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ELECTRICALLY RECHARGEABLE, METAL-AIR BATTERY SYSTEMS AND METHODS

BACKGROUND OF THE INVENTION
[0001] With a combination of an aging clectrical grid infrastructure and integration of intermittent
generation sources that come from large scale renewable energy resources such as wind, sofar, and ocean
waves, there 13 an mereasing and crtical need to develop effective energy storage technologies to achieve
powwer supply stability of the grid and to shift clectric power supply during peak and off peak periods.
Litilitics are locking for wayvs o help add clean power o the grid, provent power outages and manage
peak loads o a cost effective way without adding additional gencrating capacity. Batteries are considered
critical clements m the expansion and large~scale adoption of renewable energy sources such as wind
power and solar farms.
f0002| To date no battery system has been a commercial success in this application for several reasons,
One reason is that the cost of existing battery svstems is currenily too high. Consequently, utilities
primarily use gas turbines to provide peak power as needed. However, they are not as versatile or useable
as trie storage devices such as batterses. Current battery eyele life 15 too low, making true bifetime costs
much higher than the mitial cost. Also many battertes (such as sodium-sutfur batteries) operate at elevated
temyperatures, contam hazardous chemicals, may have flammable materials, or may be subject to runaway
reaction such as those occurring in lithium based batteries. In short, there 1s no current commercial battery
technology that offers large scale battery size, suitable performance, and long discharge/charge cvele life
at a conunercially viable price and a viable hifetime for utitics.
j0003] Therefore, aneed exasts for improved battery systems. A further need exists for rechargeable

battery configurations that are commercially viable.

SUMMARY OF THE INVENTION
[0004] To overcome all of these problems a new electrically rechargeable metal-air system
design/chemistry has been provided in accordance with an aspect of the mvention. The metal-air cell
design incorporates a substantial number of novel and proviousty wnexplored chemical, materials,
structural, and design changes. These important chaonges and modifications will be described n greater
deta] below, In some embodimests, this metal-air cell may be a zine-air cell. Independent third party
testing o date has verified that the proposed zing-air cell could be discharged and charged over 200 times
with no evidence of air cathode degradation, thus a longer life is expected. Some {or all) of the
modifications listed herein may be combined to obtam cell performance with long cvele bife that may
make this zine atr system affordable and practical.
[OD03] An aspect of the invention is dirccted to a rechargeable metal atr battery cell comprising 3 metal
electrode; an air electrode; and an agueous electrolyte between the metal electrode and the air clectrode,
wherein the metal electrode directly contacts the electrolvte and vo separator is provided between the awr
electrode and the metad electrode. In some additional embodiments, no separator is provided between the

air clectrode and the electrolvie.
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[0006{ Another aspect of the invention is directed 1o a rechargeable metal air battery cell system
comprising a metal electrode; an air electrode; and an agueous clectrotyvie solution having a pH i the
range of about 3 to about 10, wherein the battery cell system 15 capable of at feast 300 discharge and
recharge cveles without physical degradation of the materials or substantial degradation of the battery cell
and system’'s performance.

[0007] A battery cell assembly mayv be provided in accordance to another aspact of the invention. The
battery cell assembly may comprise a cell comprising a metal electrode, an air electrode, and slectrolyte
between them: and a second cell also having a metal electrode, an air clectrode, and electrolste between
them. These two cells are connected 1n a manver where the metal electrode of cell #1 contacts the air
clectrode of the cell #2, Thig allows an air space or tunnel to be formed between the metal electrode of
cell #1 and the air clectrode of cell #2. , kv this configuration, the metal clectvode and awr clectrode are
paraliel to each other and horizontally ortented. In some embodiments, the metal electrode and air
clectrode may be substantially verticaliv aligned.

[0008] An additional aspect of this invention provides an encrgy storage system comprising: an
glectrolyvie supply assembiy having a flow control featare configured to distribute ¢lectrolvte, as needed,
to an undertving metal air battery cell; and one or more metal air battery cells comprising at least one port
having an overflow portion, wherein the flow control feature allows excess or surplas electrolvte to
overflow in each cell if electrolyie volumes increase considerably or to fill individual cells with
clectrobvic if electrolvte volames o a particudar cell decrease. 1o some erabodiments, the flow control
featares may be vertically aligned over the overflow portion.

{0009] A method for stormg encrgy may provide another aspect of the mvention, The method may
comprise receiving an electrolyte at an electrolyte supply task: allowing, if overflow occurs at the
electrohve supply tank, some electrolyte to fall from an clectrolvte supply tank to an underlving first
metal-air batterv cell; and allowing, if overflow occurs at the underiving metal-air battery cell, some
clectrohvie to fall from the underlving first metal-air battery cell to a sccond metal-asr battery cell or a
collection tank, This electrolyte cascading effect assures that electrolyte levels in all cells are full {to
mautain good clectrical contact) and approximately equal and level electrobvie volumes even with
expansion, contraction or evaporation of clectrolyie.

[0010] Additional methods may be provided 1 accordance with other aspects of the invention. A
method for storing energy may comprise providing ong or more bipelar air clectrodes with an air space
between {which may be called “centrodes™), more specificaliy baving a metal clectvode of a first cell in
contact with ap air electrode of a second cell, whercin an atr tinel is provided between the metal
clectrode and the air electrode; and providing a first frame extending over the one or more centrodes and
a second frame extending below the one or more cantrodes, wherein the first cell comprises the space
over the metal electrode and enclosed by the first frame for accepting an ¢lectrolvte and the second cell
comprises the space below the air electrode and closed by the second space for accepting as electrolvie.

In some embodiments, a centrode may be provided as described or illustrated elsewhere hercin.
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[0011] A svstem for storing utilify-scale energy, provided in accordance with an aspect of the invention,
may comprisc a plurality of vertically stacked metal-air cells comprising at least one frame, wherein one
or more air tunels are provided between individual cells; an electrolyte flow management system that is
configured to distribate electrolyte to onc or more cells or cell stacks; and an air flow assembly
configured to provide air flow through the one or more air tmnels. In some ambodiments, the clectrolyte
management system may be integral to one or more frames.

[0012] Other goals and advantages of the ivention will be further appreciated and undersicod when
considered m conjunction with the following description and accompanying drawings. While the
following description may contain specific details desenibing particalar embodiments of the invention,
this shouid not be construed as limitations to the scope of the mvention but rather as an exemplification of
potential or preferable embodiraents. For cach aspect of the invention, many variations are possibie as
suggested herein that are known to those of ordinary skill in the art. A variety of changes and
modifications can be made withan the scope of the invention without departing from the spint thereof.
INCORPORATION BY REFERENCE

[0013] All publications, patents, and patent applications mentioned 11 this specification are herein
mcorporated by reference to the same extent as if cach ndividual publication. patent, or patent apphication
was specifically and mdividaally indicated to be incorporated by reference.

BRIEF DESCRIPTION OF THE DPRAWINGS
[0014] The vovel features of the myvention are set forth with particularity in the appended claims, &
better understanding of the featares and advantages of the present invention will be obtained by reference
to the following detailed deseription that scts forth illustrative embodimernts, i which the principles of
the invention are utilized, and the accompanying drawings of which:
[0013] FIG. 1 shows rechargeable metal-air cells arranged in a horizontal orientation i accordance with
an embodiment of the invention.
[0016] FHG. 2 shows an cxample of individual cells that mav be stacked on top of one another,
[0817] FIG. 3 shows a single cell isometric section view in accordance with an embodiment of the
mvention,
[0018] FIG. 4A shows a system for maintaining a substantially constant and sniform electrolvte level
within an arangement of cells that are honizontally arranged, which may share a conunon electrolvte il
port and recircalation tank in accordance with an embodiment of the invention.
[0019] FIG. 4B shows an additional system for maintaining electrolyte levels within a plurality of cells
with side by side cells sharing fill ports and a separate tank or charger to swap spent electrolvie for
charged electrolyte (with zine metal or a zine sturrv) in accordance with another embodiment of the
mvention,
[0020] FIG. 5 shows an example of a battery stack configuration.
[0021] FIG. 6 shows an example of a centralized electrolvie management port for an energy storage
systern that allows each cell to ill and cascade or overflow into other cells in accordance with an

embodiment of the mvention,
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{0022 FIG. 7 shows an additonal view of a battery stack configiration with metal electrode — atr
clectrode connections vertically and also with horizontal redendancy to bypass a fatled cell.

[0023] FIG. 8A shows an exanmple of an insulated cargo container and HVAC machine vtilization for a
battery module with a separate stack of trays with an upper tank and a lower drain, to be part of an
clectrolyie recireulation system in accordancs with an embodiment of the mvention.

[0024] FEG. 8B shows mdividual trays of cells at bottom of battery modules with pipes that are part of a
reciveulation svstem on the container floor in accordance with an embodiment of the invention.

[0023] FIG. 8C shows a mumber of battery modules assembled in a battery svstem with recircalation
tanks and mverters or other power control equipment.

[0026] FIG. 8D shows a top view of a battery system meluding a plurality of battery modules within a
comainer.

[0027] FIG. 8L provides an example of an air flow assembly.

[0028] FIG. 8F provides an additional view of an atr flow assembiy.

0029] FIG. 8G provides an alternative example of an atr flow assembly.

(0036 FIG. 8H provides an example of a battery svstem within a container.

[0031] FIG. 9A provides a bottom wview of a cell frame assembly or trav with electrical connections at
the end of cach row that are horizontally connected.

[0032] FIG. 9B shows a view of a cell frame or tray assembly and one or more centrodes.

[0033] FIG. 10 provides a top view of four cells in a horizontal asserably positioned to share a common
fill and exit post, which may be referred o as a “gaad™

[0034] FIG. 1A shows a top view of an energy storage system with shared fill and overflow port among
cells 10 accordance with an erabodiment of the mvention.

[0035] FIG. 11B shows a side view or cross section of an energy storage system from FIG. 1A, angled
to burp or release gas with gravity, with a gravity-fed water supply tank above,

[0036] FIG. 12 provides a schematic of a three electrode design for an electrically rechargeable metal air
cell.

[0037] FIG. 13 shows an example of cell voltage over test tme in accordance with an embodiment of the

mvention,

DETAILED DESCRIPTION OF THE INVENTION
[0038] While preferable embodiments of the invention have been shown and described herein, it will be
obvious to those skilled in the art that such emboduments are provided by way of cxample only.
Numerous variations, changes, and substitutions will sow occur to those skilled v the art without
departing from the invention. R should be understood that various alternatives to the embodiments of the
mvention described herein may be emploved m practicing the invention.
[0039] The mvention provides electrically rechargeable metal-air battery svstems and methods. Varions
aspects of the invention described heremn may be applied to any of the particualar applications set forth
below or for any other types of battery systems. The jovention may be applied as a standalone system or
method, or as part of a grid/atility svstem or a renewable energy storage system or method. It shall be

ode
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understood that different aspects of the invertion can be appreciated ndividually, collectively, or i
combination with cach other.

Metal-Air Battery

[0040] Motal air battenies have potential for very lugh encrgy densities at low cost. Metal air battery

systems use atmosphoric oxyvgen as their cathode reactant, hence the "ar™ in its name. Metal air batteries
arg unique power sources n that one of the reactants - oxvgen- is not stored within the batterv iiself.
Instead, oxveen gas, which constitutes about 20 percent of ambient air mav be taken from the unlmmited
supply of surrounding air as needed and allowed to enter the cell where 1t is reduced by catalviic surfaces
inside an air clectrode. Oxvgen gas may be essentiallv an inexhaustible cathode reactant. Becagse oxygen
gas nced not be carsted within the ccli, overall cell weights, volume, or size may be relatively low and
encrgy densities (cell ampere-hour capacitics per given cell weight) may be high. For example, cell
weights and volume may be lower than cell weights of other battery configurations and energy densities
may be hagher than energy densities for other battery configurations. Another advantage is the simall
volume and weight taken up by air electrodes, which can result in higher specific characteristics of the
syvstem {Ab/kg and Alvl) compared to other clectrochemical power sources.

[0041] Metal-air battery systems may generate electricity by coupling an oxidation reaction at a reactive
metal electrode, which, during celt discharge may act as an anode together with oxvgen reduction reaction
at # cathode containing suitable oxveen reduction catalysts. Generated free electrons from the zine anode
mav travel to the aiv clectrode acting as a cathode through am exteroal load.

[0042] However, a kev drawback of metal-asr tvpe batteries may be that they typicallv have not been
clectrically rechargeable for large mumber of discharge and charge cveles. A discharge~charge evele is
defined here as one full electrical discharge followed by a full electrical charge. In some embediments, a
full clectrical discharge can last about 6 hours while a follow up full charge can algo last about 6 hours.
This 12 hour round trip discharge and charge cyele (with the possibility of shorter duration charges and
discharges to stabilize or regulate the grid) could be characteristic and expected for a tvpscal one full day
of backup service on the electrical grid. Electrical rechargeability mayv be necessary or highly desirabla
for any battery that is to be considered for grid applications. Traditional large scale metal air batteries are
either not at all electrically rechargeable or mayv only be cveled for less than a fow hundred discharge
charge cyeles. Furthermore, traditional large metal air batterv systems are not readilv available
conunercially. To be practical for unility applications, an clectrically rechargeable battery should
preferably deliver at Jeast 3500 to 10,000 high performance discharge and charge cyeles with good
overall efficiency, This would correspond to an approximate 14 ~ 30 vear bfe

[0043] Within a metal-air type battery, the clectricallv conducting electrolvte connecting the metal
clectrode and air electrode 15 usually a Hquid solution {in some embodiments water-based, agueous)
containing dissolved salts. Metal-atr bafteries may be thought of combining desirable propertics of both
fuel cells and batteries: the metal (¢.g. Zinc) 1s the fuel, reaction rates can be controlled by varving the awr
flow, and oxidized metal/eclectrohvic paste can be replaced with fresh metal or paste. A tremendous safety

advantage of metal air cells is the fact that they are mherently short circuit proof. Since metad air cells are
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himuted by the amount of oxygen thev can contingally withdraw and utilize from ambient s, they are
ultimately Limited by how much current they can produce. When a short cireait occurs inside a cell, anlike
other battery chemistries, a metal air cell simply does not supply ualinsted current — the current
delivering capability has a maximuarm, an apper Hmit. This 1s an important safety consideration. Metal air
battery svetems can inclade, but are not limited fo, aluminem-air, magnesiune-air, wron-air, lithium-air,
sodieme-atr, tfanium-air, bervliium-air, and zinc-air.

[0044] Zinc, in particular, has a mumber of advantages over other metals. However, any of the
embodiments discussed elsewhere herein may also be applied to any type of metal-air battery system
which may or may not inchide zine. Any reference to inc as an anode can also be applied to any other
mgtal, and vice versa. Any reforence to zinc-air batterics can be applied to any other metal-air batterics
and vice versa.

[0045]  Zinc may be an advantageous material becanse it is lightweight, non-toxic, inexpensive, readily
avalable, and has rapid clectrochemical reaction rates for plating during clectrochemical charging,
Because of this, zinc—air cells have been used as primary {throwaway) and rechargeable (reusable) cells.
Zine air cells may be recharged either mechanically ov clectricallv. In mechanically rechargeable
{refuclable) cells, consumed zine may be physically removed from a celi/battery and mechanically
replaced with fresh zine. Spent zine may be processed separately at a different Jocation back to metallic
zine. Such mechanically rechargeable batteries can be used for a grid storage application in some
embodiments.

[0046] In preforable embodiments, electricallv rechargeable cells mav be used. In the more practical
electrically rechargeable cells, electricity from an external source can be used to generate oxygen at the
air electrode, while zine metal may be electrochenucally re-deposited (plated) back onto the netal
electrode, to reconstitute the original metal electrode. Both of these zine air svstoms tvpically use
alkaline agueous electrolvtes based on highly caustie potassium hydroxide, KOH.

[0047] Daring normal cell operation during cell discharge, oxvgen from surrounding air may be reduced
(gains electrons) while the reactive metal undergoes oxidation (foses electrons). In zine air cells

containing alkaline electrolvte, for example, the following siraplificd cell reactions may occur:
3

At the anode: 2Zn + 40H~ = 2Zn0 V2H.0 + d¢ B =123V
At the cathode: O, +2H.0 e = 40H B0 40V
Overall reaction: 2Z2n0 +0- = Znd e LAY

[0048] In some instances, the actual anode reaction products are not siraply ZoQ +H,0 but rather
Zn{OH)". The overall anode reaction could therefore be written as

2Zn + 8OH — 2Za(OH) 4~ +de”
f0049] The generated zine oxidation product, potassium zincate, can remain in solution.
{0030 Zinc air rechargeable cells that use alkaline electvolytes mayv have a number of techuical issucs.
The first issue is that as air enters the cell, CO», carbon dioxide (normaliy present in ambient air) may
enter as well and slowly reacts with alkaline electrolvte to form inscluble carbonate species. These

insoluble carbonates precipitate within pores of the air electrodes and also in the electrolyte, Tlus

“fi~
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generated pracipiiate lowers electrieal conductivity of the electrolyte, and, because air electrode pores arc
being blocked by insotuble material, air electrode performance 1s markediy reduced. Although carbon
dioxide absorbing svstems have been used to renove (scrub) CO; from incoming air, the added weight
and complesity detracts from advasntages of metal air systems that vse alkaling electrolyte.

[0051] In addilion, because commonty used alkaline electrobyvtes suffer from being deliquescent
{absorbing water from the air), i humid environments, exeess water may accumudate in these battery
svstems, causing the amr electrode to become flooded with water. Since air {oxvgen) cannot readily diffase
through water, less oxvgen can enter and become reduced within the air cathode. This may cause alkaline
based air cathodes to guickly lose their active propertics.

f0052] Another issue with traditional alkaline-based zine air cells is that although ionic conductivity and
cell power performance improve with increasing OH- concentration, so does solubihity of formed zine
gpecies. This presents a cell design dilemma. On one hand, a higher pH is desirable for nnproved
clectrolyvte electrical conductivity and good cell capacity. The tradeoff 1s that lugher clectrolyvte pH can
{cad to greater solubility of formed zine discharge product which results in greater shape changes during
cell charge and hence lower cvele life. In other words, 1 a tvpical cell design, one may select having
either good cell capacity with poor cvele life or good cyvele Iife with poor cell capacities. The desired
combination of both good cvcle life AND good cell capacity is not currently available in
clectrochemically rechargeable metal air cells,

[0033] Yot another tssue with tvpical alkaline clectrolvies is that during clectrical charging, plated zinc
tends to migrate and redistribute over the zinc electrode. After only a few charging cveles, zine can
deposit in unwanted morphologies {e.g. as spongy, mossy, or filmmentarv/dendritic deposits). A dendritic
deposit is a deposit that protrudes out of the normally smooth zine surface. Irregularly plated zine
particles may bave higher electrical resistance and do not mechanically adhere well to cach other. These
zine particles may casily flake off metal electrodes to form isolated zine deposits. All of these factors
contribute to recduced battery capacity and reduced power outpat for traditional zinc air batteries after
continued discharge and charge cveles.

