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SINGLE CAPACITY BALANCING IN A
REDOX FLOW BATTERY

CROSS-REFERENCE TO RELATED
APPLICATION

[0001] This application claims the benefit of U.S. Provi-
sional Application No. 62/021,650, filed Jul. 7, 2014, the
disclosure of which 1s expressly mcorporated by reference
herein 1n 1ts entirety.

BACKGROUND

[0002] Concerns over the environmental consequences of
burning fossil fuels have led to an increasing use of renewable
energy generated from sources such as solar and wind. The
intermittent and varied nature of such renewable energy
sources, however, has made 1t difficult to fully integrate these
energy sources mnto existing electrical power grids and distri-
bution networks. A solution to this problem has been to
employ large-scale electrical energy storage (EES) systems.
These systems are widely considered to be an effective
approach to improve the reliability, power quality, and

economy of renewable energy derived from solar or wind

sources.
[0003] In addition to facilitating the integration of renew-
able wind and solar energy, large scale EES systems also may
have the potential to provide additional value to electrical grid
management, for example: resource and market services at
the bulk power system level, such as frequency regulation,
spinning reserves, fast ramping capacity, black start capacity,
and alternatives for fossil fuel peaking systems; transmission
and delivery support by increasing capability of existing
assets and deferring grid upgrade mvestments; micro-grid

support; and peak shaving and power shifting.

[0004] Among the most promising large-scale EES tech-
nologies are redox flow batteries (RFBs). REFBs are special
clectrochemical systems that can repeatedly store and convert
megawatt-hours (MWhs) of electrical energy to chemical
energy and chemical energy back to electrical energy when
needed. RFBs are well-suited for energy storage because of
their ability to tolerate fluctuating power supplies, bear repeti-
tive charge/discharge cycles at maximum rates, initiate
charge/discharge cycling at any state of charge, design energy
storage capacity and power for a given system independently,
deliver long cycle life, and operate safely without fire hazards
inherent in some other designs.

[0005] Insimplified terms, an REB electrochemical cell 1s a
device capable of either deriving electrical energy from
chemical reactions, or facilitating chemical reactions through
the introduction of electrical energy. In general, an electro-
chemical cell includes two half-cells, each having an electro-
lyte. The two hali-cells may use the same electrolyte, or they
may use different electrolytes. With the introduction of elec-
trical energy, species from one half-cell lose electrons (oxi-
dation) to their electrode while species from the other hali-
cell gain electrons (reduction) from their electrode.

[0006] Multiple RFB electrochemical cells electrically
connected together 1n series within a common housing are
generally referred to as an electrochemical “stack”. Multiple
stacks electrically connected together are generally referred
to as a “string”. Multiple stings electrically connected
together are generally referred to as a “site”.

[0007] A common RFB electrochemical cell configuration
includes two opposing electrodes separated by an 1on
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exchange membrane or other separator, and two circulating
clectrolyte solutions, referred to as the “anolyte” and
“catholyte”. The energy conversion between electrical energy
and chemical potential occurs instantly at the electrodes when
the liquid electrolyte begins to flow through the cells.

[0008] To meet industrial demands for eflicient, flexible,
rugged, compact, and reliable large-scale ESS systems with
rapid, scalable, and low-cost deployment, there 1s a need for
improved RFB systems.

SUMMARY

[0009] Thissummary 1s provided to introduce a selection of
concepts 1 a simplified form that are further described below
in the Detailed Description. This summary is not intended to
identily key features of the claimed subject matter, nor 1s 1t
intended to be used as an aid 1n determining the scope of the
claimed subject matter.

[0010] In accordance with one embodiment of the present
disclosure, a method of operating an all vanadium redox flow
battery 1s provided. The method includes providing an all
vanadium redox tlow battery comprising an anolyte storage
tank 1including a volume of anolyte and a catholyte storage
tank including a volume of catholyte; an electrochemaical cell
in fluid communication with the anolyte and catholyte storage
tanks; and a predetermined range for the ratio of vanadium
concentration between the anolyte and the catholyte; and
transierring an amount of catholyte from the catholyte stor-
age tank to the anolyte storage tank, or an amount of anolyte
from the anolyte storage tank to the catholyte storage tank, to
restore the ratio of vanadium concentration to the predeter-
mined range.

[0011] In accordance with another embodiment of the
present disclosure, an all vanadium redox tlow battery system
1s provided. The system includes an anolyte storage tank
configured for containing a quantity of an anolyte; a catholyte
storage tank configured for containing a quantity of a
catholyte; an electrochemical cell configured for fluid com-
munication with the anolyte and catholyte storage tanks; and
a conduit interconnecting the anolyte storage tank and
catholyte storage tank, wherein the conduit 1s configured to
allow a liquid to flow between the anolyte and catholyte
storage tanks in response to a condition to maintain a prede-
termined range for the ratio of vanadium concentration
between the anolyte and the catholyte.

[0012] In accordance with another embodiment of the
present disclosure, an all vanadium redox tlow battery system
1s provided. The system includes an anolyte storage tank
configured for contaiming a quantity of an anolyte; a catholyte
storage tank configured for containing a quantity of a
catholyte; an electrochemical cell in fluid communication
with the anolyte and catholyte storage tanks; and means for
transferring anolyte and catholyte between the anolyte and
catholyte storage tanks to maintain a predetermined range for
the ratio of vanadium concentration between the anolyte and
the catholyte.

[0013] In any of the embodiments and methods described
herein, the predetermined range for the ratio of vanadium
concentration of the anolyte to the catholyte, or the catholyte
to the anolyte, may be 1n the range of about 1:1.05 to about

1:1.50.

[0014] In any of the embodiments and methods described
herein, transferring the amount of catholyte or anolyte may
include a continuous catholyte or anolyte transier.
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[0015] In any of the embodiments and methods described
herein, transferring the amount of catholyte or anolyte may
include a periodic catholyte or anolyte transier.

[0016] In any of the embodiments and methods described
herein, transterring an amount of catholyte or anolyte may
include flowing the amount of catholyte or anolyte through a
conduit interconnecting the anolyte storage tank and
catholyte storage tank.

[0017] In any of the embodiments and methods described
herein, the conduit may be an overtlow pipe.

[0018] In any of the embodiments and methods described
herein, transierring the amount of catholyte or anolyte may
include pumping the catholyte or anolyte through a conduit
interconnecting the anolyte storage tank and catholyte stor-
age tank.

[0019] In any of the embodiments and methods described
herein, a method may include passively transferring the
amount of catholyte or anolyte.

[0020] In any of the embodiments and methods described
herein, a method may include actively transferring the
amount of catholyte or anolyte.

[0021] In any of the embodiments and methods described
herein, the conduit may be configured to allow the transter of
liquid and gas.

[0022] In any of the embodiments and methods described
herein, the conduit may be positioned to include a gas travel
path above the liquid level of the anolyte and catholyte stor-
age tanks.

[0023] In any of the embodiments and methods described
herein, the quantity of anolyte and the quantity of catholyte
may be based on the predetermined range for the ratio of
vanadium concentration

[0024] In any of the embodiments and methods described
herein, the volume capacity of the anolyte tank and the vol-
ume capacity of the catholyte tank may be selected based on
predetermined range for the ratio of vanadium concentration.
[0025] In any of the embodiments and methods described
herein, a valve associated with the conduit to conditionally
may regulate flow between the anolyte and the catholyte
storage tanks.

[0026] In any of the embodiments and methods described
herein, the valve may be configured to be controllable in
response to receiving control signals.

[0027] In any of the embodiments and methods described
herein, a system may further include a pump associated with
the conduit to conditionally regulate flow between the anolyte
and the catholyte storage tanks.

[0028] In any of the embodiments and methods described
herein, the pump may be configured to be controllable in
response to recerving control signals.

[0029] In any of the embodiments and methods described
herein, the conduit may be configured for passive transfer of
anolyte or catholyte between the anolyte and catholyte stor-
age tanks.

[0030] In any of the embodiments and methods described
herein, the conduit may be configured for active transfer of
anolyte or catholyte between the anolyte and catholyte stor-
age tanks.

[0031] In any of the embodiments and methods described
herein, the conduit may allow catholyte to tflow into the
anolyte storage tank, or anolyte to tlow 1nto the catholyte
storage tank, in response to the condition.

[0032] In any of the embodiments and methods described
herein, the system may be configurable as avanadium-sulfate
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redox flow battery, vanadium-chlornide redox flow battery,
vanadium-mixed sulfate and chloride redox tlow battery.
[0033] In any of the embodiments and methods described
herein, a system may include a plurality of flow battery sys-
tems, each redox flow battery system in electrical communi-
cation with at least one other redox tlow battery system.
[0034] In any of the embodiments and methods described
herein, each redox flow battery may not be 1n fluid commu-
nication with any other redox flow battery system.

[0035] In any of the embodiments and methods described
herein, the plurality of redox flow battery systems may be
clectrically connected 1n series.

[0036] In any of the embodiments and methods described
herein, the condition may include a difference in an open
circuit voltage value between at least first and second redox
flow battery systems in the plurality of redox flow batter
systems.

[0037] In any of the embodiments and methods described
herein, the means for transierring may be a means for pas-
stvely transterring anolyte and catholyte between the anolyte
and catholyte storage tanks.

[0038] In any of the embodiments and methods described
herein, the means for transierring may be a means for actively
transferring anolyte and catholyte between the anolyte and
catholyte storage tanks.

[0039] In any of the embodiments and methods described
herein, the means for actively balancing may include one or
more of a pump and a control valve.

