concentrations (𝑐𝑖) rather than the
number of moles. In this paper, however, the formulations are
based on the number of moles, since this allows to consider also
volumetric imbalances in the system, thus being more general.
Evidently, when both electrolytes have the same volume, the
formulations in terms of the number of moles become completely
equivalent to those based on concentrations.

3. In Eq. (11) it is assumed that the battery is fully discharged
(SoC = 0) when the concentration of reactants is equal to 0. That
convention is preserved in this paper: SoC = 0 corresponds to a
situation where, at least one side, charged species concentration
(V2+ and V5+) is equal to 0, whereas SoC = 1 corresponds
to the situation where, at least in one side, discharged species
concentration (V3+ and V4+) is 0. In practice, the SoC operating
range will be normally narrower, rarely falling below 10% in
discharge or surpassing 90% in charge.

When the VRFB suffers from electrolyte imbalance, Eq. (11) is no
onger valid, and it is usual to define a SoC for each side of the system:

n the anolyte: SoC𝑛 =
𝑀2

𝑀2 +𝑀3
(12)

n the catholyte: SoC𝑝 =
𝑀5

𝑀4 +𝑀5
(13)

Despite having defined two independent SoC for each of the elec-
rolytes, the overall VRFB SoC is still an important variable, as it
ndicates the percentage of the charge that the battery can effectively
rovide, in relation to its total capacity. Then, some authors [40]
ropose to directly define it in terms of the electrolyte with the lowest
oC: SoC = min{SoC𝑛,SoC𝑝}.

However, this SoC interpretation contradicts the original definition
xpressed in Eq. (10) because it does not take into account the fact that,
hen imbalanced, a part of the total vanadium species present in both

ides of the VRFB is no longer able to react with their counterparts. For
xample, let us consider a VRFB that contains 10 moles of vanadium in
ach electrolyte but, at a certain instant, SoC𝑛 = 40% and SoC𝑝 = 60%,
s depicted in Fig. 2. Then, the resulting SoC of the battery applying the
revious formula would be 40%. However, if that VRFB is subsequently
harged, the maximum amount of V2+ would be 8 𝑚𝑜𝑙, because of the

4+
5

bsence of electron-donor species (V ) in the positive side, as can be
ppreciated in Fig. 2. Then, the SoC computed with the traditional
ormula would have an upper bound of 80% instead of the 100%
stablished in (10).

Therefore, the example presented in Fig. 2 can be used to illustrate
he derivation of an expression of the SoC consistent with (10). If
he battery is imbalanced, the charge it can deliver will be given by
he charged species that is in least amount. This is, the numerator
n the generalised SoC expression will be the minimum between 𝑀2
nd 𝑀5. In the example, the charge delivered by the battery from the
resent state (Fig. 2i) to fully discharged (Fig. 2iii) is precisely that
orresponding to the 4 moles of V2+ present in Fig. 2i. As for the
aximum charge the battery can provide from fully charged, this will

e equal to the present charge of the battery (min{𝑀2,𝑀5}) plus the
harge required to reach its maximum charge (Fig. 2ii). Since V3+ and
4+ are the reactants in charge operation, this latter term will be given
y min{𝑀3,𝑀4}.

Consequently, to be compatible with Eq. (10), the authors propose
o define the overall battery SoC as:

oC =
min{𝑀2,𝑀5}

min{𝑀2,𝑀5} + min{𝑀3,𝑀4}
(14)

Note that, when the battery is balanced, (14) coincides with the
classic expression (11).

3.2. State of health

The SoH is a figure of merit that compares the total capacity of
a battery in the present condition (𝑄𝑀 ) with the ideal total capacity
corresponding to a balanced system (𝑄𝑁

𝑀 ), as expressed in Eq. (15).
As in the previous subsection, the objective is to derive a mol-based
expression for the SoH in terms of vanadium species that is compatible
with the general definition (15), even in the presence of both types of
electrolyte imbalance.

SoH =
𝑄𝑀

𝑄𝑁
𝑀

(15)

In a balanced VRFB, the total number of moles in each side of
the system will be the equal to 𝑀𝑡∕2, being 𝑀𝑡 the total number of
vanadium moles in the system (𝑀𝑡 = 𝑀2+𝑀3+𝑀4+𝑀5). Furthermore,
since the SoC at both sides will be also the same, all vanadium moles
will be available to react in a balanced VRFB. Accordingly, its capacity
will be given by 𝑀𝑡∕2 = 𝑀2 +𝑀3 = 𝑀4 +𝑀5.

In contrast, the maximum charge that an imbalanced battery can
deliver will be given by min{𝑀2,𝑀5} + min{𝑀3,𝑀4}, as discussed in
Section 3.1. Therefore, the authors propose the following definition for
the SoH in terms of the vanadium species number of moles:

SoH =
min{𝑀2,𝑀5} + min{𝑀3,𝑀4}

𝑀𝑡∕2
(16)

An illustrative example is presented in Fig. 3. The total number of
moles in the system is 20, but, as a consequence of imbalance, these
are not evenly distributed.

In the current state (Fig. 3i), applying Eq. (14) and (16) it is
obtained that its corresponding SoC and SoH are 0.428 and 0.7, re-
spectively. To better appreciate that the battery’s capacity is a 70%
of the original one, in the example, the battery is subsequently fully
charged (Fig. 3ii), and then fully discharged (Fig. 3iii). Effectively, in
such discharge, only 7 moles of reactant could be used for the reaction,
in comparison to the 10 that would correspond to a balanced battery. It
is worth mentioning that, as expected, the charge and discharge opera-
tions modify the battery’s SoC, but do not affect its SoH. By comparing
the three stages of Fig. 3, it can be easily checked that Eq. (16) gives

always the same result independently of the SoC.
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Fig. 2. Graphical demonstration of generalised SoC Eq. (14).
Fig. 3. Graphical demonstration of generalised SoH Eq. (16).
3.3. Retrievable state of health

As discussed in Section 2, the classic approach to restore the capac-
ity of an imbalanced VRFB is electrolyte remix. Nonetheless, it has also
been established that remixing is only effective to correct the capacity
loss associated to stoichiometric imbalances. Therefore, in this section
the authors define an indicator that allows to predict, beforehand, how
effective the remix will be.

