
Chapter 2
Description of the Zn/Br RFB System

Abstract In order to make beneficial changes to the Zn/Br flow battery system, it is
necessary first to understand its present structure and functional status, including the
level of performance for typical systems, the operating mechanisms as well as the
conventional materials and methods of construction. The previous chapter intro-
duced and discussed the need for reliable large-scale electrical energy storage and
the role of redox flow batteries for such purposes. This chapter describes the physical
architecture of the Zn/Br system (i.e. electrode stack, membrane separator, elec-
trolyte flow schematic), as well as the conventional electrolyte solution employed
and the dominant chemical redox reactions occurring during charge and discharge
processes at each electrode. Design considerations are detailed, such as the safe
storage and treatment of bromine evolved, together with important operating prac-
tices such as tracking state-of-charge. Finally, electrochemical and overall opera-
tional performance characteristics are discussed with regard to maximizing the
specific energy of the Zn/Br flow battery and scaling-up next-generation systems
from benchtop testing to commercial use.

2.1 Physical Architecture

The Zn/Br redox flow battery (RFB) is a modular system comprising a cell stack
containing functional electrodes attached to current collectors (separated via
membranes), electrolyte storage tanks/reservoirs, delivery pumps and pipes.
The RFB relies on the electrolyte circulation system to deliver electrochemically
active species to electrode surfaces in order to achieve charge transfer and cause
electrical current to flow. A simple Zn/Br unit cell is illustrated in Fig. 2.1, with
multiple such cells combined in series to create a practical battery.
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2.2 Electrolyte Composition

The main electrolyte used in zinc/bromine batteries (ZBBs) is zinc bromide (ZnBr2)
dissolved in water to form an aqueous solution, with the same formulation being
used in circulatory loops servicing both the cathode and anode during operation.
ZnBr2 is the primary electrochemically active species that interacts with the elec-
trodes to participate in charge-transfer reactions that allow the system to function as
an energy storage device. The ZnBr2 present is typically of high concentration,
ranging between 1 and 3 M [1], with the possibility of even higher concentration up
to 4 M [2]. Significant variation in this amount is a direct result of the stage of the
charge/discharge cycle at which the battery is, with the concentration decreasing
significantly as charging progresses and Zn2+ is plated-out while Br− is oxidized to
Br2, then climbing back up again as the battery is discharged and the original ZnBr2
concentration is restored.

A potential-pH (Pourbaix) diagram for a 2.5 M ZnBr2 primary electrolyte
solution was constructed using OLI Studio software (version 9.2, OLI Systems,
Inc.) and is presented in Fig. 2.2.

The evolution of bromine from bromide anions during charging is an important
process in ZBB operation. Due to the toxic and corrosive nature of bromine, a
complexing agent is added to the electrolyte to sequester bromine into an alternate
phase with low vapor pressure. This sequestration prevents bromine escaping from

Fig. 2.1 A simple Zn/Br unit cell (with electrolyte reservoirs and pumps) during charging process,
with positively polarized bromine-side and negatively polarized zinc-side electrodes
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solution as a vapor and interacting with the system’s environment in its elemental
form. The bromine that evolves is typically complexed with a quaternary bromide
salt (QBr) such as N-methyl N-ethyl pyrrolidinium bromide (MEP) or N-methyl
N-ethyl morpholinium bromide (MEM) [3], which are illustrated in Fig. 2.3 (on the
left and right, respectively).