Battery Electrolyvte

[0034] In accordance with an aspect of the investion, a bagtery electrolvte may be selected that may
wnprove the performance of a etal-air battery, such as a zinc-air battery. In some cmbodiments, the
battery electrolyte may be an aqueous, chioride based electrolyte. In some embodiments, the electrolyte
may have a pH of about 6. The clectrolvte may have a pH of 10 or less, or any other pH valae mentioned

y-7

2

¥

herein or less. In alternate embodiments, the electrolyte may have a pH falling between 3-10, 4-9,

]

5.5-6.5, or 3.75-6.25. In some embodiments, an clectrolvte mav have a pH of about 3, 4, 5, 525, 5.5,
375,38,53.9,595,6,61,62 63,63 673 7, 8,9, or i), In some entbodiments, the electrolyvte may be
alkahi. The pH may be relatively pH neatral. In sonwe embodiments, substantialiv no carbonates are
formed as a resalt of CO: present i the air. The electrolyte may be non-dendritic with fittle or no €O

absorption.
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[0055] A battery provided m accordance with an embodiment of the invention may utihize an agueous,
chloride based clectrolyte. Because of lower electrolvte pH, no carbon dioxide {or an extremely low level
of carbon dioxide) is absorbed from the air and thus no insoluble carbonates form in either the electrofyte
or air electrode. Tn addstion, since chioride based aguecous electrolvtes are commonly used in zine plating
indusiries (o deposit smooth and well adherent zine deposits, zing plating efficiencics (during cell
charging) should be markedly mmproved.

[0056] A preferable chioride-based clectrolyie in a 2ine air cell 18 m accordance with an embodment of
the invention, An clectrolyvie mav comprise a mixture of soluble chlornide salts in agueous solution.
Soluble chionde salts may have a cation switable for vielding a soluble chlonide salt in an aqucous
solution. Cations of suitable chloride salts may include zine, arsmoniwn, sodiam, or any other cation that
can yield soluble chioride salts in aguicous solations, & conductive clectrolvie may be a nuxture of
soluble salts based on sulfiates, nitrates, carbonates, hexfluorosilicates, tetrafluorchorates, methane
sulfonates, permanganate, hexaflsorophosphates, borates, or phosphates, cither singly or mixed together
in an aqueous solution, If a mixture of chlonde electrolyvtes 1s used, for example, this new zine~air cell
may be described as:

Zn/ZnCly, NHCE HO/0, (Carbon)
Here, reading from left to right, zinc may be the anode. It can be separated from the clectrolyvte containing
ZnCl; and NH,Cl and H,0. The carbon based air electrode 13 where O; 18 reduced during discharge and
generated durmg charge.
[0D57] In some embodiments, KOH or other electrolvtes may be used. Such a svstem mav require or
utifize the addition of a C0O: scrubber as a potassinn hydroxide electrolyte absorbs Q5. Any electrolvie
kaown 1 the art may be used m conjunction with embodiraents of the svstens and methods described
herein.
[0058] In some embodiments, oxveen evolation may be eshanced by charging a cell at fow current
densities. Such current densities mav minimize or reduce Cl; evolation. Examples of such current
densities may include about 1 mA/em™ to about 100 mA/em’. Such current densities may be about loss
than, greater than ov between any of the following current densities: about | mAien’, 3 mAfcor, 10
mA/ent’. 20 mAdem®, 30 mA/eny. 40 mA/ent. 30 mAien’. 60 mA/em®. 70 mAiem®. 80 mAient’. 90
mA/eo’, or 190 mAiem®. The oxygen evolation may also be enhanced by regulating electrofvte pH.
Furthermore, oxygen evolution may be enhanced by using an clectrode or catalyst having a low over-
potential for oxygen cvolution.
[0059] by some embodiments, the metal electrode mayv be formed of zime, may be plated zing, or may
include zine i any other form such as an alloy. In accordance with one embodiment of this invention, the
cloctrolyte may comprise a mixture of about 13% zinc chioride (Zn{’l:) and about 3% ammonium
chloride (NH4Cly) i water by %o mass.  Electrolvte may alternatively comprise a muxture of about 13%
zine chloride and about 20% ammonium chionde m water by % mass. In some embodiments, the
agacous clectrolyte may contain varving amounts of zinc chloride and ammonium chloride or other salts

or chlondes such as L], For example, an electrolyic may comprise about 10%, 12%, 13%, 1%, 14.5%,
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13%, 15.5%, 16%, 17%, 18%%, or 20% zinc chioride or amsmomum chionde. In some embodiments, abowut
the same amount or similar amounts of zine chloride and anunonium chloride may be provided. Other
materials may be added to buffer the electrolyte. These could include sinmonnan citrate or other
compatible buffers sach as ammonium acetate, or anumonigm hydroxide in 1 - 2% mass. A porous carbon
air glectrode {cathode) contamning Mn or Co based catalysts mayv assist in the oxvgen reduction reaction.
[0060] During cell discharge, oxvgen from ambient air mayv enter the cell through a porous air electrode
and may undergo reduction at specifically designed catalyst sites i or on the aiv clectrode. The asy
clectrode may be a carbon based electrode. Meanwhile, at the metal electrode {which may be zing), zine
goes into solation as solable zine ions. In the presence of a chioride-based electrolyte, zine chloride may
be sonewhat soleble in the aqueous clectralyvte. As cell discharge confinues and niore zing 1o are
created, the solubility hinut of zine chlovide may be exceeded. This may cause some zine chioride to be
precipitated. Methods for dealing with the precipifation in accordance with ap embodiment of the
wmvention will be desernibed in greater detasl below. Duning cell charge, a reverse electrochenueal reaction
occurs, Oxvgen gas is generated at the air electrode while zine metal may be regenerated {(plated) back on
to the zinc clectrode.
[0061] A simplified dischargefcharge processes in chioride electrolvie, which may have a pH of about 6,
may be described by the following reactions:
During Cell Discharge

Cathode reaction: 2H++ % 0.+ 2 - H2O

Anode reaction: Zn= 7o o4 2e-

DPuring Cell Charee
Cathode reaction: HO+2CH = ZHCI YO, +2¢
Anode reaction; ZnCl + 2H + 28 = Zn +2HC

Zine species formed during cell discharge in an ammonium chioride electrolyte could be more precisely
described as Za{NH:LCla
f0062] At the air electrode, oxvegen obtained from ambient air may enter the cell through an aw
perraeable, hydrophobic, membrane. Doring cell charging, oxvgen gas mayv be produced via water
clectrolysis at the air electrode.
[0063] One effect of using chloride based aqucouns electrolytes in rechargeable zinc atr battery
technologies is that during cell charging (wnder anodic potertials), an unwanted side reaction involving
chlorme evolution may possibly occur

{(h 201 = Clg) +2¢ Eq=136V
[0064] Generating chlorine may be ap undesirable reaction i thus clectrolyte system since it can lower
overall cell charging efficiencics. For example, clectrical energy may go into gencrating chlorine rather
than mto evolving oxvgen. Therefore, it nay be desivable for the baftery svstem to be designed so that
during cell charging, anodic potentials favor oxygen evolution and minimize chlorine evolution.

(2} 2H:0 > 4H + O(g) tde’ Ee=123V
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[0065] Although oxygen evohution {reaction 23 with its lower oxidation potential is expeected fo
predenunantly occur because 1t is thermodynamically favored over chlorine evolution {seaction 1),
chlorine evolution 1s @ much simpler chemical reaction and has a lower overpotential. This means that in
chloride cnvironments, undesirable chlorine evolution may actually become more hikely to ocear than
oxvgen evolution.

[0066] Chlorne generated may dissolve m water to form hypochlorous acid, HCIO. Hypochionite 1ons
could then decompose into chloride, several known oxidized chlorine species, or even free dissolved
chlorine gas depending on the conditions. Even thovgh chlorine gas per-se does not remain #ntact, this
reaction may still be endesirable i our cell since 1t fowers overall charging efficiencies.

[0067] There arc a number of practical ways to minimize or reduce vadesirable chlorine {or
bypochlorite) evolution {or improve oxygen generation officiencies). Since oxygen evolution is favored
under low current density conditions, one possibility may be to lower charging current densities to favor
oxvgen evolution. {n some embodiments, desirable charging current densities may be about 10 mA/em”
to about 200 mA/em” and can be varied depending on the application up to the maximum charging or
discharging current that the battery will tolerate.

[0068] Another approach mayv be to regulate electroivie pH. At certain pH values, oxygen generation
may be more favored than chioring cvolution. Higher pH favors O, evolution over Cl, evolution. The
cloctrolvte nay be shehtly rased and buffered by addition of ammonium hydroxide, ammontum citrate.
Chlonne evolution 1s favored below pH 2. While ammonium chioride acts as a pH buffer in this system,
addition of aqueous ammoniwm hvdroxide would raise the electrolvte pH without adversely affecting the
electrolvte conductivity or other performance properties.

[0069] Another approach may be fo use air clectrodes or selected catalysts in the air electrode that have
high overpotentials for chlorine evelation and very low overpotentials for oxygen evolution, This way,
during cell charging, oxygen evolution is favored. This can be achieved either by modifving electrode
surfaces (as will be discussed i greater detasl further below), or by adding materials like MnQ, which are
well known to have low overpotentials for oxvgen evolution. Sinularly, addition of various clectrolvte
salts has been showa to minimuze chiorine evolution. Examples of such salts or chemicals mav include
cobalt chlonde, iridiem oxide (IO} or soluble Mo salts, Additionally, there are water-soluble additives
such as urca which are known to react with chlonne (it it is formed) to produce nos toxic, casily vented
£ases.

[007¢] It should be understood however, that the use of alkalt electrolvte can be used as part of the
disclogsed system herein 1f carbon dioxide is removed from the aie. I o, all the benefits of a cell ag
described herein coudd still be realized.

Zing Air Cell with Third Electrode

[0071] An aspect of the invention may relate to a reversible or rechargeable battery, such as a zine awr
cell, having a zine electrode and a carbon-~based cathode for clectrochenical reduction of oxyvgen gas.
This type of cathode may also be known as an atr cathode since the oxygen that is chenueally reduced (s

typically obtained from ambient air,
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[0072] Iniraditional imited electrically rechargeable metal air cells, air electrodes are expectad o
perform fwo opposite functions (hence the occasional name bi-functional air electrode). The first
function is oxyeen reduction (during cell discharge); the second fisnction is oxvgen ias evolution {during
cell charge).

[0073] Since a bi-functional air electrode serves diverse purposes — a reduction and oxidation - there are
two main challenges for these amr electrodes. Firstly, there are only a handful of conductive materials that
will ot readily corrode in aqueous clectrolvtes ander these wide shifts in applied electrical potential,
This makes selecting an air electrode current collector more challenging. Secondly, generating oxygen
gas bubbles dunng cell charging may introduce pressure and mechanical stresses 1n the porous carbon
stracture which weakens this air electrode.

[0074] One possible approach s to not require that the same porous air electrode perform both oxygen
reduction and oxygen generation reactions. Instead, in some embodiments, a third or auxiliary clectrode
may be provided, 1 licu of the standard air clectrode. The auxilary clectrode mav exclusively perform
cell charging and associated oxygen generation, Thus, one air electrode may be provided exclasively for
cell discharge while a second, auxiliary, air electrode is designed and used exclusively for cell charge.
This auxthary electrode may be sttwated either between the normally used awr electrode and metal
clectrode, or siisated on both sides of the metal clectrode. Since an aussliary electrode would usually only
be used during cell recharging and generating oxygen, it could then be optunized for recharge (oxygen
production) while the traditional air electrode would be optinuzed for discharge (oxvgen reduction).
[0075] FEG. 12 shows an example of this new clectrode configuration.  FIG. 12 provides a schematic of
a three electrode design for an clectrically recharecable zine air cell. Here, a traditional porous air
glectrode (CO) and a solid zine clectrode (AA) are separated by ligand electrobvie. A third, auxihary
clectrode (BB), which is only used during cell charge, and electnicallv isolated from clectrode AA, may
be siteated between electrode CC and clectrode AA. In some embodimesnts, the ausiliary electrode BB
may be electrically isolated from clectrode AA cither by an insulator or by a gap

f0076] Electrode AA mayv be a standard porous carbon air electrode, or any other type of air cloctrode.
Electrode CC may be a zine metal clectrode, or any other metal electrode or anode as described
elsewhere herein. A third electrode (BB), which could be a metal sereen, foil, mesh, or foam, or pressed
or sintered metal powder is only used during cell charging.

10077] During cell discharge, electrodes AA and CC are connected and electrical currents are produced.
[0078] Durmg ccll charging, clectrodes BB and CC may be automatically connected via an clectrical
switch and electrical currents from an external cireuit may be applied across these electrodes.

[0079] By using an auxibiary electrode arrangement, a different (possibly cheaper and more efficient)
charging electrode may be obtamed. During cell discharge, electrodes €CC and AA, connected through an
external circuit, may provide clectrical power. Current flow nay be in the same direction as in traditional
cella. Oxveen from ambicnt air mav be clectrochemicallv reduced by electrons generated at the zine

clectrode.
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[0080] Prior to cell charging, this third electrode (BB) mav be autornatically electrically switched into
the cell circwitry and clectrode AA s disconnected from the metal electrode (CC), such as zinc clectrode.
Now, during charge, clectrodes BB and AA are electrically connected and utilized. Carrent collectors
mav be configared to have increased surface arcas. These current collectors could be in the form of a
mesh, porous plates, wires, sereens, foam, pressed or sintered powder, sirips, or other suitable open and or
high surface area structures. This could allow betier contact with electrolvle for oxygen generation
reaction. The povous nature of this electrode allows clectrolvte to flow through and also allows generated
oxygen gas to casily escape. Since O gas 1s generated at this porous ausiliary electrode, there will be no
carbon black to become damaged.

[0081] This auxihary, third electrode may also be designed to contain specific catalysts to enhance O
evolution {catalysts baving low oxvgen overpotertials), In addition, thus third clectrode may then be
protected from reverse currents during cell discharge by using switching diodes that only allow this
clectrode to be utitized daring cell charge.

j0082] Afier the cell has been fully charged, the third (charging) electrode may be disconnected from the
cell circuitry and the standard metal electrode and traditional air electrode may be reconnected.

{0083{ During discharge electrodes AA and CC may be connected.

[0084] Daring charge electrodes BB and CC mayv be connected.

f0085] Any switching or connection/disconnection mechanism known in the art may be ased to provide
the desired connections during charging and discharging. Such connections may be made in vesponse to
mstructions provided by a controller.

[0086] The recharging air electrode may be made:

{. Larger than the discharge air clectrode to allow rapid recharging at lower current densities.

2. Smaller than the discharge atr electrode to occupy less volume and not block the air electrode.

Metal Hydrides as a Battery Anode

[0087] In some embodiments of the ivvention, titasium hvdride, TiH;, mav be a suitable imetal
clectrode/anode material i a hovizontally configured battery,
[0088] Unlike other AB3-tvpe metal bydrogen storage allovs such as LaNi:, T1 powder and its hyvdride
could be cheaper and have higher energy densities. Also, unlike other metal clectrodes that dissolve
when undergoing oxidation, TiH; docs not dissolve following tts oxidation. TiH: simply becomes sohid,
metaliic Ti.
[0089] As an anode, during the cell discharge cyele, TiH: may release two protons and two clectrons to
form Ti metal Dunng charge, two protons and two clectrons may be retumed to Tt and TiH, may be
formed again. The discharge/charge reactions could be:

BPrischarge:  TiH. a =>T1 + 2H+ + 2¢-

Charge: Tv + 2H+ +2¢- & s> TiH,
[0090] Typical metal hydrides detertorate following numerous discharge/charge eveling due to induced
mechanical stresses. This may cause decrepitation and smaller sized metal and metal hydride powders to

form. These smaller sized powders do not adhere together well, resulting in lowered cleetrical

I
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conductivity and poor cell performance. However, in conjunction with the present proposed horizontat
configured cell design as provided further herein, where metal electrodes are horizontally positioned, the
action of gravity may help even fingly divided Ti and TiH, powder settle back on the current collector
below. Even if the metal electrodes are slightly titted, gravity should nevertheless bring the Tiand TiH;
powder to settle back on the cwrrent collactor in a relatively even or wniform fashion. TiH; and Th
posvders will remam in intimate contact and this metal electrode can contimze o undergo oxidation and
reduction with good efficiency.

[0091] T1 powder may also be modified by treatment via any one of the various reatment progesses
proposed herein to make Tt more electricaliv conductive.

0092 Titanimm hydride can work as a standard bafiery or as a titanivnr-hydride~air battery. Features or
portions of the discussion relating fo titamum hvdride electrodes may also apply to zinc-air batferics or
other metal-air batteries and vice versa.