Before proceeding with the analysis, it is convenient to define the
average oxidation state (AOS) of a VRFB as follows [36]:

AOS = 2
𝑀2
𝑀𝑡

+ 3
𝑀3
𝑀𝑡

+ 4
𝑀4
𝑀𝑡

+ 5
𝑀5
𝑀𝑡

(17)

In a balanced VRFB, the AOS will be equal to +3.5. Nevertheless,
when the battery suffers from faradaic imbalance, the AOS will shift to
a higher value or, less likely, to a lower one. Note that, as reactions
(3)–(6) do not involve electron transfer with species different from
the vanadium ions, the AOS of a VRFB will not be modified in a
remix operation. On the other hand, since species with non-adjacent
oxidation states cannot coexist in the same container without reacting
with each other [41], these reactions will proceed until V2+ and V5+

are completely exhausted. Hence, the final composition of a system
after a remix operation can be obtained by applying the restrictions
𝑀2,𝑓 = 0 and 𝑀5,𝑓 = 0 and the conservation balances 𝑀𝑡,𝑓 = 𝑀𝑡,𝑖 and
𝐴𝑂𝑆𝑓 = 𝐴𝑂𝑆𝑖, with 𝑓 indicating the final condition (after the remix)
and 𝑖 the initial condition (before the remix).
6

The effectiveness of the remix strategy can be graphically appreci-
ated in Fig. 4. As in the previous examples, the whole system contains
20 vanadium moles. Fig. 4a depicts a VRFB that experiences stoichio-
metric imbalance which reduces its capacity in a 20% (SoH = 80%).
After remixing, reactions (3)–(6) result in a solution of V3+ and V4+

in proportion 1:1, namely, V3.5+. Then, after charging, the battery
would be perfectly balanced, effectively restoring it capacity up to
SoH = 100%.

In contrast, in Fig. 4b, the battery suffers from oxidation that leads
to faradaic imbalance. Specifically, the AOS rises from +3.5 to +3.6,
reducing its SoH to 80%. After the remix, the resulting solution contains
V3+ and V4+ in proportion 2:3, i.e., the AOS remains +3.6. Therefore,
after charging operation, the imbalance is still present. In this case, the
remix was completely ineffectual, and the SoH remains 80%.

In Fig. 4c, the battery undergoes both crossover and oxidation,
resulting in a combination of stoichiometric and faradaic imbalance.
This produce a loss of a 40% of the battery’s capacity, resulting in a
SoH = 60%. After the remix and charge operation, the stoichiomet-
ric imbalance is corrected, which entails a partial restoration of the
capacity (SoH = 80%).

In Figs. 5b and 5c. it is possible to see that the only factor that affects
the final capacity of the battery after the remix operation is the AOS.
In this sense, it is possible to define the index 𝛥𝑞 that quantifies the
deviation of the AOS with respect to the value of +3.5 that corresponds
to a balanced battery:

𝛥𝑞 = 2 × (AOS − 3.5) (18)
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Fig. 4. Effect of electrolyte remix on a battery with: (a) stoichiometric imbalance; (b) faradaic imbalance; and (c) both stoichiometric and faradaic imbalance.
Fig. 5. Illustrative example of a counterproductive remix operation.
Given that the remix eliminates the stoichiometric imbalance, the
SoH that the battery will have after this operation will be only a
function of 𝛥𝑞. Consequently, the authors have defined a Retrievable
State of Health (SoH𝑟), that permits to predict beforehand the SoH the
battery would have if remixed:

SoH𝑟 = 1 − |𝛥𝑞| (19)

Note that, in certain cases, SoH𝑟 may have a value that is actually
lower than the present SoH. For instance, let us consider a VRFB
that, at a certain moment contains the following number of moles:
[𝑀2; 𝑀3; 𝑀4; 𝑀5] = [3; 6; 7; 4]. Applying Eq. (16), it is obtained a
SoH = 90%. In turn, (17) and (19) result in an AOS of +3.6 and a
SoH𝑟 of 80%. This result implies that the remix would actually reduce
the battery’s capacity instead of increasing it. Although this may seem
counterintuitive, in Fig. 5 it can be clearly appreciated that, before the
remix, the 9 vanadium moles contained in the negative electrolyte are
available to participate in the charge/discharge operations. In contrast,
after the remix, only 8 of them are available, as predicted.

In summary, by comparing SoH with SoH𝑟, it is possible to predict
the efficiency of the remix strategy before conducting it. A SoH𝑟 = 1
implies a completely recovery of the battery’s capacity, while a SoH <
SoH𝑟 < 1 means that only a partial recovery will be attained. Finally, it
has been proved that the remix can also be counterproductive, which
corresponds to a SoH > SoH .
7

𝑟

4. Capacity loss mitigation

In this section, the effect of electrolyte imbalance over the battery’s
capacity is analysed. Special attention is drawn to the interaction
between stoichiometric and faradaic imbalances. Based on this analysis,
an strategy to mitigate the capacity fade originated by electrolyte
imbalance is developed.

