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(57) Abstract: The invention provides for a hilly electrically rechargeable metal-air battery systems and methods of achieving 
such systems. A rechargeable metal air batten' cell may comprise a metal electrode an air electrode, and an aqueous electrolyte 
separating the metal electrode and the air electrode. In some embodiments, the metal electrode may directly contact the electrolyte 
and no separator or porous membrane need be provided between the air electrode and the electrolyte. Rechargeable metal air bat
tery cells may be electrically connected to one another through a centrode connection between a metal electrode of a first battery 
cell and an air electrode of a second battery cell. Air tunnels may be provided between individual metal air battery cells, in some 
embodiments, an electrolyte flow management system may be provided.
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ELECTRICALLY RECHARGEABLE, METAL-AIR BATTERY SYSTEMS AND METHODS

BACKGROUND OF THE INVENTION

(0001] With a combination of an aging electrical grid infrastructure and integration of intermittent 

generation sources that come .from large scale renewable energy resources such as wind, solar, and ocean 

waves, there is an increasing and critical need to develop effective energy storage technologies to achieve 

power supply stability of the grid and to shift electric power supply during peak and off peak periods. 

Utilities are looking for ways to help add clean power to the grid, prevent power outages and manage 

peak loads in a cost effective wav without adding additional generating capacity. Batteries are considered 

critical elements in the expansion and large-scale adoption of renewable energy sources such as wind 

power and solar farms.

[0002j 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 systems is currently too high. Consequently, utilities 

primarily use gas turbines to provide peak power as needed. However, they are not as versatile or useable 

as true storage devices such as batteries. Current battery cycle life is too low, making true lifetime costs 

much higher titan the initial cost. Also many batteries (such as sodium-sulftir batteries) operate at elevated 

temperatures, contain hazardous chemicals, may have flammable materials, or may be subject to runaway 

reaction such as those occurring in lithium based batteries. In short, there is no current commercial battery 

technology that offers large scale battery size, suitable performance, and long discharge/charge cycle life 

at a commercially viable price and a viable lifetime for utilities.

|G0G3] Therefore, a need exists tor improved battery systems. A further need exists for recliargeable 

batten,' configurations that are commercially viable.

SUMMARY OF THE INVENTION

(0004] To overcome all of these problems a new electrically rechargeable metal-ai r sys tem

design/chemistry has been provided in accordance with an aspect of the invention. The metal-air cell 

design incorporates a substantial number of novel and previously unexplored chemical, materials, 

structural, and design changes. These important changes and modifications will be described in greater 

detail below. In some embodiments, this metal-air cell may be a zine-air cell, independent third party 

testing to date has verified that the proposed zinc-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 obtain cell performance with long cycle life that may 

make this zine air system affordable and practical.

[0005] An aspect of the invention is directed to a rechargeable metal air battery cell comprising a metal 

electrode; an air electrode; and an aqueous electrolyte between the metal electrode and the air electrode, 

wherein the metal electrode directly contacts the electrolyte and no separator is provided between the air 

electrode and the metal electrode, hi some additional embodiments, no separator is provided between the 

air electrode and the electrolyte.

-i-
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(0006j Another aspect of the invention is directed to a rechargeable metal air battery7 cell sy-stem 

comprising a metal electrode; an air electrode; and an aqueous electrolyte solution having a pH in the 

range of about 3 to about 10, wherein the battery cell sy stem is capable of at least 500 discharge and 

recharge cycles without physical degradation of the materials or substantial degradation of the battery- cell 

and system's performance.

[0007] A battery cell assembly may be provided in accordance to another aspect of the invention. The 

battery cell assembly may comprise a cell comprising a metal electrode, an air electrode, and electrolyte 

between them; and a second cell also having a metal electrode, an air electrode, and electrolyte between 

them. These two cells are connected in a manner where the metal electrode of cell contacts the air 

electrode of the cell #2, This allows an air space or tunnel to be formed between the metal electrode of 

cell //1 and the ai r electrode of cell //2. , In this configuration, the metal electrode and air electrode are 

parallel to each other and horizontally oriented, lii some embodiments, the metal electrode and air 

electrode maybe substantially' vertically aligned.

[0008] An additional aspect of this invention provides an energy storage system comprising: an 

electrolyte supply assembly having a flow control feature configured to distribute electrolyte, as needed, 

to an underlying 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 surplus electrolyte to 

overflow in each cell if electrolyte volumes increase considerably or to fill individual cells with 

electrolyte if electrolyte volumes in a particular cell decrease. In some embodiments, the flow control 

features may' be vertically' aligned over the overflow portion.

[0009] A method for storing energy may provide another aspect of the invention, 'lire method may 

comprise receiving an electrolyte at an electrolyte supply tank; allowing, if overflow occurs at the 

electrolyte supply tank, some electrolyte to fall from an electrolyte supply- tank to an underly ing first 

metal-air battery- cell; and allowing, if overflow occurs at the underlying metal-air battery cell, some 

electrolyte to fall from the underly ing first metal-air battery cell to a second metal-air battery cell or a 

collection tank. This electrolyte cascading effect assures that electrolyte levels in all cells are full (to 

maintain good electrical contact) and approximately equal and level electrolyte volumes even will 

expansion, contraction or evaporation of electrolyte.

[0010] Additional methods may- be provided in accordance with othe r aspects of the invention. A 

method for storing energy may comprise providing one or more bipolar air electrodes with an air space 

between (which may be called “centrodes"), more specifically having a metal electrode of a first cell in 

contact with an air electrode of a second cell, wherein an air tunnel is 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, wherein the first cell comprises the space 

over the metal electrode and enclosed by the first frame for accepting an electrolyte and the second cell 

comprises the space below the air electrode and closed by the second space for accepting an electrolyte.

In some embodiments, a centrode may' be provided as described or illustrated elsewhere herein.

-2-
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(0011 '1 A system for storing utility-scale energy, provided in accordance with an aspect of the invention, 

may comprise a plurality of vertically stacked metal-air cells comprising at least one frame, wherein one 

or more air tunnels are provided between individual cells; an electrolyte flow management system that is 

configured to distribute electrolyte to one or more cells or cell stacks; and an air flow assembly 

configured to provide air flow through the one or more air tunnels. In some embodiments, the electrolyte 

management system may be integral to one or more frames,

[0012] Other goals and advantages of the invention will be further appreciated and understood when 

considered in conjunction with the following description and accompanying drawings. While the 

following description may contain specific details describing particular embodiments of the invention, 

this should not be construed as limitations to the scope of the invention but rather as an exemplification of 

potential or preferable embodiments. For each aspect of the invention, many variations are possible as 

suggested herein that are known to those of ordinary skill in the art. A variety of changes and 

modifications can be made within the scope of the invention without departing from the spirit thereof.

INCORPORATION BY REFERENCE

[0013] All publications, patents, and patent applications mentioned in this specification are herein 

incorporated by reference to the same exten t as if each individual publication, patent, or patent application 

was specifically and individually indicated to be incorporated by reference.

BRIEF DESCRIPTION OF THE DRAWINGS

[0014] Tire novel features of the invention are set forth with particularity in the appended claims, A 

better understanding of the features and advantages of the present invention will be obtained by reference 

to the following detailed description that sets forth illustrative embodiments, in which the principles of 

the invention are utilized, and the accompanying drawings of which:

[0015] FIG . I shows rechargeable metal-air cells arranged in a horizontal orientation in accordance with 

an embodiment of the invention.

[0016] FIG. 2 shows an example of individual cells that maybe stacked on top of one another.

[0017] FIG . 3 shows a single cell isometric section view in accordance with an embodiment of the 

invention.

[001.8] FIG. 4A shows a system for maintaining a substantially constant and uniform electrolyte level 

within an arrangement of cells tliat are horizontally arranged, which may share a common electrolyte fill 

port and recirculation 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 electrolyte for 

charged electrolyte (with zinc metal or a zinc slurry) in accordance with another embodiment of the 

invention,

[0020] FIG. 5 shows an example of a battery stack configuration.

[0021 ] FIG. 6 shows an example of a centralized electrolyte management port for an energy storage 

system that allows each cell to fill and cascade or overflow into other cells in accordance with an 

embodiment of the invention.

mN*
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(0022j FIG. 7 shows an additional view of a battery7 stack configuration with metal electrode - air

electrode connect ions vertically and also with horizontal redundancy to bypass a felled cell.

[0023) FIG. 8A shows an example of an insulated cargo container and HVAC machine utilization for a 

battery' modul e with a separate stack of trays with an upper tank and a lower drain, to be par t of an 

electrolyte recirculation system in accordance with an embodiment of the invention.

[0024) FIG. 8B shows individual trays of cells at bottom of battery’ modules with pipes that are part of a 

recirculation system on the container floor in accordance with an embodiment of the invention,

[0025) FIG. 8C shows a number of battery' modules assembled in a battery system with recirculation 

tanks and inverters or other power control equipment.

[0026) FIG. 8D shows a top view of a battery sy'stem including a plurality of battery modules within a 

container.

[0027) FIG. 8E provides an example of an air flow assembly.

[0028) FIG. 8F provides an additional view of an air flow assembly.

[0029) FIG, 8G provides an alternative example of an air flow assembly.

[0030) FIG . 8H provides an example of a battery system within a container .

[0031 j FIG. 9A provides a bottom view of a cell frame assembly or tray with electrical connections at 

the end of each 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 assembly positioned to share a common 

fill and exit port, which may be referred to as a “quad”.

[0034) FIG, 11A shows a top view of an energy storage system with shared fill and overflow port among 

cells i n accordance with an embodiment of the invention.

[0035) FIG . 11B shows a side view or cross section of an energy’ storage system from FIG. 1.1 A. angled 

to burp or release gas with gravity , with a gravity-fed water supply tank above.

[0036j 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 time in accordance with an embodiment of the 

invention.

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 embodiments are provided by way' of example only. 

Numerous variations, changes, and substitutions will now occur to those skilled in the art without 

departing from the invention, it should be understood that various alternatives to the embodiments of the 

invention described herein may be employed in practicing the invention.

[0039) The invention provides electrically rechargeable metal-air battery' systems and methods. Various

aspects of the invention described herein may be applied to any of the particular applications set forth

below or for any other types of battery systems. The invention may be applied as a standalone system or

method, or as part of a grid/utility system or a renewable energy storage system or method, it shall be 
,4.
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understood that different aspects of the in vention can be appreciated individually, collectively, or in

combination with each other.

Metal-Air Battery

[0040] Metal air batteries have potential for very high energy densities at low cost. Metal air battery 

systems use atmospheric oxygen as their cathode reactant, hence the "air" in its name. Metal air batteries 

are uniq ue power sources in that one of the reactants - oxygen- is not stored within the battery itself. 

Instead, oxygen gas. which constitutes about 20 percent of ambient air may be taken from the unlimited 

supply of surrounding air as needed and allowed to enter the cell where it is reduced by catalytic surfaces 

inside an air electrode. Oxygen gas may be essentially an inexhaustible cathode reactant. Because oxygen 

gas need not be carried w ithin the cell, overall cell weights, volume, or size may be relatively low and 

energy densities (cell ampere-hour capacities 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 higher than energy densities for other battery configurations. Another advantage is the small 

volume and weight taken up by air electrodes, which can result in higher specific characteristics of the 

system (Ah/kg and Ali/1) compared to other electrochemical power sources.

[0041 j Metal-air battery systems may generate electricity by coupling an oxidation reaction at a reactive 

metal electrode, which, during cell discharge may act as an anode together with oxygen reduction reaction 

at a cathode containing suitable oxygen reduction catalysts. Generated free electrons from the zinc anode 

may’ travel to the air electrode acting as a cathode through an external load.