Fig. 2.2 Pourbaix diagram (potential vs. pH) of a 2.5 M ZnBr2 electrolyte solution, indicating
stability regions of various Zn-based predominant species (The various speciation stabilities of Zn
were calculated using the Margules ion exchange model at standard conditions of 25 °C and
1 atm across a pH range of 0–14 (adjusted using HBr and KOH) between potentials of −2 and 2 V
versus standard hydrogen electrode (SHE). The “AQ (H+ ion)” thermodynamic framework
present within OLI Studio was utilized and redox chemistry calculations were included for all
subsystems present. The stability regions for different Zn-based species and their phases are
indicated on the diagram, with solid lines representing solid phases and dotted lines indicating
aqueous phases. The natural pH of the electrolyte is also indicated on the figure, as well as
aqueous lines indicating the evolution of hydrogen and reduction of oxygen. (together with the
relevant equations))
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The sequestered elemental bromine is stored safely in an oily phase that remains
separate from the main aqueous electrolyte due to the higher specific gravity of the
sequestered phase. The concentration ratio of QBr to ZnBr2 generally employed is
approximately 1:3 [1, 4], hence a 3 M ZnBr2 electrolyte solution could typically
contain 1 M of bromine sequestering agent (BSA). Effective sequestration can
result in bromine concentrations in the main electrolyte falling to values as low as
0.1 M [2]. Other solvents such as propionitrile [5–7] have also been tested but have
exhibited lower conductivity and higher toxicity and flammability [8], giving rise to
the popularity of QBr compounds as the preferred alternative for bromine
sequestration in Zn/Br systems. However, concerns regarding the compatibility of
MEM and MEP with various bromide reactions have prompted recent work to find
suitable alternatives [9].

Figure 2.4 shows a possible 3D molecular arrangement of gas-phase MEPBr and
two sequestered Br2 molecules. The structure is optimized by carrying out

Fig. 2.3 Structures of the N-methyl N-ethyl pyrrolidinium bromide (MEP, left) and N-methyl
N-ethyl morpholinium bromide (MEM, right) ionic liquids conventionally used to sequester
bromine during the Zn/Br RFB charging process

Fig. 2.4 Possible structure
(optimized via periodic
density functional
calculations) of MEPBr and
two sequestered Br2
molecules, with the color
convention for atoms: black
for carbon, grey for hydrogen,
red for nitrogen and blue for
bromine
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first-principles periodic density functional calculations using projector-augmented
wave (PAW) potentials [10, 11] for describing electron–ion interactions, within the
Vienna Ab initio Simulation Package (VASP) software [12].

Figure 2.5 shows a possible 3D molecular arrangement of gas-phase MEMBr
and two sequestered Br2 molecules, using density functional calculations similar to
those used for MEPBr with two Br2 in Fig. 2.4.

It is vital that a well-controlled narrow pH range between 1 and 3.5 is maintained
during ZBB operation. Zinc deposits with a moss-like appearance [2, 13] can be
observed with weakly acidic and basic electrolytes, whereas more acidic environ-
ments cause significant gaseous hydrogen evolution [2] that would in turn expedite
zinc corrosion. Consequently, significant drops in coulombic efficiency can be
expected on deviation from this working pH range due to charge being lost when
protons are converted to H2 gas instead of through the primary charge carriers of the
battery.

It is common practice to introduce other electrochemically active species to
boost operating efficiency and ionic activity by increasing the electrolyte’s con-
ductivity. An important implication to consider when introducing any type of
additive is the corresponding increase in the weight of electrolyte present in the
ZBB unit. Unless the compound is highly effective in increasing the electro-
chemical efficiency of important processes, it could negatively influence the specific
energy of the system and raise production costs.

Common supporting additives include potassium chloride and ammonium-based
chlorides and bromides [8, 14]. These secondary electrolytes are usually added in
smaller quantities than the main electrolyte and should be neutral salts in order to

Fig. 2.5 Possible structure
(optimized via periodic
density functional
calculations) of MEMBr and
two sequestered Br2
molecules, with the color
convention for atoms: black
for carbon, grey for hydrogen,
red for nitrogen, blue for
bromine and green for oxygen
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avoid undesirable changes to the acidic electrolyte’s working pH range [1]. The
type of additive used can influence the behavior of the system. For instance, zinc
electrowinning from zinc chloride baths has been found to produce rough and
porous deposits [15].

A Pourbaix diagram for a 2.5 M ZnBr2 primary electrolyte solution containing
0.9 M ZnCl2 as a supporting electrolyte was constructed and is presented in Fig. 2.6
using a methodology similar to the calculation for pure ZnBr2 presented in Fig. 2.2.
Interestingly, there appears to be no significant change in the dominant Zn-based
species, with only slight shifts in the natural pH (becoming slightly more acidic)
and the vertical pH lines (slightly more basic) separating different ionic species.