4.1. Relationship between electrolyte imbalance and capacity

Although Eq. (16) is very useful for calculating the battery’s ca-
pacity, it does not allow to directly interpret the interaction between
both types of imbalances. Furthermore, to decouple both sources of
capacity loss is also advantageous for the development of control and
optimisation strategies. Accordingly, it is convenient to rewrite Eq. (16)
in terms of 𝛥𝑚 and 𝛥𝑞, which represent each type of imbalance. 𝛥𝑞 has
been defined in the previous section, and allows to quantify the faradaic
imbalance. 𝛥𝑚 is defined in Eq. (20) to quantify the stoichiometric
imbalance:

𝛥𝑚 =
(𝑀4 +𝑀5) − (𝑀2 +𝑀3)

𝑀𝑡∕2
(20)

Specifically, 𝛥𝑚 represents the difference between the vanadium
moles in each side of the system, with respect to the number of moles
each tank would have if the battery were balanced. Evidently, 𝛥𝑚 = 0
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Table 1
Classification of imbalance conditions in terms of remix effectiveness.

Case Condition Type of imbalance Remix effect

1 𝛥𝑚 = 0 ; 𝛥𝑞 = 0 Perfectly Balanced No effect (maximum capacity)
2 𝛥𝑚 ≠ 0 ; 𝛥𝑞 = 0 Purely Stoichiometric Fully restores capacity
3 𝛥𝑚 = 0 ; 𝛥𝑞 ≠ 0 Purely Faradaic No effect
4 {𝛥𝑚 > 2𝛥𝑞 or 𝛥𝑚 < 0 ; 𝛥𝑞 > 0} or {𝛥𝑚 < 2𝛥𝑞 or 𝛥𝑚 > 0 ; 𝛥𝑞 < 0} Stoichiometric and Faradaic Partially restores capacity
5 {0 < 𝛥𝑚 < 2𝛥𝑞 ; 𝛥𝑞 > 0} or {2𝛥𝑞 < 𝛥𝑚 < 0 ; 𝛥𝑞 < 0} Stoichiometric and Faradaic Negatively affects capacity
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indicates that the battery is stoichiometrically balanced, while 𝛥𝑚 > 0
and 𝛥𝑚 < 0 corresponds to a net crossover towards the positive or
negative side of the system, respectively.

The resulting expression for the SoH in terms of 𝛥𝑚 and 𝛥𝑞 is
presented in Eqs. (21) and (22). The detailed demonstration of how
(16) is transformed into (21) and (22) is provided in Appendix A.

Eq. (21) is valid for the region where the limiting reactant in
discharge is V2+ (denoted as zone A), while (22) is valid for the
complementary region (denoted as zone B), where the limiting reactant
in discharge is V5+. In turn, these regions can be subdivided into regions
A.1 (Eq. (21a)), A.2 (Eq. (21b)), B.1(Eq. (22a)) and B.2 (Eq. (22b))
depending on the final expression of the SoH in terms of 𝛥𝑚 and 𝛥𝑞.

For the Zone A (𝛥𝑚 ≤ 2𝛥𝑞):

SoH = 1 − min{− 𝛥𝑚
2 , 𝛥𝑚 − 𝛥𝑞} =

⎧

⎪

⎨

⎪

⎩

1 − (𝛥𝑞 − 𝛥𝑚) if 𝛥𝑚 ≤ 2
3
𝛥𝑞 (21a)

1 − 𝛥𝑚
2

if 𝛥𝑚 > 2
3
𝛥𝑞 (21b)

For the Zone B (𝛥𝑚 > 2𝛥𝑞):

SoH = 1 − min{𝛥𝑚 − 𝛥𝑞, 𝛥𝑚2 } =

⎧

⎪

⎨

⎪

⎩

1 − (𝛥𝑚 − 𝛥𝑞) if 𝛥𝑚 ≥ 2
3
𝛥𝑞 (22a)

1 + 𝛥𝑚
2

if 𝛥𝑚 < 2
3
𝛥𝑞 (22b)

The SoH contour curves corresponding to (21) and (22) are plotted
n the plane 𝛥𝑞-𝛥𝑚 represented in Fig. 6. Naturally, the maximum

capacity (SoH = 1) corresponds with a 𝛥𝑞 = 0 and 𝛥𝑚 = 0 (i.e., a
perfectly balanced VRFB), and decreases with the distance to this point.

Interestingly, the map presented in Fig. 6 is not symmetric with
respect to the axes 𝛥𝑚 and 𝛥𝑞. Hence, it can be appreciated that the
apacity drops rapidly when the battery gets imbalanced towards the
uadrants II (𝛥𝑞 < 0 and 𝛥𝑚 > 0) and IV (𝛥𝑞 > 0 and 𝛥𝑚 < 0) of
he plane, while it decreases more slowly in the quadrants I (𝛥𝑞 > 0
nd 𝛥𝑚 > 0) and III (𝛥𝑞 < 0 and 𝛥𝑚 < 0). In addition, it is possible
o see that a certain change in 𝛥𝑞 and 𝛥𝑚 may have a different effect
epending on the region where it occurs. For instance, in the quadrant
, an oxidative process (i.e., an increase in 𝛥𝑞) would have a negative
mpact on the SoH in zone A1, would be ineffective in zone A.2 and
ould be actually beneficial in zone B.1. Equivalently, a progressive

mbalance towards positive 𝛥𝑚 will have a greater adverse impact on
apacity in zone B.1 than in zones A.1/A.2. The latter observation is
recisely the theoretical basis of the experimental findings of [38],
here it was shown that electrolytes with an AOS slightly higher than
3.5 exhibit a better capacity retention than with the ideal AOS=+3.5.