DESCRIPTION OF THE DRAWINGS

[0040] The foregoing aspects and many of the attendant
advantages of this disclosure will become more readily appre-
ciated by reference to the following detailed description,
when taken 1n conjunction with the accompanying drawings,
wherein:

[0041] FIG. 1 1s an 1sometric view of a redox flow battery
(RFB) module in accordance with one embodiment of the
present disclosure;

[0042] FIG. 2 1s an 1sometric view of the RFB module of
FI1G. 1 with the outer container removed;

[0043] FIGS. 3A and 3B are schematic views of various
components of the RFB module of FIGS. 1 and 2;

[0044] FIG. 4 1s schematic view of a 1 MW site 1n accor-
dance with one embodiment of the present disclosure;

[0045] FIG. 5 1s a schematic view of a 10 MW site 1n
accordance with one embodiment of the present disclosure;
[0046] FIG. 6 1s a control diagram for a site, for example,
the sites of FIG. 4 or 5;

[0047] FIG. 7 1s a close-up 1sometric view of pump tub

assemblies shown in the RFB module of FIGS. 1 and 2 posi-
tioned on the top walls of the respective anolyte and catholyte

tanks:

[0048] FIG. 8 1s an exploded view of one pump tub assem-
bly of FIG. 7;

[0049] FIG. 9 15 a top view of one pump tub assembly of
FIG. 7;

[0050] FIG. 10 1s a side view of one pump tub assembly of
FIG. 7;

[0051] FIG. 11 1s a cross-sectional side view of a tank

showing a pump tub assembly inserted into the tank;

[0052] FIGS. 12 and 13 are 1sometric views of an electro-
lyte transtier conduit shown 1in the RFB module of FIGS. 1 and
2;



US 2016/0006054 Al

[0053] FIGS. 14A, 14B, and 14C are schematic views of
RFB modules having non-uniform anolyte and catholyte tank
volumes 1n accordance with embodiments of the present dis-
closure;

[0054] FIGS. 15-21 are graphical depictions of data regard-
ing electrolyte stability and capacity management 1n an exem-

plary vanadium RFB system:;

[0055] FIGS. 22-24 are graphical depictions of data regard-
ing capacity management in an exemplary vanadium RFB
string;

[0056] FIGS. 25 and 26A-D are schematic drawings of
various components of a gas management system 1n accor-
dance with embodiments of the present disclosure; and
[0057] FIGS. 27-30 are graphical depictions of data regard-
Ing gas management in an exemplary vanadium RFB module;
and

[0058] FIG. 31 1s a graphical depiction regarding energy
density and average oxidation state 1n an RFB module 1n
accordance with one embodiment of the present disclosure;
and

[0059] FIGS. 32 and 33 are 1sometric view of pump tub
assemblies 1n accordance with other embodiments of the
present disclosure; and

[0060] FIG. 34 1sanisometric view of an anti-siphon device
in accordance with one embodiment of the present disclosure.

DETAILED DESCRIPTION

[0061] Embodiments of the present disclosure are directed
to redox flow batteries (RFBs), systems and components
thereol, stacks, strings, and sites, as well as methods of oper-
ating the same. Referring to FIGS. 1-3, a redox flow battery
20 1n accordance with one embodiment of the present disclo-
sure 1s provided. Multiple redox flow batteries may be con-
figured 1n a “‘string’” of batteries, and multiple strings may be
configured 1nto a “site” of batteries. Referring to FIG. 4, a
non-limiting example of a site 1s provided, which includes
two strings 10, each having four RFBs 20. Referring to FIG.
5, another non-limiting example of a site 1s provided, which
includes twenty strings 10, each having four RFBs 20. RFBs,
systems and components thereol, stacks, strings, and sites are
described 1n greater detail below.

Redox Flow Battery

[0062] Referringto FIGS. 1 and 2, major components 1n an
RFB 20 include the anolyte and catholyte tank assemblies 22
and 24, the stacks of electrochemical cells 30, 32, and 34, a
system for circulating electrolyte 40, an optional gas manage-
ment system 94, and a container 50 to house all of the com-
ponents and provide secondary liquid containment.

[0063] In the present disclosure, flow electrochemical
energy systems are generally described in the context of an
exemplary vanadium redox flow battery (VRB), wherein a
V>*/V** sulfate solution serves as the negative electrolyte
(“anolyte™) and a V>*/V** sulfate solution serves as the posi-
tive electrolyte (“catholyte’). However, other redox chemis-
tries are contemplated and within the scope of the present
disclosure, including, as non-limiting examples, V**/V>* vs.
Br~/ClBr.,, Br,/Br vs. S/S*", Br/Br, vs. Zn~*/Zn, Ce**/Ce’*
vs. V2*/V>* Fe**/Fe** vs. Br,/Br~, Mn**/Mn>* vs. Br,/Br~,
Fe’*/Fe** vs. Ti**/Ti*, etc.

[0064] As a non-limiting example, in a vanadium flow
redox battery (VRB) prior to charging, the initial anolyte
solution and catholyte solution each include 1dentical concen-
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trations of V>* and V**. Upon charge, the vanadium ions in
the anolyte solution are reduced to V**/V>* while the vana-
dium ions in the catholyte solution are oxidized to V**/V>™.

[0065] Referring to the schematic i FIG. 3A, general
operation of the redox tlow battery system 20 of FIGS. 1 and
2 will be described. The redox flow battery system 20 oper-
ates by circulating the anolyte and the catholyte from their
respective tanks that are part of the tank assemblies 22 and 24
into the electrochemical cells, e.g., 30 and 32. (Although only
two electrochemical cells are needed to form a stack of cells,
additional electrochemical cells i the illustrated embodi-
ment of FIG. 3A include electrochemical cells 31, 33 and 35.)
The cells 30 and 32 operate to discharge or store energy as
directed by power and control elements in electrical commu-
nication with the electrochemical cells 30 and 32.

[0066] In one mode (sometimes referred to as the “charg-
ing” mode), power and control elements connected to a power
source operate to store electrical energy as chemical potential
in the catholyte and anolyte. The power source can be any
power source known to generate electrical power, including
renewable power sources, such as wind, solar, and hydroelec-

tric. Traditional power sources, such as combustion, can also
be used.

[0067] In a second (“discharge”) mode of operation, the
redox tlow battery system 20 1s operated to transform chemi-
cal potential stored 1n the catholyte and anolyte into electrical
energy that 1s then discharged on demand by power and
control elements that supply an electrical load.

[0068] FEach electrochemical cell 30 in the system 20
includes a positive electrode, a negative electrode, atleast one
catholyte channel, at least one anolyte channel, and an 10n
transfer membrane separating the catholyte channel and the
anolyte channel. The 1on transfer membrane separates the
clectrochemical cell into a positive side and a negative side.
Selected 10ns (e.g., H+) are allowed to transport across an 1on
transier membrane as part of the electrochemical charge and
discharge process. The positive and negative electrodes are
configured to cause electrons to tlow along an axis normal to
the 10n transtfer membrane during electrochemical cell charge
and discharge (see, e.g., line ¢ 1n FIG. 3A). As can be seen 1n
FIG. 3A, fluid inlets 48 and 44 and outlets 46 and 42 are
configured to allow integration of the electrochemaical cells 30
and 32 into the redox tlow battery system 20.

[0069] To obtain high voltage, high power systems, a plu-
rality of single electrochemical cells may be assembled
together 1n series to form a stack of electrochemical cells
(referred to herein as a “stack,” a “cell stack,” or an “electro-
chemical cell stack™), e.g., 30 or 32 1n FIG. 3A. Several cell
stacks may then be further assembled together to form a
battery system 20. A MW-level RFB system generally has a
plurality of cell stacks, for example, with each cell stack
having more than twenty electrochemical cells. As described
for individual electrochemical cells, the stack 1s also arranged
with positive and negative current collectors that cause elec-
trons to flow through the cell stack generally along an axis
normal to the 10n transter membranes and current collectors
during electrochemical charge and discharge (see, e.g., line

52 shown 1n FIG. 3A).

[0070] The ion exchange membrane 1n each electrochemi-
cal cell prevents crossover of the active materials between the
positive and negative electrolytes while supporting 10on trans-
port to complete the circuit. Ion exchange membrane mate-
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rial, in a non-limiting example, a perfluorinated membrane
such as NAFION or GORE-SELECT, may be used 1n the
electrochemical cells.

[0071] Ion exchange through the membrane 1deally pre-
vents the transport of active materials between the anolyte
and catholyte. However, data obtained from operating vana-
dium redox batteries (VRBs) shows capacity fading over time
when the system 1s operating without any capacity fading
mitigation features as described herein. Such capacity fading,
may, at least 1n part, be attributed to some transport of vana-
dium 10ns across the membrane. Different vanadium cations
in the system have different concentration diffusion coefli-
cients and electric-migration coelficients for crossing over
through the membrane. These differences contribute to an
unbalanced vanadium transier between anolyte and catholyte
alter multiple cycles of operation, which may result in a loss
of energy storage capacity.

[0072] Other negative efiects caused by the transport of
vanadium 1ons across the membrane include precipitation,
which may occur if the vanadium 1on concentration 1n the
catholyte continues to increase as a result of the net transier of
vanadium 10ns. Precipitate may form in the electrode stacks,
which may result in degradation 1n the performance of the
VRB system. As a non-limiting example, precipitation of V>*
as V,O. can occur 1n the catholyte (thereby decreasing the
amount and/or the concentration and amount of V>* in the
catholyte).

[0073] In addition to the transport of vanadium 1ons across
the membrane and precipitation, other electrochemical side
reactions may contribute to decreased performance in VRB
systems. These reactions must also be addressed to maximize
the capacity and service life of the system, while minimizing,
cost and service requirements for the life of the battery. For
example, under some operating conditions, side reactions
may produce excess hydrogen and chlorine gases 1n the head-
spaces of the anolyte and/or catholyte tanks Other detrimental
reactions may also occur when electrolyte 1s exposed to oxi-
dizing agents such as oxygen. In one example, over time, the
anolyte is susceptible to V>* oxidation by atmospheric oxy-
gen that 1s 1ntroduced into the tank during maintenance,
installation, or other operations (thereby decreasing the
amount and/or concentration of V**). V** can also be oxi-
dized by H™ 1f hydrogen is evolved at the anode (thereby
decreasing the amount and/or concentration of V** in the
anolyte).

[0074] Described herein are systems and methods of opera-
tion designed for mitigating the capacity decaying effects
described above to improve RFB performance on a battery,
string, and site level. In general, these features can be
described 1n terms of maintaining electrolyte stability by
applying active and passive charge balancing, employing spe-
cific methods for analysis and adjustment of electrolyte com-
position, and process gas management.

String and Site Control System

[0075] As noted above, a string 10 1s a building block for a
multiple MW site. As seen 1n the exemplary layouts in FIGS.
4 and 5, each string 10 includes four battery containers con-
nected 1n series to a power and control system (PCS) 12
container. As can be seen 1n FIG. 6, the control system for
cach string includes a battery management system (BMS) 14
with local control provided by a human machine interface
(HMI) 16. The BMS 14 interprets remote commands from the
site controller 18, for example, a customer requirement to
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charge or discharge, as 1t simultaneously directs the appro-
priate operations for each battery and sub-component 1n the
string 10 via a communication network. At the same time,
according to programmed logic, the BMS 14 interprets string
10 operating data from the batteries 20, PCS, and their asso-
ciated sub-components to evaluate service or diagnose main-
tenance requirements. See also FIG. 6 for string and site
control diagrams.

[0076] As anon-limiting example, an exemplary VRB may
have capacity up to 125 kW {for four hours (500 kW-hours)
and a storage string may have capacity up to 500 kW for four
hours (2 MW-hours). To be effective as a large scale energy
storage system that can be operated to provide multiple lay-
ered value streams, individual batteries, designed and manu-
factured to meet economies of scale, may be assembled as
building blocks to form multiple-megawatt sites, for example
S MW, 10 MW, 20 MW, 50 MW, or more. Managing these
large 1nstallations requires multi-level control systems, per-
formance monitoring, and implementation of various com-
munications protocols.