Fig. 2.6 Pourbaix diagram (potential vs. pH) of a solution containing 2.5 M ZnBr2 (primary
electrolyte) and 0.9 M ZnCl2 (secondary electrolyte), indicating stability regions of various
Zn-based predominant species
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2.3 Zn/Br Electrode Reactions

Electrodes used in ZBB cell stacks are bipolar, where a single electrode has a
“positive” and “negative” side. Materials of construction for these electrodes
include metals and carbon-plastic composites.

2.3.1 The Zinc-Side Electrode

In essence, the zinc half-cell of the ZBB behaves very similarly to an electroplating
system. During the charging process, cationic zinc comes out of the aqueous
solution to be electroplated onto the negative side of the bipolar electrode in the cell
stack [8], as shown by Eq. 2.1:

Zn2þ þ 2e� ! Zn; E� ¼ �0:76V versus SHE ð2:1Þ

The reverse occurs during discharge of the battery as the electroplated zinc loses
two electrons to the bipolar electrode and dissolves back into aqueous solution.

2.3.2 The Bromine-Side Electrode

During charging, bromide anions are converted to bromine which is subsequently
complexed with a QBr and stored safely as a separate liquid phase [1], as shown by
Eqs. 2.2 and 2.3:

2Br� ! Br2 þ 2e� ð2:2Þ

Br2 þQBr ! Br2�QBr complex ð2:3Þ

The QBr-polybromide complex is removed from the vicinity of the electrode
surface by constant circulation of the electrolyte within the battery (via pumps)
during the charging process. Similarly, electrolyte circulation is used to transport
the complex from storage within the tanks/reservoirs to the electrode surface for
charge transfer to occur. Additionally, monobromide ions have been found to react
with aqueous bromine being evolved during charging to form tribromide ions and
higher polybromides [16, 17], as shown by Eqs. 2.4–2.6:

Br� þBr2 ! Br�3 ð2:4Þ

Br�3 þBr2 ! Br�5 ð2:5Þ
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Br�5 þBr2 ! Br�7 ; etc: ð2:6Þ

During discharge, bromine dissociates from the QBr complex and is reduced to
the anionic bromide form, as shown by Eqs. 2.7 and 2.8:

Br2�QBr complex ! Br2 þQBr ð2:7Þ

Br2 þ 2e� ! 2Br� ; E� ¼ þ 1:065V versus SHE ð2:8Þ

2.3.3 Overall Battery Reaction

When the ZBB is charged, the overall chemical reaction involves the reduction of
zinc and evolution of bromine, as shown by Eq. 2.9:

ZnBr2 ! ZnþBr2 ð2:9Þ

Similarly, zinc and bromine recombine to form ZnBr2 when the ZBB is dis-
charged, as shown by Eq. 2.10:

ZnþBr2 ! ZnBr2; E� ¼ þ1:828V versus SHE ð2:10Þ

Based on the individual half-cell reaction potentials, the theoretical electro-
chemical potential offered by a single Zn/Br cell should be approximately 1.828 V.
This value is the Nernstian potential under zero current flow. However, the presence
of internal inefficiencies and various resistance contributions seen in practice are
expected to result in slightly lower cell voltage values. Another important perfor-
mance metric for Zn/Br systems is current density, which is the amount of current
passing through a unit area of an electrode surface. The current density, in turn, has
a direct influence on the electrode capacity (i.e. energy per unit area) as well as the
operating efficiency of the overall system.

An example of how battery voltage and current within a bench-scale Zn/Br
system change during full-cell charge/discharge cycling is presented in Fig. 2.7.
This curve was obtained from 2 h of charging followed by 2 h of discharge phase
under a current density of 20 mA cm−2 using graphite-coated carbon nanotube-
embedded high-density polyethylene electrodes and a battery solution comprising
2.5 M ZnBr2 primary electrolyte and 1 M MEP.