Fig. 6 also allows to interpret Eq. (19) in a graphical way. Specif-
cally, the SoH𝑟 will correspond to the SoH line that crosses the axis
𝑚 = 0, without changing 𝛥𝑞. For instance, at the point (𝛥𝑞 , 𝛥𝑚) =
0.4 , 0.6), the SoH will be 0.7, and its SoH𝑟, corresponding to the
oint (0.4 , 0), will be 0.6, this is, a case of counterproductive remix.
ccordingly, the plane can be classified in terms of remix effectiveness,
s shown in Fig. 7. The regions that make up that figure are formalised
n Table 1.

.2. Optimal remix strategy

In this subsection, the relationship between imbalance and capacity
erived in the last subsection is used to develop an active strategy
hat outperforms standard remix. This allows to maximise the battery
8

apacity in a simple way, mitigating the effects of faradaic imbalance
nd preventing the possibility of counterproductive remix.

In Fig. 6 it can be appreciated that, for every 𝛥𝑞, there will be an
ptimal 𝛥𝑚 that maximises the battery’s capacity. For instance, for a
𝑞 = 0.3, the maximum capacity will be given by a SoH = 90% and
orresponds to a 𝛥𝑚 of 0.2. This capacity contrasts with the much
ower SoH of 70% that the battery would have with the same faradaic
mbalance (𝛥𝑞 = 0.3) but a null stoichiometric imbalance (𝛥𝑚 = 0).
pecifically, the optimal 𝛥𝑚 is located on the line 𝛥𝑚 = 2∕3𝛥𝑞, that
elimits zones A.1 and A.2, and B.1 and B.2, respectively. The formal
roof of this observation is provided in Appendix B.

In the light of this finding, a strategy oriented to maximise the
apacity of an imbalanced VRFB can be formulated. The objective will
e to keep the system operating close to the maximum capacity line
y periodically inducing optimal remixes. Hence, the negative effects
f faradaic imbalance can be indirectly mitigated through the optimal
egulation of 𝛥𝑚.

Accordingly, the steps of the proposed strategy are the following:

1. To determine the vanadium species concentration and volumes
of the electrolytes. These values can be directly obtained by
means of specific techniques [39], such as UV–vis spectroscopy
or potentiometric titration. Moreover, estimators can be used to
avoid the sensors but this particular topic is out of the scope of
this paper.

2. To calculate the indexes 𝛥𝑚, using Eq. (20), and 𝛥𝑞, using
Eq. (18), to quantify the stoichiometric and faradaic imbalances,
respectively.

3. To determine the optimal 𝛥𝑚 that minimises the capacity loss
for the present 𝛥𝑞:

𝛥𝑚∗ = 2∕3𝛥𝑞 (23)

4. To calculate the necessary number of vanadium moles that need
to be transferred from one electrolyte to the other in order to
reach 𝛥𝑚∗. Starting from a battery that contains 𝑀𝑛 = 𝑀2 +𝑀3
and 𝑀𝑝 = 𝑀4 + 𝑀5 moles at the negative and positive side,
respectively:

Before the remix: 𝛥𝑚 =
𝑀𝑝 −𝑀𝑛

𝑀𝑡∕2
(24)

After the remix: 𝛥𝑚∗ =
(𝑀𝑝 +𝑀∗) − (𝑀𝑛 −𝑀∗)

𝑀𝑡∕2
(25)

where 𝑀∗ is the number of vanadium moles that need to be
transferred from one tank to the other to maximise the capacity.
A positive value of 𝑀∗ indicates an electrolyte transfer from the
negative tank to the positive one and vice versa. Then, 𝑀∗ is
obtained from (26):

𝑀∗ =
(

𝛥𝑚∗ 𝑀𝑡
2

+𝑀𝑛 −𝑀𝑝

)

∕2 (26)

5. To transfer an appropriate volume of electrolyte that contains
𝑀∗:

𝑉 ∗ =

⎧

⎪

⎪

⎨

⎪

⎪

|𝑀∗
|

𝑐𝑣,𝑛
=

|𝑀∗
|

𝑐2 + 𝑐3
if 𝑀∗ > 0 (27a)

|𝑀∗
|

𝑐𝑣,𝑝
=

|𝑀∗
|

𝑐4 + 𝑐5
if 𝑀∗ < 0 (27b)
⎩
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Fig. 6. SoH contour curves (capacity isolines) on the plane 𝛥𝑞 − 𝛥𝑚. Each coloured region corresponds to a different zone of Eqs. (21) and (22).
Fig. 7. Characterisation of the plane 𝛥𝑞 − 𝛥𝑚 in terms of remix effectiveness.
where 𝑐𝑣,𝑛 and 𝑐𝑣,𝑝 is the total vanadium concentration in the negative
and positive side of the system, respectively.

This strategy can be either conducted periodically, or when the
battery reaches a minimum admissible capacity. In this way the ca-
pacity loss originated by faradaic imbalances, normally assumed to be
completely irreversible, can be mitigated in a very simple and cost
effective manner.
9

5. Results and discussion

In this section an illustrative example is presented to facilitate the
comprehension and demonstrate the efficiency of the strategy proposed
in Section 4.2. The behaviour of the VRFB is modelled through dynamic
equations and simulated in MATLAB-Simulink. In Appendix C an addi-
tional example is provided to better clarify the comparison between
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Table 2
VRFB sizing parameters.