[0077] Referring to FIG. 4, an exemplary 1 MW system
layout shows two 500 kW building block sub-assemblies or
strings 10 that each include four battery modules 20 and one
PCS module 102. Using this approach, multi-level larger
systems may be assembled, for example, the single-level 10
MW system shown in FIG. 5. As described 1n greater detail
below, the unique combination of systems and components
described herein provide significantly more energy density in
a compact flowing electrolyte battery module 20 and string 10
design than previously designed tlowing electrolyte batteries,
such earlier generation VRBs. Other hybrid flowing electro-
lyte batteries, such as ZnBr2 systems, may demonstrate simi-
lar characteristics.

Battery Container System, Electrolyte Tank Assembly, and
General Arrangement

[0078] Referring now to FIGS. 1 and 2, each RFB 20
includes a container 30 that houses the remaining compo-
nents of the system 1n a substantially closed manner. These
remaining components generally include the anolyte and
catholyte tank assemblies 22 and 24, the stacks of electro-
chemical cells 30, 32, and 34, a system for circulating elec-
trolyte 40, and an optional a gas management system 94. The
configuration of each of these components will now be
described in more detail.

[0079] FIG. 1 depicts the container 30 that houses, for
example, the components shown 1n FIG. 2. The container 50
can be configured 1n some embodiments to be an integrated
structure that facilitates or provides one or more of the fol-
lowing characteristics: compact design, ease of assembly,
transportability, compact multiple-container arrangements
and structures, accessibility for maintenance, and secondary
containment.

[0080] In the illustrated embodiment of FIGS. 1 and 2, the
representative container 50 comprises two major compart-
ments that house components of the RFB 20. In some
embodiments, the division between the first and second com-
partments 60 and 62 1s a physical barrier 1n the form of a
bulkhead 70 (see FIG. 3B), which may be a structural or
non-structural divider. The bulkhead 70 1n some embodi-
ments can be configured to provide secondary containment of
the electrolyte stored 1n tank assemblies 22 and 24. In another
embodiment, a secondary structural or non-structural divi-
s1on can be employed to provide a physical barrier between
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the anolyte tank 22 and the catholyte tank 24. In either case,
as will be described in more detail below, the tanks 22 and 24
are configured as so to be closely fitted within the compart-
ment or compartments, thereby maximizing the storage vol-
ume of electrolyte within the container 50, which 1s directly
proportional to the energy storage of the battery 20.

[0081] In some embodiments, the container 50 has a stan-
dard dimensioning of a 20 foot ISO shipping container. In one
representative embodiment shown 1n FIGS. 1 and 2, the con-
tainer has a length A which may be 20 feet, 8 feet 1n width B,
and 9% feet 1n height C, sometimes referred to as a High-
Cube ISO shipping container. Other embodiments may
employ ISO dimensioned shipping containers having either 8
teet or 8% feet 1n height C, and in some embodiments, up to
53 feet 1 length A. In some of these embodiments, the con-
tainer 50 can be additionally configured to meet ISO shipping,
container certification standards for registration and ease of
transportation via rail, cargo ship, or other possible shipping
channels. In other embodiments, the container may be simi-
larly configured like an ISO shipping container. In other
embodiments, the container has a length in the range o1 10-53
feet and a height 1n the range of 7-10 feet.

[0082] The container 50 also icludes various features to
allow for the RFB 20 to be easily placed in service and
maintained on site. For example, pass-through {fittings are
provided for passage of electrical cabling that transfers the
power generated from circulation of the anolyte and the
catholyte through the stacks of electrochemical cells. In some
embodiments, the container 50 includes an access hatch 80,
as shown 1n FIG. 1. Other hatches, doors, etc. (not shown)

may be included for providing access to systems of the RFB
20.

Electrolyte Tank and Assembly

[0083] FIGS. 1 and 2 illustrate anolyte tank 22 and
catholyte tank 24 positioned side by side 1n the second com-
partment 62. In the illustrated embodiment shown 1n FIGS. 1
and 2, the representative anolyte tank 22 1s generally rectan-
gular, with a shoulder or stepped section 90 located at the
front upper corner of each tank 22 and 24.

[0084] The stepped section 90 provides access for an
optional electrolyte transier conduit 92 to provide fluid com-
munication between the anolyte tank 22 and the catholyte
tank 24 when the tanks are aligned side-by-side, as described
in greater detail below. However, 1n accordance with other
embodiments of the present disclosure, the tanks 22 and 24
need not be manufactured to include a stepped section 90 or
may include another configuration to optionally accommo-
date either an electrolyte transier conduit or another flmd
transier device between tanks 22 and 24.

[0085] In some embodiments, anolyte tank 22 and/or
catholyte tank 24 are constructed from molded or fabricated
plastic, fiberglass, or other materials or combinations of
materials. Other materials may include various metals, glass,
glass lined steel, tantalum, etc. In some embodiments, tanks
22 and/or 24 have arigid construction. In some embodiments,
the material comprising the walls of the tanks 22 and/or 24 are
configured to flex outwardly when filled with electrolyte 1n
order to contain the electrolyte therein. As such, the tanks 1n
some embodiments can expand or contract to accommodate
the expected range of changes in electrolyte volume or pres-
sure during operation.

[0086] In some embodiments, anolyte tank 22 and/or
catholyte tank 24 are constructed such that some portions of
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the tanks are more rigid to support equipment or other fea-
tures attached to the tanks, while other portions of the tanks
may retain tlexibility as described above.

[0087] The catholyte tank 24 1s configured substantially

similar to the anolyte tank 22. In one embodiment of the
present disclosure, the catholyte tank 24 has a smaller volume
than the anolyte tank 22, as described 1n greater detail below.
An optimized tank size ratio between the anolyte and
catholyte tanks 22 and 24 provides a means to maintain maxi-
mum energy storage capacity of the RFB module 20 over
multiple cycles. The difference 1n volume between the
anolyte and catholyte tanks 22 and 24 can be realized via a
larger width dimension, for example, of the anolyte tank 22,
or the tanks can have identical outer dimensions but the
catholyte tank 24 may include a cavity bottom that 1s higher
than the floor of the tank or a filler material, such as an 1nert
material, that takes up some of the volume of the tank. In other
embodiments (not shown), the anolyte tank may have sub-
stantially the same volume as the catholyte tank or may have
a smaller volume than the catholyte tank.

[0088] In some embodiments, the anolyte tank 22 and the
catholyte tank 24 are configured so as to store a combined
volume of electrolyte of about 20 cubic meters or greater. In
one representative embodiment, the total combined volume 1s
about 23 cubic meters or greater.

[0089] As shown in FIG. 2, the tanks 22 and 24 are sized to
fit closely into the container 50. For example, the length of
cach tank 22 and 24 is such that they abut against a front
bulkhead 70 at one end (see FIG. 4) and against a container
back wall 72 at their opposite end (see FIGS. 1 and 4). There-
tore, the back wall 72 of the container 50 supports the back of
the tanks 22 and 24, and the front bulkhead 70 1nstalled, for
example, after tank 1nstallation supports the front of the tanks
22 and 24. Similarly, the height of each tank 22 and 24 1s that
that the tanks are supported by the side walls 74, extending
from the bottom wall 76 of the container 50 and extend
upwardly to just proximal the top wall 78 (see FIG. 1).

[0090] In one embodiment of the present disclosure, the
anolyte tank and the catholyte tank are configured to extend
between the bulkhead and a first end wall that define the first
compartment so as to be adjacent or abut against the bulkhead
and the end wall. In another embodiment, the area defined by
lengthwise sidewalls and widthwise side walls of the anolyte
tank and the catholyte tank fills at least 85% of the area
defined by the anolyte and catholyte tank compartments.

[0091] To increase rigidity and strength of the container 50,
and to withstand additional side loading imparted by the
clectrolyte 1n the tanks 22 and 24, the vertically disposed side
wall walls 74 can be reinforced. Other walls may also be
reinforced or constructed with increased strength. For
example, the back wall 72 can also be reinforced and the
bottom wall 76 can be constructed with thicker steel or mul-
tiple steel plates 1n order to support the weight of the electro-
lyte. It will be appreciated that the bulkhead 70 also provides
for increased rigidity of the container. In one embodiment, the
container 50 has a unibody construction. The structural sup-
port provided by the container 50 when the tanks 20 and 24
are filled with electrolyte allows for the tanks 22 and 24 to be
manufactured similarly to bladders that have minimal inher-
ent self-supporting structure.

[0092] To reduce the possibility of an electrolyte leak from

the tanks 22 and 24, penetrations into the tanks 22 and 24
below the level of the liquid stored are minimized. In the
illustrated embodiment, there 1s one penetration into each
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tank 22 and 24 slightly below the liquid level to accommodate
clectrolyte transier conduit 92. As described 1n greater detail
below, the electrolyte transier conduit 92 1s positioned near
the top of each tank 22 and 24, and there 1s a well 172 to
control any leak that may occur at the joints between the
conduit 92 and the tanks 22 and 24 (see FIG. 13).

[0093] In the event of a leak of electrolyte in the RFB
module 20, the container 50 1s manufactured to provide sec-
ondary electrolyte containment. In that regard, the container
may be manufactured from steel or another suitable metal or
another suitable material, and all seams are fully welded or
sealed to provide secondary leak containment.

Pump Tub (Electrolyte Tank Sub-Assembly)

[0094] To maximize the size and liquid fill level of the tanks
22 and 24, while also avoiding leak concerns due to penetra-
tions below the liquid level, a low-profile pump tub assembly
120 can be employed in accordance with aspects of the
present disclosure. When installed, as will be described in
more detail below, the pump tub assembly 120 provides elec-
trolyte suction and discharge access below the tank liquid
level, while keeping liquid connections physically located
above the tank liquid level. The pump tub assembly 120 can
also be equipped with leak sensors (not shown). The tub 1s
located such that a lower portion of the cavity 1s located below
the liguid level 1n the tank and an upper portion of the cavity
1s located at or above the liquid level 1n the tank.

[0095] Referring to FIGS. 1 and 2, the pump tub assembly
120 1s disposed at the forward section of the top wall 78 of
cach tank 22 and 24. Referring now to FIGS. 7-11, the pump
tub assembly 120 will be described 1n greater detail. As can be
seen 1n the illustrated embodiment of FIG. 8, the pump tub
assembly 120 includes a tub 124 that 1s generally cylindrical,
although other shapes may be utilized. The tub 124 includes
a contiguous, cylindrical sidewall 126 that extends from a
bottom wall 128 upwardly to an upper edge, thereby delim-
iting an open-ended cavity 130. The cavity 130 1s configured
to house various piping connections interfaces and optional
filters, etc. In the 1llustrated embodiment, the tub assembly
also houses a pump and a filter. In other embodiments, the
pump, filter, or other components may be located in another
location 1n the system, for example, 1n the first compartment
60.