Horizontal Cell Configuration/Qrientation

j0093] In accordance with another aspect of the invention, a mietal-air battery svstem, such as a zinc-air
battery svstem, may have a horizontal cell configuration. FIG. | shows rechargeable zinc-air cells
arranged 1n a horizontal orientation in accordance with an embodiment of the invention. The battery
svstem may include a plastic frame 1002, 100b, an air electrode 102a, 102b, a metal clectrode 104a, an
clectrolvie 106a, 106b, and an airflow tunnel 108a, 108b. In some embodiments, an air clectrode 102a,
102b may meclude a hydrophobic membrane 110, carbon and catalyst 112, expanded titavium 114, and
conductive carbon 116. The air clectrode mayv functions as a cathode during cell discharge. The metal
clectrode functions as an anode during celt discharge. 1n other words, the air electrode functions as a
cathode during cell discharge and the metal clectrode functions as an anode during cell discharge. During
cell charging, the porous carbon air clectrode now functions as an anode while the metal electrode now
functions as a cathode. In some embodiments, a metal-air batterv cell system may comprise a metal
electrode, an air electrode, and an aqueous clectrolyte solution. I some embodiments, the electrolyte
may have a pH falling within the range of about 3 to 10,

[0094] In some examples, a plastic frame mav be formed of Noryl, polvpropyienc (PP), polyphenylene
oxide (PPO), polystyrene (PS), high impact polvatvrene (HIPS), acrylonitrile butadiene styrene (ABS),
polyethyiene terephthalate (PET), polyvester (PES), polvamides {PA), polvvinyl chioride (PVC),
polvurcthanes (PLU), polvearbonate (PCY, pobyvinvlidene chloride (PVDC), polyethylene (PE),
polvcarbonate/Acrvlonitrile Butadiene Styrene (PC/ABS), or any other polyvmer or combination theveof,
In some embodiments. the plastic used to form a frame may be chosen for its abilify to telerate high
temperatare, .o, as high as the boiling pomnt of the clectrolvte. 1n some embodiments, the plastic wused to
form a frame mayv be mjection meldable. A plastic frame made from injection molded plastic such as, bt
vot hnuted to, Noryl may be designed to hold both a solid zine clectrode {(shown o the bottont of the
celly and an air electrode. The zing electrode on the bottom of the cell may be separated from an expanded
metal titanium current collector screen (embedded within the  underside of the porous carbon aty

clectrode by a fixed distance. Filling this separation space between the zine electrode (mmetal
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clectrode/anode) and tilanium sereen current collector {air electrode/cathode) 1s the electrically
conductive, agucous chloride electrolyvie sohution
f0095] Frame 100a may surround & cell. An air electrode 102a may be provided as a top layer of a cell.
A metal electrode 104a mav be provided as an mtermediate portion of a cell. An airflow tusnel 108b
may be provided between the metal electrode 104a of a first cell and an air electrode 192 of a second
cell. An electrolvie 106a may be provided within the cell. The electrolvie 106a may be contained by the
frame 100a and may be supported by the metal clectrode laver 104a. In alternate embodiments, the
positions of the air electrode and metal electrode may be switched so that a metal clectrode may be
provided as a top layver, and an air electrode may be provided as an mtermediate portion
0096 In some embodiments, the air clectrode may be a carbon oxvgen cathode electrode or polymer
based oxvgen clectrode baving an aiv permeable hydrophobic catalvtic membrane, a corrosion resistant
metal current collector, wherent during electrical charging under anodic potentials, oxvgen evolutton may
be favored. Air electrodes may also inclade any materials known in the ast.

10997 In some embodiments, low temperature gas plasma treatment may be used to markedly enhance
adhesion of metals to various plastics. Gas plasma has been shown to unprove adhesion of vapor
deposited metals to various polvmer surfaces. By treating polymer surfaces with various gas plasmas
prior to applving structural adhesives, a stronger, more durable bond, may be formed. Examples of
desirable gas plasmas may include Oy, mixtures of CFQ,, or Ny Such treatment is expected to enhance
adhesion of a plastic frame to a metal electrode. 1n etther single cell or multi-cell designs, there may be a
number of locations within cell stacks where a plastic surface is adhesively bonded to a metal surface
with structural adhesives. This longer lasting seal could translate 1 a longer hved cell

[0098] There are a mumber of distinct advantages to having a honizontal electrode orentation. Furstly, a
horzontal configuration may aliow cells to be rapidly and inexpensively assembied from mjection
molded plastic containers or frames. Another advantage is that no porous battery separator 1s needed. In
most batteries separating membranes are often expensive and puncturing this membrane is also the key
fatture mode of these batteries #s well, By clinunating a need for a porous battery separator, cells may be
mere inexpensively and rehiably maoufactured and used. 1n some embodiments, an electrolyte within a
pasticular cell mav directly contact a metal electrode of that same cell. In some embodiments, the
clectrolyte mav or may not dircetiv contact the air electrode of the cell. No separating laver need be
provided between the clectrolvte and the metal electrode. In some embodiments, no separation or
separating layer may be provided between the electrolyvie and the mietal electrode and/or awr electrode.
For example, a rechargeable metal air battery cell may be provided, that has a metal electrode, an wir
electrode, and an agucous electrolyte between the metal electrode and air clectrode, wheren the air
clectrode may directly contact the electrolvie and no separator is provided between the air electrode and
the clectrolvte.

[0099] Eliminating a separating membrane is a key to lowering battery costs to affordable fevels and
helping extend battery ovele Hife so that it becomes sutable for utility use. By orienting cells so that a

metal electrode is on the lower portion, gravity helps keep the plated metal electrode from contacting {and
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shoriing) the air ¢lectrode above. In some embodiments, the metal electrode may be a zine metal anode,
and gravity may keep plated zinc from contacting the air electrode above. This creates an extremely
reliable battery since there 1s no membrane 0 fail and the cell relies on gravity to ensure proper operation,
A rechargeable metal air battery system may be capable of a large mumber of discharge/recharge cveles
without phyvsical degradation of matenals or substantial degradation of the battery cell svstem’'s
performance. In some embodiments, the system may be capable of about 100 or more, 200 or more, 304
or meore, 330 or wore, 400 or more, 450 or more, 300 or more, 700 or more, 1,000 or more, 1,500 or
more, 2,000 or more, 3,000 or more, 3,000 or more, 10,000 or more, or 20,000 or more
discharge/recharge cveles without substantial degradation,

{08100} During cell operation, reaction discharge products may primarily be zine chloride. When the
sotubility of zinc chioride exceeds tts solubility hinuts {and since it is formed in chloride-based
electrolyvtes the presence of chloride 1ons will, via the commeon 1on effect, cause zine chloride solubility
fimits to be quickly excecded) it precipitates. The honzontal configuration together with assistance of
gravity should help precipifating zine chionde particles settle back onto the horizontalty positioned zine
metal electrode below. Since zine chioride particles deposit on/near the zine electrode, zine 1ons will
undergo considerably less migration. This means that during celi charge, when zine 15 deposited back on
the metal clectrode, there mav be Iess zine lost to other locations in the cell. This lcads to considerably
mproved zine eyeling efficiencics and mproved cell capacity. Eliminating & membrane separator in
rechargeable cells also means that mternal resistance losses within cells may be miminuzed or reduced.
This lcads to higher operating potentials and less waste heat generated.

{09101} A horizontal geometry may also allow for establishing a reproducible fixed distance between the
zine clectrode (anode) and current collector of the air electrode. This belps control electrotvte resistance
more reproductbly. In some embodiments, a battery cell may have a frame that supports the metal
electrode and air electrode af a fixed distance from one another. A fixed distance may define a space in
which a liquid electrolvte may be contained. Sccondly, i horizontal geometries, where cach individual
air breathing electrode s facing upwards, numerous zing air cell asseniblies may be stacked on top of
cach other. This not only increases erergy densities (since cells may now be closely packed together) but
also allows for designing a battery svstem with horizontal gas flow manifolds where air mav be puomped
through battery casings betyween mdividaal cells to circalate air/oxygen on top of cach dividual air
electrode.

(00102} FEG. 2 shows an example of individual cells that sy be stacked on top of one another. A cell
may include a plastic frame 200a, 200b, an air ¢lectrode 2028, 202h, a metal clectrode 204a, 204b, and
an clectrolvte 206a, 206b. The clectrolvte may be contaned by the plastic frame and may be sapported
by the metal electrode. In some embodiments, the air electrode may be provided above the electrolyte.
The clectrolyte may be sandwiched between the metal clectrode and air electrode. One or more air flow
tannels 208a, 208b may be provided between the cells. An air flow tunnel 208b may be provided

between a metal electrode 2042, and an air electrode 202b.
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00103} Thus, two mdividaal cells may be separated from cach other by a horizontal air passage or tunnel
{not drawn 1o scale). This horizontal cell configuration may allow airfoxygen to be pamped and
cirenlated between colls to individual air electrodes. Flowing atr/oxyeen to air electrodes ssay allow cells
to maintain their oxvgen sapply cven at higher current densities and additionally provides cell cooling.
Air circalation need not be contingally operating and air flow rates may be regulated via feedback
mechanisms. In some embodiments, air mayv flow in the same direction for aach of the air flow tunnels,
Alternatively, air withun differcnt air flow tunncls may flow 1n varving directions.

{00104 by one example, a fan (which may include axial fans, centrifugal fans, cross~-flow fans), pump, or
any other mechamsm for producing airflow may be used. One or more acteators mav be part of the air
flonw mechanism or may be in conuvunication with the ar flow mechanism, Examples of actuators may
nclude but are not limited to, motors, solenoids, lincar actuators, pneurnatic actuators, hvdraulic
actuators, electrie acluators, piczoelectric actuators, or magnets. Actuators mayv cause the air to flow
based on a signal received from a controller. The actuators may or way not be connected to a power
source. One or more sensors may be provided m a cell arrangement. In some embodiments, the sensors
may be temperatare sensors, voltage sensors, carrent sensors, of pH sensors. These seonsors may be m
communtcation with the controller. Based on signals received from the sensors, the controlier may
provide signals to the air flow mechanisms, which may vary and/or maintain the flow of air between cells.
f0B1053} As previously mentioned, there are a number of advantages of 8 horizontal geometry in metal-air
cells.
A. A horizontal gecometry may allow fixed/controlled electrobvie resistance, which may require
fess cell management.
B. A horizontal geometry may also provide case of physically assembling and stacking
multiple cells.
C. There may be no need for battery separator as gravify may separate materials of different
densities.
D, The precipitated discharge product may be helped by gravity, as previously mentioned, to
settle as an even or substantially even layer ou a metal electrode.
E. Ahorizontal design may assist in cooling cells and may also allow greater oxygen delivery,
which may allow higher currents
F. Gravity may also help to flow clectrolvie as tater described.
. Compression may hold cells in place.
{00106} A horizontal battery design need not be limited to a metal-air battery, such as a zinc-air battery.
A horizontal celf design mav be also ased in other battery systems where a solid or a shightly soluble
discharge product 1s formed. This may mclude, but is not lumited to, lead~acid ("flooded™ and VRLA)
batteries, NiCad batteries, nickel metal hvdride batieries, lithiam ion batterics, hthiam-ion polveer

batteries, or molten salt batteries.

~16-



WO 2012/012558 PCT/US2011/044715

Centrode Desien for Cell Interconnection

00107} ln accordance with an aspect of the invention, systems and methods may be provided for
mexpensive, sealable commections between muliiple cells.

00108} Interconnecting a mumber of individual metal air cells 1n a series electrical connection while
maintaining a horizontal geomeatrie configuration for one or more cells {or each cell) mayv be casily
accompiished by what may be referred 1o as a “centrode.™ A “centrode™ may be created by taking an air
glectrode of one cell and erimpivg it along both sides with a separate metal piece that may be electrically
attached to or may itself be the metal electrode in the cell above . The space between the metal electrode
{now positioned on top) and the air clectrode (now positioned below) may be separated by a thin air
channel 208a, 208k that allows air to be flowed on top of these air electrodes, This iz shown i FIG. 2.
The resulting centrode sub-assembly resembles a hat section when viewed through the air path 108a,
108 (front to back) as shown in FIG. 1. The metal clectrode and the air clectrode may be substantially
verticallv aligned and horizontallv ortented.

j00109] FEG. 1 ilustrates how a metal electrode 104a of a first cell may be crimped around an air
clectrode 102b of a second cell. thereby connecting the first and second cells in series. The metal
clectrode of a first cell and an air electrode of a sccond cell may be electrically connected m any other
way. For example, either the metal clectrode or the air electrode may be crimped agamst one another,
brazed to one another, welded to one another, pressed against one another, attached with conductive
adhesive, soldered to one another or otherwise fastened.

{00110} In some embodiments, an air electrode and metal electrode may be separated by a fixed distance
wherein the air electrode may be located above the metal electrode. The fixed distance may be uniform
across the arca of the air clectrode and metal electrode. Alternatively, the fixed distance mav be varying
across the area of the arca of air electrode and metal electrode. In some embodiments, the fixed distance
may fall in a range that may include about T mm, 2 mm, 3 mm, 4 mm, 3 mm, 6 mm, 7 wm, 8 may, 9 mm,
fom, 1.5 cm, 2 e, 3 om, or more. The fised distance between the air electrode and the metal electrode
may define a space m which an electrolyte may be contamned or provided. The air electrode and metat
electrode may be part of the same metal-air cell.

00111} Any number of cells may be assembled, stacked and connected to achieve whatever operating
total voltage is required. Each plastic frame may be a common parst designed to {it to the shape and
sealing reguirements of individual centrodes. Each centrode may have unigue upper and lower features
moided into the plastic. The features molded mto the plastic may be the same from cell to cell, or may
vary. The molded features may assist with stacking the cells, and for supporting the centrodes within the
cells. An awtomated process assembles the cells i modalar fashion by essentially sandwiching multiple
centrodes between two corresponding plastic cell frames. This process may be repeated continvously.
[001 12} FIG. 3 shows a single cell isometric section view i accordance with an ermbodiment of the
wvention. The cell may have a frame 300, metal electrode 302, and air electrode 304, The cell may have

desired shape or dimension. For example, the cell may have a rectangular shape, square shape, circalar
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shape, triangslar shape, trapezoidal shape, pentagonal shape, hexagoenal shape, or octagonal shape. The
frame may be correspondingiy shaped to it around the celi.

{00113} In some embodiments, a frame 308 mayv have a ventical portion 312, The frame mav alsg have a
horizontal shelf 306 that may protrade within the cell. The shelf may protrade from the vertical portion
anvwhere along the vertical portion. In some embodiments, the shelf may protrude at or near the bottom
of the vertical portion, at or near the top of the vertical portion, or at or near the center of the vertical
portion. The vertical portion and/or horizontal shelf may be provided along the entire circumifercoce of
the cell or may be provided along one, two, three, four or more sides of the cell. In some embodiments
one or more portions of the cell may or may not include a portion of the frame (e.g., the vertical and/or
shelf portion of the frame). In some embodiments, the shelf cross-section may be provided as a rectangle,
trapezoid, square, any other quadrilateral, triangle, or may have any other shape. In some embodiments,
the top surface of the shelf may be tilted. In some embodiments, the top swrface of the shelf may be tilted
dovwnwvard toward the center of the cell, or may be tilted downward to the penimeter of the cell.
Alternatively, the top surface may be flat with a horizontal orientation.

00114} In some embodiments, a metal electrode 302 may be provided below the shelf 306, I some
embodinents, a metal electrode may have a horizontal ortentation. The metal electrode mav contact the
underside of the shelf. In some embodiments, the metal electrode may be shaped to contact one or more
vertical sides 312 of the frame. Alternatively. the metal electrode may be shaped to be in close proximity
to the vertical side without contacting the vertical side. The metal clectrode mav be parallel or
substantiaily paralicl to the vertical side at that portion.

{09115} In some embodiments, the frame may have a bottom feature 314 provided on a lower portion of
the cell. In some embodiments, the boftom feature may be an indentation, groove, channel, slot, or hole
that may be provided at or near the bottom of the frame. The metal electrode mav be shaped to fit within
the bottom feature, A portton of the metal electrode fitting wathin the bottom feature may be paraliel or
substantialiv paralie] to the surface of the metal electrode spanming the cell. A portion of the metal
clectrode fitting within the bottom feature mav be perpendicular or substantiaglly perpendicalar toa
portion of the metal electrode contacting or in close proximuty to the vertical side.

[00116] In some embodiments, an air electrode 304 may span a cell. The aiwr electrode mayv have a
substantiaily planar configuration. In some embodiments, the air electrode may contact a bottom feature
314 of a cell. In some embodiments, the air electrode may be fitted within the bottom feature of the cell.
It some embodiments, a portion of the metal clectrode 302 mav clectnically contact the air electrode
within the bottom feature of the cell. For example, the portion of the metal clectrode may be crimped
around the atr electrode within the bottom feature of the cell. In preferable embodiments, a gap mav be
provided between the portion of the air ¢lectrode spanning the cell, and the portion of the metal electrode
spanung the cell. Aur may be provided within the gap. In some embodinents, air may flow within this
gap.

{00117} In some embodiments a top feature mayv be provided on an apper portion of the cell. In some

embodiments, the top featere may be an indesdation, groove, channel, slot, or hole that may be provided
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at or near the top of the frame. In some embodiments, the top feature may be a mirror inage of the
bottom feature. In some embodiments, a top feature may acconumodate a metal electrode and/or air
cloctrode above the cell. ki some embodiments. an electrical eomtact between a metal ¢lectrode and air
electrode may be sandwiched between a bottom featare of a first cell and top feature of a sccond cell. In
other embodiments, a top feature need not be provided. Also, a plastic cell may be injection molded
around a centrode or other electrical connections,
00118} Other configurations for frame featares, metal clectrodes, and air electrodes may be provided.
For example, a metal electrode mav be provided on top of a shelf. An air clectrode may be provided on
top of a cell. Positions of metal electrodes and air electrodes may be exchanged.
fOO119] In some embodimernts, a frame may inchide additional molded features such as a tip 308, The
frame may also inchide a slanted portion 3190, In some embodiments, a lip mayv capture an ¢lectrolyte. To
some embodiments, some of the electrolyte may be funneled by the slanted portion 310 ina cell. The
clectrolyvte mav be contamned by the vertical portion 312 of the cell and mav be supported by a portion of
the metal clectrode 302 spanning the cell. In some embodiments, the lip nay allow a portion of the
glectrolvie to flow through the ip portion of the frame and exut beneath the lip portion of the frame. This
may prevent or redace overflow of electrolvte from the cell. In some embodiments, the electrolyie may
be provided from within the cell, or may be provided from a source above the e or may be captured,
held or fod to a bladed or expansion chamber pushing up or diagonally up above the cell so that gravity
will push the clectrobvte back down when there is roon i the celi.
{00120} Apn additional advantage of a horizontal configuration s that cells may be designed so that
clectrolyte management becomes significantly easter. A gravity-based electrolvte management system
may be provided m accordance with an erabodiment of the iovention. As zinc-air batteries discharge, the
net vohene of the zime~electrobyte system may increase. i some accommeodation is not made, as the
electrolvie expands, pressure could hwld up and liquid electrolyvte could penetrate the underside of the air
clectrode. This may cause flooding of the air clectrode and the pressare differential from expanding
cloctrolvte may cause damage to the fragile air electrode. In small, closed batteries, extra space must be
allowed for clectrolyvte ligumd expansion. However, thus extra volame may lower overall encrgy density
and could create problems m a system where many cells are in series and all cells must maintain a correct
clectrolvte level, |t also does not allow new clectrolyvte to be fed nto the system or the clectrolyte to be
testad.
00121} ko accordance with an aspect of the 1nvention, this 1ssue may be addressed by four horizontally
aligned adjacent cells where all four cells share a common corner. This four celi assembly may be
referred to as a “quad”. At the point where all four cells mect, the cells could share a filling or overflow or
recirculation port. Each celf can be designed 1o have access to a small port. Each port may have a small
overflow lip L that may be titted slightly above the bottom surface of cach air clectrode.
[00122}FIG. S shows an example of a four cell quad, and FIG 4A shows a stack of cells i cross section
within a gravity-based clectrolvte management svstem. The gravitv-based clectrolvte management

system sy include a gas relief channel A, fron a tank or container B, which may be in fluid
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communication with another tank or contamer C. In some embodiments, valves or estry or exit ports D,
E mav be provided at a task. In some embodiments, additional tanks or containers F may be in
comammnication with a main tank or container €. Any distribution of tanks or containers may be
provided. These may or may not inclade filters that may capture unwanted particles. I some
embodiments, the tanks may also provide an opporfunity to provide any desired additives, As an
clectrolyie nwayv circulate within an clecirolvie management system, it mayv be replenished as necessary.
It some embodiments, the clectrolyte may be momtored as it cvculates within the system, and
modifications to the electrolvte may be made as needed.