[0042] However, a key drawback of metal-air type batteries may be that they typically have not been 

electrically recliargeable for large number of discharge and charge cycles. A discharge-charge cycle is 

defined here as one full electrical discharge followed by’ a full electrical charge. In some embodiments, a 

foil electrical discharge can last about 6 hours while a follow’ up foil charge can also last about 6 hours. 

This 12 hour round trip discharge and charge cycle (with the possibility of shorter duration charges and 

discharges to stabilize or regulate the grid) could be characteristic and expected for a typical one full day 

of backup service on the electrical grid. Electrical rechaigeability may be necessary or highly desirable 

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 may only’ be cycled for less than a few hundred discharge 

charge cycles. Furthermore, traditional large metal air battery systems are not readily available 

commercially. To be practical for utility applications, an electrically rechargeable battery’ should 

preferably deliver at. least 3500 to 10.000 high performance discharge and charge cycles with good 

overall efficiency . This would correspond to an approximate 10 - 30 year life.

[0043j Within a metal-air type battery, the electrically conducting electrolyte connecting the metal 

electrode and air electrode is usually a liquid solution (in some embodiments water-based, aqueous) 

containing dissolved salts. Metal-air batteries may be thought of combining desirable properties of both 

fuel cells and batteries, the metal (e.g. Zinc) is the fuel, reaction rates can be controlled by varying the air 

flow, and oxidized metal/electrolyte paste can be replaced with fresh metal or paste. A tremendous safety 

advantage of metal air cells is the fact that they are inherently short circuit proof. Since metal air cells are
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limited by the amount of oxygen they can continually7 withdraw and utilize from ambient air, they are

ultimately limited by how much current they can produce. When a short circuit occurs inside a cell, unlike 

other battery chemistries, a metal air cell simply does not supply unlimited current - the current 

delivering capability7 lias a maximum, an upper limit. This is an important safety consideration. Metal air 

battery7 systems can include, hut are not limited to, aluminum-air, magnesium-air, iron-air, lithium-air, 

sodium-air, titanium-air, beryllium-air, and zinc-air.

[0044] Zinc, in particular, has a number 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 include zinc. Any' reference to zinc as an anode can also be applied to any other 

metal, and vice versa. Any reference to zinc-air batteries can be applied to any other metal-air batteries 

and vice versa.

[0045] Zinc may be an advantageous material because it is lightweight, non-toxic, inexpensive, readily 

available, and has rapid electrochemical reaction rates for plating during electrochemical charging. 

Because of this, zinc-air cells have been used as primary' (throwaway) and rechargeable (reusable) cells. 

Zinc air cells mav be recharged either mechanically7 or electrically. in mechanically7 rechargeable 

(refuelable) cells, consumed zine may be physically removed from a eell/battery and mechanically 

replaced with fresh zinc. Spent zinc may be processed separately at a di fferent location back to metallic 

zinc. Such mechanically rechargeable batteries can be used for a grid storage application in some 

embodiments.

[0046] In preferable embodiments, electrically rechargeable cells may 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 zinc metal may be electrochemically re-deposited (plated) back onto the metal 

electrode, to reconstitute the original metal electrode. Both of these zinc air systems typically use 

alkaline aqueous electrolytes based on highly caustic potassium hydroxide, KOH.

[0047] During normal cell operation during cell discharge, oxygen from surrounding air may' be reduced 

(gains electrons) while the reactive metal undergoes oxidation (loses electrons). In zinc air cells 

containing alkaline electrolyte, for example, the follow ing simplified cell reactions may7 occur:

At the anode: 2Zn + 4011- -» 2ZnO +2H2O + 4e IT =1 ..25V

At the cathode: Ο·> ·;·2Η,0 -Me’ 4OH Ε,Η>.40ν

Overall reaction: 2ZnO XT ZnO E,-(x-v?=1.65V

[0048] In some instances, the actual anode reaction products are not simply ZnO J-HjO but rather 

Zn(0H),f . The overall anode reaction could therefore be written as

2Zn +■ 8OH 2Zn(OH) T' + 4e

[0049j lire generated zme oxidation product, potassium zmeate, can remain in solution.

[0050] Zinc air rechargeable cells that use alkaline electrolytes may7 have a number of technical issues. 

The first issue is that as air enters the cell, CO>, carbon dioxide (normally present in ambient air) may7 

enter as well and slowly reacts with alkaline electrolyte to form insoluble carbonate species. These 

insoluble carbonates precipitate within pores of the air electrodes and also in the electrolyte. This

-6-
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generated precipitate lowers electrical conducti v ity of the electrolyte, and, because air electrode pores are 

being blocked by insoluble material, air electrode performance is markedly reduced. Although carbon 

dioxide absorbing systems have been used to remove (scrub) CO2 from incoming air, the added weight 

and complexity detracts from advantages of metal air systems that use alkaline electrolyte.

[0051) In addition, because commonly used alkaline electrolytes suffer from being deliquescent 

(absorbing water from the air), in humid environments, excess water may accumulate in these battery 

systems, causing the air electrode to become flooded with water. Since air (oxygen) cannot readily diffuse 

through water, less oxygen can enter and become reduced within the air cathode. This may cause alkaline 

based air cathodes to quickly lose their active properties.

[0052j Another issue with traditional alkaline-based zinc air cells is that although ionic conductivity and 

cell power performance improve with increasing OH- concentration, so does solubility of formed zinc 

species. This presents a cell design dilemma. On one hand, a higher pH is desirable for improved 

electrolyte electrical conductivity and good cell capacity'. The tradeoff is that higher electrolyte pH can 

lead to greater solubility of formed zinc discharge product which results in greater shape changes during 

cell charge and hence lower cycle life. In other words, in a typical cell design, one may select having 

either good cell capacity with poor cycle life or good cy cle life with, poor cell capacities. The desired 

combination of both good cycle life AND good cell capacity is not currently' available in 

electrochemically rechargeable metal air cells.

[00531 Yet another issue with typical alkaline electrolytes is that during electrical charging, plated zinc 

tends to migrate and redistribute over the zinc electrode. After only a few charging cy cles, zinc can 

deposit in unwanted morphologies (e.g, as spongy, mossy, or filamentary/dendritic deposits). A dendritic 

deposit is a deposit that protrudes out of the normally smooth zinc surface. Irregnlarlv plated zinc 

particles may have higher electrical resistance and do not mechanically adhere well to each other. These 

zinc particles may easily flake off metal electrodes to form isolated zine deposits. All of these factors 

contribute to reduced battery' capacity and reduced power output for traditional zinc air batteries after 

continued discharge and charge cycles.

Battery Electrolyte

[0054[ In accordance with an aspect of the invention, a battery electrolyte may be selected that may 

improve the performance of a metal-air battery, such as a zinc-air battery. In some embodiments, the 

battery· electrolyte may be an aqueous, chloride based electrolyte. In some embodiments, the electrolyte 

may have a pH of about 6, The electrolyte may have a pH of 10 or less, or any other pH value mentioned 

herein or less. In alternate embodiments, the electrolyte may have a pH failing between 3-10, 4-9, 5-7,

5.5-6.5, or 5.75-6.25. In some embodiments, an electrolyte may have a pH of about 3, 4, 5. 5.25, 5.5, 

5.75, 5,8, 5.9, 5,95, 6, 6,1, 6,2, 6,3, 6,5, 6,75. 7, 8, 9, or 10, In some embodiments, the electrolyte maybe 

alkali. The pH may be relatively pH neutral. In some embodiments, substantially no carbonates are 

formed as a result of CO; present in the air. The electrolyte may be non-dendritic with little or no CO; 

absorption.

.7.
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(0055j A battery provided in accordance with an embodiment of the invention may utilize an aqueous, 

chloride based electrolyte. Because of lower electrolyte 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 electrolyte 

or air electrode. In addition, since chloride based aqueous electrolytes are commonly used in zine plating 

industries to deposit smooth and w ell adherent zine deposits, zine plating efficiencies (during cell 

charging) should be markedly improved.

[0056] A preferable chloride-based electrolyte in a zinc air cell is in accordance with an embodiment of 

the invention . An electrolyte may comprise a mixture of soluble chloride salts in aqueous solution. 

Soluble chloride salts may have a cation suitable for yielding a soluble chloride salt in an aqueous 

solution. Cations of suitable chloride salts may include zinc, ammonium, sodium, or any' other cation that 

can yield soluble chloride salts in aqueous solutions, A conductive electrolyte may be a mixture of 

soluble salts based on sulfates, nitrates, carbonates, hexfiuorosilieates, tetrafluoroborates, methane 

sulfonates, permanganate, hexafluorophosphates, borates, or phosphates, either singly' or mixed together 

in an aqueous solution. If a mixture of chloride electrolytes is used, for example, this new zinc-air cell 

may be described as:

Zn/ZnCF. \H,< 1. Hl) O. (Carbon)

Here, reading from left to right, zinc may be the anode. It can be separated from the electrolyte contain ing 

ZnCl2 and NH4C1 and H2O, The carbon based air electrode is where O2 is reduced during discharge and 

generated during charge.

[0057] In some embodiments, KOH or other electrolytes may be used. Such a system may require or 

utilize the addition of a CO? scrubber as a potassium hydroxide electrolyte absorbs CO?. Any electrolyte 

known in the art may be used in conjunction with embodiments of the systems and methods described 

herein.

[0058] in some embodiments, oxygen evolution may be enhanced by: charging a cell at low current 

densities. Such current densities may minimize or reduce Cl? evolution. Examples of such current 

densities may include about 1 mA/cm* to about 100 mA/cm \ Such current densities may be about less 

than, greater than or between any of the following current densities: about 1 mA/cm2, 5 mA/emh 10 

mA/cnri, 20 mA/cm"1. 30 mA/cm*,40 mA/cm*. 50 mA/cm*, 60 mA/cm*, 70 mA/cm*, 80 mA/cm*, 90 

mA/cnC, or 100 mA/cjoT. The oxygen evolution may also be enhanced by' regulating electrolyte pH. 

Furthermore, oxygen evolution may be enhanced by using an electrode or catalyst having a low over

potential for oxygen evolution.

[0059j in some embodiments, the metal electrode may’ be formed of zinc, may be plated zine, or may 

include zinc in any other form such as an alloy'. In accordance with one embodiment of this invention, the 

electrolyte may comprise a mixture of about 15% zinc chloride (ZnCF) and about 15% ammonium 

chloride (NH4CI2) in water by % mass. Electrolyte may alternatively comprise a mixture of about 1.5% 

zinc chloride and about 20% ammonium, chloride in water by % mass. In some embodiments, the 

aqueous electrolyte may contain varying amounts of zinc chloride and ammonium chloride or other salts 

or chlorides such as LiCl. For example, an electrolyte may comprise about 10%, 12%>, 13%, 14% 14.5%,
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15%, 15.5%, 16%, 17%. 18%, or 20% zinc chloride or ammonium chloride. In some embodiments, about 

the same amount or similar amounts of zinc chloride and ammonium chloride may be provided. Other 

materials may be added to buffer the electrolyte. These could include ammonium citrate or other 

compatible buffers such as ammonium acetate, or ammonium hydroxide in 1 - - 2% mass. A porous carbon 

air electrode (cathode) containing Mn or Co based catalysts may assist in the oxygen reduction reaction. 

[0060] During cell discharge, oxygen from ambient air may enter the cell through a porous air electrode 

and may undergo reduction at specifically designed catalyst sites in or on the air electrode. The air 

electrode may be a carbon based electrode. Meanwhile, at the metal electrode (which may be zinc), zinc 

goes into solution as soluble zinc ions. In the presence of a chloride-based electrolyte, zinc chloride may 

be somewhat soluble in the aqueous electrolyte. As cell discharge continues and more zinc ions are 

created, the solubility limit of zinc chloride may be exceeded. This may cause some zinc chloride to be 

precipitated. Methods for dealing with the precipitation in accordance with an embodiment of the 

invention will be described in greater detail below. During cell charge, a reverse electrochemical reaction 

occurs. Oxygen gas is generated at the air electrode while zinc metal may be regenerated (plated) back on 

to the zi nc electrode.