[0096] At the opeming to the cavity 130, the tub 124
includes a laterally outwardly extending flange 138 that
extends the entire perimeter of the tub sidewall 126. When
assembled, the tub 124 1s 1nserted 1nto a cooperatingly con-
figured opening 140 1n the top wall 142 of each tank 22 or 24
and placed such that the flange 138 abuts the top wall 142.
Once mounted as part of the tank container system described
above, the pump tub provides a high electrolyte fill level, low
equipment profile, no tank penetrations for electrolyte circu-
lation below the liquid level and 1n some embodiments moves
the pumps, filters, and associated equipment out of the space
in front of the tanks to make 1t available for balance of plant
(BOP) components that comprise electrical systems, stacks,
clectrolyte manifold distribution systems, and air handling
systems. Compared to existing VRB systems, maximized
clectrolyte tank volume and BOP space provided by the tank/
pump/container system result 1n an increase in energy density
in the battery unit 20.

[0097] It will be appreciated that an O-ring or other type of
sealing device 136 can be disposed between the flange 138 of

the tub 124 and the top wall 142, if desired (see FI1G. 11). Any
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suitable fastening technique can be employed to couple the
tub to the tanks 22 and 24 1n a substantially sealed and leak
prool manner.

[0098] Now referring to FIGS. 32 and 33, pump tub assem-
blies 1n accordance with other embodiments of the present
disclosure will be described 1n more detail. The pump tub
assemblies 220 and 320 of FIGS. 32 and 33 are substantially
identical 1n materials and operation as the previously
described embodiment, except for differences regarding the
location of the pump tub relative to the housing, which will be
described 1n greater detail below. For clarity in the ensuing
descriptions, numeral references of like elements of the pump
tub assembly 120 are similar, but are in the 200 and 300 series
for the respective 1llustrated embodiments of FIGS. 32 and
33.

[0099] Referring to FIG. 32, the pump tub assembly 220
includes a tub sidewall 226 that intersects with the top tank
wall 278 and one or more tank side walls 270. Such configu-
ration allows for front access to the pump tub assembly 220,
as compared to only top access 1n the previously described
embodiment (see FIG. 1).

[0100] The tub 1s located such that a lower portion of the
cavity 1s located below the liquid level 1n the tank and an
upper portion of the cavity 1s located at or above the liquid
level 1n the tank. The tub may be a discreet tub attached to a
tank, or may include a plurality of components that are seal-
ably attached to each other and to the tank.

[0101] Referring to FIG. 33, the pump tub assembly 320
includes a tub sidewall 326 that, like the pump tub assembly
320 of FIG. 32, also intersects with the top tank wall 378 and
one or more tank side walls 370. However, the pump tub
assembly 320 1s semi-circular in cross-section and the front
portion 326 of the pump tub assembly 320 is flush with the
tront wall 370 of the tank 322. In this design, the front portion
326 of the pump tub assembly 320 does not extend beyond the
front wall 370 of the tank 322. Like the pump tub assembly
220 of FIG. 32, such configuration allows for front access to
the pump tub assembly 320.

[0102] In both of the i1llustrated embodiments of FIGS. 32
and 33, the sides and top of the pump tub assemblies 220 and
320 can be sealed to the tank by welding, with gaskets, or
other common sealing techniques. Also, 1n both embodi-
ments, all or part of the pump tub assemblies 220 and 320
shown 1n FIGS. 32 and 33 may be molded 1nto the tanks. In
either embodiment, any portions of the molded tub that are
below the tank liquid level can be provided with leak contain-
ment by installing an additional sealing body that can be
sealed to the tank by welding, with gaskets, or other common
sealing techniques.

[0103] Inoneembodiment of the present disclosure, a fluid
connection point includes at least one of a pipe, pipe fitting,
tube, tube fitting, pump, and filter, configured to conduct fluid
between the storage tank and another device or system that 1s
external to the storage tank envelope.

[0104] In another embodiment, a flmd connection point
includes at least one of a pipe, pipe fitting, tube, tube fitting,
pump, and filter configured to conduct gas between the stor-
age tank and another device or system that 1s external to the
storage tank envelope.

Electrolyte Circulation System

[0105] As described above regarding the general operation
of a RFB 20, an electrolyte circulating system 40 1s provided
for circulating the anolyte and the catholyte from respective
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tanks 22 and 24 into the stacks of electrochemical cells 30, 32,
and 34 (see FIG. 2). In that regard, discharge and return
conduits/piping for each tank 22 and 24 are suitably con-
nected from/to the stacks of electrochemical cells 30, 32, and
34, as shown 1n FIGS. 2, 3 and 7. In some embodiments, a
shunt current suppression system may be employed by the
circulation system 40 for the anolyte circuit and/or the
catholyte circuit, as set forth 1n co-pending U.S. patent appli-
cation Ser. No. 14/217,077, filed Mar. 17, 2014, the disclosure
of which 1s incorporated by reference herein 1n 1ts entirety. In
the illustrated embodiment, the shunt current suppression
system 1ncludes looping or coiled tubing 88 to maximize the
travel path of the electrolyte (and eflectively minimize shunt
currents) while keeping pumping losses to a minimum 1n a
compact space.

[0106] As shown in FIGS. 2, 9, and 10, each pump tub
assembly 120 includes a piping interface 144 for coupling the
tanks 22 and 24 in fluild communication with the return and
discharge piping of the circulating system 40. For example, 1n
the embodiment shown (see FI1G. 9), the piping interface 144
includes a discharge connector 148 in the form of a flanged
pipe connected to the interior of the tank via a motor driven
pump 152 and a suction tube 156 that extends downward 1nto
the electrolyte (see FIG. 10). The piping interface 144 also
includes a return connector 160 in the form of a flanged pipe
connected to the interior of the tank (see FIG. 9) via an
clongated down tube 164 (see FIG. 10). In the embodiment
shown, an optional filter 158 can be suitably interconnected
between the discharge connector 148 and the pump 1352 (see
FIG. 10).

[0107] The piping interface 144 may also include a third
connector 170 1n the pump tub assembly 120 for providing the
gas pressure management system 96 access to the head space
178, as will be described in greater detail below. Other inter-
faces may also be provided, including a fill connector 172
adapted to be connected to a fill tube 166 positioned 1n the
respective tank. It will be appreciated that all penetrations
through the bottom or side wall of the tub are both substan-
tially sealed and above the tank liquid level.

[0108] As described 1n greater detail below with reference
to FIGS. 12-14, the RFB module 20 may further include an
optional electrolyte transter conduit 92 allowing flud
exchange between the catholyte and anolyte tanks 24 and 22
and an optional gas management system 94 for managing
evolving gases from the catholyte and anolyte and gas pres-
sure 1n the headspaces during operation (see F1G. 13). Both of
these elements are part of systems that can be used to maintain
the energy density and capacity of the RFB module 20, and
reduce periodic maintenance.

Electrolyte Stability and Capacity Management

[0109] As described previously, during normal charge/dis-
charge operations without corrective action, a decrease 1n
charge capacity may be experienced in VRB systems. Exem-
plary test data was sampled during 110 continuous charge/
discharge cycles, and plotted as a function of the number of
cycles on a representative 31.5 kW stack. The data in FIGS.
15-191llustrate the following: electrolyte volume change dur-
ing cycling (FIG. 15); electrolyte total vanadium change dur-
ing cycling (FIG. 16); electrolyte active available material
change during cycling (FIG. 17); electrolyte concentration
change during cycling (FIG. 18); and electroly“[e capacity
fading during cycling (FIG. 19), each described 1n greater
detail below.
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Example 1

Electrolyte Volume Change

[0110] Referring to FIG. 15, catholyte volume increased
approximately 50 liters over 110 cycles, while at the same
time the anolyte volume decreased approximately 50 liters
over the same number of operating cycles. Volume ratio
change continued to diverge at approximately the same rate
during the course of testing. No stabilization was observed.

Example 2

Electrolyte Total Vanadium Change

[0111] Referring to FIG. 16, the number of moles of vana-
dium 1n the catholyte increased from approximately 800 to
1010 over 110 cycles, while at the same time, the number of
moles of vanadium 1n the anolyte decreased from approxi-
mately 800 to 560 over the same number of operating cycles.
Although the total vanadium rate of change decreased over

time, 1t still continued to diverge at the end of testing. No
stabilization was observed.

Example 3

Electrolyte Active Available Material Change

[0112] Referring to FIG. 17, the number of moles of vana-
dium active materials (VO 2+) 1nthe catholyte increased from
approximately 700 to 900 over 110 cycles, while at the same
time, the number of moles of vanadium active materials (V
3+) 1n the anolyte decreased from approximately 700 to 220
over the same number of operating cycles. The active avail-
able material rate of change in the catholyte tank decreased
over time, but still continued to diverge at the end of testing.
The active available material rate of change in the anolyte
tank continued to decrease at a high rate at the end of testing,
and was the limiting factor in determining the energy storage
capacity of the battery. No stabilization was observed.

Example 4

Electrolyte Concentration Change

[0113] Referring to FIG. 18, the molar concentration of the
positive electrolyte (catholyte) increased from approximately
2.1M to 2.3M over the first 20 cycles, and then stabilized at
approximately that concentration for the remaining cycles. At
the same time, the negative electrolyte (anolyte) decreased
from approximately 2.1M to 1.8M over the first 20 cycles, and
then stabilized at approximately that concentration for the
remaining cycles. This demonstrated relationship illustrates
an mherent VRB characteristic that provides insight into pre-
terred volume ratios between the anolyte and catholyte tanks.
In this example, the ratio 1s approximately 1.25:1.

Example 5

Electrolyte Capacity Fading

[0114] Referringto FI1G. 19, the total energy capacity of the
clectrolyte in Watt-hours/liter, without any mitigating designs
or procedures 1n place, shows a decrease for an initial value of
18 to a value of 4.5 after 110 cycles, reflecting information
shown 1n the previous plots.
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Electrolyte Adjustments for Managing Energy Storage
Capacity

[0115] As described previously, and as can be seen 1n FIG.
18, the relationship between electrolyte concentration in the
anolyte and catholyte tanks generally remains constant after
the maitial start-up phase; however at the same time, as can be
seen 1n FIGS. 15 and 17, due to the inherent chemical reac-
tions, nature of the cell structure, and other factors, the vol-
ume and active materials 1n the anolyte and catholyte tanks
change as cycle numbers increase. As described previously,
and as can be seen 1n FIG. 19, without mitigation, the battery
energy capacity degrades over time as the result of limited
availability of active maternial 1n the anolyte tank. Therefore, a
system that maintains a specific electrolyte concentration
ratio between the anolyte and catholyte tanks and/or maxi-
mizes the available active materials for energy storage and
dispatch 1s described herein.