[00123] A supply Msud passageway G may supplyv clectrolyvte to a battery system. A return fluid
passageway V may return electrolyte to the battery system. A fluid passageway may melude a pipe. tube,
chaongl or any other asscatbly that may transport flaid. Electrolvie may be supplied to an upper
electrolyte tank . One or more drains or £l port J may be provided. When an electrolyvite overflows K
the tank, 1t mayv drip down into an underiving cell and be caught by an overflow lip L.

{09124} An overtlow lip L may msure a constant liquid electrotyte level that is always mn comtact with all
pomts of the underside face of the air clectvode T. Electrolvie P may be provided within a cell. During
cell discharge when electrolyte expands. this fip may allow excess electrolvie to drain. All of this may be
accomplished without putting any hydrostatic pressure on the aw electrode. In other words, these unique
ports nmay allow for liguid expansion and gascous exhaust while maintaining proper {and automatically
controlied) clectrolvte levels. This electrolvte level balancing may also help maintasy uniform clectrical
performance. These ports (located at the conumon center of cach adjacent four cells- a “quad™) may hne
up vertically with other ports below to create a series of vertically oriented feeder pipes that may
distribute any overflow electrolvte from all parts of the stacked cells withia a siall sump tray U at the
bottom of a stack of cells. These ports may include a prismatic portion M that may break the electrohve
o tiny drops N,

00125} The cells may include an air clectrode T and a metal electrode R that mav be connected at one or
meore connection points . An air tunnel O may be provided between the air electrode and the metal
clectrode. 1n some erebodiments, the air clectrode and the metal electrode may form a centrode. A frame
Q may be provided for a cell, guad, or groups of cells or quads. The frames may be stacked within the
battery svsten.

j00126] One or more valves or ports 1 mayv be provided within an upper electrolvte tank H or sumyp tray
[, The port may allow additives 1o the electrolvie andior some of the clectrolyte to be dramned. A port
may allow the venting of gases. In some embodiments, ports may provide access to take measurements.
Ports mav have other ases.

[00127| During cell charge, when cleetrolvie volumes in cach cell decreases, these same fill ports may be
used to add hquid clectrolyte back wto each cell of a “quad™. A sump pumyp may be triggered to il the
upper “quad” during cell charge. Electrobyte overflowing this uppermost horizontal quad enters the drain
pipe and sumply fills the horizontal “quad” below it. Automatic filling of quads with electroivie may

proceed quickdy umtil all quads in a vertical stack have been refilled (or topped off) with electrolvie.
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These fil/overtlow ports may be designed to also serve another fimetion. A prismatic protrusion (M}
placed wnder cach overflow hip (4-1) may help break apart any electroivie Hquid ato small drops (N}
before they fall into & quad. This has the effoct of breaking anv electrically conductive circuit that nught
bave otherwise been created by a continuous conductive hiquid flow between individoal cells. An
unbroken flow of conduetive clectrobvte could have caused a large electrical short cireuit across the high
voltage produced by numercus cells stacked in series.

00128} In vertically oriented celis that use conventional plate and frame type configurations, liquid
connections between cells can be a source of energy loss and other design problems. The honzontal
configuration provided in accordance with embodiments of the invention, with the described fill/'overflow
port may minimize or reduce these issues with an easily assembled, mjection molded, plastic part.
[00129} The casc of assembly, modularity and scalability of thus design is also readilv apparent compared
to the difficuliies associated with conventional battery assemblies (See FIG, 5}

{00130} FIG. 4B shows an additional svstem for maintaining a constant ¢lectrolyte level within a plurality
of stacked cells in accordance with another embodiment of the invention, A gravity-flow battery
clectrolyte management system may snclude two separate systems. The first system may trclude a
transfusion station with an electrolste recharger. The second svstem may include a gravity flow metad-air
battery, sach as a gravitv-flow zinc-air battery.

[00131] An clectrolyte charger and fransfusion pump may be provided in accordance with an embodiment
of the invention. The charger may be clectrically connected to a charge plug which m ture. may be
connected to a power source, such as a gridfutlity, A rectifier may be provided to convert AC electricity
from a power source to DO to charge the battery. The fransfusion system with electrolyte charger may be
used for existing fuel stations, residential or fleet use. ko may be incorporated wnto pre-existing structures.
The transfuston pump may include one or more electrolvie conducting members A, B which mavbea
pipe, tube, channel or any other fluid passageway to convey an agueous electrolyte. A first electrolyvte
conducting member may be an electrolvie supply A, A sccond conducting member may be an clectrolyte
return B, Electrotyte may flow from the electrolyte charger and transfusion puwnp n the electrolyte
supply and may flow to the electrolvte charger and transfasion pump in the electrolyie return. In some
embodiments, a pump, valve, pressure differential or any other mechanism may be used (o cause
clectrolyte to flow. In some embodiments, a valve, switch, or locking mechasism may be provided that
may stop andfor start clectrolvte flow.

(00132} A gravity assisted electrolyvte flow metal-air battery may include a recharged electrolvte £} tube
A, a used electrolyte return tebe B, a control valve €, an electronic controller D, a pump E, a supply line
to an clectrolvie storage tapk F, a supplv line to upper manifolds G, upper supplyv control valves H1, H2,
upper electrolyte flow controfler 1, 12, ports 3-1, J-2, J-3, storage tank K, and electrobyvte retum line
from storage tank L. 1o some embodiments, 11 a gravity assisted flow design. gravity reay push the
electrolyte through the cells without requiring a pump to push electrolvte through the cells. In a gravity-

flow clectrolyte-overflow design, a wicking agent is not reguired.
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[001 33| An clectrobyte i1 tube A may provide an clectrolvte to the gravity flow metab-air battery. The
control valve € may determine whether electrolyte is to be provided to the metal-air batterv and how
much electrotvie/tlow rate need be provided to the battery. The control valve may be directed by an
clectronic controller D which mayv provide instructions to the control valve. These instructions may
determine how much electrolyte flow the control valve allows.  Instructions may be provided
agtomatically from the controller. The controtler may or may notf be in communication with an external
processor, which may provide instructions to the controller. In some embodinments, the controller may
have & user interface or may be in conmmunication with an external device that mav have a user mterface,
I some embodiments, a user mav be able to communicate with a aser interface, and may provide
mstructions o the controlier, which may affect instractions provided to the controf valve.
[00134] In some embodiments, the metal-air battery may have a pump E that may assist with flow and
circulation of the electrolyvie. In some embodiments, the pump may be provided 1n a storage tank K of the
metal atr battery, An clectrolyte return line from the storage tank L may provide electrolvie from the
storage tank K to the conttrol valve €. The electrolvte retwrn line from the storage tank may be connected
to the pamp. The pump may force electrolyte through the electrolyvte vetum line to the control valve., The
electronic controller may provide instructions to the control valve that may determine whether electrolyvte
can return and/or the flow rate at which the electrolvic can retun.
fOO135[ A supply line fo the storage tartk F may be provided. Electrolvie may flow from the controf valve
€ to the storage tank K. A supply line to upper mamifolds G may also be provided, Electrolvte may flow
from the control valve to the apper mamfolds. I some embodiments, one manifold may be provided. In
other embodinents, a plurality of upper manifolds may be provided. The upper manifolds may or may
not be i fluid compuinication with one ancther. To some embodiments, the clectrolvte provided through
the supply line G may be controlied by one or more upper supply control valves H1, H2. In some
embodiments, a control valve may be provided for each upper manifold. The costrol valve mav regadate
the electrolyte flow mto cach upper manifold. The electronic controllcr D mav be i communication with
the ypper supply contrel valves, The electronic controller may provide instructions to the upper supply
control valves. In some embodiraents, nstructions provided by the electronic controller wmay be provided
over a wired connection, or may be provided wirelessly,
{00136} In some embodiments, upper electrolvte flow controflers 11, 12 may control the electrolvte How
from the upper swanifold o the cells below. The flow controllers may break the electrelyte into drops.
The flow controllers may control the rate of the fluld being transferred from the upper manifold to the
underdying cedls.
00137} In some embodiments, the upper manifold and/or the storage tank K may have ports J-1, J-2, J-3.
In some nmplementations the ports may be in conumunication with the electronic controtier D, In some
embodiments, ports may provide access to take one or more measurements. The measurements may be
communncated 1o the electronic controller which may provide instructions to other parts of the clectrobyte

management svstem. For example, bascd on the measurements, the electronic controller may cause the
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flow rate of the alectrotyte to be adjustad, the temperature of the electrolyie to be adjusted, the pH of the
clectrohvic to be adjusted, or the composition of the electrolvte to be adjusted.
[00138] An clectrical connection may be provided within the battery system. For example, an electrical
conmection may be provided at a (+) side of the battery and an electrical connection may be provided ata
(+) stde of the battery, and mayv be comnected to a second charge plug, Charge plug 2 mav be plugged mto
a wall socket, such as a gridiutility. An AC o DC rectifier may be provided that may convert AC from a
grid/utility to DC to charge the batteries. A Bverter mav or may not be provided that may convert DC
from the batteries to AC as the batteries are discharged.
00139} In some embodiments, the voltage of the battery system may be monitored. In some
cmbodimants, the voltage of the overall system may be monttored, or the voltage of each module may be
wndividually monitored. When voltage drops unexpectediv, this may indicate a problest with one or more
cella. In some embodiments, the svstem may inerease electrobvte flow rate when the voltage drops.
{00140} In some embodiments, one or more characteristics of the battery and/or clectrolvte may be
monitored at a single poi. For example, the pH of the clectrolvte, temperature of the electrolyvie,
conposition of the electrolvie may be measured at a single point, such as the storage tank. The mvention
may include a simplified monitoring system that may determuine whether the system needs 1o be adjusted
without reguiring an expensive and complex sensing svstem,

Additives to Improve Zine Plate Quality and Form lnscluble Zine Speci

00141} Internal resistance (IR) losses can be kept low by plating out a good quabity zine coating during
cach recharge cyvele. A key factor i the longevity of this cell is that no specific clectrode shape has to be
maintained. Unlike many chemistries such as lead-acid i which the cveling actually damages the
glectrode, the battery may plate out a fresh coating of zine cach time. The battery syvstera may include
additives that may mnprove zine deposition on the metal electrode. With kev additives such as
polvethvlene glveol of various molecular weights, and/or thicurea, a fresh, smooth fevel, highly
conductive zine coating may be plated during cach cell recharge cycle. This zine laver may then undergo
oxidation to dissolved zine ions during the next cell discharge. Since no exact physical shape is required
during plating and since gravity helps hold deposited zinc i place, mctal electrode fanture {quite comaon
1 other battery systems} may now be minimized or reduced as a fatture mode. This helps achieve a very
fong cvele life battery.

j00142] Another embodiment may inclade other additives that would cause zine ions that are gencrated
{chiring oxidation at the metal clectrode during cell discharge) to remain close to the metal slectrode so
that they will be readily reduced (without excessive migration) duning cell charging. | would therefore
be useful to have a water soluble additive electrolyvte that {once in contact with Zn™" tons formed at the
metal electrode) may form an msolable zine species that can precipitate o the bottom of horizontally
oriented cells. Insoluble zine species may remain near the zine electvode and be more casily avaiable for
reduction during recharge. The battery system may inchide an additive that may contrel desirable
precipitation. Sach additives may inchsde any of the following water solable species. Examples of water

soluble species that form inscluble zine specics include: benzoates, carbonates, iodates, and stearates.
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[001 43| In some embodiments, additives having any of the properties described herein may include urca,
thiourea, polvethylene glveol, benzoates, carbonates, sodates, stearates, water solable catalyst surfactant,
or aloe vera, alone or it combination. In some embodiments, adding aloe vera extract may reduce zine
COTTOSION.

Soluble Catalysts as Electrolvie Additive to linprove Oxygen Formation Duving Recharge

00144} In addition to the solid catalvsts incorporated in the air electrode stself other materials such as
water soluble manganese salts can be added to improve cell performance during recharge. Since oxygen
1§ generated during cell recharge 115 also useful to allow oxvgen bubbles to casily escape. This can be
accomplished by adding surfactants that act as antifoaming agents (such as Simethicone or Dowex) to
break up generated bubbles. The battery svstem may include an additive that prevents foaming and
allows gas release.  Additives may include one or more of the following: simethicone, Dowex, aloe vera,
or other surfactants.

00145} The air clectrode can also be mounted with a small angle to the parallel to assist formed oxvgen
bubbles to leave a quad via a comnoen {ill port near the overflow lip. In some embodiments, expanded
titanim could also be disposed with a shight negative crown or stanmped perimecter gas relief chaaned so
that it may be ensured that the majority of air electrode surface area is comphiant with the electrolyte. Any
air bubbles or gases may easily escape via the common §ill ports. These configurations will also address
flatness tolerance issues and mitigate feveling 1ssues).

Urea as Electrolvie Additive to Eliminate Formed Chlorine

[00146] The battery system may inclade an additive that prevents chiorine and/or hypochioride evolution
during recharge. Urea may be added to the agucous battery electrolyte to control chlorine generation,
Ureca and chlorive may react to form chiotides and benign gascous produucts {e.g., Na, €04, and H;). I any
free chlorine is formed at all in the electrolvie during cell charging, it may readily react with soluble urca
to form additional chloride (which is already an electrolyte component). Generated gases from the
reaction of chiorine with urea are not hazardous and may be safely vented. Ifurea is added to the
clectrolvie and not replenished, then, as cells are charged (and if chlorine gas is generated), urea may
react with formed chlorine, be depleted, and not be available to remove any chlovine gas gencrated during
subsequent charging cveles.

{00147} In the cell design provided 1n accordance with an embodiment of the invention, electrolvics may
be periedically tested and, it chiorine levels are above a predetermined level, addifional urea may be
added as required. To some embodiments, the clectrolvtes may be manually tested. In other
embodinents, one or more sensors may be provided to astomatically test the chlorine levels and if
necessary, add additional urea to react with and remove chlorine.  In some embodiments, urca may be
manuaily added as needed. b alternate embodiments, urea may be automatically added when chlorine
levels are above a predeterouned level, 1o some embodiments, the predetermined level may be in the

rasige of 3% urea by weight bat typically would be a few ppm urea.
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[001 48 In some embodiments, the battery svstem may include an additive that may prevent hvdrogan
evolution during charging. The additive may include hugh hvdrogen overpotential chloride salts such as
tin chloride, lead chloride, mercurochioride, cadmiwm chloride, or bismuth chioride.

Rapid Recharge with Zinc/Electrolyte Slurry

{00149} With a horizontal cell design. a svstem may be providad where cells may be rapadiy recharged
(o.g., for long range mobile applications). Zinc chlonde particles formed duning discharge may be rapudly
removed from cells via suctionng this sturry into a waste tank or bladder. This used electrolyte liquid
may be replaced by fresh zine pellets in electrolyvte slarry that mav be pumped back mto the horizontal
cell. Solid zinc particles may settle to the bottom of the cell (metal clectrode). This mechanical
recharging is only expected fo take a fow mutes.

00150} In some emboduments, as showsn in FIG. 4B, one or more horizontal cells may be within a
housing or may form part of the battery housing. The housing may be connected to a tank. In some
embodiments, used clectrolvte liquid may be returned to the tank. The clectrolvte liguid mav be retumed
via a return pipe, tube, channel, conduit, or any other fiad commumications apparatus. In some
cmbodiments, the tank may supply clectrolvte hquid to the housing. The clectrolvte nay be supplied via
a supply pipe, tube, channel, conduit, or any other fluid communication apparatus. In some embodiments,
the same tank may receive the used clectrolyvte hiquid and provide fresh electrolvie liquid. Electrolyte
higuid may cycle within the svstem,  In some embodiments, the tank may have one or more treatment
processes that may treat the used electrolyvte liguid before it 1s supplied back to the bousing. For example,
fresh zine pellets may be added to the electrolvie. In other embodiments, different tanks mav be used o
recetve the used electrolvte hquid and provide fresh electrolyte liquid. Fresh electrolyte may enter the
system, and used electrolvte nay be removed from the systern.

{00131} The zine chlorde particles from the used cell can be regenerated locally or in some regional
factity (the equivalent of a refinery or tank farm) by well known electrochemical techniques. Sucha
modification would convert this system from what would be tvpically envisioned as a battery to more of a
flow type cell or zine air fuel cell. However, all of the above advartages would still be available, and a
longer discharge evele could be accomplished than a discharge cvele that would be available from just the
amount of zine that can it into each cell without the circulating of external zine. Another refueling
method could be described as clectrolyte transfusion, where degraded electrolvee may be exchanged with
frosh electrolvie for fast, convenient refucling, similar to traditionad pumping stations,

Metal-Air Battery Housing and Assembly

{00132} As previousty described, the metal-air battery system may mclude a battery housing. This
housing mav have any member of configurations that mav contain one or more enclosed individual cells.
In some embodiments, a cell itself may form part of the housing. For example, cells may be stacked so
that cell frames may form part of the housing. In some embodiments, the housing may by fhud-tight. For
exampie, the housing may be hiquid tight andfor air tight. In some embodiments, the housing mav include

One of Mmore ‘v‘t}l‘lﬂﬁg mechanisms.
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A Plastic housing with shared four cell “guad” and electrolyte fill/exhaust port system

00153} The lavout and design of a plastic cell frame can be optinuzed or improved for space efficiency,
strength, moldability, and minimized or reduced internal resistance losses due 1o lowered intercedl
resistance.