[0061 j A simplified dischargc/charge processes in chloride electrolyte, which may have a pH of about 6, 

may' be described by die following reactions:

During Cell Discharge

Cathode reaction

Anode reaction; 

During Cell Cliarge

Cathode reaction:

Anode reaction.

211· -r O3 -t- 2e’ A H2O

Zn A ZirΓ -I- 2c-

H?O -r 2CV A 2HC1 v H O3 + 2e 

ZnC 1 ■ + 21Γ + 2e A Zn +2HC1

Zinc species formed during cell discharge in an ammonium chloride electrolyte could be more precisely 

described as Zn(NHi):>€l?.

[0062[ At the air electrode, oxygen obtained from ambient air may enter the cell through an air 

permeable, hydrophobic, membrane. During cell charging, oxygen gas may' be produced via water 

electrolysis at the air electrode.

[0063] One effect of using chloride based aqueous electrolytes in rechargeable zinc air battery 

technologies is that during cell charging (under anodic potentials), an unwanted side reaction involving 

chlorine evolution may possibly occur

(1) 2C1 A Cb(g) + 2c Eo= 1.36 V

[0064] Generating chlorine may be an undesirable reaction in this electrolyte system since it can lower 

overall cell charging efficiencies. For example, electrical energy may go into generating chlorine rather 

than into evolving oxygen. Therefore, it may be desirable for the battery system to be designed so that 

during cell charging, anodic potentials favor oxygen evolution and minimize chlorine evolution.

(2) 2H ;O A 4H* + O;(g) -Me' E(l - I.23 V
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(0065j Although oxygen evolution (reaction 2) with its lower oxidation potential is expected to 

predominantly occur because it is thermodynamically favored over chlorine evolution (reaction I), 

chlorine evolution is a much simpler chemical reaction and has a lower overpotential. This means that in 

chloride environments, undesirable chlorine evolution may actually become more likely to occur than 

oxygen evolution.

[0066] Chlorine generated may dissol ve in water to form hypochloroas acid, HC1O. Hypochlorite ions 

could then decompose into chloride, several known oxidized chlorine species, or even free dissolved 

chlorine gas depending on the conditions. Even though chlorine gas per-se does not remain intact, this 

reaction may still be undesirable in our cell since it lowers overall charging efficiencies.

(0067( There are a number of practical ways to minimize or reduce undesirable chlorine (or 

hypochlorite) evolution (or improve oxygen generation efficiencies). Since oxygen evolution is favored 

under low current density conditions, one possibility may be to lower charging current densities to favor 

oxy gen evolution. In some embodiments, desirable charging current densities may be about 10 m/Vcnr 

to about 200 mA/cm* and can be varied depending on the application up to the maximum charging or 

discharging current that the battery will tolerate.

(0068( Another approach may be to regulate electroly te pH, At certain pH values, oxygen generation 

may' be more favored than chlorine evolution. Higher pH favors O; evolution over CE evolution. The 

electrolyte nay be slightly raised and buffered by addition of ammonium hydroxide, ammonium citrate. 

Chlorine evolution is favored below pH 2. While ammonium chloride acts as a pH buffer in this system, 

addition of aqueous ammonium hydroxide would raise the electrolyte pH without adversely affecting the 

electrolyte conductivity or other performance properties.

[0069( Another approach may be to use air electrodes or selected catalysts in the air electrode that have 

high overpotentials for chlorine evolution and very low overpotentials for oxygen evolution. This way, 

during cell charging, oxygen evolution is favored. This can be achieved either by modifying electrode 

surfaces (as will be discussed in greater detail further below), or by adding materials like MnOj, which are 

well known to have low overpotentials for oxygen evolution. Similarly, addition of various electrolyte 

salts has been show n to minimize chlorine evolution. Examples of such salts or chemicals may' include 

cobalt chloride, iridium oxide (IrOi) or soluble Mn salts. Additionally, there arc water-soluble additives 

such as urea which are known to react with chlorine (if it is formed) to produce non toxic, easily' vented 

gases.

[0070] It should be understood however, that the use of alkali electrolyte can be used as part of the 

disclosed system herein if carbon dioxide is removed from the air. if so, all the benefits of a cell as 

described herein could still be realized.

Zinc Air Cell with Third Electrode
[0071( An aspect of the invention may relate to a reversible or rechargeable battery, such as a zinc air 

cell, having a zinc electrode and a carbon-based cathode for electrochemical reduction of oxygen gas.

This type of cathode may also be known as an air cathode since the oxygen that is chemically reduced is 

typically obtained from ambient air.
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[0072 j hi traditional limited electrically rechargeable metal air cells, air electrodes are expected to

perform two opposite functions (hence the occasional name bi-functional air electrode). The first 

function is oxygen reduction (during cell discharge); the second function is oxygen gas 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 air electrodes. Firstly, there are only a handful of conductive materials that 

will not readily corrode in aqueous electrolytes under these wide shifts in applied electrical potential.

This makes selecting an air electrode current collector more challenging. Secondly, generating oxygen 

gas bubbles during cell charging may introduce pressure and mechanical stresses in foe porous carbon 

structure which weakens this air electrode.

[00741 One possible approach is 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' electrode 

may be provided, in lieu of the standard air electrode. The auxiliary' electrode may exclusively perform 

cell charging and associated oxygen generation. Thus, one air electrode may be provided exclusively for 

cell discharge while a second, auxiliary, air electrode is designed and used exclusively for cell charge. 

This auxiliary' electrode may be situated either between the normally' used air electrode and metal 

electrode, or situated on both sides of the metal electrode. Since an auxiliary' electrode w ould usually' only 

be used during cell recharging and generating oxygen, it could then be optimized for recharge (oxygen 

production) while the traditional air electrode would be optimized for discharge (oxygen reduction).

[0075] FIG. 12 shows an example of this new electrode configuration. FIG. 12 provides a schematic of 

a three electrode design for an electrically rechargeable zinc air cell. Here, a traditional porous air 

electrode (CC) and a solid zinc electrode (AA) are separated by liquid electrolyte. A third, auxiliary 

electrode (BB), which is only used during cell charge, and electrically isolated from electrode AA, may 

be situated between electrode CC and electrode AA. In some embodiments, the auxiliary' electrode BB 

may' be electrically isolated from electrode AA either by an insulator or by' a gap

[0076j Electrode AA may be a standard porous carbon air electrode, or any other type of air electrode. 

Electrode CC may be a zinc metal electrode, or any other metal electrode or anode as described 

elsewhere herein. A third electrode (BB), which could be a metal screen, foil, mesh, or foam, or pressed 

or sintered metal powder is only used during cell charging.

[0077) During cell discharge, electrodes AA and CC are connected and electrical currents are produced. 

[0078) During cell charging, electrodes BB and CC may be automatically connected via an electrical 

switch and electrical currents from an external circuit may be applied across these electrodes.

[0079| By using an auxiliary' electrode arrangement, a different (possibly cheaper and more efficient) 

charging electrode may be obtained. During cell discharge, electrodes CC and AA, connected through an 

external circuit, may provide electrical pow er. Current flow may be in the same direction as in traditional 

cells. Oxygen from ambient air may be electrochemically reduced by' electrons generated at foe zinc 

electrode.
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]0080j Prior to cell charging, this third electrode (BB) may be automatically electrically switched into 

the cell circuitry' and electrode AA is disconnected from the metal electrode (CC), such as zinc electrode. 

Now; during charge, electrodes BB and AA are electrically connected and utilized. Current collectors 

may be configured to have increased surface areas. These current collectors could be in the form of a 

mesh, porous plates, wires, screens, foam, pressed or sintered powder, strips, or other suitable open and or 

high surface area structures. This could allow better contact with electrolyte for oxygen generation 

reaction. The porous nature of this electrode allows electrolyte to flow through and also allows generated 

oxygen gas to easily escape. Since O > gas is generated at this porous auxiliary electrode, there will be no 

carbon black to become damaged.

(00811 Tliis auxiliary, third electrode may also be designed to contain specific catalysts to enhance O? 

evolution (catalysts having low oxygen overpotentials). In addition, this third electrode may then be 

protected from reverse currents during cell discharge by using switching diodes that only allow this 

electrode to be utilized during cell charge.

[0082] After 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,

[0083j During discharge electrodes A A and CC may be connected.

[0084] During charge electrodes BB and CC may be connected.

[0085j Any switching or conneetion/disconnection mechanism known m the art may· be used to provide 

the desired connections during charging and discharging. Such connections may be made in response to 

instructions provided by a controller.

[0086) The recharging air electrode may be made:

1. Larger than the discharge air electrode to allow rapid recharging at lower current densities.

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

Metal Hydrides as a Battery Anode

[0087] In some embodiments of the invention, titanium hydride, TiH>, may be a suitable metal 

electrode/anode material in a horizontally configured battery,

[0088] Unlike other AB5-type metal hydrogen storage alloys such as LaNiTi powder and its hydride 

could be cheaper and have higher energy densities. Also, unlike other metal electrodes that dissolve 

when undergoing oxidation, TiH? does not dissolve following its oxidation. TiFf simply becomes solid, 

metallic Ti,

[0089] As an anode, during the cell discharge cycle. Till may release two protons and two electrons to 

form Ti metal. During charge, two protons and two electrons may be returned to Ti and Til l·» may be 

formed again, Tire discharge/chargc reactions could be:

Discharge: TilF a => Ti + 211+ +· 2e- 

Charge: Ti + 2H+ +2e- a —> TiH2

[0090] Typical metal hydrides deteriorate toll owing numerous discharge/charge cycling 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 electrical
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conductivity and poor cell performance. However, in conjunction with the present proposed horizontal 

configured cell design as provided further herein, where metal electrodes are horizontally positioned, the 

action of gravity1 may help even finely divided Ti and TilF powder settle back on the current collector 

below. Even if the metal electrodes are slightly tilted, gravity should nevertheless bring the Ti arid TiH; 

powder to settle back on the current collector in a relatively even or uniform fashion. TiH; and Ti 

powders will remain in intimate contact and this metal electrode can continue to undergo oxidation and 

reduction with good efficiency.

[0091 j Ti powder may also be modified by treatment via any one of the various treatment processes 

proposed herein to make Ti more electrically conductive.

[0092j Titanium hydride can work as a standard battery7 or as a titanium-hydride-air battery. Features or 

portions of the discussion relating to titanium hydride electrodes may also apply to zinc-air batteries or 

other metal-air batteries and vice versa.

Horizontal Cell Configuratioii/Orieatation

[0093] In accordance with another aspect of the invention, a metal-air battery system, such as a zinc-air 

battery system, may have a horizontal cell configuration. FIG. 1 shows rechargeable zinc-air cells 

arranged in a horizontal orientation in accordance with an embodiment of the invention. The battery 

system may include a plastic frame 100a, 100b, an air electrode 102a, 102b, a metal electrode 104a, an 

electrolyte 106a. 106b, and an airflow tunnel 108a, 108b. In some embodiments, an air electrode 102a, 

102b may include a hydrophobic membrane 110, carbon and catalyst 112, expanded titanium 114, and 

conductive carbon 116. The air electrode may functions as a cathode during cell discharge. The metal 

electrode functions as an anode during cell discharge. In other words, the air electrode functions as a 

cathode during cell discharge and the metal electrode functions as an anode during cell discharge. During 

cell charging, the porous carbon air electrode now functions as an anode while the metal electrode now 

functions as a cathode. In some embodiments, a metal-air battery cell system may comprise a metal 

electrode, an air electrode, and an aqueous electrolyte solution. In some embodiments, the electrolyte 

may have a pH felling within the range of about 3 to 10.