An example of how the energy balance and total capacity of the Zn/Br battery in
Fig. 2.7 change during charge/discharge cycling is presented in Fig. 2.8.
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2.4 Bromine Storage, Treatment and Toxicity

Depending on the state-of-charge (SoC) during the charge/discharge cycle of the
ZBB, bromine exists in various forms within the electrolyte solution: as elemental
bromine upon charging (i.e. Br2), monobromide, tribromide, pentabromide or
higher. Of these, aqueous elemental bromine is volatile and risks escaping into the
external environment as a gas in the event of containment breaching. This is
avoided by sequestering the Br2 into a complex liquid phase using a suitable QBr,

Fig. 2.7 Profiles of transient battery voltage and current during full-cell charge/discharge cycling
of a bench-scale Zn/Br system (Experimental data kindly provided by Martin Schneider of the
Energy Storage Group at the University of Sydney.)

Fig. 2.8 Profiles of transient energy balance and total capacity during full-cell charge/discharge
cycling of a bench-scale Zn/Br system (Experimental data kindly provided by Martin Schneider of
the Energy Storage Group at the University of Sydney.)
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thereby lowering its vapor pressure and likelihood of escape. Information about
bromine toxicity is readily available in material safety data sheets [18]. Contact with
gaseous elemental bromine is hazardous to health as it is damaging to the eyes and
skin. It is detectable by its strong suffocating odor and can be fatal if inhaled as it
damages the respiratory system. Bromine is also harmful to the environment,
especially to aquatic life. Consequently, the safe operation of Zn/Br RFBs is an
important factor influencing the uptake of the technology for utility-scale electrical
energy storage.

2.5 Membrane Separator

The membrane separator is an integral component in the Zn/Br RFB as it serves as a
barrier that prevents cross-contamination of electrochemically active species in the
system, as well as reducing possible electrical contact across electrodes. An elec-
trochemical requirement of the system is to minimize the diffusion of Br2 to
electroplated Zn as much as reasonably possible, to prevent self-discharge of the
ZBB when it is charged but left unused for an extended period of time. The
occurrence of self-discharge would in turn lead to lower coulombic efficiency of the
system. This self-discharge mechanism is attributed to the action of aqueous bro-
mine evolved on the bromine side migrating to the zinc-side electrode and subse-
quently oxidizing the electroplated zinc, thus causing the battery to discharge itself
[19]. Thermodynamically, bromine is an effective corrosion agent of zinc, indi-
cating the severity of problems faced by the ZBB if the issue is left unchecked [20].
This is avoided by the use of independent circulatory loops for the aqueous zinc
bromide electrolyte on both sides of the bipolar electrode stack, together with a
microporous film or ion exchange membrane serving as a separator [21].

Two possibilities have been proposed to explain the principles governing bro-
mine diffusion though membranes: it is possible that (a) the action of bromine
complexes wetting the separator provides a pathway for elemental bromine to
diffuse through or (b) there exists an equilibrium between the bromine in the
aqueous phase diffusing through the separator and that in the bulk electrolyte [13].
Studies comparing various ion-exchange membranes have shown that diffusion
coefficients of bromine have a wide range of values between 1.44 × 10−10–
3.74 × 10−10 cm2 s−1 [13] and 1.52 × 10−8–2.28 × 10−8 cm2 s−1 [22]. In one set of
studies [13], it was also found that the rate of bromine diffusion through the
separator in the presence of aqueous and complex phases could be twice as high as
that in the presence of an aqueous phase alone.