{00154} A cell frame design, m accordance with an embodiment of the mvention, may mcorporate a
conunon cantralized electrolyte management svetem whick may be shared by four mdivideally framed,
horizowtally oriented cells. In other erabodiments, the centralized clectrolvie management system mayv be
shared by any number of cells, inclading but not limited to one, two, three, four, five, six, seven, eight,
ning, ten, cleven, twelve, thitteen, fourteen, fifteen, sixteen, scventecn, cightecn, nincteen, twenty, or
more cells. This design may allow for optimal “centralized™ spacing, physical stackability, and electrical
cornectivity of the manifold systent.

[OOLSSEFEG. § shows an example of a battery stack configuration of an energy storage system. The
exterior walls of the plastic frames 500a, S00b, 500c, 500d may form a housing wall 502. In some
embodiments, four cells $04a, 504h, S04¢, 504d mayv form a guad 304 with a shared centralized
clectrolvie management systom S06.

[00136] Any number of cells may be stacked on top of one another. For exaniple, four cells 304e, Stde,
5041, 5042 mayv be stacked on top of onc another, In some embodiments, one or more, two or more, three
or more, four or morg, five or more, six or more, seven or more, cight or morg, nine or morg, ton oOr o,
twelve or more, fifteen or more, tweaty or nore, thirty or more, ot fifty or prore cells may be stacked on
top of one another. One or more ar flow passages S08a, 508b, 508¢, 508d may be provided for each cell.
The plarality of vertically stacked cells may be selected to achieve a desired voltage. 1If vertically stacked
cells are connected 1o serigs, the number of vertically stacked cells may correspond to an increased
voltage level. As desenibed elsewhere herein, a centrode mav be used to create a series connection
between cells.

f00157} Any number of quads or stacks of quads may be provided adjacent to one another. For example,
a first quad 504 may be adjacent to a second guad 318, One or more rows of quads and/or one of more
colaams of quads may be provided in an energy stovage system. In sone embodbments, an energy storage
system may include an 7 x f array of quads, wherein /, j are any whole numbers greater than or equal to 1,
wcluding but not inmted to £, 2, 3,4, 5,6, 7, 7,5, 9, 10, 11, 12, 13, 14, 15, or more. In other
cembodiments, cells or quads may have staggered configurations, concentric configurations, or be
positioned i any reanner with respect to one another. Gaps may or may not be provided between the
adjacent cells or quads. Alternatively, adjacent cells andfor quads mayv be electrically connected to one
another. In some embodiments, one or more cells, or one or more quads mav share a common frame with
the adjacent cell or quad. In other embodiments, each cell or quad may have its own frame which mayv or
mav not contact the frame of the adjacent cell or quad.

00138} As previousiy discussed. any number of cells may share a connmon centralized electrolyte
management svstem. Four quadrilateral cells may share 3 common centrabized electrolyie management

system, forming a guad. In other examples, six triangular cells may share a common centralized
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electrohvie management system or three hexagonal cells may share a common centratized clectrolvie
management system.  Any combination of ccll shapes may be used, whergin a corner of one or more cells
may share a common centralized electrolvte management svstem. Any reference to quads naay also be
applied to other numbers or configuragions of cells that may share a common centralized electrolvte
management system, Horizontal and/or vertical cross conductive connections may be provided. Thig
may provide redundancy of connection.

B. Elnigue manifold and exvity controtled drip svstem desien

001591 FIG. 6 shows an example of a centralized electrolvte management system for an energyv storage
svstem i accordance with an embodiment of the invention. A plurality of cells 600a, 600D, 600¢ may
share a conunon electrolyvte management system.  The electrolyte management svstem may include a lip
6023, 602b, 602¢ for cach cell. The lip may assist with contavung liquid electrolvte within the cell. The
clectrolvie management system may also include one or more slanted or vertteal portions 604a, 604b,
604¢. The slanted or vertical portion may direct electrolyte to flow into the cell. In some embodiments,
the combination of lip and slanted or vertical portion may capture electrolvte provided from above the
cell. 1o some embodiments, one or more support protrusions 606a, 606b, 606¢ may be provided. The
centralized electrolyvie management svstem may also melude a prismatic protrusion 6084, 608h, 608¢ that
allows overflow electrolyvte to dnp to underlving cells and/or an electrolyvte capturing tank below.

08160} In one example. an electrolyte laguid may be caught by an overflow lip 602a of a first cell 600a.
The clectrolyte iquid may flow down the slanted or vertical portion 604a and be contained within the
cell. Il the clectrolyte liguid overflows from the first cell, it may be flow over the overflow lip, and into
the prismatic protrusion 608a. B mav flow through the prismatic protrusion and be caught by the lip 6024
and slanted or vertical portion 604d of a second cell 600d below the first cell.  Electrolyvte mav be
captured by and contained within the second cell. If the second cell is overflowing or overflows,
clectrolvie fluid may flow through the prismatic protrusion 6084 of the sccond celi and be caught bva
third cell 600e, or mav continue flowing dowmward.

[00161f When intially filling a battery system wath electrobyte, cells on top may be filled first, and then
clectrobvic may overflow into underiving cells or guads, which may then flow over mto further
underlving cells or quads, for however many lavers of vertical cells are provided. Eventually, all of the
cells in a vertical stack configuration mayv be filled with clectrolvte and excess electrolvte may be
captured by a bottom reservorr tray beneath the cells,

(00162} Anv of the featares of the clectrolvte nwanagement system may be integral fo the cell frame or
may be separate or separable from the eell frame. In some embodiments, the features may be injection
moided.

f00163] The clectrolvie management system may continvally manage liguid clectrobvie levels in cach four
cell “quads™ to casure constant and uniform clectrical contact with the lower portion of cach amr-clectrode.
Sufficient electrolvte may be provided to the cells so that electrolyics may contact the lower portion {o.g.,
610a) of an air clectrode. Fa some embodiments, the lower portion mav be 3 metal electrode/anode. n

other embodinments, sufficient electrolyte may or may be not be provided to the cell to ensure electrolvie
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contacts a bottom portion 6123 of an air electrolvte overhead, The bottom portion of the air electrode
may be a cathode during discharge.

[00164| FIG. 3 provides an additionsd view of a cell having an electrolyvte management svstem in the
COTNEY.

[00165] In preferable embodiments, a prismatie protnsston or lip mayv be configurad to break any potential
connection of conductive liquid flowing between cells. The prismatic protrusion may break the
clectrolvie liquid into small sized drops. The prismatic protrusion may control the flow rate of any
overflow electrolvie.

[00166] The clectrolvie management system may be useful for allowing for efficient electrolvic overflow
and management. Overtlowmng electrolyte may be captured by cells below or may flow downwards until
it is captured by a tank below.

00167} The electrolyvie management system may also allow snwanted, generated gases to be safely
vented. In some embodiments, the gases may be vented through passages formed by the prnismatic
portions, cither upward, or downward.

00168} Advantageously, the electrolvte management systerm may replenish cells with hquid electrolyte
via a gravity- controfled, drip system. Cells may be replenmished by overflow from cells overhead, or from
an clectrolvte source. For example, as shown 1 FIG. 4A, clectrolyte mav be supplied to an upper holding
tank. Electrolvte may be supplied in any other mamner,

00169} As provided in embodiments of the wnvention, a gravity assisted overflow and common refill port
for cach cell mav be gencralized and used 1n any other encrgy storage device where liquid electrolvte
fovels mav change during discharge and charge. Such liguid management systenss need not be limited 1o
metal-air cells, such as zine air cells. Other types of coergy storage cells may utilize sinilar hquid
management systems. The level of liquid electrolvie may automatically be adjusted so that it only
touches the lower portion of each individual atr electrode.

00170} An additional modification to this design involves fabricating cach cell with a recessed cavity
cortaingd on ong side. This may function as a liquid reservoir where excess electrolyte volumes may be
safely stored as needed, When ¢lectrolvte volames decrease, the excess fiquid stored i this cavity may
astomatically flow down via gravity and be used to refill the cell thus assuring that all parts of the
clectrolyvte-facing side (bottom portion) of the air electrode remains i contact with the liquid electrolyvte,

. Conmpression design for rehiability

[0 71} FEG. 5 provides a view of a battery stack configuration.  As previously described, m some
embodiments, the outer surfaces of the frames of the cells can form a housing. In soswe embodiments, all
critical scaling surfaces may be ander vertical compressive load for added long term sealing reliability.
For instance, a compressive load may be applied to the stack of cells, which can distribute the
corapressive load to the frames. This causes frames to be compressed together and form a seal. The
compressive load may be provided in a direction that compresses a stack of eells fogether. The

compressive load may be provided in a direction perpendicular to a plane formed by a metal electrode or
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air electrode of the cell. In some embodiments, the compressive oad mav be provided i a verticat
direction.
{08172} Centrode assemblies may be sandwiched between corresponding plastic frames to form a seres
of individually sealed cells. As previousiy discussed, centrodes may be formed when a metal electrode of
one eell is electrically connected to the air clectrode of another cell. In one embodiment, this electrical
connection may be formed when a metal electrode 15 crimped around an ar electrode. This mav allow a
serial connection between cells. To some embodiments, a compressive force may be applied between the
cells. The compressive force may be applied to the connection between the metal electrode and air
clectrode. Applying a force that brings the metal clectrode and air electrode together may improve the
electrical connection between the metal electrode and air electrode. Fa some embodiments, the metal
clectrode and air glectrode contact point mav be sandwiched between plastic frames, and the compressive
load may provide a compressive force between the frames and contacts. A fhad tight seal may be
formed, which mav prevent electrolvte from flowing from one cell to another via the frame contact with
the centrode. This seal may be done or supported with adhestve,
{00173} Outer walls and interior partitions (which may form frames of the cells) may be structural
members designed to properly house and seal the mner workings of each cell, and apply compressive
loads on critical cell joints and scaling surfaces. This provides an casily assembled, reliable design and an
advantageous structural system when individual cells are stacked vertically. FEG. 1 and FEG. 2 show how
the individual cells may be stacked vertically. In some embodiments, the stack may be loaded with a
compressive foree which may be applicd to the frames and/or connections between the metal electrodes
and atr electrodes.

D. Metal electrode, air clectrode sub-assembly

{00174} FIG. 1 shows a connection between a metal electrode and air electrode.  In some embodiments, a
stamped assembly method crimps the metal electrode over the air electrode, forming a hat section for air
to pass through. In some embodiments, the metal electrode may be crimped over the air electrode so that
a portion of the metal electrode cortacts an edge on a first side of the air electrode and an edge on a
sccond side of the awr clectrode. In other embodiments, the air clectrode may be crimped over the metal
electrode so that a portion of the ar electrode contacts an edge on a first side of the metal clectrode and an
edge on a second side of the metal electrode. The metal electrode and air electrode mav be erimped
together i any manner so that they are bent or folded over one ancther with various configurations. In
some embodiments, they are erimped or otherwise attached together so that they contact ong another
without reguiring any bends or folds. Other ways of forming an clectrical connection, as mentioned
above can be used.

[OO1 73] A metal-air elecirode assembly may utilize different materials that are crimped to form an
clectrical flow connection along both sides of the air path. In some embodunents, examples of materials
for the metal clectrode mayv include zine {such as & zine powdered amalgam}), or mercury. Examples of

materials for the air ¢lectrode mav wnclude carbon, Teflon, or mangancse.
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[OO1 76| A metal~ar eloctrode assembly may be provided where the metal electrode provides the sealed
floor of the electrolvte pool above, while the air electrode forms the sealed cover for the electrolvte pool
below. For example. as shown in FIG. 1, a metal electrode 184a may form the floor of an electrolyte pool
106a. The air electrode 1022 may form the cover for the electrolvie pool. The metal clectrode and/or air
slectrode may be sealed.
{00177} A controde formed by the metal electrode and air electrode may have any dimensions. Oneg or
more of the dimensions {e.g., length or width) may be about Y47, 457 17, 27, 37,47, 57,67, 77, 87, 97, 107,
117, 127 or more.

E. Cross conductive desien between cells

[0B1 78} FICG. 7 shows an additional view of a battery stack configuration with metal clectrode-air
clectrode connections. A metal clectrode ~ air clectrode assembly configuration may be provided where
neighboring erimp flanges or other extensions of centrodes overlap or touch, creating a repeatable,
modular and hortzontally and vertically electrically connected series configuration.

H00179} A first coll may include frame members 700a, 700¢, and may have a metal electrode 702a. The
metal electrode may be crimped around the air electrode 704b of an underiving cell. 1o some
embodiments, the metal electrode of a neighboring cell 702¢ may be erimped around the air electrode its
undetiving cell 704d. In some cmbodiments, the electrical connection formed by the metal electrode
702a and air electrode 704h may be in electrical compumication with the electrical connection formed by
metal electrode 704c and air clectrode 704d. For example, one of the metal ¢lectrodes 702¢ may contact
the other metal electrode 702a. Alternatively, the electrical connection between neighboring cells can be
formed by any combination of metal electrodes and/or air electrodes contacting one another. In some
cmbodiments, clectrical connections between overlving and underiying cells and adjacent cells {e.g., the
conngction between T02c, T04d, 762a, 704b) nay be provided between frames (2.g., 7T00¢, T00d).
{00180} FIG. 7 shows an example of how metal electrodes and awr electrodes may make electrical
connections by crimping and folding. However, any combination of contacts between etal electrodes
and air clectrodes folded over or contacting ong another may be ased in accordance with various
embodiments of the tnvention. The positions of metal clectrodes and asr electrodes may be reversed in
alternate embodiments of the invention, and any discussion relating to metal electrode positions may
apply to air electrode positions and vice versa.

[00181] Overlapping or otherwise compliant crimp flanges may allow for a series or a series- paratiel
glectrical commection for system reliability, smmplicity and flexibility. For exaniple, one advantage of such
a svstem mayv be that fewer wires and connection points are needed because every row in a cell frame
may be electrically connected o series via overlapping crimyp flanges.

fOO182] FIG. 9A provides a bottom view of a cell frane assembly with electrical connections. One or
more ceils 900a, 900b, 900c¢, 900d may form a guad with a common clectrolvte management svstem 9602,
The bottom of a cell may be formed of a metal electrode. One or more frame components 904a, 904b,
904¢, 9044d, 906a, 906b may be provided, separating cells. In some embodiments, electrical connections

between cells may be provided for adjacent cells, For example, electrical connections may be provided
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between fwo or more cells within a row, such as boetween a first cell 908a and a second cell 900b, An
clectrical connection may be provided near a frame 904a between the cells. Electrical connections may
be provided between two or more cells within a column, such as between a first cell 90a and second cell
900c. An clectrical connection may be provided near a frame 906a between the cells. Electrical
connections mayv be provided for any combination of adiacent celis within a row or columa.

{00183} In some embodiments, electrical connections are not provided batween adjacent cells. In some
cmbodiments, clectrical connections may be provided only between overlving and underlving celis
forming a stack.

[OO184] FIG. 9B shows a view of a frame assembly and one or more controdes. A frame 880 mayv be
providing for one or more single cells or guads, or a plurality of single cells or quads. One or more
centrodes 882a, 882b may be formed of a metal clectrode 884 and an air ¢lectrode 886 A centrode may
be shaped to fit within the frame. In some embodiments, the frame may rest on the centrodes so that a
side portion of the frame forms a wall of a cell and the metal clectrode of the centrode forms the floor of
the ¢cell. A plurality of adjacent centrodes, ¢.g., 882a, 882b may be clectrically comnected to one another.
For cxample, a centrode may have a point where the metal ¢lectrode and atr clectrode contact one another
888. The contact point of a first cell may contact a confact pomt of the second cell. In some
embodiments, the centrode mav be formed so that an air tunnel 89 is provided between the metal
clectrode and the air electrode.

[00185} The frame 880 may include an electrotyte distribution assembiy 892 that may be integrally
formed mto the frame. The clectrolvte distribution asscmbly mayv include a slot 894 that may allow
clectrolvie to flow to undertving cells. The clectrolyvte distribution assembly may include an overflow lip
896 that may determine when an electrolvie overflows into the slot. Is some embodiments, the height of
the overflow lip may provide tolerance for when the cells or overall battery system s tilted. Even 1f the
overall battery system is tilted, it the overflow hip is sufficient!y high, sufficient electrolyvte will be
retained within the cclls before overflowing.

[00186] The frame sy also include a shelf 898 that may protrude from the frame. The metal electrode
884 mav contact the shelf. 1o sorne embodinents, a fluid-tight seal may be formed between the netal
electrode and the shelf The contact between the metal electrode and the air electrode 888 mav contact a
bottom portion of the frame 881, The bottom portion of the frame may rest op top of the contact posnt. A
fluid tight connection may or may not be formed. A bottom portion 883 of a frame may rest ontop of &
contact point formed between adjacent centrodes.

F. Stackable confieuration & modular assemblyv

[OO187FFIG. 3 shows a design that utihizes one plastic frame component that essentially sandwiches
mtiple centrodes between two of the comnmeon frames. This may advantageousty provide a simplified
design. For exanmple, as shown, a frame may be provided forming a gnd paticra that can span multiple
cella. The grid-pattern frames can be stacked on top of one another. In some embodiments, grid-pattern

frames may be formed of a single mtegral piece. Alternatively, the grid-pattem frames way be formed of
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muitiple pieces that may be connected to one another. The multiple pieces may or may not be detachable.
Centrodes 512a, 512b may be provided between the frames Sida, 514b, Sldc.

00188} The frame design may include a water management systent. The water management system may
be provided in FIG. 4, which may show water inlets, elevated overflow ports and prismatic drip edges, as
previously described. The water management system may be used to ensure a desired electrobvie fevel
within one or more celis.

00182} Wheo stacked, the plastic frame design can form a series of vertical tubes or pipes that aliow for
water overflow, drip replemishment of clectrolyle and gas exhaust. As previously discussed in refation to
FIG. 4 and FIG. 6, an clectrolyte management svstem may be provided. When the frames are stacked on
one another, the electrolvie managemernst system may be provided for stacks of cells.