[0094] In some examples, a plastic frame maybe formed of Noryl, polypropylene (PP), polyphenylene 

oxide (PPO), polystyrene (PS), high impact polystyrene (HIPS), acrylonitrile butadiene styrene (ABS), 

polyethylene terephfhalate (PET), polyester (PES), polyamides (PA), polyvinyl chloride (PVC), 

polyurethanes (PU), polycarbonate (PC), polyvinylidene chloride (PVDC), polyethylene (PE), 

polycarbonate,'Acrylonitrile Butadiene Styrene (PC, ABS), or any other polymer or combination thereof.

In some embodiments, the plastic used to form a frame may be chosen for its ability to tolerate high 

temperature, i.e., as high as the boiling point of the electrolyte. In some embodiments, the plastic used to 

form a frame may be injection moldable. A plastic frame made from injection molded plastic such as, but 

not limited to. Noryl may be designed to hold both a solid zinc electrode (shown on the bottom of the 

cell) and an air electrode. The zinc electrode on the bottom of the cell may7 be separated from an expanded 

metal titanium current collector screen (embedded within the underside of the porous carbon air 

electrode by a fixed distance. Filling this separation space between the zinc electrode (metal

-13-



WO 2012/012558 PCT/US2011/044715

clectrode/anode) and titanium screen current collector (air electrode/cathode) is the electrically 

conducti ve, aqueous chloride electrolyte solution.

[0095] Frame 100a may surround a ceil. An air electrode 102a may be provided as a top layer of a cell. 

A metal electrode 104a may be provided as an intermediate portion of a cell. An airflow tunnel 108b 

may be provided between the metal electrode 104a of a first cell and an air electrode 102b of a second 

cell. An electrolyte 106a may be provided within the cell. The electrolyte 106a may be contained by the 

frame 100a and may be supported bv the metal electrode layer 104a. In alternate embodiments, the 

positions of the air electrode and metal electrode may be switched so that a metal electrode may be 

provided as a top layer, and an air electrode may be provided as an intermediate portion

[0096] In some embodiments, the air electrode may be a carbon oxygen cathode electrode or polymer 

based oxygen electrode having an air permeable hydrophobic catalytic membrane, a corrosion resistant 

metal current collector, wherein during electrical charging under anodic potentials, oxygen evolution may 

be favored. Air electrodes may also include any materials known in the art.

[0097] 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 improve adhesion of vapor 

deposited metals to various polymer surfaces. By treating polymer surfaces with various gas plasmas 

prior to applying structural adhesives, a stronger, more durable bond, may be formed. Examples of 

desirable gas plasmas may include O2, mixtures of CFVOj, or N2, Such treatment is expected to enhance 

adhesion of a plastic frame to a metal electrode. In either 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 in a longer lived cell.

[0098] There are a number of distinct advantages to having a horizontal electrode orientation. Firstly, a 

horizontal configuration may allow cells to be rapidly and inexpensively' assembled from injection 

molded plastic containers or frames. Another advantage is that no porous battery separator is needed, in 

most batteries separating membranes arc often expensive and puncturing this membrane is also the key' 

failure mode of these batteries as well. By eliminating a need for a porous battery separator, cells may be 

more inexpensively· and reliably manufactured and used. In some embodiments, an electrolyte within a 

particular cell may directly contact a metal electrode of that same cell. In some embodiments, the 

electrolyte may or may not directly contact the air electrode of the cell. No separating layer need be 

provided between the electrolyte and the metal electrode. In some embodiments, no separation or 

separating layer may be provided between the electrolyte and the metal electrode and/or air electrode.

For example, a rechargeable metal air battery cell may be provided, that has a metal electrode, an air 

electrode, and an aqueous electrolyte between the metal electrode and air electrode, wherein the air 

electrode may directly contact the electrolyte and no separator is provided between the air electrode and 

the electrolyte.

[0099] Eliminating a separating membrane is a key to lowering battery costs to affordable levels and 

helping extend battery cycle life so that it becomes suitable 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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shorting) the air electrode above. In some embodiments, the metal electrode may be a zinc metal anode, 

and grav ity may keep plated zine from contacting the air electrode above. This creates an extremely 

reliable battery since there is no membrane to tail and the cell relies on gravity to ensure proper operation, 

A rechargeable metal air battery system may be capable of a large number of diseharge/recharge cycles 

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

performance, hi some embodiments, the system may be capable of about 100 or more, 200 or more, 300 

or more, 350 or more, 400 or more, 450 or more. 500 or more, 700 or more, 1,000 or more, 1,500 or 

more, 2,000 or more, 3,000 or more, 5,000 or more, 10,000 or more, or 20,000 or more 

diseharge/recharge cycles without substantial degradation.

(00100] During cell operation, reaction discharge products may primarily be zinc chloride. When the 

solubility of zinc chloride exceeds its solubility limits (and since it is formed in chloride-based 

electrolytes the presence of chloride ions will, via the common ion effect, cause zinc chloride solubi lity 

limits to be quickly exceeded) it precipitates. The horizontal configuration together with assistance of 

gravity should help precipitating zinc chloride particles settle back onto the horizontally positioned zinc 

metal electrode below. Since zinc chloride particles deposit on/near the zinc electrode, zinc ions will 

undergo considerably less migration. This means that during cell charge, when zinc is deposited back on 

the metal electrode, there may be less zinc lost to other locations in the cell. This leads to considerably 

improved zinc cycling efficiencies and improved cell capacity. Eliminating a membrane separator in 

rechargeable cells also means that internal resistance losses within cells may be minimized or reduced. 

This leads to higher operating potentials and less waste heat generated.

[00101] A horizontal geometry may also allow for establishing a reproducible fixed distance between the 

zinc electrode (anode) and current collector of the air electrode. This helps control electrolyte resistance 

more reproducibly. In some embodiments, a battery cell may have a frame that supports the metal 

electrode and air electrode at a fixed distance from one another. A fixed distance may define a space in 

which a liquid electrolyte may be contained. Secondly, in horizontal geometries, where each individual 

air breathing electrode is facing upwards, numerous zinc air cell assemblies may be stacked on top of 

each other. This not only increases energy densities (since cells may now' be closely packed together) but 

also allows for designing a battery system with horizontal gas flow manifolds where air may be pumped 

through battery casings between individual cells to circulate air/oxygen on top of each individual air 

electrode,

[00102] FIG 2 shows an example of individual cells that may be stacked on top of one another. A cell 

may include a plastic frame 200a, 200b, an air electrode 202a, 202b. a metal electrode 204a, 204b, and 

an electrolyte 206a, 206b. The electrolyte may be contained by the plastic frame and may be supported 

by the metal electrode. In some embodiments, the air electrode may be provided above the electrolyte. 

The electrolyte may be sandwiched between the metal electrode and air electrode. One or more air flow' 

tunnels 208a, 208b may be provided between the cells. An air flow tunnel 208b may be provided 

between a metal electrode 204a, and an air electrode 202b.
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[00103] Thus, two individual cells may be separated from each other by a horizontal air passage or tunnel 

(not drawn to scale). This horizontal cell configuration may allow air/oxygen to be pumped and 

circulated between ceils to individual air electrodes. Flowing air/oxvgen to air electrodes may allow cells 

to maintain their oxygen supply even at higher current densities and additionally provides cell cooling.

Air circulation need not be continually operating and air flow rates may be regulated via feedback 

mechanisms. In some embodiments, air may flow in the same direction for each of the air flow tunnels. 

Alternatively, air within different air flow tunnels may flow in varying directions.

[00104( In one example, a fan (which may include axial fans, centrifugal fans, cross-flow fans), pump, or 

any other mechanism for producing airflow may' be used. One or more actuators may be part of the air 

flow mechanism or may be in communication with the air flow mechanism. Examples of actuators may 

include but are not limited to, motors, solenoids, linear actuators, pneumatic actuators, hydraulic 

actuators, electric actuators, piezoelectric actuators, or magnets. Actuators may· cause the air to flow 

based on a signal received from a controller. The actuators may or may· not be connected to a power 

source. One or more sensors may be provided in a cell arrangement. In some embodiments, the sensors 

may be temperature sensors, voltage sensors, current sensors, or pH sensors. These sensors may be in 

communication with the controller. Based on signals received from the sensors, the controller may 

provide signals to the air flow mechanisms, which may vary' and/or maintain, the flow of air between cells. 

[00105] As pre viously mentioned, there are a number of advantages of a horizontal geometry in metal-air 

cells.

A. A horizontal geometry may allow fixed/controlled electrolyte resistance, which may require 

less cell management.

B. A horizontal geometry may also provide ease of physically assembling and stacking 

multiple cells.

C. There may be no need for battery· separator as gravity may separate materials of different 

densities.

D. llte precipitated discharge product may be helped by gravity, as prev iously mentioned, to 

settle as an even or substantially even layer on a metal electrode.

E. A horizontal 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 electrolyte as later described.

G. Compression may hold cells in place.

[00106( A horizontal battery design need not be limited to a metal-air battery, such as a zinc-ai r battery;

A horizontal cell design may be also used in other battery' systems where a solid or a slightly soluble 

discharge product is formed. This may include, but is not limited to, lead-acid ("flooded" and VRLA) 

batteries, NiCad batteries, nickel metal hydride batteries, lithium ion batteries, lithium-ion polymer 

batteries, or molten salt batteries.
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Centrode Design for Cell Intercqnnectiqn

[00107j In accordance with an aspect of the -invention, systems and methods may be provided for 

inexpensive, scalable connections between multiple cel is.

[00108[ Interconnecting a. number of indi vidual metal air cells in a. series electrical connection while 

maintaining a horizontal geometric configuration for one or more cells (or each cell) may he easily 

accomplished by what may be referred to as a '‘centrode, ” A “centrode” may be created by taking an air 

electrode of one cell and crimping 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 it. The space between the metal electrode 

(now positioned on top) and the air electrode (now positioned below) may be separated by a thin air 

channel 208a, 208b that allows air to be flowed on top of these air electrodes, Uns is shown in FIG. 2. 

The resulting centrode sub-assembly resembles a bat section when viewed through the air path 108a,

108b (front to back) as shown in FIG, 1. The metal electrode and the air electrode may be substantially 

vertically aligned and horizontally oriented.

[00109J FTG, 1 illustrates how a metal electrode 104a of a first cell may be crimped around an air 

electrode 102b of a second cell, thereby connecting the first and second cells in series. The metal 

electrode of a first cell and an air electrode of a second cel l may be electrically connected in any other 

way. For example, either the metal electrode or the air electrode may be crimped against 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.

[001101 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 area of the air electrode and metal electrode. Alternatively, the fixed distance may be varying 

across the area of the area of air electrode and metal electrode. In some embodiments, the fixed distance 

may tall in a range that may include about 1 mm, 2 mm, 3 mm, 4 mm, 5 mm, 6 mm, 7 mm, 8 mm, 9 mm, 

1 cm, 1.5 cm, 2 cm, 3 cm. or more. The fixed distance between the air electrode and the metal electrode 

may define a space in which an electrolyte may be contained or provided. The air electrode and metal 

electrode may be part of the same metal-air cell.

[001.1.11 Any number of cells may be assembled, stacked and connected to achieve whatever operating 

total voltage is required. Each plastic frame mas' be a common part designed to fit to the shape and 

sealing requirements of individual centrodes. Each centrode may have unique upper and lower features 

molded into the plastic. The features molded into 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 automated process assembles the cells in modular fashion by essentially sandwiching multiple 

centrodes between two corresponding plastic cell frames. This process may be repeated continuously.