Electrolyte Volume Ratio

[0116] In one embodiment of the present disclosure, a
method of operating a redox flow battery includes having a
uniform or non-uniform predetermined volume ratio, based
on maintaining a preferred electrolyte concentration,
between the quantity of anolyte and the quantity of catholyte
in the system. In the case of non-uniform predetermined
volume ratio, the quantity or volume of anolyte may be more
or less than the quantity or volume of the catholyte. The
predetermined starting volume ratio may be ditferent from or
the same as the predetermined volume ratio during operation.
Moreover, the predetermined volume ratio during operation
may change subject to other conditions 1n the system.

[0117] As non-limiting examples, the tank volume ratio
may have an anolyte volume to catholyte volume ratio of
about 1:1.05 to about 1:1.50, about 1:1.15 to about 1:1.35, or
about 1:1.20 to about 1:1.30. As a non-limiting example, 1n
the 1llustrated embodiment of FIG. 2, the tank volume ratio
between the anolyte tank and the catholyte tank 1s about

1.25:1.

[0118] As other non-limiting examples, the tank volume
ratio may have a catholyte volume to anolyte volume ratio of

about 1:1.05 to about 1:1.50, about 1:1.15 to about 1:1.35, or
about 1:1.20 to about 1:1.30.

[0119] A non-uniform tank volume ratio may be achieved
by having two different tank dimensions. For example, see the
tank dimensions 1n the illustrated embodiment of FIG. 2. In
that regard, the catholyte and anolyte tanks have similar
heights and length dimensions, but different width dimen-
s1ons (see schematic view in FIG. 14A). In another embodi-
ment, the tanks may have different depths. For example, see
the tank dimensions 1n the alternate embodiment of FIG. 14B.
In that regard, the catholyte and anolyte tanks 224 and 222
have similar height, width, and length dimensions, but differ-
ent depths dimensions. In other embodiments, the tanks may
be partially filled with non-reacting materials to reduce some
of the tank volume, or the tank may have a changeable volume

to account for changes 1n the operation of the system (see
alternate embodiment of FIG. 14C).

[0120] As described above, a non-uniform tank volume
rat1o based on maintaining a preferred electrolyte concentra-
tion between the anolyte and catholyte tanks can improve the
energy density achieved during operation of the RFB module
20 having a given capacity for holding a certain amount of
clectrolyte. As a non-limiting example, a tank volume ratio of
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about 1.25:1 between the anolyte tank and the catholyte tank
in the illustrated embodiment of FIG. 2 achieves greater
energy density for the same total amount of electrolyte as
compared to a uniform tank volume ratio between the anolyte
and catholyte tanks. In addition, the inventors have found an
advantageous effect of a non-uniform tank volume ratio that
maintains a preferred electrolyte concentration, such as a
ratio of about 1.25:1 between the anolyte tank and the
catholyte tank 1n the illustrated embodiment of FIG. 2, main-
tains improved energy density over time than tanks of uni-
form size. Greater energy density 1s a result of greater avail-
ability and utilization of the active species in the electrolyte.
In other types of modules, for example, in non-vanadium
RFB systems, a preferable tank volume ratio may vary from
the preferred range for a VRB system, and for example, may
have a greater volume of catholyte compared to anolyte.

Electrolyte Transfer

[0121] In accordance with one embodiment of the present
disclosure, the RFB 20 has a predetermined volume ratio,
based on maintaining a preferred electrolyte concentration, in
accordance with the volume ratios of catholyte and anolyte,
as described above. Over a period of time of normal operation
of the redox flow battery, the volume ratio of the anolyte and
the catholyte may become greater than or less than the pre-
determined volume ratio. For example, as can be seen in the
exemplary data of FIG. 15, in one mode of operation, a VRB
system gains catholyte volume and loses anolyte volume over
long-term cycling.

[0122] Therefore, 1n accordance with embodiments of the
present disclosure, a volume of catholyte from the catholyte
storage tank 24 to the anolyte storage tank 22, or a volume of
anolyte from the anolyte storage tank 22 to the catholyte
storage tank 24, to restore the volume ratio to the predeter-
mined volume ratio. In the exemplary system of FIG. 15,
excess catholyte generated from the system would need to
flow from the catholyte tank 24 to the anolyte tank 22 to
correct the volume 1mbalance.

[0123] Such transfer may be aifected by passive electrolyte
transier, active electrolyte transfer, or a combination of pas-
stve and active electrolyte transfer, all described 1n greater
detail below.

Passive Transier of Flectrolyte

[0124] In one embodiment of the present disclosure, a pas-
stve mechanical arrangement allows for the transier of elec-
trolyte between the anolyte and catholyte tanks. The transier
may be from anolyte tank 22 to catholyte tank 24 or from
catholyte tank 24 to anolyte tank 22.

[0125] In the illustrated embodiment of FIGS. 1 and 2, the
passive transier system 1s a tank electrolyte transter conduit
92. Referring to a simplified schematic in FIG. 14, and the
RFB module 20 views 1n F1IGS. 11-13, the electrolyte transter
conduit 92 1s located at an overtlow level in either the
catholyte or anolyte tank 22 or 24. As discussed above, a
stepped section 90 1n each of the anolyte and catholyte tanks
22 and 24 provides access for an optional electrolyte transier
conduit 92 to provide fluud communication between the
anolyte tank 22 and the catholyte tank 24 when the tanks are
aligned side-by-side.

[0126] In this configuration, flow rate of electrolyte
between the tanks 22 and 24 1s determined based on the level
differences. In the illustrated embodiment of FIGS. 12 and
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13, the anolyte tank 22 1s sized to have a larger volume than
the catholyte tank by having a larger width dimension (see
also schematic view in FIG. 14A). As described above, 1n
alternate embodiments, the depth of the catholyte tank 224 or
324 may be reduced as compared to the anolyte tank 222 or
322 by increasing the thickness of the bottom wall of the
catholyte tank 224 (see FIG. 14B) or by partially filling the
catholyte tank 324 with non-reacting materials to reduce
some of the tank volume (see FIG. 14C).

[0127] As described in EXAMPLE 1 above in a VRB sys-

tem, without a transier of electrolyte between the anolyte and
catholyte tanks 22 and 24, catholyte volume increases over
time, which affects the capacity of the system over time. The
clectrolyte transfer conduit 92 located at the overtlow level 1n
the 1llustrated embodiment allows for the flow of catholyte
from the catholyte tank 24 as the catholyte volume increases

into the anolyte tank 22 (see exemplary schematic i FIG.
14A).

[0128] In the illustrated embodiment, the electrolyte trans-
fer conduit 92 penetrates each tank 22 and 24 slightly below
the liquid level to accommodate electrolyte transier conduit
92. To control any leak that may occur at the joints between
the conduit 92 and the tanks 22 and 24, the conduit connec-
tions 168 with each tank 22 and 24 1n the illustrated embodi-
ment of FIGS. 12 and 13 are flanged connections 168 sur-
rounded by a well 172 molded into the tanks 22 and 24 at the
stepped section 90. The wells 172 may include leak sensors to
detect any leaks that may occur. In addition, the conduit
connections 168 may include other leak prevention devices,
such as unions, axial O-ring fittings, etc.

[0129] In the illustrated embodiment, the electrolyte level
in each of the tanks 22 and 24 may be set so as to allow for the
transier of only liquid electrolyte or of both liquid electrolyte
and gas (from the headspaces in the catholyte and anolyte
tanks, see e.g., exemplary diagram in FIG. 25) through the
clectrolyte transier conduit 92. It a transfer of gas from the
headspaces 1n the catholyte and anolyte tanks 1s provided, the
clectrolyte transfer conduit 92 1s also a part of the gas man-
agement system 94 for the battery, as described 1n greater
detail below.

[0130] In one embodiment of the present disclosure, the
clectrolyte transter conduit delivers excess catholyte to the
anolyte tank 22 during operation to account for the volumetric
increase in the catholyte and return the system to a predeter-
mined volume ratio.

[0131] In accordance with other embodiments of the
present disclosure, the tanks 22 and 24 need not be manufac-
tured to 1include a stepped section 90 or may include another
configuration to accommodate either an electrolyte transfer
conduit or another fluid transfer device between tanks 22 and
24. For example, a suitable electrolyte transier conduit may
be located not at an overtlow position, but 1instead below the
liquid level 1n each of the tanks. In such a configuration, the
clectrolyte transfer conduit would provide continuous elec-
trolyte exchange between the anolyte and catholyte. The rate
ol exchange may be determined in part by the length and
diameter of the transier conduait.

[0132] In addition to passive electrolyte transier mecha-
nisms, active electrolyte transfer mechanisms are also dis-
cussed below.
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Example 6

Long-Term Performance of Auto-Balanced System

[0133] Exemplary test data was sampled during over 1000
continuous charge/discharge cycles, and plotted as a function
of the number of cycles on a representative 31.5 kW stack.
The test system included a passive overtlow electrolyte trans-
fer conduit 1n accordance with embodiments of the present
disclosure. Test data in FI1G. 20 shows the electrolyte transfer
conduit achieved substantially uniform catholyte and anolyte
volumes, catholyte to anolyte vanadium concentration ratio,
and catholyte to anolyte total vanadium ratio for more than
1000 full charge/discharge cycles. Test data in FIG. 21 shows
substantially umiform Coulombic efficiency, voltage efli-
ciency, energy elficiency, and energy density for more than
1000 tull charge/discharge cycles.

Active Transier of Electrolyte

[0134] In addition to, or 1n lieu of the passive transier sys-
tem, the RFB module 20 may include an active transier sys-
tem configured for actively transierring electrolyte from one
to the other of the catholyte and anolyte tanks Such active
transier may include pumping or otherwise controlling elec-
trolyte tank-to-tank transier using a valve system. The active
transier may be automatically controlled based on system
conditions or manually controlled by an operator.

[0135] If a combination of passive and active electrolyte
transier systems 1s employed, the active system may use the
same or a separate electrolyte transier conduit as the passive
system.

Electrolyte Capacity Adjustment Using Additives

[0136] In addition to electrolyte transier between the
anolyte and catholyte tanks, electrolyte capacity can also be
adjusted by adding reductive reagents to the positive electro-
lytes. Suitable reagents may include hydrocarbons, such as
fructose. These reductive reagents can be oxidized by the
catholyte, releasing carbon dioxide. Such reductive reagents
may be added periodically, for example, during scheduled
maintenance or automatically by the BMS system during
battery operation.

[0137] Fructose added to the catholyte 1s reduced according
to the following formula, consuming hydrogen and generat-
ing carbon dioxide and water:

CH,,0+24V0, +24H=24V0?*+6CO, 1 +18H,0.

String Capacity Management of Electrolyte

[0138] As described above, passive capacity management
has been shown to maintain stable performance under most
conditions for a single battery. However, other operating con-
ditions may occur that require active capacity management,
especially on the string and site level.