Due to the nature of bromine diffusion described above, requirements for
membrane separators are stringent because a high degree of selectivity is necessary
to differentiate between bromide ions and ionic zinc which should be allowed to
pass through. The membrane separator also serves as a barrier against the migration
of bromine into the zinc-side region, whether in the elemental form or complexed
with QBr. As an extension to different interactions with various species, membranes
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need to be as chemically inert as possible and not participate in undesirable
side-reactions such as promoting degradation of the electrolyte. It is also imperative
that membranes used can withstand the harsh operating environment of ZBBs for
reasonably extended periods of time. Durability is thus an important factor when
selecting the appropriate membrane for use in the system. Various materials with
specific properties have been tested for use in ZBBs, including microporous plastic
separators such as polyolefin Daramic® [23, 24]. Comparisons between uncoated
and fluorine-treated Asahi SF-600 membranes have shown that the latter displayed
improved selectivity against bromine diffusion [13]. For the case of plastic-silica
composite separators, it has been found that higher silica loading levels result in
lower membrane resistivity, consequently contributing towards improved coulom-
bic and energy efficiencies [25].

Stable but more expensive cation-exchange systems such as Nafion® have also
been tested [26] and found to be more effective at reducing bromine transport
through the separator than their microporous counterparts, because bromide species
are mostly present as anionic Br3

– and Br5
– complexes [1]. The success of such

ion-exchange membranes has prompted a recent review [27] and spurred further
work to incorporate multiple such membranes into a single working unit for use in
RFBs [28]. Another class of functionalized separators includes sulfonated poly-
sulfone membranes which have been demonstrated as performing better than those
constructed via grafting of organic substrates [29].

Membranes constructed from zeolites have also been tested in a vanadium-based
system and found to provide a high degree of selectivity based on ion size [30],
leading to the transport of desirable species while restricting others. Interestingly,
tests carried out in all-V RFBs involving surfactant-functionalized ion-exchange
membranes indicate that the amount of water passing through the membrane can be
controlled, while also improving overall system performance [31].

Studies of V/Br systems have also found that the ratio of different bromine
sequestering agents (MEP and MEM) used in solution have direct influence on
voltaic efficiencies due to variation in membrane-related resistances [32]. With
motivation from these findings, pursuing similar functionalisation work for Zn/Br
RFB membranes as well achieving a suitable balance using mixed BSAs could
prove beneficial in the short- to intermediate-term with regard to improved energy
efficiencies.

2.6 Accurate Determination of SoC

Determining the SoC accurately and reliably should be considered an integral
aspect of ZBB research as it provides a useful pathway towards tracking the degree
of impact on battery performance of changes to electrolytes and electrodes.
Surprisingly, although SoC is also a clear indicator of whether the full extent of the
system’s energy storage capacity is being utilized [33], this is a relatively rarely
discussed issue in the literature surveyed. Accurate monitoring of SoC is of high
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importance and significance as SoC is a direct result of the primary and secondary
electrochemical and physical processes occurring within the ZBB as the cyclic
charge/discharge operation progresses. With accurate monitoring, therefore, it
would be possible to conclusively determine which electrochemically active species
cause, dominate and contribute to these processes at any given point in time,
thereby indicating which processes might create operational bottlenecks.

A significant proportion of literature pertaining to SoC measurement strategies
was published within the past decade, motivated primarily by work carried out on
batteries for electric vehicles. Although the open-circuit voltage (OCV) method has
been used for ZBBs [34], there are no standard methods in particular. It is
increasingly clear, however, that some of the underlying principles and logic might
be adapted for use in Zn/Br RFBs regardless of whether the original work was
intended for nickel/metal hydride (NiMH), nickel/cadmium (Ni–Cd) or Li-ion sys-
tems. Several methods have been developed to measure the SoC of energy storage
systems, particularly batteries, including ampere–hour counting, Kalman filters,
internal resistance measurement and heuristic techniques based on charge/discharge
characteristics [34]. Most direct methods such as OCV and coulometry are too
simplistic to robustly handle complex and dynamic systems such as lead/acid bat-
teries [35]. By extension, it can be expected that these methods would pose similar
problems in ZBBs due to their relatively complex system configurations.