[00112[ FIG. 3 shows a single cell isometric section view in accordance with an embodiment of the 

invention. 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, circular

-17-



WO 2012/012558 PCT/US2011/044715

shape, triangular shape, trapezoidal shape, pentagonal shape, hexagonal shape, or octagonal shape. The 

frame may be correspondingly shaped to fit around the cell.

[00113[ In some embodiments, a frame 300 may- have a vertical portion 312, The frame may- also have a 

horizontal shelf306 that may- protrude within the cell . The shelf may- protrude from the vertical portion 

anywhere 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 circumference 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 surface of the shelf may be tilted 

downward toward the center of the cell, or may be tilted downward to the perimeter of the cell.

Alternati vely, the top surface may be flat with a horizontal orientation,

[00114] In some embodiments, a metal electrode 302 may be provided below the shelf306. In some 

embodiments, a metal electrode may have a horizon tal orientation . The metal electrode may 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 electrode maybe parallel or 

substantially parallel to the vertical side at that portion.

[00115] In some embodiments, the frame may have a bottom feature 314 provided on a lower portion of 

the cell, in some embodiments, the bottom 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 may- be shaped to fit within 

the bottom feature, A portion of the metal electrode fitting within the bottom feature may' be parallel or 

substantially parallel to the surface of the metal electrode spanning the cell. A portion of the metal 

electrode fitting within the bottom feature may be perpendicular or substantially perpendicular to a 

portion of the metal electrode contacting or in close proximity to the vertical side.

[00116[ In some embodiments, an air electrode 304 may span a cell. The air electrode may have a 

substantially 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. 

In some embodiments, a portion of the metal electrode 302 may' electrically contact the air electrode 

within the bottom feature of the cel l. For examp le, the portion of the metal electrode may be crimped 

around the air electrode within the bottom feature of the cell. In preferable embodiments, a gap may be 

provided between the portion of the air electrode spanning the cell, and the portion of the metal electrode 

spanning the eelf Air maybe provided within the gap. In some embodiments, air may flow within this 

gap.

[001.17] In some embodiments a top feature may be provided on an upper portion of the cell. In some 

embodiments, the top feature may be an indentation, groove, channel, slot, or hole that may be provided
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at or near the top of the frame, hi some embodimen ts, the top feature may be a mirror image of the 

bottom feature. In some embodiments, a top feature may accommodate a metal electrode and/or air 

electrode above the cell. In some embodiments, an electrical contact between a metal electrode and air 

electrode may be sandwiched between a bottom feature of a first cell and top feature of a second 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 features, metal electrodes, and air electrodes may be provided.

For example, a metal electrode may be provided on top of a shelf. An air electrode may be provided on 

top of a cell. Positions of metal electrodes and air electrodes may be exchanged.

(00119] In some embodiments, a frame may include additional molded features such as a lip 308. The 

frame may also include a slanted portion 310. In some embodiments, a lip may capture an electrolyte. In 

some embodiments, some of the electrolyte may be funneled by the slanted portion 310 in a cell. The 

electrolyte may be contained by the vertical portion 312 of the cell and may be supported by a portion of 

the metal electrode 302 spanning the cell. In some embodiments, the lip may allow a portion of the 

electrolyte to flow through the lip portion of the frame and exit beneath the lip portion ofthe frame. This 

may prevent or reduce overflow of electrolyte from the cell. In some embodiments, the electrolyte may 

be provided from within the cell, or may' be provided from a source above the cell or may' be captured, 

held or fed to a bladed or expansion chamber pushing up or diagonally up above the cell so that gravity 

will push the electrolyte back down when there is room io the cell.

[001.20] An additional advantage of a horizontal configuration is that cells may be designed so that 

electrolyte management becomes significantly easier, A gravity-based electrolyte management system 

may be provided in accordance with an embodiment of the invention. As zinc-air batteries discharge, the 

net v olume of the zinc-electrolyte system may increase. If some accommodation is not made, as the 

electrolyte expands, pressure could build up and liquid electrolyte could penetrate the underside ofthe air 

electrode. This may cause flooding ofthe air electrode and the pressure differential from expanding 

electrolyte may cause damage to the fragile air electrode, in small, closed batteries, extra space must be 

allowed for electrolyte liquid expansion. However, this extra volume may lower overall energy density 

and could create problems in a sy stem where many cells are in series and all cells must maintain a correct 

electrolyte level. It also does not allow new electrolyte to be fed into the sy stem or the electroly te to be 

tested.

[00121] In accordance with an aspect of the invention, this issue may be addressed by four horizontally 

aligned adjacent cells where all four cells share a common corner. This four cell assembly may be 

referred to as a “quad”. At the point where all four cells meet, the cells could share a filling or overflow or 

recirculation port. Each cell can be designed to have access to a small port. Each port may have a small 

overflow lip L that may be tilted slightly above the bottom surface of each air electrode.

[001.22] FIG. 5 shows an example of a tour cell quad, and FIG 4A shows a stack of ce l ls in cross section 

within a gravity-based electrolyte management system. The gravity-based electrolyte management 

system may include a gits relief channel A, from a tank or container B, which may· be in fluid
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communication with another tank or container C. In some embodiments, valves or entry or exit ports D, 

E may be provided at a tank. In some embodiments, additional tanks or containers F may be in 

communication with a main tank or container ( Any distribution of tanks or containers may be 

provided. These may or may not include filters that may capture unwanted particles. In some 

embodiments, the tanks may also provide an opportunity to provide any desired additives. As an 

electrolyte may circulate within an electrolyte management system, it may be replenished as necessary.

In some embodiments, the electrolyte may be monitored as it circulates within the system, and 

modifications to the electrolyte may be made as needed,

[00123] A supply fluid passageway G may' supply electrolyte to a battery system. A return fluid 

passageway V may return electrolyte to the battery sy stem, A fluid passageway may include a pipe, tube, 

channel or any other assembly that may· transport fluid. Electrolyte may be supplied to an upper 

electrolyte tank 11. One or more drains or fill port J may be provided. When an electrolyte overflows K 

the tank, it may drip down into an underly ing cell and be caught by an overflow lip L.

[00124] An overflow lip L may insure a constant liquid electrolyte level that is always in contact with all 

points of the underside face of the air electrode T. Electrolyte P may be provided within a cell. During 

cell discharge when electrolyte expands, diis lip may allow excess electrolyte to drain. All of this may be 

accomplished without putting any hy drostatic pressure on the air electrode. In other words, these unique 

ports may allow for liquid expansion and gaseous exhaust while maintaining proper (and automatically' 

controlled) electrolyte levels. This electrolyte level balancing may also help maintain uniform electrical 

performance. These ports (located at the common center of each adj acent four cells- a “quad”) may line 

up vertically with other ports below to create a series of vertically' oriented feeder pipes that may 

distribute any· overflow electrolyte from all parts of the stacked cells within a small sump tray U at the 

bottom of a stack of cells. These ports may include a prismatic portion M that may break the electrolyte 

into tiny drops N .

[00125] The cells may' include an air electrode T and a metal electrode R that may be connected at one or 

more connection points S, An air tunnel O may be provided between the air electrode and the metal 

electrode. In some embodiments, the air electrode and the metal electrode may form a centrode. A frame 

Q may be provided for a cell. quad, or groups of cells or quads. The frames may be stacked within the 

battery' system.

[00126] One or more valves or ports I may be provided within an upper electrolyte tank H or sump tray 

U. The port may allow additives to the electrolyte and/or some of the electroly te to be drained. A port 

may allow the venting of gases. In some embodiments, ports may provide access to take measurements. 

Ports may have other uses.

[00127] During cell charge, when electrolyte volumes in each cell decreases, these same fill ports may· be 

used to add liquid electrolyte back into each cell of a “quad”. A sump pump may be triggered to fill the 

upper “quad" during cell charge. Electrolyte overflowing this uppermost horizontal quad enters the drain 

pipe and simply fills the horizontal “quad" below it. .Automatic filling of quads with electrolyte may 

proceed quickly until all quads in a vertical stack have been refilled (or topped off) with electrolyte.
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These fill/overflow ports may be designed to also serve another function. A prismatic protrusion (M) 

placed under each overflow lip (4-F) may help break apart any electrolyte liquid into small drops (N) 

before they fail into a quad. This has the effect of breaking any electrically conductive circuit that might 

have otherwise been created by a continuous conductive liquid flow between individual cells. An 

unbroken flow- of conductive electrolyte could have caused a large electrical short circuit across the high 

voltage produced by numerous cells stacked in series.

[00128] in vertically oriented cells that use conventional plate and frame type configurations, liquid 

connections between cells can be a source of energy loss and other design problems. The horizontal 

configuration provided in accordance with embodiments of the in vention, w ith the described fill/overflow 

port may minimize or reduce these issues with an easily assembled, injection molded, plastic part.

[00129] Tire ease of assembly, modularity and scalability of this design is also readily- apparent compared 

to the difficulties associated with conventional battery assemblies (See FIG, 5).

[00130] FIG. 4B shows an additional system for maintaining a constant electrolyte level within a plurality 

of stacked cells in accordance with another embodiment of the invention, A gravity -flow battery 

electrolyte management system may- include two separate systems. The first system may include a 

transfusion station with an electrolyte recharger. The second system may- include a gravity flow metal-air 

battery, such as a gravity-flow zinc-air battery.

[001311 An electrolyte charger and transfusion pump may be provided in accordance w ith an embodiment 

of the invention. The charger may be electrically connected to a charge plug which in turn, may be 

connected to a power source, such as a grid/utility. A rectifier may be provided to convert AC electricity 

from a power source to DC to charge the battery. The transfusion system with electrolyte charger may be 

used for existing fuel stations, residential or fleet use. It may be incorporated into pre-existing structures. 

The transfusion pump may include one or more electrolyte conducting members A, B which may be a 

pipe, tube, channel or any- other fluid passageway- to convey- an aqueous electrolyte. A first electrolyte 

conducting member may' be an electrolyte supply' A. A second conducting member may be an electrolyte 

return B. Electrolyte may flow from the electrolyte charger and transfusion pump in the electrolyte 

supply and may flow to the electrolyte charger and transfusion pump in the electrolyte return. In some 

embodiments, a pump, valve, pressure differential or any other mechanism may- be used to cause 

electrolyte to flow-. In some embodiments, a valve, switch, or locking mechanism may be provided that 

may stop and/or start electrolyte flow.

[00132] A gravity assisted electrolyte flow metal-air battery may include a recharged electrolyte fill tube 

A, a used electrolyte return tube B, a control valve C, an electronic controller D, a pump E, a supply- line 

to an electrolyte storage tank F, a supply line to upper manifolds G. upper supply control valves Hl, H2, 

upper electrolyte flow- controller II, 12, ports <1-1, <1-2, <1-3, storage tank K, and electrolyte return line 

front storage tank L, In some embodiments, in a gravity assisted flow design, gravity- may push the 

electrolyte through the cells without requiring a pump to push electrolyte through the cells. In a gravity- 

flow electrolyte-overflow design, a w-icking agent is not required.
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(00133] An electrolyte fill tube A may provide an electrolyte to the gravity flow metal-air battery. The 

control valve C may determine whether electrolyte is to be provided to the metal-air battery and how 

much electrolyte/flow rate need be provided to the battery·; T he control valve may be directed by an 

electronic controller D which may provide instructions to the control valve. These instructions may 

determine how much electrolyte flow the control valve allows. Instructions may be provided 

automatically from the controller. The controller may or may not be in communication with an external 

processor, which may provide instructions to the controller. In some embodiments, the controller may 

have a user interface or may be in communication with an external device that may have a user interface. 

In some embodiments, a user may be able to communicate with a user interface, and may provide 

instructions to the controller, which may affect instructions provided to the control valve.