[0139] In one example, stack variation caused by differ-
ences 1n manufacturing assembly and materials may produce
slightly different performance characteristics between each
of the four RFBs 20 1n a string 10 (see exemplary string
diagrams 1 FIGS. 2 and 6), 1n some cases leading to different
membrane 1on transier capabilities or different levels of side
reactions, both of which contribute to performance mismatch
in a string of batteries. One mechanism that may be affected
by manufacturing differences 1n stacks can be seen during
battery operation 1n the way 1ons travel back and forth through
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the membrane separating positive and negative electrolytes as
they form a closed electrical circuit, and 1n the way water
molecules travel through the membrane together with other
hydrated 1ons or by themselves. As a result of stack differ-
ences, the volume of the positive and negative electrolytes
and the concentrations of active 10ons 1n the electrolytes may
change at different rates during battery operation.

[0140] Inanother example, stack variations caused by dam-
age (leakage, blockage, etc.) to one or more stack cells may
produce slightly different performance characteristics when
the stacks are assembled as batteries and strings, and may also
cause an imbalance 1n the predetermined battery tank volume
rat1o described above. Other reasons for stack variation may
include differences 1n the electrode, stack compression, efc.

[0141] Because there may be performance differences
between batteries 1n a string and all batteries 1n a string are
clectrically connected for charge and discharge operations,
the worst performing battery determines the performance of
the string. Further, because each battery in the string has
dedicated electrolyte tanks, lower performing batteries may
continue to experience declining performance caused, for
example by the by stack vanation described above. Declining
battery capacity i1s generally indicative of or may lead to
clectrolyte stability and capacity problems for the associated
string. If left unchecked, these performance variations may
result 1n decreased capacity across a site.

[0142] Exemplary test data showing string declining per-
formance 1s 1llustrated below in EXAMPLES 7 and 8.

Example 7

Energy Density

[0143] In astring of three, series-connected, kW-scale bat-
teries without capacity management adjustments, a steady
decline 1n energy density over 35 cycles can be seen 1n FIG.

22.
Example 8
Open Circuit Voltage
[0144] In a string of three, series-connected, KW-scale bat-

teries without capacity management adjustments, a steady
deviation 1n open circuit voltage (OCV) at the end of dis-
charge over 35 cycles can be seen 1n FIG. 23.

Active FElectrolyte Adjustments Based on Open Circuit
Voltage

[0145] To manage battery capacity on the string or site
level, open circuit voltage (OCV) values can be measured on
the cell, stack, and battery level for each RFB 1n a string. OCV
1s the difference 1n electrical potential between two terminals
ol a device when it 1s disconnected from the circuit. After
measuring, a selected OCV value can be chosen as a baseline
for the other batteries 1n the system. As a non-limiting
example, the selected OCV value may be the lowest OCV
value 1n the string. Therefore, in accordance with one
embodiment of the present disclosure, the other RFBs 1n the
string can then be adjusted to correspond to the selected OCV
value. As another non-limiting example, the selected OCV
value may have a predetermined OCV value compared to
others 1n the string.

[0146] In accordance with some embodiments of the
present disclosure, adjusting the OCYV value for each battery
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includes transierring a volume of catholyte to the anolyte
storage tank or a volume of anolyte to the catholyte storage
tank. In another embodiment of the present disclosure, adjust-
ing the OCV value for each battery includes transferring a
volume of catholyte from another source outside the battery,
such as from another battery, to the anolyte storage tank or a
volume of anolyte from another source outside the battery,
such as from another battery, to the catholyte storage tank.
[0147] In one embodiment of the present disclosure, active
capacity management utilizes positive electrolyte pump pres-
sure, managed by control valves, to transter electrolyte from
the anolyte pump discharge line to the catholyte return line or
from the catholyte pump discharge line to the anolyte return
line. Such pump may be the same or different from a pump
used for actively transferring electrolyte from one to the other
ol the catholyte and anolyte tanks, as described above. Active
measures for capacity management may be controlled by the
BMS as dictated by operating conditions. In other embodi-
ments, active transier can be accomplished manually or semi
automatically using external pumps or other common fluid
transier devices.

[0148] Another form of active capacity management 1s to
automatically or manually inject reactants into the electrolyte
to cause a chemical rebalancing. In one example, a measured
amount of fructose 1s added to the catholyte, which 1s reduced
according to the following formula:

CH,50+24V0, +24H=24V0?*+6CO, 1 +18H,0.

[0149] In other embodiments of the present disclosure,
other reducing agents may be added to the catholyte, includ-
ing but not limited to sugars, alcohols, organic acids, oils,
hydrocarbons, and any combination thereof. In yet other
embodiments of the present disclosure, other oxidizing
agents may be added to the anolyte, including but not limited
to air, oxygen, hydrogen peroxide, ozone, and any combina-
tions thereol.

[0150] Adjusting OCV may be controlled by the battery
management system (BMS) during battery operation or may
be performed during maintenance of the redox tlow battery.

Example 9

Stack Performance Recovery

[0151] In a string of three, series-connected, KW-scale bat-
teries with capacity management adjustments, the energy
density decline of about 7% 1s shown 1n FI1G. 24 for over 200
cycles. As compared to the energy density decline 1n FIG. 22
of about 7% over only 35 cycles, matching operation miti-
gates performance degradation of a battery string.

(Gas Generation During Operation

[0152] Asdiscussed above, most REFBs have side reactions,
such as hydrogen generation. Hydrogen generation increases
the average oxidation state of the electrolytes, which can
result 1n a capacity decrease. In addition, hydrogen gas gen-
eration 1n a closed space can create safety concerns. Further,
most RFB negative electrolyte solutions include strong
reductants that can be oxidized by oxygen 1n the air. Such
oxidation also increases the average oxidation state of the
clectrolytes, which can result 1n a capacity decrease, as dis-

cussed below in EXAMPLE 10.

[0153] For chlonde-containing redox flow battery systems,
a small amount of chlorine gas may be generated. Chlorine
gas 1s a strong oxidant, and therefore, can be rapidly absorbed
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by the negative electrolyte solutions through surface contact
if the chlorine gas 1s permitted to travel to the headspace of the
anolyte, as discussed below with reference to a gas manage-
ment system.

Example 10

Anolyte Instability when Exposed to Air

[0154] The anolyte 1n a VRB was exposed to air with a
solution-air contact surface ratio of 2.6 cm. As seen 1n FIG.

277, the anolyte state of charge decreased rapidly from over
70% to 0% 1n less than 25 hours.

(bas Management System

[0155] A gasmanagement system canbe employed to man-
age the gasses generated 1n a RFB. Although the gas manage-
ment system described herein 1s designed for a vanadium
redox tlow battery, the same gas management system con-
cepts may be applied to other non-vanadium redox flow bat-
teries.

[0156] With reference to the simplified schematic i FIG.
25, the components of the gas management system 94 will
now be described. As discussed above, catholyte and anolyte
tanks 22 and 24 are in a substantially sealed system with
liquid electrolyte 1n each tank, and each tank may include a
headspace above the respective anolyte and catholyte. In the
illustrated embodiment, the headspaces above the anolyte and
catholyte have free gas exchange with the respective anolyte
and catholyte. In the 1llustrated embodiment, the gas manage-
ment system 94 includes the gas headspaces 66 and 68, a gas
transier device between the catholyte and anolyte tanks 22
and 24, such as electrolyte transfer conduit 92 (which also
allows for gas transier), and a gas pressure management sys-
tem 96 (shown as U-tube 100, to be described 1n greater detail
below). In one embodiment, as discussed above, the gas trans-
ter device may be a conduit that allows for gas 1n the respec-
tive anolyte and catholyte headspaces to diffuse and exchange
with each other. The rate of exchange 1s determined by the
cross-section area, length of the conduit, and gas diffusion
rate.

[0157] During operation, anolyte and catholyte tanks 22
and 24 are filled with electrolyte up to a fill line allowing for
a headspace in each tank 22 and 24, and then sealed. The RFB
system 20 1s started 1n operation and the gas compositions of
the headspaces start to change as oxidation starts to occur and
hydrogen starts to be generated, as seen in FIG. 29. In one
mode of operation, air 1s present 1n the respective headspaces
of the anolyte and catholyte headspaces during electrolyte
filling or other maintenance operations when the tanks are
sealed. In another embodiment, the headspaces are purged
with nitrogen or another inert gas as part of the sealing pro-
Cess.

[0158] As discussed above, the tank system may include a
tank electrolyte transfer conduit 92 located at or below an
overflow level in either the anolyte or catholyte tank 22 or 24.
The electrolyte transfer conduit 92 may allow for the transfer
of liguid electrolyte and gas exchange from the headspaces 1n
the anolyte and catholyte tanks 22 and 24. Ifthe transfer of gas
trom the headspaces in the anolyte and catholyte tanks 22 and
24 15 provided 1n the electrolyte transter conduit 92, then the
clectrolyte transter conduit 92 1s also a part of the gas man-
agement system for the RFB 20.

Jan. 7, 2016

[0159] Inanother embodiment, the gas transier device may
be an independent gas transier device different from the elec-
trolyte transfer conduit 92. For example, the gas transier
device may be a conduit designed for gas exchange between
the anolyte and catholyte headspaces 66 and 68, but not for
liquid electrolyte transfer. In another embodiment, the gas
transier device may include one or more conduits which may
be mndependent gas transier devices or may be combined with
an electrolyte transier conduait.

[0160] The gas transfer device (shown as electrolyte trans-
fer conduit 92 1n the illustrated embodiment of FIG. 25)
provides a means to equalize the pressure between the anolyte
and catholyte tanks, control the flow and exit location of
gasses vented by the gas management system, and allows for
diffusion of gas between the anolyte and catholyte tanks.
[0161] In one embodiment of the present disclosure, for
example, a VRB, chlorine gas generated 1n the catholyte tank
24 by the following equation diffuses through the gas transfer
device 92 and moves to the headspace in the anolyte tank 22.

Cl4+2V2r=2V3*12CI~

[0162] When 1n the anolyte headspace over the anolyte
surface, the chlorine gas 1s absorbed by the anolyte as it
oxidizes to C1,0,. The chlorine gas oxidizes quickly, betore
it has a chance to vent from the gas management system 94
through the gas pressure management system 96, described
below.

Example 11

Chlorine Gas Absorption by Anolyte

[0163] As seen 1mn FIG. 26, in an anolyte at 35 degrees
Celsius having a gas volume to gas-liquid surtface ratio ot 40
cm, chlorine concentration 1n the gas phase at 1400 ppm 1s
absorbed to 0 ppm 1n less than 80 minutes.