Parameter Meaning Value Units

𝑐𝑣 Initial vanadium concentration 1.9 mol/l
𝑑 Membrane thickness 2 ⋅ 10−4 m
𝐸0 Standard cell voltage 1.35 V
𝑛 Number of cells 8 –
𝑞 Electrolyte flow rate 1.6 l/min
𝑄𝑁

𝑀 Initial capacity (balanced electrolytes) 40.2 A h
𝑆 Membrane area 0.018 m2

𝑉𝑛,0 Initial anolyte volume 6.4 l
𝑉𝑝,0 Initial catholyte volume 6.4 l
Fig. 8. System trajectory on the plane 𝛥𝑞-𝛥𝑚, under a fixed-period remix schedule. Inclined segments correspond to a progressive imbalancing, while vertical jumps correspond
to instantaneous remix operations.
t
c

the optimal and standard remixing strategies when 𝛥𝑚 tends towards
positive values.

In the example, the battery is subjected to 30 days of successive
charge–discharge cycles, during which it undergoes different side reac-
tions. In each cycle, the battery is charged until it reaches a SoC = 90%
and then discharged until a SoC = 10%, being the current 𝐼 = ±15 A.
Despite starting from a perfectly balanced condition, these undesired
phenomena gradually lead to stoichiometric and faradaic electrolyte
imbalance. Then, in the simulations, the potential of the proposed
methodology to deal with this imbalance and mitigate the capacity loss
is assessed and contrasted to the standard remix approach.

The results have been obtained using a comprehensive eighth-order
model that distinguishes between tank and cell concentrations. The
model considers, in addition to the main electrochemical reactions,
the phenomena of diffusion, convection and migration, as sources of
stoichiometric imbalance; and of air oxidation and hydrogen evolution,
as sources of faradaic imbalance. For the sake of space, the reader
is referred to the work [5] where the complete model is presented,
and the work [42] for the equations that describe the volume change
dynamics originated by convection. The battery is sized as indicated in
Table 2.

Over the course of the simulation, several remix operations are
conducted to mitigate the capacity loss. Specifically, two different
situations are considered. In the first case, presented in Fig. 8, the remix
is performed in a fixed time interval of 6 days. In the second case,
depicted in Fig. 9, the remix is triggered when the battery reaches a
10

a

minimum acceptable capacity which, in this study, corresponds to a
SoH = 60%.

Fig. 8 represents the trajectory of the system in a zoomed version
of the plane 𝛥𝑞 − 𝛥𝑚 presented in Fig. 6. It can be appreciated that
the electrolytes tend to imbalance in the direction of negative 𝛥𝑚 and
positive 𝛥𝑞 which results in an important decrease of the SoH. Every
time a standard remix is performed, the value 𝛥𝑚 is reset to 0, but 𝛥𝑞 is
not corrected, thus attaining only a limited recovery of the SoH. At the
end of the considered period, after the fifth remix operation, the SoH
is around 65%, which is a serious limitation to the VRFB performance
in most practical applications.

In contrast, when the optimal remix operation is conducted, the
value of 𝛥𝑚 is taken to the line 𝛥𝑚 = 2∕3𝛥𝑞. Therefore, although
unable to fully restore the original capacity, the negative effects of
electrolyte imbalance are substantially reduced. Specifically, at the end
of the period, the SoH is around 88% which indicates that the battery’s
capacity is still remarkably high. In other words, the capacity loss
with the optimal approach is only a 33% of the that of the standard
approach, i.e., the loss is mitigated in a 67%. Therefore, the VRFB could
be operated for a much longer time before having to conduct a chemical
or electrochemical operation to fully rebalance the electrolytes.

It is important to remark that the latter result can be generalised.
After conducting a standard remix, the resulting capacity will be SoH =
1 − |𝛥𝑞|, as anticipated in Section 3.3. In contrast, in the optimal case,
his will be SoH = 1 − 1

3 |𝛥𝑞|, this is, a mitigation of two thirds of the
apacity loss. The reader can easily verify this by evaluating Eqs. (21)
nd (22) in 𝛥𝑚 = 0 and 𝛥𝑚 = 2∕3𝛥𝑞, respectively.
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w

Fig. 9. System trajectory on the plane 𝛥𝑞-𝛥𝑚, with a minimum capacity threshold corresponding to a SoH = 60%. Inclined segments correspond to a progressive imbalancing,

hile vertical jumps correspond to instantaneous remix operations.
Fig. 10. Time evolution of the main variables, under the fixed-period remixing schedule. (a) Faradaic imbalance: 𝛥𝑞. (b) Stoichiometric imbalance: 𝛥𝑚. (c) State of Health: SoH.
(d) Cumulative energy loss of remix operations, normalised with respect to the original battery capacity.
Fig. 9 considers the case in which the remix is not conducted
periodically, but every time the capacity falls below a predefined
minimum threshold. In this case, it is possible to see that the proposed
strategy does not only result in a higher capacity, but also requires
of less rebalancing operations. In particular, only 3 optimal remix
operations are needed to keep the SoH above 60% in the considered
period, in comparison to the 10 with the traditional approach. This is
highly beneficial because it allows to run the battery for a longer time,
avoiding unnecessary interruptions in its operation. Moreover, since
11
the energy stored in the battery is lost every time a remix operation is
conducted, the proposed approach also contributes to the minimisation
of that loss.

With regard to the latter aspect it is important to highlight that,
even in the fixed-period case of Fig. 8, the optimal remix is beneficial
in terms of the energy loss. This is because standard remix involves
a full mixing of the electrolytes, leading to an under-discharge state
as presented in Fig. 4. Conversely, in the optimal remix operation,
only a limited volume of electrolyte is transferred, reducing the impact
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Fig. 11. Time evolution of the main variables, with a minimum capacity threshold of SoH = 60%. (a) Faradaic imbalance: 𝛥𝑞. (b) Stoichiometric imbalance: 𝛥𝑚. (c) State of
Health: SoH. (d) Cumulative energy loss of remix operations, normalised with respect to the original battery capacity.
of the self discharge reactions (3)–(6). Accordingly, considering the
parameters of the battery presented in Table 2 and a SoC = 10% at
the moment of conducting the remix, the total charge loss in the fixed-
period scenario will be equal to 133 Ah with a standard remix, and 31
Ah with the optimal one. In the minimum capacity scenario of Fig. 8,
this difference is even more pronounced, being the charge loss equal to
280 Ah and 22 Ah with the standard and optimal remix, respectively.