[00134] In some embodiments, the metal-air battery may have a pump E that, may assist, with flow and 

circulation of the electrolyte. In some embodiments, the pump may' be provided in a storage tank K of the 

metal air battery. An electrolyte return line from the storage tank L may' provide electrolyte from the 

storage tank K to the control valve C. 'lire electrolyte return line from the storage tank may' he connected 

to the pump. The pump may force electrolyte through the electrolyte return line to the control valve. The 

electronic controller may provide instructions to the control valve that may determine whether electrolyte 

can return and/or the flow rate at which the electrolyte can return.

[00135] A supply line to the storage tank F may be provided. Electrolyte may flow from the control valve 

C to the storage tank K, A supply line to upper manifolds G may also be provided. Electrolyte may flow 

from the control valve to the upper manifolds. In some embodiments, one manifold may' be provided. In 

other embodiments, a plurality of upper manifolds may be provided. The upper manifolds may' or may 

not be in fluid communication with one another. In some embodiments, the electrolyte provided through 

the supply line G may he controlled by one or more upper supply control valves III, 1-12. lii some 

embodiments, a control valve may be provided for each upper manifold. The control valve may regulate 

the electrolyte flow into each upper manifold. The electronic controller D may be in communication with 

the upper supply control valves. The electronic controller may provide instructions to the upper supply 

control valves. In some embodiments, instructions provided by the electronic controller may be provided 

over a wired connection, or may be provided wirelessly,

[00136Jln some embodiments, upper electrolyte flow controllers 1.1., 12 may' control the electrolyte flow 

from the upper manifold to the cells below. The flow controllers may break the electrolyte into drops.

The flow controllers may control the rate of the fluid being transferred from the upper manifold to the 

underlying cells.

[00137] In some embodiments, the upper manifold and/or the storage tank K may have ports J~l, J-2, J~3. 

In some implementations the ports may be in communication with the electronic controller D, In some 

embodiments, ports may provide access to take one or more measurements. The measurements may' be 

communicated to the electronic controller which may provide instructions to other parts of the electrolyte 

management system. For example, based on the measurements, the electronic controller may cause the
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flow rate of the electrolyte to be adjusted, the temperature of the electrolyte to be adjusted, the pH of the 

electrolyte to be adjusted, or the composition of the electrolyte to be adjusted.

(00:138(An electrical connection maybe provided within the battery system. For example, an electrical 

connection may be provided at a. (+) side of the battery and an electrical connection may be provided at a 

(-) side of the battery , and may be connected to a second charge plug. Charge plug 2 may be plugged into 

a wall socket, such as a grid/utility. An AC to DC rectifier may be provided that may convert AC from a 

grid/utility to DC to charge the batteries. An inverter may 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 sy stem may' be monitored. In some

embodiments, the voltage of the o verall system may be monitored, or the voltage of each module may be 

individually monitored. When voltage drops unexpectedly', this may indicate a problem with one or more 

cells. In some embodiments, the system may increase electrolyte flow rate when the voltage drops. 

[00140( In some embodiments, one or more characteristics of the battery and/or electrolyte may be 

monitored at a single point. For example, the pH of the electrolyte, temperature of the electrolyte, 

composition of the electrolyte may be measured at a single point, such as the storage tank. Tire invention 

may include a simplified monitoring sy stem that may determine whether the system needs to be adjusted 

without requiring an expensive and complex sensing system.

Additives to Imp rove Zinc Plate Quality and Form Insoluble Zinc Species

[O0141 [ Internal resistance (IR) losses can be kept low by plating out a good quality zinc coating during 

each recharge cy cle. A key factor in the longevity of this cell is that no specific electrode shape has to be 

maintained. Unlike many chemistries such as lead-acid in which the cycling actually damages the 

electrode, the battery may' plate out a fresh coating of zinc each time. The battery system may include 

additives that may improve zine deposition on the metal electrode. With key additives such as 

poly ethylene glycol of various molecular weights, and/or thiourea, a fresh, smooth level, highly 

conductive zinc coating may be plated during each cell recharge cycle. This zinc lay er may then undergo 

oxidation to dissolved zinc ions during the next cell discharge. Since no exact physical shape is required 

during plating and since gravity helps hold deposited zinc in place, metal electrode failure (quite common 

in other battery systems) may now be minimized or reduced as a failure mode. This helps achieve a very 

long cycle life battery'.

[00142J Another embodiment may include other additives that would cause zinc ions that are generated 

(during oxidation at the metal electrode during cell discharge) to remain close to the metal electrode so 

that they will be readily' reduced (without excessive migration) during cell charging. It would therefore 

be useful to have a water soluble additive electrolyte that (once in contact with Zn"‘ ions formed at the 

metal electrode) may form an insoluble zinc species that can precipitate to the bottom of horizontally 

oriented cells, insoluble zinc species may remain near the zinc electrode and be more easily' available for 

reduction during recharge. The battery system may include an additive that may control desirable 

precipitation. Such additives may include any of the following water soluble species. Examples of water 

soluble species that form insoluble zinc species include: benzoates, carbonates, iodates, and stearates.
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[00143 [in some embodiments, additives having any of the properties described herein may include urea, 

thiourea, polyethylene glycol, benzoates, carbonates, iodates, stearates, water soluble catalyst surfactant, 

or aloe vera, alone or in combination. In some embodiments, adding aloe vera. extract may reduce zinc

corrosion.

Soluble Catalvsts as Electrolyte Additive to Improve Oxygen Formation Dunng Recharge

[00144| In addition to the solid catalysts incorporated in the air electrode itself other materials such as 

water soluble manganese salts can be added to improve cell performance during recharge. Since oxygen 

is generated during cell recharge it is also useful to allow oxygen bubbles to easily 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 system 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.

[001.451 The air electrode can also be mounted with a small angle to the parallel to assist formed oxygen 

bubbles to leave a quad via a common fill port near the overflow lip. In some embodiments, expanded 

titanium could also be disposed with a slight negative crown or stamped perimeter gas relief channel so 

that it may be ensured that the majority of air electrode surface area is compliant with the electrolyte. Any 

ai r bubbles or gases may easily escape via the common fill ports. These configurations will also address 

flatness tolerance issues and mitigate leveling issues).

Urea as Electrolyte Additive to Eliminate Formed Chlorine

[00146] The battery' sy stem may include an additive that prevents chlorine and/or hypochloride evolution 

during recharge. Urea may be added to the aqueous battery electrolyte to control chlorine generation. 

Urea and chlorine may react to form chlorides and benign gaseous products (e.g., N?_, CO?, and 11). If any 

free chlorine is formed at all in the electrolyte during cell charging, it may' readily' react with soluble urea 

to form additional chloride (which is already an electrolyte component). Generated gases from the 

reaction of chlorine w ith urea are not hazardous and may be safel y vented. If urea is added to the 

electrolyte 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' chlorine gas generated during 

subsequent charging cycles.

[001.471 In the cell design provided in accordance with an embodiment of the invention, electrolytes may' 

be periodically tested and, if chlorine levels are above a predetermined level, additional area maybe 

added as required. In some embodiments, the electrolytes may be manually tested. In other 

embodiments, one or more sensors may be provided to automatically test the chlorine levels and if 

necessary, add additional urea to react with and remove chlorine. In some embodiments, urea may be 

manually added as needed, in alternate embodiments, urea may be automatically added when chlorine 

levels are above a predetermined level. In some embodiments, the predetermined level may be in the 

range of 5% urea by weight but typically would be a few ppm urea.
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(00148] In some embodiments, the battery- system may include an additive that may pre vent hydrogen

evolution during charging. The additive may include high hydrogen overpotential chloride salts such as 

tin chloride, lead chloride, mercurocliloride, cadmium chloride, or bismuth chloride.

Rapid Recharge with Zinc/Electrolyte Slurry

[00149] With a horizontal ceil design, a system may be provided where ceils may be rapidly recharged 

(e.g., for long range mobile applications). Zinc chloride particles formed during discharge may be rapidly 

removed from cells via suctioning this slurry into a waste tank or bladder. Tins used electrolyte liquid 

may be replaced bv fresh zine pellets in electrolyte slurry that may be pumped back into the horizontal 

cell. Solid zinc particles may settle to the bottom of the cell (rnetal electrode). This mechanical 

recharging is only expected to take a few minutes,

[00150]In some embodiments, as shown in FIG. 4B, one or more horizontal cells may be within a 

hous ing or may form part of the battery housing. The housing may be connected to a tank. In sonic 

embodiments, used electrol yte l iquid may be returned to the tank. The electrolyte liquid may be returned 

via a return pipe, tube, channel, conduit, or any other fluid communications apparatus. In some 

embodiments, the tank may supply electrolyte liquid to the housing. The electrolyte mav be supplied via 

a supply pipe, lube, channel, conduit, or any- other fluid comm unication apparatus. In some embodiments, 

the same tank may receive the used electrolyte liquid and provide fresh electrolyte liquid. Electrolyte 

liquid may cycle within the system. In some embodiments, the tank may have one or more treatment 

processes that may treat the used electrolyte liquid before it is supplied back to the housing. For example, 

fresh zinc pellets may be added to the electrolyte. In other embodiments, different tanks may be used to 

receive the used electrolyte liquid and provide fresh electrolyte liquid. Fresh electrolyte may enter the 

system, and used electrolyte may be removed from the system,

[00151 j The zinc chloride particles from the used cell can be regenerated locally or in some regional 

facility- (the equivalent of a refinery or tank farm) by well known electrochemical techniques. Such a 

modification would convert this system from what would be typically envisioned as a battery- to more of a 

flow type cell or zinc air fuel cell. However, all of the above advantages would still be available, and a 

longer discharge cycle could be accomplished than a discharge cycle that would be available from just the 

amount of zinc that can fit into each cell without the circulating of external zinc. Another refueling 

method could be described as electroly te transfusion, where degraded electrolyte may be exchanged with 

fresh electrolyte for fast, convenient refueling, similar to traditional pumping stations,

Metal-Air Batten· Housing and Assembly

[00152( As previously described, the metal-air battery system may include a battery housing. This 

housing may have any number of configurations that may 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 fluid-tight. For 

example, the housing may be liquid tight and/or air tight. In some embodiments, the housing may include 

one or more venting mechanisms.
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A. Plastic housing with shared four cell “quad” and electrolyte fill exhaust port system

[00153( Tire layout and design of a plastic cell (fame can be optimized or improved for space efficiency, 

strength, moldability, and minimized or reduced internal resistance losses due to lowered intercell 

resistance.

)00154) A cell frame design, in accordance with an embodiment of the invention, may incorporate a 

common centralized electrolyte management system which may be shared by four individually framed, 

horizontally oriented cells. In other embodiments, the centralized electrolyte management system may be 

shared by any number of cells, including but not limited to one, two, three, four, five, six, seven, eight, 

nine, ten, eleven, twelve, thirteen, fourteen, fifteen, sixteen, seventeen, eighteen, nineteen, twenty, or 

more cells. This design may allow for optimal “centralized” spacing, physical stackability; and electrical 

connectivity of the manifold system.

[00155) FIG. 5 shows an example of a battery stack configuration of an energy storage system. The 

exterior walls of the plastic frames 500a, 500b, 500c, 500d may form a housing wall 502. In some 

embodiments, four cells 504a, 504h, 504c, 504d may form a quad 504 with a shared centralized 

electrolyte management system 506,

[00156( Any number of cells may be stacked on top of one another. For example, four cells 504c, 504e, 

504f, 504g may be stacked on top of one another. In some embodiments, one or more, Evo or more, three 

or more, four or more, five or more, six or more, seven or more, eight or more, nine or more, ten or more, 

Evelve or more, fifteen or more, twenty or more, thirty or more, or fifty or more cells may be stacked on 

top of one another. One or more air flow passages 508a, 508b, 508c, SOSd may' be provided for each cell. 