(5as Pressure Control

[0164] In addition to the gas transfer device, the gas man-
agement system 94 may also include one or more gas pressure
management systems 96 to maintain a barrier between ambi-
ent air and the gas management system 94, control gas pres-
sure 1n the headspaces 66 and 68 of the gas management
system 94, and allow any necessary bi-directional pressure
equalization between ambient air and the gas management
system 94. In that regard, the gas pressure management
device 96 may allow for the release of excess hydrogen gas
generated by the anolyte 1n the anolyte tank 22. The gas
pressure management device 96 may also release carbon
dioxide and nitrogen, and any other gases that may build up 1n
the gas management system 94. However, as discussed above,
any chlorine gas generated by a system (such as a vanadium
redox flow battery containing chloride) tends to be absorbed
by the anolyte 11 the chlorine gas 1s allowed to migrate from
the headspace 1n the catholyte tank 24 to the headspace 1n the
anolyte tank 22 through gas transier device 92.

[0165] Referring to the i1llustrated embodiment of FI1G. 13,

the piping interface 144 of the pump tub assembly 120 may
also include a third connector 170 that connects the head

space 66 of the anolyte tank 22 and the head space 68 of the
catholyte tank 24 through the gas transfer device 92 (see also

FIG. 14A).

[0166] Referring to FIG. 25, in accordance with one
embodiment of the present disclosure, the gas pressure con-
trol device 1s a U-shaped tube (U-tube) 100 1n fluid commu-
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nication with the headspace 66 of the anolyte tank 22.
Although shown 1n fluid communication with the headspace
66 of the anolyte tank 22, the U-tube 100 could also be
suitable configured to be 1n fluid communication with the

headspace 68 of the catholyte tank 24.

[0167] As illustrated in FIGS. 2 and 25, a connector point
172 provides an access position for the gas pressure manage-
ment system 96 to the head space 68 1n the anolyte tank 22.
However, other suitable connector points are within the scope
of the present disclosure. In the illustrated embodiment, the
U-tube 100 has a U-shaped body 102 and a first open end 104
in fluid communication with the headspace of the gas man-
agement system 94 and a second open end 106 1n fluid com-
munication with an external atmosphere. The body 102 con-
tains an amount of liquid 108 that remains in the plumbing
trap created by the U-shaped body 102 between the first and
second ends.

[0168] In the illustrated embodiment, the U-tube body 102
1s a conduit which may have a constant cross-sectional area
along the length of the U-tube from the first end 104 to the
second end 106. In another embodiment, the U-tube body 102
may have a different cross-sectional area at the first end, as
compared to the second end (see FI1G. 26).

[0169] The U-tube body may be designed to include battles

or enlarged sections to prevent the loss of liquid as a result of
bubbling or a sudden discharge of gas.

[0170] As non-limiting examples, the U-tube may be filled
with a liquid selected from the group consisting of water, an
alkaline aqueous solution, propylene glycol, ethylene glycol,
an aqueous solution of inorganic compound, an aqueous solu-
tion of organic compound, a water 1nsoluble organic liquid,
and combinations thereot, through which certain gases in the
headspaces of the RFB will diffuse. A suitable liquid may be
selected depending on the system, operating pressures, and
types of gasses being emitted from the gas management sys-
tem 94. Other suitable liquids may be selected to provide
certain operating characteristics, for example, a desired tem-
perature range or an ability to scrub or eliminate undesired
vent gases (such as chlorine) from atmospheric discharge. In
some non-limiting examples, the U-tube 100 may include a
combination of liquids, for example, an alkaline solution with
an o1l layer on top.

[0171] The U-tube 100 of the present disclosure allows for
bi-directional gas exchange between the gas management
system and the atmosphere. In the i1llustrated embodiment,
the U-tube 100 1s 1 fluid communication with the anolyte
headspace 1n the anolyte tank 22 and the atmosphere. In one
non-limiting example shown i FIGS. 26 A and 26B, the
U-tube 100 may include, for example, 15 inches of water.
When the pressure inside the anolyte headspace exceeds 15
inches of water, gases such as hydrogen may start to bubble
out of the tube 1nto the atmosphere.

[0172] The U-tube may be configured to allow entry of an
external gas into the gas management system when an exte-
rior battery pressure exceeds an interior battery pressure, for
example, greater than or equal to 15 inches water. In the same
example, the U-tube will prevent the entry of an external gas
into the anolyte storage tank when the exterior battery pres-
sure exceeds the interior battery pressure by less than 15
inches water. In addition, the tank head space may have some
flexibility to allow for expansion.

[0173] Asseenin FIGS. 26A and 26B, the U-tube 100 may
have a uniform cross-section at the first and second ends. In
another embodiment of the present disclosure shown 1n FIGS.
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26C and 26D, a U-tube 200 may have a different cross-
sectional area at the first end, as compared to the second end.
The effect of a change 1n cross-sectional area 1s that the
pressure set points for gas entering and leaving the gas man-
agement system may be different. For example, the first and
second end cross-sectional areas may be sized so that the
pressure requirement for gas exiting the gas management
system 1s 15 inches of water, but the pressure requirement for
gas entering the gas management system from the atmo-
sphere 1s only 6 inches of water.

[0174] In one embodiment of the present disclosure, the
interior battery pressure in the anolyte headspace 1s between
—-10 kPa and 10 kPa, -5 kPa to +5 kPa, and -3 kPa to +3 kPa.
[0175] As a non-limiting example, a U-tube 100 may have
a length of 24 inches and a uniform diameter at the first and
second ends of 2 imnches. As another non-limiting example, a
U-tube may have a length of 24 inches and a non-uniform
diameter at the first and second ends of 1.5 and 2 inches. As
described above, such variations may independently change
the pressure regulation and the resulting rate of transier of
gases 1nto or out of the gas management system.

[0176] In accordance with other embodiments of the
present disclosure, the gas pressure management device may
include more than one U-tube device, one or more pressure
regulating valves, one or more check vales, or a combination
of these or other pressure management devices.

[0177] As discussed above, hydrogen generation can be a
concern 1 RFBs. In that regard, hydrogen in combination
with other gases may reach a flammabaility limit and pose a
risk of ignition. The closed gas management system mitigates
this risk by keeping constituent gases i1n tank head spaces

below tlammability limits as described below in EXAMPLES
12 and 13.

Example 12

Gas Phase Composition Change During Battery
Operation

[0178] AsseeninFIG. 29, hydrogen, oxygen, and nitrogen
gas phase composition changes during battery operation. In
that regard, hydrogen 1s generated by side reactions, from 0%
to about 60% after 60 hours of operation. Oxygen decreased
from about 20% to less than 5% after 60 hours of operation.
The oxygen was consumed by a vanadium oxidation reaction.
Nitrogen decreased from about 80% to about 35%.

Example 13

Limits of Flammability of Hydrogen

[0179] As seenin FIG. 30, H. F. Coward and G. W. Jones,

Limits of Flammability of Gases and Vapors, Bureau of Mines
Bulletin 503 (1932), when the oxygen level 1n air and carbon
dioxide or nitrogen 1s less than 5%, the gas mixture i1s not
flammable. Because the gas management system 1s a closed
system, no additional oxygen becomes available.

Active Recovery of Average Oxidation State

[0180] As discussed above, 1n addition to electrolyte trans-
fer between the anolyte and catholyte tanks, high electrolyte
average oxidation state can be recovered by adding reductive
reagents to the positive electrolytes. Suitable reagents may
include hydrocarbons, such as fructose. These reductive
reagents can be oxidized by the catholyte, releasing carbon
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dioxide. Such reductive reagents may be added periodically,
for example, during scheduled maintenance or automatically
by the BMS system during battery operation.

[0181] Carbon dioxide generated during this process
purges chlorine gas out of the catholyte tank through the gas
transier device to the anolyte tank. As described above, the
chlorine gas can then be absorbed 1n the anolyte. In addition,
the generation of carbon dioxide can also purge hydrogen out
ol the battery system through the gas pressure management
device. With reference to EXAMPLE 13 above, the addition
of carbon dioxide to the gas management system helps main-
tain the non-flammable characteristics of the gas manage-
ment system.

Example 14

Fructose Addition

[0182] As seen 1in FIG. 31, energy density and average
oxidation state were recovered from about 19.25 Wh/L to
over 20 Whr/L after the addition of fructose to the catholyte.
[0183] Fructoseadded to the catholyte 1s reduced according
to the following formula, consuming hydrogen and generat-
ing carbon dioxide and water:

CH,50+24VO0,  +24H=24V0?**+6CO, 1 +18H,0.

[0184] Therefore, as described above, the substantially
closed gas head spaces of the 1llustrated embodiment can be
managed to minimize energy capacity loss over time, and to
maintain a non-flammable atmosphere to maximize operat-
ing safety.

[0185] Anti-Siphoning Feature

[0186] In addition to providing pressure management and
other features previously described, the gas management sys-
tem 94 can also be configured to provide an anti-siphoning,
capability to prevent siphoning of electrolyte from one bat-
tery container compartment to another in the eventof a leak in
the electrolyte circulation system 40. For example, an anti-
siphoning arrangement may be used to prevent electrolyte 1n
the electrolyte tanks 22 and 24 in the second container com-
partment 62 shown 1n FIG. 3B from siphoning into the first
container compartment 60 that houses the cell stacks e.g., 30,
32, and 34, and other auxiliary and electrical equipment in the
event of a pipe rupture in the smaller front container compart-
ment.

[0187] In one embodiment, illustrated in FIG. 7, and
described 1n detail below, a siphon break 180 may be provided
without any active measures or valves. T-shaped tubing 186
connects the catholyte pump discharge 182 to the catholyte
pump return 184, and this connecting tube 186 1s also con-
nected to the head space 188 of the catholyte tank 24. When
clectrolyte 1s being circulated, a certain amount of electrolyte
continuously returns directly to the catholyte tank 24 through
the tubing 186. When pumping stops, the tubing 186 connec-
tion to the head space 188 provides a siphon break.

[0188] In another embodiment, illustrated in FIG. 34, a
siphon break includes an anti-siphon conduit connecting a
high point 1n the electrolyte circulation system with the head
space of one of the first and second containers or electrolyte
tanks 22 and 24. The high point should be higher than the
liquid level 1n the electrolyte tanks 22 and 24, but need not be
the highest point in the system.

[0189] Thesiphon breakincludes a first anti-siphon conduit
196 connecting the first container 24 discharge conduit 182
with the first container head space 190 and a second anti-
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siphon conduit 198 connecting the first container return con-
duit 184 with the first container head space 190. Likewise, the
same arrangement can be mstalled on the anolyte tank 22 (not
shown 1n FIG. 34). In the illustrated embodiment, the siphon
break does not include a valve.

[0190] The tubing 196 can be sized to alength and diameter
to mimmize pumping losses while allowing a siphon break to
occur 1n an acceptable amount of time. In one non-limiting
example, the tubing 196 may have an inside diameter of 4 mm
and a length of 3.8 meters to provide a siphon break within 1
minute while minimizing pumping losses.