Figs. 10 and 11 display the time evolution of the indexes 𝛥𝑞,
𝛥𝑚 and SoH for the fixed-period and minimum-capacity remix cases,
respectively. These complement the trajectories presented in Figs. 8 and
9 by explicitly including the time in the plots. Consequently, in these
figures it is possible to see from a different perspective the effects of
the rebalance operations. In accordance with the previous analysis, it is
shown that every time a remix operation is conducted (either standard
or optimal), the mass imbalance (𝛥𝑚) experiences a sudden change in
its value that, in turn, results in an improvement of the SoH. In contrast,
the faradaic imbalance (𝛥𝑞) remains unaffected, which explains the
impossibility of achieving a full capacity recovery. Again, it is possible
to see that in all the cases the capacity attained with the optimal
operation, designed by taking into account the interaction between
both types of imbalances, is much higher than with the standard remix.

Finally, in Figs. 10d and 11d, it is possible to graphically see the
previously discussed benefits of the optimal strategy in terms of energy
losses. That difference is accentuated during the second half of Fig. 11d,
when the cumulative energy lost in remix operations increases sharply
for the standard approach, while it remains low for the optimal one. To
facilitate the comprehension of the plot, the cumulative energy loss is
normalised with respect to the rated capacity of the battery, e.g. over
the monthly simulation, the standard approach results in a total energy
consumption equivalent to 6.2 times the battery’s maximum charge.

6. Conclusion

In this paper, a comprehensive analysis of the effects of electrolyte
imbalance on vanadium redox flow batteries’ capacity has been devel-
oped. Specifically, it has been studied the interaction between stoichio-
metric imbalance, related to a difference in the number of vanadium
12
moles at both sides of the system, and faradaic imbalance, originated
by a net oxidation or reduction of the electrolytes. This study results not
only in the deepening of the theoretical understanding of the battery
behaviour but also in the development of a practical strategy with a
direct impact on the system performance. The main specific outcomes
are summarised as follows:

• Generalised State of Charge and State of Health indicators that
consider both types of electrolyte imbalance have been formu-
lated. With regard to the latter indicator, analytic expressions
that explicitly decouple both sources of capacity loss have been
derived.

• By resorting to the previous indicators, the effectiveness of the
standard remix strategy on the battery capacity has been thor-
oughly assessed. This allows to systematically predict, before-
hand, how effective the remix will be. Moreover, it has also been
demonstrated that the remix may be counterproductive under
certain imbalance conditions, further reducing the battery’s State
of Health instead of recovering it.

• It has been demonstrated that, for every value of faradaic im-
balance there exists an optimal stoichiometric imbalance that
maximises the battery capacity. By inducing optimal mass im-
balances, the capacity loss could be mitigated up to a 67% in
comparison with that resulting from a standard remix.

• Based on the previous point, a systematic strategy has been
proposed to track that optimum in order to maximise the bat-
tery capacity recovery. Furthermore, that strategy also implies
a reduction of the energy loss associated to the self discharge
reactions that occur every time a remix is conducted. Finally,
it is worth to remark that the proposed solution is of simple
implementation and computationally low demanding.

The encouraging results obtained in this work pave the way for new
research lines. Specifically, the authors are currently developing estima-
tion methodologies to determine the vanadium species concentrations

only from electric variable measures. Hence, the implementation of the
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Table 3
Nomenclature and definitions.
Variable Meaning Unit

AOS Average oxidation state of the VRFB –
𝑐𝑖 Concentration of 𝑉 𝑖+ mol/l
𝐼 Electric current A
𝑀𝑖 Moles of 𝑉 𝑖+ mol
𝑀𝑡 Total number of moles in the VRFB mol
𝛥𝑚 Stoichiometric (mass) imbalance index –
𝛥𝑞 Faradaic (oxidative/reductive) imbalance index –
𝑄𝑁

𝑀 Total capacity of the VRFB in an ideal balanced condition A h
𝑄𝑀 Total capacity of the VRFB in the present condition A h
𝑄 Electric charge currently stored in the VRFB A h
SoC State of Charge –
SoH State of Health –
𝑉 Electrolyte volume l

Subscripts Meaning

𝑖 ∈ {2, 3, 4, 5} Oxidation state of the vanadium species
𝑛 Negative side of the system
𝑝 Positive side of the system
∗ Optimal imbalance line
e

proposed optimal remix strategy will be straightforward in every VRFB
system without need of any additional sensor. Furthermore, a techno-
economical analysis that takes into account the specific application
context is recommended to determine the best way to implement this
strategy and dynamically optimise its frequency. Finally, the formal
analysis of the effects of electrolyte imbalance will be utilised as a
basis for the design of new control setups to further enhance VRFB’s
performance.

Nomenclature

See Table 3.
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Appendix A. Rearrangement of generalised SoH equation

The objective of this appendix is to show how (16) can be rear-
ranged into Eqs. (21) and (22).