The plurality of vertically stacked cells may be selected to achieve a desired voltage. If vertically stacked 

cells are connected in series, the number of vertically stacked cells may correspond to an increased 

voltage level. As described elsewhere herein, a centrode may be used to create a series connection 

between cells.

[00157) 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 quad 510. One or more rows of quads and/or one or more 

columns of quads may be provided in an energy storage system. In some embodiments, an energy storage 

system may include an i x.j army of quads, wherein /, j are any whole numbers greater than or equal to 1, 

including but not limited to I, 2, 3, 4, 5,6, 7, 7, 8, 9, 10, .11, 12, 13, 14, 15, or more. In other 

embodiments, cells or quads may have staggered configurations, concentric configurations, or be 

positioned in any manner with respect to one another. Gaps may or may not be provided between the 

adjacent cells or quads. Alternatively, adjacent cells and/or quads may be electrically' connected to one 

another. In some embodiments, one or more cells, or one or more quads may share a common frame with 

the adjacent cell or quad. In other embodiments, each cell or quad may have its own frame which may or 

may not contact the frame of the adjacent cell or quad.

[00158) As previously discussed, any number of cells may· share a common centralized electrolyte 

management system. Four quadrilateral cells may· share a common centralized electrolyte management 

system, forming a quad. In other examples, six triangular cells may share a common centralized
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electrolyte management system or three hexagonal cells may share a common centralized electrolyte

management system. Any combination of cell shapes may be used, wherein a corner of one or more cells 

may share a common centralized electrolyte management system. Any reference to quads may also be 

applied to other numbers or con figurations of cells that may share a common centralized electrolyte 

management system. Horizontal and/or vertical cross conductive connections may be provided. This 

may provide redundancy of connection.

B. Ls nique inanifol d and gravity control led drip sy'stem design 

[00159( FIG. 6 shows an example of a centralized electrolyte management system for an energy’ storage 

system in accordance with an embodiment of the in vention. A plurality of cells 600a, 600b, 600c may 

share a common electrolyte management system. The electrolyte management system may include a lip 

602a, 602b, 602c for each cell. The lip mav assist with containing liquid electrolyte within the cell. The 

electrolyte management system may also include one or more slanted or vertical portions 604a, 604b, 

604c. 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 electrolyte provided from above the 

cell. In some embodiments, one or more support protrusions 606a, 606b, 606c may be provided. The 

centralized electrolyte management system may also include a prismatic protrusion 608a, 608b, 608c. that 

allows overflow electrolyte to drip to underly ing cells and/or an electrolyte capturing tank below.

[00160( In one example, an electrolyte liquid may be caught by an overflow lip 602a of a first cell 600a. 

The electrolyte liquid may flow down the slanted or vertical portion 604a and be contained within the 

cell. If the electrolyte liquid overflows from the first cell, it may be flow over the overflow lip, and into 

the prismatic protrusion 608a. it may flow through the prismatic protrusion and be caught by the lip 602d 

and slanted or vertical portion 604d of a second cell 600d below the first cell. Electrolyte may’ be 

captured by and contained within the second cell. If the second cell is overflowing or overflows, 

electrolyte fluid may flow through the prismatic protrusion 608d of the second cell and be caught by a 

third cell 600e, or may continue flowing downward.

[00161 [When initially filling a battery s_vstein with electrolyte, cells on top may be filled first, and then 

electrolyte may overflow' into underlying cells or quads, which may then flow over into further 

underlying cells or quads, for however many layers of vertical cells are provided. Eventually, all of the 

cells in a vertical stack configuration may be filled with electrolyte and excess electrolyte may be 

captured by a bottom reservoir tray beneath the cells,

[00162] Any of the features of the electrolyte management system may be integral to the cell frame or 

may be separate or separable from the cell frame. In some embodiments, the features may be injection 

molded.

[00163('lire electrolyte management system may continually manage liquid electrolyte levels in each four 

cell "quads" to ensure constant and uniform electrical contact with the lower portion of each air-electrode. 

Sufficient electrolyte may be provided to the cells so that electrolytes may’ contact the lower portion (e.g., 

610a) of an air electrode. In some embodiments, the lower portion may be a metal electrode/anode. In 

other embodiments, sufficient electrolyte may or may be not be provided to the cell to ensure electrolyte

-27-



WO 2012/012558 PCT/US2011/044715

contorts a bottom portion 612a of an air electrolyte overhead. The bottom portion of the air electrode

may be a cathode during discharge.

(00164( FIG. 3 provides an additional view of a cell having an electrolyte management system in the

comer.

[00165( In preferable embodiments, a prismatic protrusion or lip may be configured to break any potential 

connection of conductive liquid flowing between cells. The prismatic protrusion may break the 

electrolyte liqu id into small sized drops. The prismatic protrusion may control the flow rate of any 

overflow cl ectrol yte.

[00166[ The electrolyte management system may be useful for allowing for efficient electrolyte overflow 

and management. Overflowing electrolyte may be captured by cells below or may flow downwards until 

it is captured by a tank below.

[00167( The electrolyte management system may also allow unwanted, generated gases to be safely 

vented. In some embodiments, the gases may be vented through passages formed by' the prismatic 

portions, either upward, or downward.

[00168( Advantageously, the electrolyte management system may replenish cells with liquid electrolyte 

via a gravity- controlled, drip system. Cells may be replenished by overflow from cells overhead, or from 

an electrolyte source. For example, as shown in FIG. 4A, electrolyte may be supplied to an upper holding 

tank. Electrolyte may be supplied in any other manner,

[00169( As provided in embodiments of the invention, a gravity assisted overflow and common refill port 

for each cell may be generalized and used in any' other energy storage device where liquid electrolyte 

levels may change during discharge and charge. Such liquid management systems need not be limited to 

metal-air cells, such as zinc air cells. Other types of energy storage cells may utilize similar liquid 

management systems. The level of liquid electrolyte may automatically be adjusted so that it only 

touches the lower portion of each individual air electrode.

[00170( An additional modification to this design involves fabricating each cell with a recessed cavity 

contained on one side. This may function as a liquid reservoir where excess electrolyte volumes may be 

safely stored as needed. When electrolyte volumes decrease, the excess liquid stored in this cavity may 

automatically flow down via gravity and be used to refill the cell thus assuring that all parts of the 

electrolyte-facing side (bottom portion) of the air electrode remains in contact with the liquid electrolyte.

C. Compression design for reliability

[00171] FIG . 5 provides a view of a battery stack configuration . As previously described, in some 

embodiments, the outer surfaces of the frames of the cells can form a housing. In some em bodiments, all 

critical sealing surfaces may' be under vertical compressive load for added long term sealing reliability. 

For instance, a compressive load may be applied to the stock of cells, which can distribute the 

compressive 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 stock of cells together. 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, tire compressive load may be provided in a vertical

direction.

[00172] Ct mfrode assemblies may be sandwiched between corresponding plastic frames to form a series 

of individually sealed cells. As previously discussed, centrodes may be formed when a metal electrode of 

one cell is electrically connected to the air electrode of another cell. In one embodiment, this electrical 

connection may be formed when a metal electrode is crimped around an air electrode. This may allow a 

serial connection between cells, in 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 

electrode. Applying a force that brings the metal electrode and air electrode together may improve foe 

electrical connection between the metal electrode and air electrode. In some embodiments, foe metal 

electrode and air electrode contact point may be sandwiched between plastic frames, and the compressive 

load may provide a compressive force between the frames and contacts. A fluid tight seal may be 

formed, which may prevent electrolyte from flowing from one cell to another via the frame contact with 

foe centrode, This seal may be done or supported with adhesive.

[00173] Outer walls and interior partitions (which may form frames of the cells) mav be structural 

members designed to properly house and seal foe inner workings of each cell, and apply compressive 

loads on critical cell joints and sealing surfaces. This provides an easily assembled, reliable design and an 

advantageous structural system when individual cells are stacked vertically. FIG, 1 and FIG, 2 show how 

the individual cells may be stacked vertically. In some embodiments, the stack may be loaded with a 

compressive force which may be applied to foe frames and/or connections between the metal electrodes 

and air electrodes,

D. Metal electrode, air electrode snb-assembly

[00174] FIG. 1 shows a connection between a metal electrode and air electrode. In some embodiments, a 

stamped assembly method crimps foe metal electrode over the air electrode, forming a hat section for air 

to pass through. In some embodiments, foe metal electrode may be crimped over foe air electrode so that 

a portion of foe metal electrode contacts an edge on a first side of the air electrode and an edge on a 

second side of the air electrode. In other embodiments, the air electrode may be crimped over the metal 

electrode so that a portion of foe air electrode con tacts an edge on a first side of foe metal electrode and an 

edge on a second side of the metal electrode. The metal electrode and air electrode may be crimped 

together in any manner so that they are bent or folded over one another with various configurations. In 

some embodiments, they are crimped or otherwise attached together so that they contact one another 

without requiring any bends or folds. Other ways of forming an electrical connection, as mentioned 

above can be used.

[00175] A metal-air electrode assembly may utilize different materials that are crimped to form an 

electrical flow connection along both sides of the air path. In some embodiments, examples of materials 

for foe metal electrode may include zinc (such as a zinc powdered amalgam), or mercury. Examples of 

materials for the air electrode may include carbon, Teflon, or manganese.
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[00176( A metal-air electrode assembly may be provided where the metal electrode provides the sealed 

floor of the electrolyte pool above, while the air electrode forms the sealed cover for the electrolyte pool 

below. For example, as shown in FIG, 1., a metal electrode 1.04a may form the floor of an electrolyte pool 

106 a The air electrode 102 a may form the cover for the electrolyte pool. Tire metal electrode and/or air 

electrode may be sealed.

[00177] A centrodc formed by the metal electrode and air electrode may have any dimensions. One or 

more of the dimensions (e.g., length or width) may be aboutΒ” I ”, 2”. 3”, 4”. 5”. 6”, 7’\ 8”, 9”. 10”,

11 ”, 12” or more.

E. € ross conductive design, between cells

[00178] FIG. 7 shows an additional view of a battery stack configuration with metal electrode-air 

electrode connections. A metal electrode ~ air electrode assembly configuration may be provided where 

neighboring crimp flanges or other extensions of centrodes overlap or touch, creating a repeatable, 

modular and horizontally and vertically electrically' connected series configuration.

[00179] A first cell may· include frame members 700a, 700c, and may have a metal electrode 702a, 'lire 

metal electrode may· be crimped around the air electrode 704b of an underlying cell. In some 

embodiments, the metal electrode of a neighboring cell 702c may be crimped around the ai r electrode its 

underlying cell 704d. In some embodiments, the electrical connection formed by the metal electrode 

702a and air electrode 704b may be in electrical communication with the electrical connection formed by 

metal electrode 704c and air electrode 704d. For example, one of the metal electrodes 702c 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 

embodiments, electrical connections between overlying and underlying cells and adjacent cells (e.g,, the 

connection between 702c, 704d, 702a, 704b) may be provided between frames (e.g., 700c, 700d).

[00180] FIG. 7 shows an example of how metal electrodes and air electrodes may make electrical 

connections by crimping and folding. However, any combination of contacts between metal electrodes 

and air electrodes folded over or contacting one another may· be used in accordance with various 

embodiments of the invention. Tire positions of metal electrodes and air 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- parallel 

electrical connection for system reliability, simplicity· and flexibility. For example, one advantage of such 

a system may be that fewer wires and connection points are needed because every row in a cell frame 

may' be electrically connected in series via overlapping crimp flanges.

[00182] FIG. 9 A provides a bottom view of a cell frame assembly with electrical connections. One or 

more cells 900a, 900b, 900c, 900d may form a quad with a common electrolyte management system 902. 