[00190} The stackable frame assembly configuration may be both modular and efficicnt. The plastic
features may conforni to the mating shape of the metal electrode below and the air electrode above the
cell beneath i, which may allow for a modkilar configuration with fewer parts. FIG. 1 and FIG. 2 provide
an example of a stack of cells with features a1 the frames that may be molded to conform to the metal
clectrode and air electrode connection. Depending on the shape of the metal electrode and air electrode
conngction, the frames may be shaped to conform to the connection shape. In some embodiments, one or
more ridges, grooves, channels, protrasions, or holes mav be provided on the plastic frame to complement
a corresponding shaped feature of the metal electrode-air electrode connection. In some embodiments,
the complementary shape may keep the frame from shifting borizontally in one or more directions. Any
featares may be integral to the cell or separable from the cell. In some embodiments, frame features may

be imjection molded.

G, Modular installation and stilization configurations

00191} Mualtiple battery configurations can be achseved by scaling the frame design ap or down. For
example the frame design can inclade a single cell frame, guad cell frame, or multiple quads in a single
frame. The frame design for cach grouping {e.g., single cell, quad cell, multiple quads) can be formed of
a single integral picce. Alternatively, the frame design could include multiple parts.

{00192} In some embodiments, maltiple frames may also be provided adjacent to one another. For
example, multiple single~cell frames, quad-cell frames, or multi-quad frames may be provided adjacent to
one another. Frames provided adjacent to one another reay or nay not be connected to ove another using
a connector. In some embodiments, a foree may be provided to hold the frames agamst one another.
00193} Frames may be stacked to any desired height depending on power and storage demands. Aoy
number of frames may be stacked on top of one another, For example, one or more, two or more, three or
mere, four or prore, five Or More, SiX OF Bove, Seven or more, eight or more, MNe or ;ore, ten or More,
twelve or more, fifleen or more, twenty or more, thirty or more, sixty or more, ningty or more, 120 or
more, or 130 or more frames may be stacked on top of one another. In some embodiments, cach frame

may be about /47 W47, A7, 3717, 1287 1ET, 27,257, 37, 47,57, 67,87, 107, or 127 4all. In some
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embodinwenis, an overall height of a stack of frames may be in the order of aboutl 1 or more mches, 3 or
more mches, six or more nches, 1 or more feet, 2 or more feet, 3 or more feet, 5 or more feet, 10 or more
feet, or 20 or more feet,

00194} Stacks of individaal frames may be oriented i various directions to optimize air circulation. For
example, air funnels may be provided within cells. In some embodimends, the air tunnels may be
provided between cells. For example, a continvous air imnel may be formed between adjacent cells. Air
wriongls may be provided for columns of cells and/or for rows of cells. To some embodiments, the air
tunnels may be parallel to one another. In other embodiments, one or more air tunnels may be
perpendicular to one another. I some embodiments, air tunnels may be formed of a straight ling, or in
other embodiments, air funnels may have bends or curves. In some embodiments, when cells may be
shightly tifted, air tunnels may be substantially horizontally oricoted but have a slight rise and fall to
accommodate the tilt of the cells. Air may flow in the same direction for parallel agr tmnels, or may flow
i opposite divections. In some embodiments, an air tunnel may be confined to a single kevel, In other
embodiments, passages may be provided that may allow an air tunnel o be provided over muttiple levels
of the stacks. Any combiation of these configurations may be utilized.

{00195 A stack or series of stacks can be utilized in variouws configurations and installed in various
housings. For example, stack heights may vary. Sumilarly, the number of cells provided per level of a
stack may vary. In some embodiments, individual cell sizes or shapes may be untform, while i other
embodimenis, wdividual cell sizes or shapes may vary. Housing sizes may vary depending on the size of

the stacks. For example,

3

an overall energy storage svstem mayv bave one or more dimensions {¢.g.,
height, width, length) on the order of inches, feet, tens of feat, or hundreds of feet. Fach dimension may
be within the same order of magnitude, or may be within varving orders of magnitade.

{00196} A stack or series of stacks can be configured as a fuel cell svstem via the exchange or
replenishment of electrolvie, and the packaging of said support systems. For example, a zine-air fuel cell
svstem may include the addition of zine metal and the removal of zine oxide.  As previousty mentioned,
zing pellets may be added to the electrolvte. Zine oxide or zine chloride may be removed to a waste tank.

H. Ensulated carge contaner and HVAC machine stibization

{00197} FIG. BA shows an example of an insulated cargo container and HVAC machine etilization for a
battery stack in accordance with an embodiment of the invesntion. A plarality of modules 800a, 800b,
A00¢ may be provided within a housing 802, Each module may have a top tray 804, one or more stacks
of cells (which may include one or more fevels/layers of single cells, quad cells, and/or any number of
cells) 866, and a bottom tray or skid 808, Sece also FIG. 8H. and each stack of cells smght have a
manifold whereby clectrolvte can be sent or disconnected to a given stack or section of a stack. Simlardy,
clectrical connections can be segregated and disconnected to cartain stacks.

00198} In one example, 16 modules 800a, 800b, 800¢ of Y60 quad cells may be provided. Two rows,
cach having eight modules may be provided. In various embodiments of the trvention, any number of
modules may be provided, ncluding but not linuted to one or more, two or morg, three or more, four or

more, five or more, $IX Or more, seven or nrorg, 2ight or more, nine or more, (e or more, twelve or more,
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fiftean or more, twenty or more, thirty or more, fifty or more, or a mdred or more modules. s some
embodiments, the modules may be arranged in one or more rows and/or one or more columas. In some
cmbodiments, the modules may be arranged in an arrav. A housing 802 may be shaped to fit the
modudes. In somc embodiments, the housing mayv be about 40, 43, 30 or 52 feet long.

[00199] A moedule mav have anv dimensions. In some embediments, a module may be about 30 inches
by 44 inches. I one example, a module may comprise 80 or 1240 or more stacks of 15 or more or less
quad celis. However, a modale may be formed of avy numbers of fevels/layers in stacks, including but
not imited to 1 or more lavers, 2 or more lavers, 3 or more favers, 3 or more lavers, 10 or more layers, 20
or more lavers, 30 or more lavers, 40 or more layers, 50 or more layers, 60 or more fayers, 70 or more
favers, 80 or nere favers, 90 or more lavers, 100 or more layers, 120 or more layers, 130 or more layers,
or 200 or more fayers. Each stack laver may include any nurnber of single or guad cells. For exanyple,
cach stack levellaver mayv include 1 or more, 2 or more, 3 or more, 4 or more, 3 or more, 6 or more, 7 or
more, 8 or more, 9 or more, 10 or more, 12 or more, 14 or more, 16 or more, 20 or more, 25 or more, 30
or more, 36 or more, 40 or more, 36 or more, or 60 or more single cells or guad cells per lovellaver,
{00200} In some embodiments, a modale may incluade a top tray 804, The top tray may be configured to
accept electrolvie. In some embodiments, the top trav mayv be configured to distribute the electrolvte to
one or more cells. The top tray may be i flind commumication with electrolvic management svstems of
the cells. {n some embodiments, the top tray may be in flied comnupsication with one or siore cells. The
top tray may ciude one or more protrasions. The one or more protrasions may provide stractural support
for a cover over the tray. The top trayv mav wnclude one or more channels or grooves. Ia somge
embodiments, the top tray may include one or holes or passageways providing fluid communteation to the
underiving lavers.

{00201 A module may also include a bottom tray or skid 808, In some embodiments, the bottom tray or
skid may coliect electrolyte that may overflow from the stacks overhead. The bottom tray or skid may
contain the collected clectrolvie or may transfer it elsewhere,

f00202} A modular design may be crafted to fit i vartous standard ISO cargo contamers in an oplimized
fashion. v some embodiments, a housiag mayv be an ISO cargoe container. The housing may have a
fength of about 20 R (6.1 m), 40 (122 m), 45 1 (13,7 m), 48 £ (14 .6 m), and 33 & (162 m). An 18O
container mav have a width of about 8 feet. In some embodiments, a container may have a height of
about 9 fi 6 in (2.9 m) or 4+ 3-in {1.3 m} or 8 f1 6in (2.6 m). A modular design may also be crafted fit
any other various standard containers, such as air freight contaivers. The modular design may provide
flexibility for the energy storage svstem to fit within pre-existing containers or structure.

[00203} A moduular design mav take advantage of existing refrigeration and air handling equipment
attached to insulated containers as a complete HVAC soluation.

00204} Conventional cooling may be accomphished by properiy placing cooling vents to the outside of
the enclosure

{00205} In some embodiments, a battery svstem may wnclude one or more battery modules, one or more

electrolyie management systems, and ong or more air cooling assemblies. In some embodiments, a
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battery module may nclude a top tray, bottom tray, and one or more cell stacks. In some embodiments, a
stack of cells may include one or more lavers or fevels of cells.  Ia some embodinents, one or more ievels
or fayers of cells may include a single cell, a quad of cells, a plurality of cells, or a plurality of quads of
cells. For example a laver mav be made of an s array of cells or an mxs array of quads, where 1
and/or » may be selected from any whole number greater than or equal {o 1, including but not limited to
1,2,3,4, 56,7, 8,9, 10, 13, 12, 13, 14, 15, 16, 17, 18,19, 20, 21, 22 23 24, 25, or more. Each module
may xcorporate oue or more parts of an clectrolvite management svstem. Ty some embodiments, cach
quad may share one or more parts of an electrolvie management svstom.

[00206] In some embodiments, a module may be a 30 KW /300 kWh module. In other embodiments, a
meodule may have any other powerfencrgy. For example, a module ssay provide 10 kW or more, 20 kW
or more, 30 KW or move, 30 kKW or more, 70 KW or more, 100 kKW or more, 200 KW or more, 300 kKW or
more, 300 kW or more, 750 kW or more, | MW or more, 2 MW or more, 3 MW or more, 3 MW or more,
10 MW or more, 20 MW or more, 30 MW or more, 100 MW or more, 200 MW or more, 300 MW or
more, or 10060 MW or more. A module may also provide 30 kWh or more, 100 kWh or more, 200 kWh
or more, 230 KW hr or mose, 300 KWh or more, 350 KWh or more, 400 kWh or more, 500 kWh or more,
700 kWh or more, | MWh or more, 1.5 MWh or more, 2 MWh or more, 3 MWh or more, 3 MWh or
more, 10 MWh or more, 20 MWh or more, 50 MWh or more, 100 MWh or more, 200 MWh or more, 500
MWh or more, 1000 MWh or more, 2000 MWh or more, or 3000 MWh or more.

{00207} F1G. 8B shows hottorn portions of battery modules i accordance with an embodiraent of the
wvention, The bottom portions may mclude one or more stacks 820 which may inclade one or more
fayersilevels 836 of cells. The battery module may mehude a battery stack support 824 bencath the lavers
of cells. The stack support may support the stack under a fower tavk 822, The lower tank may be
configured to contain electrolvte that may flow from the stacks. The stack support may be configured to
prevent the electrolvte from contacting the bottom of the stacks, such as an air electrode at the bottom of
the stack. ln other embodiments, the stack support may allow electrolvte to contact the bottom of the
stack but may provide support for keep the stack support suspended over portions of the lower tank.
00208} In some embodiments, the fower clectrolvie storage tank which may be thermoformed, may
recetve electrotvie overflow and assist in cireulating the electrolyte within the battery svstem. For
example, the lower tank may divect the electrolvte to a testing tank, and then to an upper tank, which may
disteibute electrotyie to ong or nrore stacks. The lower tank may be fluidically connected to one or more
flaid distribution merbers 826 which may include pipes, chaancls, or any other passage for distributing
fluid keown in the art.

[O0209] A stack 828 within a battery modale mav include one or more lavers or levels 836, Aevel or
faver may inchde a frame 830, The frame may be mjection melded or formed in any other manner, In
some cmbodiments, a single integrally forreed frame meay be provided per layer or level. b other
embodiments, nuiltiple frames or separable portions of frames may be provided per laver or level, In
some embodiments, a frame may inclade a portion of an clectrolvte management svstem 832, The

clectrolyvie management system may be integrally formed within the frame. When layvers of the frames
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are stacked vertically, portions of the electrobyvte management system may become aligned vertically and
allow electrolvte to be distributed to the celis 834 within the lavers.
[00210] A cell 834 may be formed as swirounded by a frame 830 and supported by an electrode 828, In
preferable embodiments, the surface of the clectrode forming the bottom portion of the cell may be a
metal electrode. Electrolvie may flow into the cell and be supported by the electrode and contained by
the frame.  Any overflow of clectrolvte may flow into the electrolyte management svstem 832 and may be
distributed 1o an underlying cell, or may flow all the way to the lower tand 822.
{00211} FIG. 8C shows a plurality of battery modules in a battery system.  In some embodiments, a
battery system may inclide a housing which may inclade a floor 8480 or base or one or more walls 842 or
coverings. As previously mientioned, in sone embodimessts, a housing may be a standard contauer, such
as a shipping container,
{00212} A battery system may inclade an electrolyte management system. In some embodiments, an
clectrolyte management system may include one or more tanks 844a, 844b that may assist with
gireulation of electrolyte within the system or a reserve or supply of water to ensure consistant electrolvie
mix when evaporation occurs. These tanks may assist either with filfenng clectrolvte within the svstem
or assist in providing additives to the electrolvte withmn the svstem. In some embodiments, ong or more
pamps, valves, or pressure differentials such as a positive pressure SOUree, or Begative Pressure souree
may be used within the electrolyte system, thereby assisting electrolyte circulation. In some
embodimenis, the tank ray have an inlet andior outlet from the svstem. The mlet and/or outlet may be
used to remove waste or filtered matenal, provide additives, vent gases or excess fluid, or provide fresh
fluid figo the systemt. In some embodiments, one or more clectrolvie conducting members 846 mayv be
provided withio the battery svstem. The electrolvte conducting member may be a pipe, chaonel, or any
other assembly capable of transporting fluid from tank to upper tanks of stacks directly or via & manifold.
The electrolvte conducting members may transfor clectrolyvte from a tank 844a, 844b to one or more
modules 850, In some embeodiments, electrolvte may be transferred to an upper tray or tank of the
module. I some embodiments, electrolyvte conducting members may be used to transfer clectrolvie from
a module to a tank 844a, 844b. The electrolyte conducting member mav transfer clectrolvte from a
bottom tray or tank of a modele to a tank 8444, 844b.
00213} The battery system may inclade an air flow assembly, The air flow assembly may cause air to be
gireulated within the battery svstem. It somie embodimaents, the awr flow assembly mav cause air to flow
within the modules. In some embodiments, the air flow assembiy may cause aiv to flow m air funngls
between the cells. In some embodiments, one or more air tennels may be provided between each faver of
a stack. In some cmbodiments, the air How tunnels mav be horizontally oriented. 1o some embodiments,
air flow tunnels may be substantially horizomtally oriented andfor may have a slight it (g, 110 3
degrees). An air flow assembly may include a fan, pump, pressure ditferential such as a positive pressure
SOUrce Or segative pressure source, or any other assembly that may cause air {o flow. In some
embodiments, an air flow assembly mav cause air to flow within tunnels of one or more modules. In

some embodiments, air may flow between tunncls of different modules. Cells may be configured so that
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air tunnels may be continously formed between adjacent cells andfor adyacent modules. In other
embodiments, breaks in the tennel may occur between cells and/or between mochiles.
{00214} In some embodiments, the battery svstern may also include one or more inverter banks 848, The
wmverter bank may convert DC to AC power,
[OO215] FEG. 8D shows a top view of a battery svstem including a plurality of battery modulag. As
previcusty describad, a housing may be provided for the battery svstem.  The housing may include a floor
860 and/or a covering or door 862 which may tnclude walls or cetling.  Ouve or srore tanks 864 or
clectrolvie conducting member 866 such as a pipe may be provided. The electrolste conducting member
may fhwdically connect the tank with one or more modules 870, In some embodiments, cach modale may
be directly fluidically connectad 1o the tank via the electrofvte conducting member, in some other
embodimenis, one or more modules may be indirectly connected to the tank via other modules. In some
embodiments, an electrolte conducting member may be connected to one or more modules at the top of
the module. The clectrolyte conducting member may be configared to provide electrolvte to a top tray of
one or more modules,
[00216] Any number of modules 870 may be provided within a battery svstem. For example, one, two,
three, four, five, six, seven, aight, sine, ten, cleven, twelve, thirteen, fourteen, fifteen, sixleen, seventeon,
eighteen, nincteen, fwventy, twenty-on, twenty-two, twenty-three, twentv-four, twentv-five, twenty-six,
twenty-seven, twenty-cight, twerdy-nine, thirty, or swore medules may be provided within a battery
svstenn. fy sonme embodiments, a battery svstem may be a MW, 6 hour energy storage contamner. In
other embodiments, the battery svstem may be a 100 kKW, 200 kW, 300 kKW, 500 kW, 700 kW, | MW, 2
MW, 3 MW, 3 MW, 7 MW, 10 MW, 15 MW, 20 MW, 30 MW or more system. In some embodiments,
the battery systemy may be a 1 bour, 2 hour, 3 hour, 4 bour, 5 hour, 6 hour, 7 hour, 8 hour, 9 hour, 10 howr,
11 hour, 12 hout, 13 hour, 14 hour, 13 hour or move system.
{00217} In some embodiments, for a standard modele, one or more of the following characteristics may
apply: the svstem may have features such as 300k « 2 MW, 2-12 MWH, and it is anticipated that the
system would have a fow cost. Such features are provided by way of exanmple ondy and dogs not fimit the
mvention,
[00218] The modules mav have anv configuration withm the battery system.  For example, one or more
rows and/or columns of modules way be provided. In some embodiments, an array of modhles may be
provided. For example, two rows of 12 modules each may be provided.
{00212} In some embodiments, an clectrolvte conducting member mav be a pipe that moay pass over gach
module. [n some embodiments, the pipe may fluidically communicate with cach module at the top of the
module. The pipe may transfor electrolvie to the upper tray of cach module. In some embodiments, the
pipe may pass as a steaight pipe over a first row of modsles, thes mayv bend and turn around and pass as a
straight pipe over a second row of modules. Alternatively, the pipe may have any other bending or zig-
zagging configuration.
{00220} In some embodiments, the battery system may also include one or more inverter banks 868. The

mnverter bank may convert DC 1o AC power.
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[00221} FIG. 8E shows an example of a batlery system includimng an air flow assembly. A battery
asserbly may have a container with a front end and a back end. 1n some embodiments, the confaimer
may be thermally insulated and/or electrically insulated. In some embodiments, the container may be a
standard contamer, such as those previousiy deseribed, or a reefer container. In some embodiments, the
container mav be about 40 feet long,

[00222] One or more modhides mayv be comained within the contamer. In some embodiments, up to 36
modules may be provided within the container. The modules may be laid out in the container so that two
rows of modules are provided, cach row having 12 modides. Thus, a batiery system may have an
arrangement that is 12 modules decp and 2 modules wide. In some embodiments, 1800 quad cells mav be
provided per module. A module may be 120 cells high {e.g.. having 120 lavers or levels) and may have
15 quad cells per laver ov fevel. In some embodiments, a battery system may have a total of about 50,000
quad cells.