[0191] The fluidic connection may be tubing, piping, or
some other suitable conduit that 1s sized in diameter and
length to minimize pumping losses while proving passive
anti-siphon action when pumping stops. Although active sys-
tems are within the scope of the present disclosure, advan-
tages ol a passive arrangement include the following: no
active control 1s required; the tubing 186 are constantly
flushed to maintain operability; the system 1s passive, and
reliability 1s increased.

[0192] Alternate anti-siphoning embodiments that may be
used to prevent siphoning of electrolyte from one container
compartment to another include a non-limiting arrangement
of one or more passive or active devices such as check valves,
tfloat valves, degassing valves, or activated valves.

Battery Energy Density

[0193] Evolving demands and applications for large-scale
energy storage systems drive the requirement for energy
dense packaging that provides site tlexibility and ease of
installation. Many RFB systems have relatively low system
level energy density, due 1n part to the combination of their
methods of system packaging, for example the use of tradi-
tional external tanks, or multiple containers that house the
tanks separately from the balance of plant (BOP). Other limi-
tations of traditional system energy density may be due to the
inherent chemistry of the electrolyte, limited space availabil-
ity for subsystems that manage shunt current losses, gasses,
clectrolyte utilization, or a combination of factors.

[0194] Inaccordance with aspects of the present disclosure,
the tanks, the container, and the remaining balance of plant
system, such as those described above, can be configured as a
selif-contained, substantially closed VRB unit that provides
maximum energy storage capacity per unit size of the con-
tainer, while maintaining safe and reliable operating criteria.
As such, RFB module 20 shown in FIGS. 1 and 2 constructed
in accordance with embodiments of the present disclosure
can be configured to have an energy density of 10 watt hours
per liter of electrolyte (Wh/L) or greater for an RFB battery
that has an energy capacity of at least 2 kW-hours.

[0195] The RFB module 20 1n embodiments of the present
disclosure also may be designed to operate continuously
while maintaining designed energy density for a minimum of
50 or a mmimum of 100 continuous full charge/discharge
cycles or the equivalent operating hours without interruption
by service or user mput.

General Arrangement

[0196] As discussed above the RFB module 20 described

herein, as can be seen 1 FIGS. 1 and 2, 1s designed to be
contained in a housing 50 having specific dimensions, for
example as an ISO shipping container having a length A,
width B, and height C. Space usage for the various compo-
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nents in the system can be optimized to maximize the amount
of electrolyte that can be filled into the housing 50. As will be
described 1n more detail below, configuration of the battery,
battery sub-systems, or components themselves as well as the
synergistic combinations of these elements allow the RFB 20
to achieve the specified energy density, both inmitially and
continuously over a period of time.

Space Utilization Features

[0197] As described above, electrolyte tanks can be manu-
factured to {it 1n the available space provided in a container-
1zed and space-optimized RFB system. In that regard, the
side-by-side design of the anolyte and catholyte tanks 22 and
24 allows for maximization of the total electrolyte 1n the RFB
20, extending from bulkhead to rear wall.

[0198] The housing 50 1s designed as structural support to
facilitate the use of previously described tlexible electrolyte
tanks for space efficiency. In that regard, according to the
present embodiment, the tanks 22 and 24 are designed to fit
closely within the housing 50, further reducing required tank
wall thickness and inherent tank structural requirements, and
maximizing tank volume for electrolyte containment 1n the
RFB 20. Further, the housing 1s fully welded to provide com-
pact secondary containment for the electrolyte 1n the event of
a leak, further reducing tank thickness and maximizing tank
volume.

[0199] In addition to the housing 50 design, other optional
components in the RFB system are designed and arranged for
enhanced use of space. Such components may be used ndi-
vidually 1n specific modules or together in concert. For
example, the pump tub assembly conserves BOP space 1n the
front of the battery container, while maximizing electrolyte
tank height, fill level, and volume available for electrolyte. In
addition to space utilization, the pump tub assembly also
helps to minimize leak hazards in the battery module. In
addition, as part of the electrolyte circulation system previ-
ously described, the looped tluid conduits 88 (see FIGS. 1 and
2 provide for a compact shunt current mitigation system that
maximizes fluid travel path length (component of current
flow resistance), minimizes pumping losses, and improves
battery overall efficiency 1n a small amount of space. Once
again, this allows for more available tank space to contain
clectrolyte.

[0200] To further optimize space efficiency, the designed
anolyte and catholyte tank volume ratio, such as a non-uni-
form tank volume ratio, can help maximum energy derived
from a total electrolyte amount 1n both the anolyte and the

catholyte.

Operational Features

[0201] Inadditionto space utilization features, one or more
operational passive or active management features can be
employed to improve the operational efficiency of the RFB
module and to also extend the continuous operational period
of the RFB module without shutdown.

[0202] As noted above, in addition to maximizing the
amount of electrolyte contained in the system to maximize
energy density, the RFB system 1s also designed to maintain
such energy density over a certain number of cycles, for
example, 100 full charge/discharge cycles. To help maintain
system capacity, one or more adjustments can be made to the
clectrolyte during operation of the battery. For example, as
the catholyte and anolyte volumes deviate from a predeter-
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mined volume, the system can be designed for a constant or
periodic transfer of electrolyte from the catholyte to the
anolyte (or anolyte to catholyte) to maintain predetermined
tank electrolyte volumes, whether by active or passive elec-
trolyte transier methods. Moreover, individual batteries can
automatically be periodically adjusted to conform to a
selected OCV value 1n a string to improve long-term perfor-
mance.

[0203] Inaddition, an optional gas management system can
be employed to remove or minimize reactions that decrease
performance over time and mitigate the effects of evolved
gases from the electrolyte. Such gases, 11 left unchecked,
could be harmiul to the system, create a safety hazard, or
require environmental emissions monitoring, particularly

chlorine and excess hydrogen gas that may be generated 1n a
RFB.

[0204] Flectrolyte Composition

[0205] In addition to space management for maximizing
the amount of electrolyte contained in the system to maxi-
mize energy density, the electrolyte 1tself may be formulated
to enhance the energy storage capacity of the RFB. In accor-
dance with embodiments of the present disclosure, 1n a vana-
dium redox flow battery, vanadium concentration 1s selected
from the group consisting of higher than 1.5M, higher than
1.8M, and higher than 2.0M.

[0206] While embodiments have been illustrated and
described, 1t will be appreciated that various changes can be
made therein without departing from the spirit and scope of
the disclosure.

1. A method of operating an all vanadium redox flow bat-
tery, comprising:
providing an all vanadium redox tlow battery comprising

an anolyte storage tank including a volume of anolyte
and a catholyte storage tank including a volume of

catholyte;

an electrochemical cell 1n fluid communication with the
anolyte and catholyte storage tanks; and

a predetermined range for the ratio of vanadium concen-
tration between the anolyte and the catholyte; and

transierring an amount of catholyte from the catholyte
storage tank to the anolyte storage tank, or an amount of
anolyte from the anolyte storage tank to the catholyte
storage tank, to restore the ratio of vanadium concentra-
tion to the predetermined range.

2-9. (canceled)

10. An all vanadium redox tlow battery system, compris-
ng:
an anolyte storage tank configured for containing a quan-
tity of an anolyte;
a catholyte storage tank configured for containing a quan-
tity of a catholyte;

an electrochemical cell configured for fluid communica-
tion with the anolyte and catholyte storage tanks; and

a conduit interconnecting the anolyte storage tank and
catholyte storage tank, wherein the conduit 1s configured
to allow a ligmid to flow between the anolyte and
catholyte storage tanks 1n response to a condition to
maintain a predetermined range for the ratio of vana-
dium concentration between the anolyte and the
catholyte.

11. The system of claim 10, wherein the conduit 1s config-
ured to allow the transfer of liquid and gas.
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12. The system of claim 10, wherein the conduit 1s posi-
tioned to include a gas travel path above the liquid level of the
anolyte and catholyte storage tanks.

13. The system of claim 10, wherein the quantity of anolyte
and the quantity of catholyte are based on the predetermined
range for the ratio of vanadium concentration.

14. The system of claim 10, wherein the volume capacity of
the anolyte tank and the volume capacity of the catholyte tank
are selected based on predetermined range for the ratio of
vanadium concentration.

15. The system of claim 10, further comprising a valve
associated with the conduit to conditionally regulate flow
between the anolyte and the catholyte storage tanks.

16. The system of claim 15, wherein the valve 1s configured
to be controllable 1n response to receiving control signals.

17. The system of claim 10, further comprising a pump
associated with the conduit to conditionally regulate flow
between the anolyte and the catholyte storage tanks.

18. The system of claim 17, wherein the pump 1s config-
ured to be controllable 1n response to receiving control sig-
nals.

19. The system of claim 10, wherein the conduit 1s config-
ured for passive transier of anolyte or catholyte between the
anolyte and catholyte storage tanks.

20. The system of claim 10, wherein the conduit 1s config-
ured for active transfer of anolyte or catholyte between the
anolyte and catholyte storage tanks.

21. The system of claim 10, wherein the conduit allows
catholyte to flow 1nto the anolyte storage tank, or anolyte to
flow 1nto the catholyte storage tank, 1n response to the con-
dition.

22. The system of claim 10, wherein system may be con-
figurable as avanadium-sulfate redox tlow battery, vanadium-
chloride redox flow battery, vanadium-mixed sulfate and
chloride redox tlow battery.
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23. An all vanadium redox tlow battery system, comprising
a plurality of tlow battery systems of claim 10, each redox
flow battery system in electrical communication with at least
one other redox tlow battery system.

24. The system of claim 23, wherein each redox flow bat-
tery 1s not in fluid communication with any other redox flow
battery system.

25. The system of claim 23, wherein the plurality of redox
flow battery systems 1s electrically connected in series.

26. The system of claim 23, wherein the condition includes
a difference 1 an open circuit voltage value between at least
first and second redox flow battery systems 1n the plurality of
redox flow batter systems.

277. An all vanadium redox flow battery system, compris-
ng:

an anolyte storage tank configured for containing a quan-

tity of an anolyte;

a catholyte storage tank configured for containing a quan-

tity of a catholyte;

an electrochemical cell m fluid communication with the

anolyte and catholyte storage tanks; and

means for transferring anolyte and catholyte between the

anolyte and catholyte storage tanks to maintain a prede-
termined range for the ratio of vanadium concentration
between the anolyte and the catholyte.

28. The system of claim 27, wherein the means for trans-
ferring 1s a means for passively transferring anolyte and
catholyte between the anolyte and catholyte storage tanks.

29. The system of claim 27, wherein the means for trans-
ferring 1s a means for actively transferring anolyte and
catholyte between the anolyte and catholyte storage tanks.

30. The system of claim 29, wherein the means for actively
balancing includes one or more of a pump and a control valve.
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