Relatively recent work on improving the Coulomb counting approach has
demonstrated its effectiveness at determining SoC, making it the most convenient
method at present [36]. Yet this approach of current integration possesses inherent
drawbacks as it does not account for the effects of operating temperature fluctua-
tions or deviations due to operating inefficiencies, hence discharge tests are the only
completely reliable means of confirming whether the SoC measurement is correct
[37]. This drawback has prompted work to improve the method by applying regular
and extended Kalman filters that make corrections for drifts in system behavior [38]
and have been proved to be accurate within 2–3 % [39, 40] when estimating SoC in
lead/acid batteries. Extended Kalman filters have also been shown to provide good
SoC estimations in Li-ion batteries when applied to data obtained via transient cell
voltage [41, 42] and OCV [43] measurements. Other direct methods, such as
measuring individual half-cell conductivity and tracking changes in electrolyte
color during charging or discharging of vanadium RFBs, have also been proved to
be simple yet effective strategies [44].

The sensitivity and non-destructive nature of electrochemical impedance spec-
troscopy (EIS) makes it an attractive method for use in SoC measurement of
secondary batteries [45, 46], with the possibility of on-line measurement [34] to
avoid disrupting battery operation each time a measurement is required. The ben-
efits of EIS have prompted some successful work involving the modelling of
voltage behavior in NiMH batteries based on the concept of impedance [47]. There
has also been work to improve fractional system identification in conjunction with
Randles’ model of lead/acid battery impedance behavior [48], as well as study of
the impact of changes in SoC on the linearity of applied current in Li-ion batteries
[49]. Voltage drops occurring at the beginning of discharge cycles in lead/acid
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batteries have been found to influence the methods and results of SoC calculations
[50] and are quite possibly an important phenomenon to keep in view for ZBBs. By
extension, it is also necessary to account for other phenomena exhibiting similar
behavior (i.e. spikes or drops) upon commencement of charging or discharge of the
system, in order to obtain an accurate SoC value.

Adaptive algorithms incorporating hysteresis phenomena have proved effective
at estimating SoC in NiMH batteries when calculated using directly obtainable data
such as OCV [51]. Comprehensive models have been proposed that account for
cycle ageing and temperature effects in Li-ion systems, thereby addressing these
requirements for dynamic monitoring of battery performance [52]. It follows that
combining these various algorithms could potentially produce highly robust SoC
predictions.

The use of artificial neural networks has been shown to be quite effective and
computationally efficient in on-line SoC determination for lead/acid [53], NiMH
[54] and Li-ion batteries [55]. Independent studies have applied fuzzy logic
mathematics to successfully predict SoC in Li-ion batteries [56] as have various
systems based on data obtained from Coulomb counting and/or EIS [57]. Self-
learning mechanisms incorporating fuzzy neural networks as well as cerebellar-
model-articulation and learning controllers are particularly adept at estimating the
SoC of systems with nonlinear discharge characteristics [58]. An adaptive
neuro-fuzzy inference combination has also been shown to produce fairly reliable
SoC estimates [59]. From the numerous publications proposing algorithms for
computational efficiency, it has been shown that a combination of even a few of
these functions is capable of producing superior SoC estimation methods [60]
compared to present simpler approaches. Besides these complex approaches, some
effective strategies have been proposed relatively recently to minimize errors pro-
duced by simple methods using a sliding mode observer in batteries for hybrid
electric vehicles [61].