{00223} FIG. 8E provides an example of an air flow assembly. An air flow assembly may be provided
within g contanser, The floor of the contamer A may include {-bars, grooves, channels, protrusions,
ridges, or other shapes. A lower air flow manifold B may be provided or T-flooring may be utihized in
some reefer containers. In some embodiments, air in the lower manifold may flow laterally. In some
embodiments, air may flow toward a center aisle € of the air flow assembiv. In some embodiments, air
may rise in the center aisle. One or more air tusnals D may be provided for one or more modules. The
air tuonel may have a horizontal ontentation. The asr tunnels may be provided as part of centrodes of
cells, Adr may flow from the center aisle, into one or more air tunnels which channel air katerallv between

cells,

7

00224} From an air tuanct D, air may laterally flow o a peripheral aisle E. One or more peripheral aisles
may be provided. In some embodiments, two peripheral aisles E, F mav be provided. Air may rise along
the peripheral aisles. A peripheral aisle may be provided between a module K and a container wali | In
some fan or air circulation or exulsion system embodiments, an upper air manifold H may be provided
with an upper air manifold casing G. The upper air manifold may receive air from the peripheral aisles.
In some embodiments, a blocker J may be provided to prevent air from rising from the central aisle
directly into the upper air manifold. This may force some of the air to flow to the air tunnels. In alternate
embodiments, some air may rise from the central assie into the upper manifold. In some emboduments, air
may flow lengthwise along the upper air mamfold. For example, air may flow from a side of the
container with the utility arca to the otbher end of the container.

[002251 FIG. 8F provides an additional view of an air flow assembly. An air Sow assembly may be
provided within a containgr. The floor of the container A mav include t-bars, grooves, channels,
protrusions, ridges, or other shapes. Air may flow slong the spaces provided on the floor between the
floor features. A lower air flow passage or tunnel B may be provided. In somwe embedunents, air in the
lower passage may flow faterally. In some embodiments, air may flow toward a center assle C of the air
flow assembiy. I some cmbodiments, air may rise in the center aisle. Que or more atr tonnels D may be

provided for one or more modules. Fhe air tunnel may have a horizontal orientation. The awr tunnels may
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be provided as part of controdes of cells. Ay may flow from the center aisle, 1nto one or more air tunnels
which chanoels air laterally between cells.
{00226} From an air tunnel D, air may faterally flow 1o a peripheral asste E. One or more peripheral aisles
mav be provided. In some enbodiments, two peripheral assles may be provided. Air may nise along the
peripheral assles. A peripheral aisle may be provided between a module and a contamer wall 1. In some
embodiments, an upper air manifold J may be provided with an upper air mamfold casing. The upper aw
manfold may receive air from the peripberal assies. In some embodiments, a blocker H may be provided
to prevent air from rising from the central aisle directly into the upper air manifold. This may force some
of the air to flow to the air tusncls. In altermate embodiments, some air may rise from the central aisle
o the upper manifold. 1n some cmbodiments, sr may fow lengthwise along the upper air manifold.
For exaraple, air mav flow from a side of the contaiver with the utility arca to the other end of the
container,
{00227} An upper electrolvte sapply tank G may be provided as part of a module. A lower clectrolyte
recetving tank F may also be provided as part of the module. I some embodiments, the container 1 may
rest on a surface K.
[00228] In some embodiments, supply air mayv be awr provided through the floor and lower manifold. The
supply atr mayv then rise through the center aisle and fow through the air tunnels. Retom air mav nght
through the peripherat aisles and floww through the upper manifold. 1n aliernate embodiments of the
wvention, air may flow m other directions {e.g., may be supplied from the upper manifold and may flow
through air tunoels in opposite directions.
00229} FIG. 8G shows an aliernate example of an air flow configuration. In some embodiments, air may
flow lengthwise along the container and need not be sphit wp laterally. The air may or may not be
circulated back lengthwise along the container.
{00230} In some embodiments, the modudes may be placed on the floor of the container. In some
embodiments, the floor of the container may have a floor T-bar. In some embodiments, the floor mav
have one or more grooves, channels, slots, protrusions, or ridges, which may support the modales while
providing space below the modales. 1l some embodiments, air may flow within the space beneath the
modules. This may help with temperature regulation.
{00231} In some embodiments, a wutility arca may be provided within the container and adjacent to the
modules. For example, nrodules may be positioned within a container to provide a 6 by 7 feet utsdity arca.
I some embodiments, a user may be able to access the utility arca. The user may be able to enter the
container i the utibity area.  In some embodiments, the wtility arca may be provided at the rear end of the
containgr.
00232} In some embodiments, a plenum may be provided within a container. The plenum may protnude
from a wall of the container at the front end. The plenum may be curved and may meet a module about
halfway up. In some embodiments, an air supply may be provided at one portion of the plenum, and an
air intake may be provided at the other portion of the plemum,  For example, an air supply mav be

provided at the underside of the plenum, and an atr mtake may be provided at an upper portion of the
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planum, or vice versa. In some embodiments, the air supply may include cold, treated air. The air supply
may flow in a first horizontal dircetion through the medales provided on the supply side of the plenum.
For example, if the air supply is provided on the underside of the plenum, the air may flow in the first
direction horizontally through the lower half of the modules. The air may flow through one or more air
tannels of the modules.

00233} When the air reaches the stility area at the other end of the contamer, the air may travel to the
ather portion of the modules. For exaraple, the air may rise to the top half of the modules and flow ina
second direction back toward the upper part of the plenum. In some embodiments, the second direction
may be horszontal and/or may be opposite the first direction. The atr mav reach the return air intake at the
upper portion of the plenum. The plenum may be provided at a front end of the contamer. Alternatively,
the air need vot circulate back and may be accepied by an intake at the utihity arca side of the container.
The utility arca side of the container may or may not provide a second awr supply that may flow back to
the first atr supply. A carrier unit may also be provided at the front end of the container. The carrier wnit
may accept the atr intake and may cool if, may vary and/or matntain the temperature of the air, may filter
the atr, and/or may vary or maintain the composition of the air.

Balance of Plant configuvations

A, Elcctrolvte airculation and treagment systems

00234} As previously described and shown in FIG, 4A, an electrolvie circalation and treatment system
mav be provided, consisting of several components. In some embodunents, a separate balance of plant
(air and water/clectrolvie management svstem} mav be provided. The electrolyvte circulation and
treatment system may include one or more of the following:

[00235}0 A device to detonize and filter supply water before entering the system.

00236} 0 A chemical tank to mtroduce and mix varous salts and other chemicals with delonized

water, This may form at least a portion of the electrolyte.

[0023710 A tank or scrics of tanks that measyures and treats battery electrolvie.
(002380 A pump or series of pumps that distributes electrotyte throughout the battery system.
[00239%} 0 Various sensors that racasure and monitor total electrolyvte volurae, density, temperature,

pH levels and other measures of the operation of the system.

[00240} 0 Supplv and return lines that distribute iquid electrolvte to and from the battery.

109241} 0 Various sensors and valves to control flow of liquid electrolyte and to control ¢lectrical
conngctions from a control box.

{00242} FIG. 8H provides an example of a battery system within a container. One or more tank {e.g..
treatment/holding tank, clectrobvie tank) may be provided and may be comnected to one or more modules
via fluid connectors and valves. For example, clectrolvte may be provided through a manifold, and then
ndividually divided info separate fluid connectors that transfer the electrolvte 1o each of the modules
within the svstem. For example, each upper tank of a module within the svstem may be in fluid
commumication with the manifold and mav receive flaid therelfrom. In some embodiments, one or more

user interface may be provided.
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[00243 In some embodiments, an air tight partition may be provided between the modules and the rest of
the container. For example a service or utihty arca may be provided that an operator or other user may
aceess. For example, a serviee aisle may be provided where an operator or other user can enter. In some
embodiments. the service or utility arca mayv melude the tanks, user terface, or electronic contrels. In

one example, the air fight partition may separate the service or ugility area from the modules.

B. Air cireulation and conditioning svstems

[00244} FIG. 8A shows an example of an insulated cargo container and HVAC machine utilization in
accordance with an embodiment of the invention. An encrgy storage systent may inchude an air
circulation and conditioning systera consisting of several components. FIG. 8E provides an example of
an atr circulation sysiem.

[0D245] A senies of airflow plenams may be provided to control and distnibute the flow of air evenly
between cells. Forced air cooling may be more effective than convection especially when couplad with
good internal heat sinks and plenum style enclosure designs. Heated air may be removed from equipment
enclosures by fans or blowers which may also draw cooler awr into the enclosure through vonts.
DPepending on cooling requsirements, low to hgh volumes of air can be moved through the enclosure,
[00246] In some embodiments, one or more {emmperature sensors may be provided. Based on the
temperature detected by the temyperature sensor, the fans or blowers mav be varied and/or maintained to
control the rate of atr flow. A fan system mav be provided that forces air through the battery.

{00247} The system sy mchude a fresh air make-up and filtration system to introduce oxveen, while
filtering unwanted contaminants. In some embodiments, it sy be desivable to have higher oxvgen
content than ambient air.

00248} An HVAC system may be provided that measures and controls air temperature inside the battery
housing.

00249} The system may also include a humidity controf system that hunidifies or dehunndifies air within
the battery housing. One or more humidity sensors may be provided. The bumidity control system may
vary and/or matntain the humidity of the air based on measurements from the Inenidity sensors.

{00250} In some embodiments, a serics of sensors may be provided that communicate with variogs other
systams.

C. Electrical connectivity and management

{00251} An clectrical system may be provided that facilitates flow of power within the battery, and
distributes power between the battery and the electrical grid or other power sowrce. In some
cmbodiments, the clectrical system may determine whether to provide a flow of power between the
battery and the clectrical grid or other power source or sink. The clectrical system may determine the

direction and/or amount of power flow between the battery and the power source or sink.
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3} Measurement and Control svsiems

[OO252] A centralized measurement system may be comprised of various sensors that are linked to a
computerized control system. In some embodiments. the computerized controf system may mclude one
or more processors and memory, The computerized control system may collect the measurements
gathered from the varioas sensors. The computerized control system may perform ong or more
caleudations based on the measurements, Anv algorithm, calculation, or other steps mav be smplemented
using tangible computer readable media, which may mclude code, logic, tnstructions for perforoung such
steps. Such computer readable media may be stored in memory. One or more processors mayv access
such memory and implement the steps therein,

00233} A computerized control system may be linked to various other mechanical systems, In some
embodinents, the computerized control system may instruct one ot reore mechanical svstens to perform
an action. For example, the computerized control svstem may msiruet a pump o pamp a greater volome
of clectrolvte into a top tray. The computerized control svstem mav nstruct one or more valves, which
may atfect the distribution of the clectrolvte between the phurality of modudes, In another example, the
computerized control system may cause a fan to blow at a slower rate. 1o some embodiments, the
computerized control system mayv issue one or more instructions based on measurements received from
one or more sensors, Anv instructions may be provided by a controller via a wired connection or
wirelessly.

[00254} A computerized control systent may be linked to a phove and/or cellular conununication
networks, In some embodiments, the compaterized control system mav inclade a processing device, such
as a compuier. Any discussion of a processing device, or any specific type of processing device sy
mclude, but 1s not linuted to, a personal computer, server computer, or laptop coraputer; personal digital
assistants {PDAs) such as a Palm-based device or Windows deviee; phones such as cellular phones or
location-aware portable phones (such as GPS}; a roaming device, such as a setwork-connected roaming
device; a wircless device such as a wireless email device or other device capable of communicating
wireless with a computer network; or any other tvpe of network device that may communicate over a
vetwork and handle clectronic transactions. In sone erebodiments, the computerized control systen may
mnclude multiple devices. In some instances, the computerized control system may include a chont-server
architectare. In some embodiments, processing devices may be specially programmed to perform one or
more steps or caleulations or perform any algerithm. A competerized control system may comnugnicats
aver any network, 1nciuding but not limited to. cellular communication networks, other telephone
networks, a local area network (LAN), or & wide area network (such as the Internet}. Any
conymunications may be provided through a wired connection and/or a wireless conngction.

f00255] In some embodiments, a user may interact with the computerized contrel system,  The user may
be remote to the computernized control system, and may communicate with the computerized control
system over a network.  Alternatively, the user may be connected focallv at a user imterface of the

computerized control systom.
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E. Environmental mstaliation and housing confisurations

{00256} Goenerally, modular batterics and 1ts systeras are not hmisted by size, volume or scale.  Conunon

indusinial cabinets, containers, buildings and other structures can be configured to house the battery and

{00257} The battery and its sapport systems can be configured for mobile and stationary configurations.
For example, the battery and its support systems could be provided in buildings, shipping containers,
vessels and agtomobiles for example,

Fuel Cell Configuration

00258} In accordance with some embodiments of the nvention, the energy storage svstera described
elsewhere may be utibzed 1n a fuel cell configuration. In a fuel cell configuration. cach cell may be
supported by a sapply inlet and drain outlet valves for transfor or transfusion of electrolyvte. In some
embodiments, it may utilize the electrolvie transfer system of a gravity-based flow battery. For example,
a supply inlet paay be provided above a cell and a drain outlet may be provided below the cell. In other
embodinments, groups of cells (such as quads or layers) may be supported by a supply inlet and drain
outlet.

f00239} A fucl cell contfiguration may provide mechamisms that remove depleted electrolyte and add fresh
clectrolvte via a remote and converuent transfer or transfusion port.

Market Adoption & Adaptation Scenarios

{09260} An encrgy storage system, which may melude embodiments discussed elsewhere herem, may be
advantageously used with green power generators. Examples of grecn power generators may include
wind farms, solar farms, or tidal farms. An energy storage system may also be used with traditional
power generators, such as fossi fuel steam generators or nuclear generators. In some embodiments, an
energy storage svstem may store encrgy from a generator. In other embodiments, 1€ mav be able to
supplement or shift the energy produced by a generator,

00261} An cnergy storage svstem may be used 10 power distribution. For example, 1t may be used with
regional electrical utilitics, local electrical utilitics, remote storage, and mobile storage.

{00262} An cnergy storage system may also have applications in power storage, management and back-
up. For example, the encrgy storage may be used for govermmental & military applications, conumercial
& industrial apphications, community & institational applications, residential & pevsonal applications
{fuel cell or battery). In some embodiments, excess energy may be stored 1n an energy storage system
and used when needed. The encrgy storage svstem may be encrgv-dense to be located at suburban
substations or urban basements.

[00263} Transportation applications may be provided for the energy storage system. For example, the
energy storage system may be used to power locomotive & rail. The energy storage sysiem may also be
used for cargo shupping (on land or water). The cnergy storage system may also be used for mass transit

& busing. For instance, the energy storage system may be provided as a fuel cell or battery on the mass
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transit vehicle. Sumilarly, the energy storage svstem may have astomotive applications, and mav be
provided as a facl cell or battery for an automotive vehicle, Preferably, the energy storage system on a
velticle may be rechargesble.

Flattened, Four Sided Pyramid Cell Desion Compensates for Changing Flectrolyte Volumes

{00264} In rechargeable zinc air cells, electrolyte vohemes typreally do not remam constant. During cell
discharge, as zine metal (with relatively high density) 1s converted to lower density zine species,
clectrolyte volumes sy increase. During cell charge, the reverse reaction occurs and clectrolvte
volumes may decrease. Electrolyte volumes may also decrease due to water evaporation.

f00265] These changes 1n electrolyvte volumes may adversely affect cell performange. I electrolvte
volumes become too low, there may be insufficient conducting electrolyte between metal electrode and
air ¢lectrode. This may cause an increase i cell resistance which in tamn could adverselv affect cell
performance. Similarly, if electrolvie volumes increase too much, excess electrolyte mav be forced into
pores of the ar clectrode. Electrolvte penetrating and flooding air ¢lectrode pores prevents oxygen gas
from readily diffusing {(and beconung clectrochemically reduced) inside the pores. Additionatly, the
mereased clectrolyte volume applies pressure on the awr clectrode and could cause mechamcal
deterioration of the clectrode. This causes cell performance to deteniorate.

[00266] Controlling these constantly changing electrolvte volames in an operating full battery stack may
be accomplished by having a feedback mechanism that mayv automatically compensate for changes in
clectrobvie volumes. When additional clectrolyte is needed by cells (for example, during celt charging
when electrolyte levels decrease) electrolvie mav be allowed to slowly drip from a reservoir mto
individual cells. During cell discharge, as electrolyte velumes expand, excess electrolvte within cells may
be diverted via an overflow port to a reservoir for storage.

[00267] Previousty deseribed embodinments mav include a four-cell, horizontal design that incorporates a
fill port and exit port located at the junction where four horizomtally positioned cells meet. This hollow
Gitesat port may altow electrolvte to drip into and out of mdividual cells as necded. As a namber of these
four-cell assemblies are stacked on top of each other, the fillfexit port of the wpper four-cell assembly may
be positioned exactly ahove the lower four-cell assembly. This way, a mumber of vertically stacked four-
cell assemblics may share a common fillfexit port that is connected o a commeon reservorr.

{00268} Another borizontal four cell design may be provided in accordance with another embodiment of
the invention. The horizontal design may involve assembling a four cell assembly so that cach cell in this
assembly is shightly sloping (tilted) upwards {on one side only) towards the fill/exit port. This may
physically compensate for gas evolution by allowing gas to more readily escape.

[00269} FIG. 10 illustrates the top wiew (fooking down} on four cells (Cell 1, Cell 2, Cell 3, Cell ) ina
horizontal assembly, The cells may be positioned so that they share a common fill and exit port
(indicated by O}, The coraer of cach individual cell is slightly titted upwards towards the O. Thus, the
comer of each individual cell furthest from the O may be tilted downward.