The present state of the battery is defined by the total number of
moles of each vanadium species in the system: 𝐱 = [𝑀2 𝑀3 𝑀4 𝑀5]⊤.
The system can be transformed by defining the injective transformation
𝛷(𝐱):

𝛷(𝐱) ∶=

⎡

⎢

⎢

⎢

⎢

⎣

𝑀𝑡
𝛥𝑀
𝛥𝑄
SoC

⎤

⎥

⎥

⎥

⎥

⎦

⏟⏟⏟
𝐳

=

⎡

⎢

⎢

⎢

⎢

⎣

𝑀2 +𝑀3 +𝑀4 +𝑀5
𝑀4 +𝑀5 −𝑀2 −𝑀3

−1.5𝑀2 − 0.5𝑀3 + 0.5𝑀4 + 1.5𝑀5
min{𝑀2 ,𝑀5}

min{𝑀2 ,𝑀5}+min{𝑀3 ,𝑀4}

⎤

⎥

⎥

⎥

⎥

⎦

(A.1)

The analytic inverse of the transformation (A.1), 𝛷−1(𝐳), is rather
lengthy given the nonlinearity of the SoC in terms of 𝐱. Consequently,
since 𝛷−1(𝐳) is not necessary to proceed with the demonstration, its
xpression is not included in this paper. In (A.1) 𝑀𝑡 is the total moles

of vanadium species in the system, while 𝛥𝑄 and 𝛥𝑀 quantify the
stoichiometric and faradaic imbalance of the battery, respectively.

By definition, the SoH is associated to the maximum charge the
battery can provide, and thus, must not depend on the SoC, as demon-
strated in Section 3.2. Therefore, the resulting expression for the SoH
will be a function of 𝑀𝑡, 𝛥𝑄 and 𝛥𝑀 but will be necessarily indepen-
dent on the SoC. Accordingly, in order to conduct the demonstration, a
SoC = 0 is arbitrarily assumed. It should be remarked (and the reader
can easily check it) that any other value of SoC could be considered
and the final result would remain the same.

A SoC = 0 means that either: (A) 𝑀2 = 0, or (B) 𝑀5 = 0.
In case (A), the transformation (A.1) gets reduced to the following

equality:

⎡

⎢

⎢

⎣

𝑀𝑡
𝛥𝑀
𝛥𝑄

⎤

⎥

⎥

⎦

=
⎡

⎢

⎢

⎣

1 1 1
−1 1 1
−0.5 0.5 1.5

⎤

⎥

⎥

⎦

⎡

⎢

⎢

⎣

𝑀3
𝑀4
𝑀5

⎤

⎥

⎥

⎦

(A.2)

And its inverse is:

⎡

⎢

⎢

⎣

𝑀3
𝑀4
𝑀5

⎤

⎥

⎥

⎦

=
⎡

⎢

⎢

⎣

0.5 −0.5 0
0.5 1 −1
0 −0.5 1

⎤

⎥

⎥

⎦

⎡

⎢

⎢

⎣

𝑀𝑡
𝛥𝑀
𝛥𝑄

⎤

⎥

⎥

⎦

(A.3)

In case (A), it holds that, when SoC = 0, 𝑀2 = 0 and 𝑀5 ≥ 0.
Therefore, the VRFB will be in case (A) when the following condition
is fulfilled:

𝑀 = −0.5𝛥𝑀 + 𝛥𝑄 ≥ 0 (A.4)
5
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Fig. C.12. System trajectory on the plane 𝛥𝑞-𝛥𝑚, with the imbalance occurring towards 𝛥𝑚 > 0, and a minimum capacity threshold corresponding to a SoH = 70%.
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Rearranging and dividing by 𝑀𝑡∕2, this condition results:

𝛥𝑚 ≤ 2𝛥𝑞 (A.5)

Finally, the SoH for zone (A) in terms of the variables 𝑀𝑡, 𝛥𝑀 and
𝛥𝑄 is obtained by substituting (A.3) in (16).

SoH =
min{0,−𝛥𝑀∕2 + 𝛥𝑄} + min{𝑀𝑡∕2 − 𝛥𝑀∕2,𝑀𝑡∕2 + 𝛥𝑀 − 𝛥𝑄}

𝑀𝑡∕2
=

=
𝑀𝑡∕2 + min{−𝛥𝑀∕2, 𝛥𝑀 − 𝛥𝑄}

𝑀𝑡∕2
= 1 + min{−𝛥𝑚

2
, 𝛥𝑚 − 𝛥𝑞} (A.6)

which is precisely Eq. (21) that was to be demonstrated. Moreover, it
is easy to see that the last term of (A.6) will be equal to −𝛥𝑚

2 when
𝛥𝑚 ≤ 2∕3𝛥𝑞, and equal to 𝛥𝑚 − 𝛥𝑞 when 𝛥𝑚 > 2∕3𝛥𝑞.

The procedure to find the expression in case (B) is completely
analogous to that for case (A). Here, Eq. (A.1) gets reduced to the
following equality:

⎡

⎢

⎢

⎣

𝑀𝑡
𝛥𝑀
𝛥𝑄

⎤

⎥

⎥

⎦

=
⎡

⎢

⎢

⎣

1 1 1
−1 −1 1
−1.5 −0.5 0.5

⎤

⎥

⎥

⎦

⎡

⎢

⎢

⎣

𝑀2
𝑀3
𝑀4

⎤

⎥

⎥

⎦

(A.7)

And its inverse is:

⎡

⎢

⎢

⎣

𝑀2
𝑀3
𝑀4

⎤

⎥

⎥

⎦

=
⎡

⎢

⎢

⎣

0 1∕2 −1
1∕2 −1 1
1∕2 1∕2 0

⎤

⎥

⎥

⎦

⎡

⎢

⎢

⎣

𝑀𝑡
𝛥𝑀
𝛥𝑄

⎤

⎥

⎥

⎦

(A.8)