The high sensitivity of EIS makes it an extremely useful tool for measuring the
SoC and state-of-health of batteries [46] and it is likely to be suitable for adaptation
into ZBB systems. Regardless of the specific method employed, whether under
constant current (galvanostatic) or constant potential (potentiostatic at open-circuit
or non-zero potential with respect to a reference electrode), the basis of EIS as a tool
for tracking SoC relies on interpreting changes in impedance spectra. Based on
currently available literature, the use of EIS in monitoring SoC is primarily limited
to Li-ion cells, with some studies also covering lead/acid batteries and nickel-based
systems [45, 46]. A primary strategy to measure the low impedance prevalent in
batteries is to run impedance tests under the galvanostatic mode, with characteristic
inductive loops at particular frequencies and marked changes observed in the low
frequency range (≤1 Hz) for lead/acid cells [45, 62, 63]. This makes sense, because
the longer a battery’s charge duration, the higher the degree of depletion of ions
involved in redox processes at the respective electrodes, which would in turn lead to
impedance contributions attributed to Warburg diffusion limitations observed at
lower frequencies. By extension, it is possible that some of these principles could be
applied when studying the aqueous-based Zn/Br RFB.
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Characteristic resonance frequencies have been noted for Ni/Cd and NiMH cells
where the impedance shifts from inductive to capacitive behavior as a function of
SoC [64]. This is an interesting and potentially useful phenomenon that could be
utilized when adapting EIS for use in ZBB systems. However, the fact remains that
EIS by itself contains too many variables and many possibly valid interpretations of
impedance spectra. Further studies involving lead/acid batteries have confirmed the
usefulness of EIS in determining SoC and state-of-health, but with the important
caveat that the information obtained can only be considered reliable if combined
with self-learning tools and/or additional algorithms [65]. Combining the sensitivity
of EIS with fuzzy logic has been shown to further improve accuracy in determining
SoC [66].

2.7 Maximizing Practical Specific Energy of the System

Although there are many conventional and innovative methods of determining SoC,
a concurrent main objective should be to achieve maximum utility of the electrolyte’s
energy capacity. Surprisingly, this important issue is not discussed in the literature
despite having direct bearing on the time it takes to charge a Zn/Br RFB and on the
practical specific energy of the system. Therefore the issue is briefly highlighted here.
Under ideal conditions, the entire stock of primary ions in the primary ZnBr2 elec-
trolyte should be involved in charge-transfer reactions at the electrodes in order to
obtain full utility from a given amount of electrolyte solution. Unfortunately, due to
the aqueous nature of the electrolyte solution, practical limitations on the charging
and discharging durations of the battery exist in normal operation.

Since the Zn/Br RFB relies on the transport of ions to and from the electrode
surfaces, some Zn2+ and Br– ions would still remain in solution after charging has
progressed for an extended period of time, with their concentrations reduced to low
levels. This situation makes it impractical to continue charging, due to low diffusion
rates that would produce only small increments in SoC, meaning that full depletion
of the electrolyte is inefficient. Consequently, even if 70 % maximum SoC is
reached, 30 % of the capacity is still not utilized despite being physically available.
Thus there is an imperative for future designs to seek out methods to increase the
practically attainable maximum SoC.

2.8 Moving from Bench Scale to Large/Utility Scale

Migration from developing and testing the new generation of ZBBs from bench to
utility-scale operation poses a number of challenges that must be addressed for the
technology to be commercially competitive. Factors that will be of prime concern
include the purity of electrolyte obtained, as contaminants at even parts-per-million
concentrations might result in hydrogen generation, accelerated degradation of
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electrode performance or poisoning of the electrolyte solution. Similarly, the quality
of electrodes used would influence the rate at which the cell stack requires
replacement, thereby directly affecting the maintenance and operating costs of the
utility-scale system.

Cell architecture is an important factor influencing flow battery performance.
Challenges include design considerations to minimize pumping losses during
construction of large-scale systems. An issue unique to flow batteries is the pres-
ence of shunt currents. These currents arise through electrical pathways formed
through the flow channels feeding each cell. The individual cells are electrically
connected in series; however, the electrolyte flows through a manifold in parallel,
thereby allowing current to flow between cells through the electrolyte. In practice,
this effect is minimized through the use of narrow channels for electrolyte delivery.

Emerging technologies such as 3D-printing are already being investigated [67]
and seem to hold much promise for constructing the next-generation of RFB sys-
tems, and flexible Zn/Br RFBs have also recently been developed and tested [68].
Furthermore, the final operating environment needs to be given due consideration,
with such considerations as suitable heating/cooling strategies to control battery
temperatures and achieve optimal operating efficiencies. It is clear that optimizing
the system at bench-scale using intelligent materials and predictive control is an
appropriate strategy to reduce sources of inefficiencies prior to scale-up. Other
challenges, such as power conversion and matching to fluctuations in charging
sources and applied loads, will also need to be addressed.
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