{00270} Another way to visualize this design would be to wnagine four individial cells positioned as a

four sided pyramid (the top of the pyramid would be the point where all four cells meet) but instead of a
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sharp upwards incline as in a typical pyvramid, this pyramid was fattened until $1lt angles were only 1-3

degrees from horizontal. The tilt angle of cach individual cell wn the four-cell assembiy may have anv

value, including, but mited to, 0.23 degrees or ess, 0.3 degrees or less, 0.73 degrees or less, | degrees or

less, 2 degrees or less, 3 degrees, or less 4 degrees or less, § degrees or less, 6 degrces or less, 7 degrees

or less, or 10 degrees or less. Preferably, cach cell may be tilted at the same angle, wiile in other
embodiments, mdividual cells may be tilted at various angles. This flattened. four-sided pyramid design
is titended o help clectrolvie managereent and gas evolution during discharge/charge cyveles.

{00271} This 15 shown in the side view of PIG. 118, Here, cach of the cells 1150a, 1150b, 1130c¢ i a
stack assembly may be slightlv tilted upwards from horizontal towards the fill port. In some
cmbodiments, about a 1.5 degree tilt may be provided. Asn upper water tank 1132 may have one or more
drain tubes 1154, The dramn fubes may allow a controfled amount of clectrolyvte to flow from the upper
water tank to the cells below. In some embodiments, 347 I drain tubes may be provided.

{00272} The design may inchide one or more spacers 1156 within a manifold $158. This manifold mayv
provide a gap betwoen the upper water tank and undertving cells. In some embodunents, a spacer may
help sustain the gap between the upper water tank and individual cells. 1o some embodiments, the spacer
may provide support between the cells and the upper water tank.

00273} One or wore (low control features 1166 may control the flow rate of electrolyte bewng provided
from an upper water tank to underlving cells. In some embodinments, the flow control feature may
protrude or mav be vertically aligned. The flow control featare may break up clectrolvie into small drops.
In some embodiments, the flow control feature mav keep an electrical connection from being formed
between the electrolyvte in the apper water tank and electrolyte in any one individuat underlying cell, A
drop from a flow control feature may be caught by an anderiving cell. 1n some embodiments, underlving
cells may have a port with an overflow portion, The flow control features may be vertically aligned over
the overflow portion. The ports of the vertically aligned cells mav also be vertically aligned. In some
embodiments, the drop may flow into the electrobvic pool 1160 of the cell. Electrolvie from an upper cell
may flow to an underlving cell. In some embodiments, cach cell may bave a cell flow control feature
1164 which may also control the flow of electrolyte being provided to undertving cells. The cell flow
control feature may break the clectrolvte into drops and prevent an clectrical connection from being
formed between the electrolvte in the cell and electrolyte in the underlving cell. In some embodiments,
the flow control features may be m substantial vertical alignment with the flow control features of the
cells above and/or below. Alternatively, they may have a staggered or other alignment. One or more
airways 1162 may be provided between cells.

f00274} As previously discassed, individual cells may be tilted so that the portion of a cell receiving
cloctrolvie may be tilted upwards. Electrolyte may flow from portion of the cell receiving the electrolvte
towards the other end of the cell.

[00275] A stightly tilted cell orientation has a number of distinet advantages when cells are assembled
wito a stack. A first advantage is that a constant and reproducible cell resistance 1s still maintaimed

between metal electrode and amr ¢lectrode. This helps keep clectrobyte resistance under tight control.
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00276 A second advantage Involves managing gas bubble formation. During cell charge cyveles, as water
15 being reduced, oxvgen gas bubbles are necessarily generated. This tilted clectrode design mav atlow
these gonerated gas bubbles to easily sugrate towards the upper portion of the electrode — near the
electrode corner where they may then be safely vented. Having gas bubbles readily sugrate to one side
oliminates a potential problem of increased electrolyte resistance due to trapped gas bubbles in the
olectrolyte. A tilted design may be slightly angled to allow gas escape and facilstate sturry flow in a flow
battery configuration.

[002771 A third advantage is that dering charge cyeles {when electrolyte 1s added from the reservoir to
each individual cell), a tifted cell design allows added electrolvte to casily enter and fill cach individuat
cell.
[00278] The tilt angle for cach cell need not be large. | 1s clear that i tilt angles of individual cells were
to be made too steep, added electrolyvte would flow towards the bottom of the cell and flood the fower
portion of the air elcctrodes.
00279} A preferable tilt angle may falf within the range of only -3 degrees from horizontal. This may be
sufficiently tow so that clectrolvie will not substantially gather m the bottom of each cell but any gas
bubbles generated are diverted and rise towards the top opening of the assembly and can easily exit.
[OO2B0} FIG. 11 A shows ap cxample of a top view of an energy storage svstem i accordance with an
cmbodiment of the invertion. In some embodiments, the energy storage svstem may function like a flow
through cell. Alternativelv, it need not function as a flow through cell. An upper water tank may have a
floor 1100. A drain tube 1102 may be provided, allowing clectrolyte to flow to one or more cells below.
It some embodiments, one or more flow controf teature 1104 may be provided to control the flow rate of
clectrolyvie passing to underiving cells. In some embodunents, the flow control feature may break up
clectrohvie nto drops. In some embodiments. a flow control feature may be provided for cach underlving
cell. For example, if four horizontally oriented cells (forming a quad) are sharing a common electrolvle
management system, four flow control features mayv be provided. Each flow control feature ay protrude
over its corresponding cell. Any number of flow control features may be provided. which may or may
vot correspond to the number of underlving cells in the layer directly below. For exanmple, one, two,
three, four, five, six, seven, gight, mne, ten, or more flow control features may be provided.
[0D281} A quad cell may also have a central portion which mayv be slanted downwards toward a cell. Any
clectrolvie that may fall onto the contral portien may flow downward and o an underlving cell. In some
cmbodiments, the central part may be wnjection molded.
[00282] One or more features, characteristics, components, matertals, or steps known in the art may be
incorporated within the yvention, and vice versa. Sce, e.g.. U.S. Patent No. 4,168,349, U.S. Patent No.
4,463,067 1S, Patent No. 3,126,218, VLS. Patent No. 7,582 383, U.S. Patent No. 7,314,683, 1S, Patent
Ne. 5,716,726, US. Pateot No. 4,842, 963, U8, Patent No. 4,038 458, U8, Patent No. 5,242,763, US,
Patent No. 3,306,579, U8 Palent No. 6,233 418, U8, Patent Publication No. 2006/0141340, 1S, Patent
Publication No. 2008/0096061, PCT Publication No. WO 2007/144357, which are hereby mcorporated

by reference in their entirety.
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[00283 EXAMPLE
00284} In onc cxample, a tost cell may have been provided. FEG. 13 shows an exampie of cell voltage
over test time in accordance with an embodiment of the mvention. A test time of 350000 seconds was
provided to demonstrate that the svstems works.
00285} A stable voltage range resulted with the early test cell. There was no physical degradation in the
carly version of the cell. For example, as shown in FI1G. 13, the voltage remained relatively stable for
350000 seconds. For the most part, the voltage cyveled between 0.9 and 2.1 volis.
[00286] It should be understood from the foregoing that, while particalar implementations have been
itlustrated and described, various modifications can be made thercto and are contemplated herein. It is
also not intended that the invention be limited by the specific examples provided within the specification,
While the invention has been deseribed with reference to the aforementioned specification, the
descriptions and iflustrations of the preferable embodiments herein are not mweant (o be construed m a
imiting sense. Furthermore, it shall be understood that all aspects of the inventson are not limited to the
specific depictions, configurations or relative proportions set forth herein which depend upon a variety of
conditions and variables. Varous modifications in forre and detail of the embodiments of the svention
will be apparent to a person skilled in the art. It is therefore contemplated that the mvention shall also

cover any such modifications, variations and equivalents.
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CLAIMS
WHAT I8 CLAIMED 18:
i A rechargeable metal air batiery celi system comprising:

a matal electrode;

an air electrode; and

an aqueous electrolvie solation having a pH m the range of about 3 to about 10,
wherein the battery cell system is capabie of at least 300 discharge and recharge cveles

without physical degradation of the materials or substantial degradation of the battery cell system’s

performance.

2. The battery cell system of claim 1 wherein the slectrofvte 1s an aqueous chioride based
cloctrobvic,

3 The battery cell swstem of claim 2 wherein the electrolyte 1s a mixture of soluble chlonde

salts having a cation switable for yielding a soluble chionde salt in an aqueous solation.

4. A battery cell system of claim | wherein the clectrolyie is a moxture of soluble salts based
on at least ove of the following: sulfates, nitrates, carbonates, hexfluorosilicates, tetraftuorcborates,
methane sulfonates, permanganate, hexafluorophosphates, borates, or phosphates,

5. The battery cell system of claim 1 wherein the electroivte has a pH level at which €G2
present in the air 1s not absorbed and therefore no carbonates are formed.

0. The battery cell svstem of clawm | further comprising an additive that improves zine
deposition on the metal electrode compared to traditional bagtery cells.

7. The battery cell system of claim | wherein the additive inclades at least one of the
following: polvethvlene giveols of various molecular weights, or thiourea.

8. The battery cell system of clasm 1 firther comprising an additive that prevents foaming
and allows gas release,

9. The battery cell system of claim ¥ wherein the additive inclsdes at least one of the
following: simethicone, Dowex, aloe vera, or other surfactants.

HS The battery cell svstem of clawm | further comprising an additive that provents hvdrogen
evolution during charging,

il The battery cell svstem of claim 10 whercin the additive mcludes at least one of the
following: high hvdregen overpotential chlonde salts such as tin chloride, lead chioride,
mercurochioride. cadmium chioride, or bismuth chloride.

12, The battery cell system of claim | firther comprising an additive that prevents chlorine

and‘or hypochloride evolstion during recharge.

i3, The battery cell system of ¢laim 12 wherein the additive mcludes urea.

14, The battery cell svstem of clawm | further comprising an additive that controls desirable
precipitation.

i3, The battery cell svstem of claim 14 whercin the additive includes at least one of the

following; benzoates, iodates, stearates, or carbonaies.
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i6. The battery cell system of clasm 1 wherein the air electrode comprises manganese,
i7. The battery cell system of claim | wherein the air electrode comprises at least one of!

manganese dioxide or soluble manganese salt.
ig. The battery cell svstem of claim 1 wherein the air electrode comprises at least one of:
cobalt or indium.
19 The battery cell svstem of claim 1 wherein the air electrode comprises at least one of:
cobalt chioride, or iridium oxide.
20 The battery cell system of claim 1 wherein the battery cell ts configured to undergo one
or more electrode reactions further comprising at least one of: wrea or ammoma.
21 The battery cell system of claim 1 wherein the battery cell is configured to undergo one
or more ¢lectrode reactions farther comprising at least one of: a chiorine, hypochiorite, or chloride.
22, A battery cell assembly comprising:
a first cell having a first metal clectrode, a first air electrode, and clectrolyie
therebetween; and
a second cell having a second metal electrode, a sccond air electrode, and slectrolvie
therebetween,
wheren the first metal electrode of the first cell contacts the second air electrode of the
second celt so that an air tunnel 1s formed between the first metal electrode and the second air electrode
and wherein the first metal clectrode and the sccond air electrode are substantialiv vertically abigned and
horizontally oriented.
23, The battery cell assenbly of claim 22, wherein the first and second metal clectrodes and
the first and second air electrodes are housed in a substantally horizontal orientation.
24 The battery cell assembly of claim 22, wherein the first metal clectrode contacts the
second air electrode by being crimped around the second air electrode, thereby forming a centrode.
25 The battery cell assembly of claum 24, wherein the centrode provides a series connection
between the first cell and the second celf,
26. The battery cell assernbly of claim 22, wherein the fivst cell, the second cell, and one or
more cells are vertically stacked and horizontally oriented, and selected to achieve & desired voltage,
27. The batterv cell assembly of claim 22 wheren a horizontal gas flows within the air
tunnel.
28. The battery cell assembly of claum 235 further comprising
a third cell having a third metal clectrode, a third air electrode, and electrolyie
therebetween: and
a fourth cell having a fourth metal eclectrode. a fourth air ¢lectrode, and electrolyte
therebhetween;
wheren the third metal electrode of the third cell 1s crimped avound the fourth air
clectrode of the fourth cell so that an air tunngl is formed between the tird metal electrode and the fourth

air clectrade, thereby forming a second controde, and
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wheren the second centrode 18 1n elacirical contact with the cenirode providing a
connection between the first and second cell.

28 An energy storage system comprising:

an electrolvte supply assembly having a flow control feature configured to distribute a
liguid electrolvie to an underiving metal air battery cell; and

on¢ or more metal air battery cells comprising at least one fill or dram port having an
averflow portion,

wherein the flow control feature is vertically aligned over the overflow portion,

30. The energy storage system of claim 29 wheren the flow control featare breaks the Heuid
clectrolvie into drops.

31 The energy storage system of clavn 29 further comprising a phaahity of metal air battery
cells, wherein the metal air battery cells are vertically aligned and stacked on top of each other.

32, The encrgy storage system of claim 31, wherean the §ill or drawn ports of each of the metal
air battery cells are horizontally oriented and stacked on top of cach other, thereby forming a continucus
channel.

33 The encrgy storage syatem of claim 29 further comprising an clectrolyte collection tray
positioned below the one or more metal air battery cells,

34, The energy storage system of claim 29 whercin the electrolyvte supply assembly is

gravity-driven.

(FS]
=

The encrgy storage svstem of claun 29 whercin the electrolyte supply assembly is
injection molded.

36. The cocrgy storage system of claim 31 wheren the plorality of mctal awr battery cells are
stacked under compression.

37. The encrgy storage system of ¢laim 31 wheren the plarality of motal air battery cells are
tilted apwards toward the clectrolvte supply assembly.

38, The energy storage system of claim 31 whercin the plurality of mwetal air battery cells are
tilted at an angle falling within | to 5 degrees fron horizontal.

35 The energy storage system of claim 31 wheretn the metal air battery cells comprise an atr
clectrode comprising manganese.

40 The energy storage system of claim 31 wherein the metal air battery cells comprise an air
glectrode comprising manganese dioxide or soluble manganese salt.

41. The encrgy storage system of claim 31 wherein the metal air batterv cells comprise an air
clectrode comprising at Ieast onc of: cobalt or indium.

42, The encrgy storage system of claim 31 wherein the metal air battery cells comprise an aw
clectrode comprising at least one of: cobalt chioride, or iridium oxide.

43 The energy storage system of claim 31 wherein the metal air battery cells are configured

to undergo one or more clectrode reactions further comprising at least one of! area or ammonia.
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44, The energy sforage sveiem of ¢laim 31 wherein the metal air battery cells are configurad
to andergo one or more ¢lectrode reactions further compnising at least one of: a chlorine, hvpochlorite, or
chloride.

45, A rechargeable metal air battery cell comprising:

a metal electrode;
an air electrode; and
ay aqueons clectrolvte between the metal electrode and the air electrode, wherein the
metal electrode directly contacts the electrolyvte and no separator is provided between the air electrode and
the electrolvte,
16. The battery cell of claim 43 finther comprising a frame supporting the metal electrode
and the air electrode af a fixed distance from one another,
47. The battery cell of claim 45 wheren the fixed distance between the metal electrode and

the air electrode defines a space in which the agueous clectrolvte 1s contained.

48, The battery cell of claim 43 wherein the metal electrode 15 a zine based anode.
49, The battery cell of claim 45 wheremn the air electrode is a carbon based oxvgen cathode

or a polymer based oxvgen electrode, having an air permeable hvdrophobic membrane; a corresion
resistant metal current collector; and wherein during clectrical charging under anodic potentials, oxvgen

avolution is favored.

S0, The battery cell of claim 46 wherein the frame is formed of plastic.

Sl The battery cell of claim 435 wheremn the air electrode 13 provided above the metal
eclectrode.

A2, The battery cell of claim 46 wheremn the frame includes a shelf that protrades within the

cell and which contacts the metal electrode.
33. The batterv cell of claim 43 further comprising an auxiltiary electrode between the air
clectrode and the metal electrode or on both sides of the metal electrode, configured for cell charging and

associated oxvgen generation,

54 The battery cell of claim 435 wherein the air clectrode comprises manganese.
55 The battery cell of clainm 43 wherein the air electrode comprises at Teast one of:

manganese dioxide or soluble mangancse salt.

36, The battery cell of claim 45 wherein the air slectrode comprises at least one of: cobalt or
ridure.
37 The battery cell of claim 45 wherein the air electrode comprises at least one of: cobalt

chloride, or ridim oxide.

38. The battery cell of claim 43 wherent the battery cell is configured to underge one or more
clectrode reactions further corprising at least ong of: wrea or ammonia.
59, The battery cell of claim 45 wherein the battery cell 15 configured to undergo one or more
clectrode reactions further comprising at least ong of: a chlorine, hypochiorite, or chioride.

60, A method for storing energy comprising:
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recetving an electrolvie at an clectrolvie supply tank;
allowing, if overflow occurs at the electrolvte supply tank, some clectrolvte to fall from
an clectrolyvte supply tank to an underlying first metal-air battery cell; and
allowing, if overflow occurs at the andertying metal-air batterv cell, some electrolvte to
fall from the underlving first metal-wr battery cell to a second metal-aw battery cell or a collaction tank.
61, The method of claim 60 farther comprising:
removing the clectrolvie removed from the collection tank;
treating the clectrolyte removed from the collection tank; and
providing at least some of the treated clectrolyte to the electrolvte supply tank.
62, The method of claim 61 wherein the first metal-air battery cell and the second metal-air
battery cell are connected to one another in sexies.
63, The method of claim 62 wherein the first metal-air battery cell and the second metal-air
battery cell have an air gap thercbetween,
64, A method for storing energy comprising:
providing one or more centrodes baving a metal clectrode of a first cell in contact with an
air electrode of a second cell, wherein an atr tunnel 15 provided between the metal electrode and the air
electrode; and
providing a first frame extending over the one or more centrodes and a second frame
extending below the one or more centrodes, whevein the first cell comprises the space over the metal
clectrode and enclosed by the first frame for accepting an electrobvie and the second cell comprises the
space below the air ¢lectrode and closed by the second space for accepting an electrolyie.
63, A system for storing utilitv-scale energy comprising:
a plurality of verticallv stacked metal-air cells comprising at least one frame, wherein one
or more air tunnels are provided between the cells;
an electrolvie flow management system ntegral to the one or more frames configured to
distribute an electrolyte o the one or more cells; and

an air flow assembiy configured to provide air flow through the one or more air tunnels.
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