Now it holds that, when SoC = 0, 𝑀5 = 0 and 𝑀2 > 0. Therefore,
he VRFB will be in case (B) when the following condition is fulfilled:

2 = 0.5𝛥𝑀 − 𝛥𝑄 > 0 (A.9)

Rearranging and dividing by 𝑀𝑡∕2, the condition results, as ex-
ected, in the complementary of the one for case (A):

𝑚 > 2𝛥𝑞 (A.10)

Finally, the SoH for zone (B) in terms of the variables 𝑀𝑡, 𝛥𝑀 and
𝑄 is obtained by substituting (A.8) in (16).

oH =
min{𝛥𝑀∕2 − 𝛥𝑄 , 0} + min{𝑀𝑡∕2 − 𝛥𝑀 + 𝛥𝑄 , 𝑀𝑡∕2 + 𝛥𝑀∕2}

𝑀𝑡∕2
=

=
𝑀𝑡∕2 + min{−𝛥𝑀 + 𝛥𝑄 , 𝛥𝑀∕2}

= 1 + min{−𝛥𝑚 + 𝛥𝑞 , 𝛥𝑚 } (A.11)
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𝑀𝑡∕2 2 c
which is precisely Eq. (22) that was to be demonstrated. Again, it is
easy to see that the last term of (A.11) will be equal to −𝛥𝑚+𝛥𝑞 when
𝑚 ≥ 2∕3𝛥𝑞, and equal to 𝛥𝑚

2 when 𝛥𝑚 < 2∕3𝛥𝑞.

Appendix B. Optimal mass imbalance proof

The objective is to demonstrate that, for every value of 𝛥𝑞, there
exists a 𝛥𝑚 that maximises the battery’s capacity. Specifically, that
maximum will be 𝛥𝑚 = 2∕3𝛥𝑞.

For 𝛥𝑞 > 0, the partial derivative with respect to 𝛥𝑚 results:

𝜕 SoH
𝜕 𝛥𝑚 =

⎧

⎪

⎪

⎨

⎪

⎪

⎩

1 if 𝛥𝑚 < 2∕3𝛥𝑞 (Zone A.1) (B.1a)

−1∕2 if 2∕3𝛥𝑞 < 𝛥𝑚 < 2𝛥𝑞 (Zone A.2) (B.1b)

−1 if 𝛥𝑚 > 2𝛥𝑞 (Zone B.1) (B.1c)

The sign of Eq. (B.1) implies that the SoH is an increasing function
ith respect to 𝛥𝑚 as long as 𝛥𝑚 < 2∕3𝛥𝑞, and a decreasing function

f 𝛥𝑚 > 2∕3𝛥𝑞. Consequently, given that Eqs. (21) and (22) are
ontinuous, the SoH will present a maximum at 𝛥𝑚 = 2∕3𝛥𝑞.

Similarly, for 𝛥𝑞 < 0, the partial derivative with respect to 𝛥𝑚
esults:

𝜕 SoH
𝜕 𝛥𝑚 =

⎧

⎪

⎪

⎨

⎪

⎪

⎩

1 if 𝛥𝑚 < 2𝛥𝑞 (Zone A.1) (B.2a)

1∕2 if 2𝛥𝑞 < 𝛥𝑚 < 2∕3𝛥𝑞 (Zone B.2) (B.2b)

−1 if 𝛥𝑚 > 2∕3𝛥𝑞 (Zone B.1) (B.2c)

Again, the sign of Eq. (B.2) implies that the SoH is an increasing
unction with respect to 𝛥𝑚 if 𝛥𝑚 < 2∕3𝛥𝑞, and a decreasing function

if 𝛥𝑚 > 2∕3𝛥𝑞. Therefore, for every value of 𝛥𝑞 the SoH will present a
aximum at 𝛥𝑚 = 2∕3𝛥𝑞.

ppendix C. Imbalancing towards positive 𝜟𝒎 case study

The objective is to discuss some particular characteristics phenom-
na that take place when the imbalancing occurs towards Quadrant I of
he plane 𝛥𝑞 − 𝛥𝑚, which is a common situation for VRFBs employing
ation exchange membranes. In this case, the simulations are based
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on the physicochemical parameters reported in [43], which result in
a net crossover towards the positive side of the VRFB. The operating
conditions of the simulation are the same as the ones presented in
Section 5.

A minimum capacity threshold of SoH = 70% is considered to
illustrate this case, as shown in Fig. C.12. It is firstly possible to note
that, as discussed in Section 4.1, if 𝛥𝑞 > 0, the capacity decay rate
will be comparatively slower if crossover occurs towards the Quadrant
I of the plane (𝛥𝑚 > 0) than to Quadrant IV (𝛥𝑚 < 0). Hence, in this
ase the system SoH does not reach values as low as those presented in
ection 5.

In Fig. C.12 it is also possible to appreciate that, consistently with
he previous examples, the capacity recovery attained with the optimal
emix will always exceed that of the standard one. Furthermore, as an-
icipated in Section 4.1, it is in this case of an imbalance towards 𝛥𝑚 >
, that a counterproductive remixing operation may occur. Specifically,
his happens in the third and fourth standard remixing operations,
here the SoH drops from 70%, to 65% and 53%, respectively.

Finally, it should be noted that since the optimal remix always
ncreases capacity, it guarantees that the SoH will be kept above the
inimum admissible value. That is not the case of the standard one,

hat may lead the SoH to fall below that threshold, as it occurs in
he third and fourth operations of this particular example. Therefore,
lthough involving less re-balancing operations, the primary objective
f keeping the SoH above 70% is not achieved in that case, portraying
ne of the main benefits of the optimal strategy.
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