The bottom of a cel l may be formed of a metal electrode. One or more frame components 904a, 904b, 

904c, 904d, 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 two or more cells within a row, such as between a first ceil 900a and a second cell 900b, An 

electrical connection may be provided near a frame 904a between the cells. Electrical connections may 

be provided between two or more ceils within a column, such as between a first cell 900a and second ceil 

900c. An electrical connection may be provided near a frame 906a between the cells. Electrical 

connections may be provided for any combination of adjacent cells within a row or column.

[00183] In some embodiments, electrical connections are not provided between adjacent ceils, hi some 

embodiments, electrical connections may be provided only between overlying and underlying cells 

forming a stack.

[00184] FIG. 9B shows a view of a frame assembly and one or more centrodes. A frame 880 may be 

providing for one or more single cells or quads, or a plurality of single cells or quads. One or more 

centrodes 882a, 882b may be formed of a metal electrode 884 and an air electrode 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 electrode of the centrode forms foe floor of 

foe cell. A plurality of adjacent centrodes, e.g., 882a, 882b may be electrically connected to one another. 

For example, a centrode may have a point where foe metal electrode and air electrode contact one another 

888. The contact point of a first cell ntav contact a contact point of the second cell, in some 

embodiments, foe centrode may be formed so that an air tunnel 890 is provided betw een the metal 

electrode and the air electrode.

[00185] The frame 880 may include an electrolyte distribution assembly 892 that may be integrally 

formed into the frame. The electrolyte distribution assembly' may include a slot 894 that may allow 

electrolyte to flow to underlying cells. The electrolyte distribution assembly may include an overflow lip 

896 that may determine when an electrolyte overflow's into the slot. In some embodiments, the height, of 

the overflow lip may provide tolerance for when the cells or overall battery system is tilted. Even if the 

overall battery system is tilted, if the overflow lip is sufficiently high, sufficient electrolyte will be 

retained within the cells before overflowing.

[00186] The frame may also include a shelf 898 that may protrude from the frame. The metal electrode 

884 may contact foe shelf In some embodiments, a fluid-tight seal may be formed between the metal 

electrode and the shelf The contact between the metal electrode and the air electrode 888 may contact a 

bottom portion of the frame 881. Tire bottom portion of foe frame may rest on top of the contact poi nt. A 

fluid tight connection may or may not be formed. A bottom portion 883 of a frame may rest on top of a 

contact point formed between adjacent centrodes.

F. Stackable configuration & inodular assetnbl v

[00187] FIG. 5 shows a design that utilizes one plastic frame component that essentially' sandwiches 

multiple centrodes betw een two of foe common frames. This may advantageously provide a simplified 

design. For example, as shown, a frame may be provided forming a grid pattern that can span multiple 

cells. The grid-pattern frames can be stacked on top of one another. In some embodiments, grid-pattern, 

frames may be formed of a single integral piece. Alternatively, the grid-pattern frames may' be formed of
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multiple pieces that may be connected to one another. The multiple pieces may or may not be detachable. 

Centrodes 512a, 5.12b may be provided between the frames 514a, 514b, 5,14c.

[00188[The frame design may include a water management system. 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 electrolyte level 

within one or more cells.

[00189] When stacked, the plastic frame design can form a series of vertical tubes or pipes that allow for 

water overflow, drip replenishment of electrolyte and gas exhaust. As previously discussed in relation to 

FIG. 4 and FIG. 6, an electrolyte management system may be provided. When the frames are stacked on 

one another, the electrolyte management system may be provided for stacks of cells.

[00190] Tire stackable frame assembly configuration may be both modular and efficient. Tire plastic 

features may conform to the mating shape of the metal electrode below and the air electrode above the 

cell beneath it, which may allow for a modular configuration with fewer parts. FIG. 1 and FIG. 2 provide 

an example of a stack of cells with features in the frames that may be molded to conform to the metal 

electrode and air electrode connection. Depending on the shape of the metal electrode and air electrode 

connection, the frames may be shaped to conform to the connection shape. In some embodiments, one or 

more ridges, grooves, channels, protrusions, or holes may 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 horizontally in one or more directions. Any 

features may' be integral to the cell or separable from the cell. In some embodiments, frame features may 

be injection molded.

G. Modular installati on and ntilization configurations

[00191 [ Multiple battery' configurations can be achieved by scaling the frame design up or down. For 

example the frame design can include a single cell frame, quad cell frame, or multiple quads in a single 

frame. The frame design for each grouping (e.g., single cell, quad cell, multiple quads) can be formed of 

a single integral piece. Alternatively, the frame design could include multiple parts.

[00192] In some embodiments, multiple 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 may or may not be connected to one another using 

a connector. In some embodiments, a force may be provided to hold the frames against one another.

[00193] Frames may' be stacked to any' desired height depending on power and storage demands. Any 

number of frames may· be stacked on top of one another. For example, one or more, two or more, three or 

more, four or more, five or more, six or more, seven or more, eight or more, nine or more, ten or more, 

twelve or more, fifteen or more, twenty or more, thirty or more, sixty or more, ninety or more, 120 or

more, or .150 or more frames may be stacked on top of one another. In some embodiments, each frame

may be about ’/«’; 14”, 14”, 1”, 1.25’; 1.5”, 2”, 2.5”. 4”, 5”, 6”, 8”, 10”, or 12” tall. In some
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embodiments, an overall height of a stack of frames may be in the order of about 1 or more inches, 3 or 

more inches, six or more inches, I or more feet, 2 or more feet, 3 or more feet, 5 or more feet, 10 or more 

feet, or 20 or more feet,

[001.94( Stacks of individual frames may be oriented in various directions to optimize air circulation . For 

example, air tunnels may he provided within cells. In some embodiments, the air tunnels may he 

provided between ceils. For example, a continuous air tunnel may be formed between adjacent cells. Air 

tunnels may be provided for columns of cells and/or for rows of cells. In 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. In some embodiments, air tunnels may be formed of a straight line, or in 

other embodiments, air tunnels may have bends or curves. In some embodiments, when cells may be 

slightly tilted, air tunnels may be substantially horizontally oriented but have a slight rise and fall to 

accommodate the tilt of the cells. Air may flow in the same direction for parallel air tunnels, or may flow 

in opposite directions. In some embodiments, an air tunnel may be confined to a single level, in other 

embodiments, passages may be provided that may allow an air tunnel to be provided over multiple levels 

of the stacks. Any combination of these configurations may be utilized,

[00195( A stack or series of stacks can be utilized in various configurations and installed in various 

housings. For example, stack heights may vary. Similarly, the number of cells provided per level of a 

stack may vary. In some embodiments, individual cell sizes or shapes may he uniform, while in other 

embodiments, individual cell sizes or shapes may vary. Housing sizes may vary depending on the size of 

the stacks. For example, an overall energy storage system may have one or more dimensions (e.g., 

height, width, length) on the order of inches, feet, tens of feet, or hundreds of feet. Each dimension may 

be within the same order of magnitude, or may be within varying orders of magnitude.

[00196( A stack or series of stacks can be configured as a fuel cel l system via the exchange or 

replenishment of electrolyte, and the packaging of said support systems. For example, a zinc-air fuel ceil 

system may include the addition of zinc metal and the removal of zinc oxide. As previously mentioned, 

zinc pellets may be added to the electrolyte. Zinc oxide or zinc chloride may be removed to a waste tank.

H. Insulated cargo container and HVAC machine utilization 

[001.97( FIG. SA shows an example of an insulated cargo container and HVAC machine utilization for a 

battery stack in accordance with an embodiment of the invention. A plurality of modules 800a, 800b, 

800c may he 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 ievels/iavers of single cells, quad cells, and/or any number of 

cells) 806. and a bottom tray or skid 808. See also FIG. 8H. and each stack of cells might have a 

manifold whereby electrolyte can be sent or disconnected to a given stack or section of a stack. Similarly 

electrical connections can be segregated and disconnected to certain stacks.

[00198( In one example. 16 modules 800a, 800b, 800c of 960 quad cells maybe provided. Two rows, 

each having eight modules may he provided. In various embodiments of the invention, any number of 

modules may be provided, including but not limited to one or more, two or more, three or more, four or 

more, five or more, six or more, seven or more, eight or more, nine or more, ten or more, twelve or more,
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fifteen or more, twenty or more, thirty or more, fifty or more, or a hundred or more modules. In some 

embodiments, the modules may be arranged in one or more rows and/or one or more columns. In some 

embodiments, the modules may1 be arranged in an array. A housing 802 may be shaped to fit the 

modules. In some embodiments, the housing may be about 40, 45, 50 or 52 feet long.

[00199] A module may have any dimensions. In some embodiments, a module maybe about 50 inches 

by 44 inches. In one example, a module may comprise 80 or 120 or more stacks of 15 or more or less 

quad cells. However, a module may be formed of any numbers of Ievels/layers in stacks, including but 

not limited to 1 or more layers, 2 or more lay ers, 3 or more layers, 5 or more layers, 1.0 or more layers, 20 

or more layers, 30 or more layers, 40 or more layers, 50 or more layers, 60 or more layers, 70 or more 

lay ers, 80 or more lay ers, 90 or more layers, 100 or more layers, 120 or more layers, 150 or more lay ers, 

or 200 or more layers. Each stack layer may include any number of single or quad cells. For example, 

each stack Icvel/laycr may include 1 or more, 2 or more, 3 or more, 4 or more, 5 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, 50 or more, or 60 or more single cells or quad cells per Icvel/laycr. 

[00200] In some embodiments, a module may include a top tray 804. Tire top tray7 may be configured to 

accept electrolyte. In some embodiments, the top tray may be configured to distribute the electrolyte to 

one or more cells. The top tray' may be in fluid communication with electrolyte management systems of 

the cells. In some embodiments, the top tray may· he in fluid communication with one or more cells. The 

top tray may include one or more protrusions. The one or more protrusions may provide structural support 

for a cover over the tray. The top tray may include one or more channels or grooves, in some 

embodiments, the top tray may include one or holes or passageways providing fluid communication to the 

underlying layers.

[00201 j A module may7 also include a bottom tray or skid 808, In some embodiments, the bottom tray or 

skid may collect electrolyte that may overflow from the stacks overhead. The bottom tray or skid may 

contain the collected electrolyte or may transfer it elsewhere.

[00202|A modular design may be crafted to fit in various standard ISO cargo containers in an optimized 

fashion. In some embodiments, a housing may7 be an ISO cargo container. The housing may have a 

length of about 20 ft (6.1 m). 40 ft (12.2 m), 45 ft (13,7 m), 48 ft (14.6 m), and 53 ft (1.6,2 m). An ISO 

container may have a width of about 8 feet. In some embodiments, a container may have a height of 

about 9 ft 6 in (2,9 m) or 4-ft 3-in (1,3 m) or 8 ft bin (2.6 m). A modular design may also be crafted fit 

any other various standard containers, such as air freight containers. The modular design may provide 

flexibility7 for the energy7 storage system to fit within pre-existing containers or structure,

[00203] A modular design may take advantage of existing refrigeration and air handli ng equipment 

attached to insulated containers as a complete E1VAC solution.

[00204] C Conventional cooling may be accomplished by properly placing cooling vents to the outside of 

the enclosure

[00205] In some embodiments, a battery7 system may include one or more battery· modules, one or more 

electrolyte management systems, and one or more air cooling assemblies. In some embodiments, a
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battery module may include a top tray, bottom tray, and one or more cell stacks. In some embodiments, a 

stack' of cells may include one or more layers or levels of cells . In some embodiments, one or more levels 

or layers 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 layer may be made of an uzxn array of cells or an zwxn array of quads, where m 

and/or « may be selected from any whole number greater than or equal to 1, including but not limited to 

1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 11. 12, 13, 14, 15, 16, 17, 18, 19, 20, 21, 22, 23, 24, 25, or more. Each module 

may incorporate one or more parts of an electrolyte management system. In some embodiments, each 

quad may share one or more parts of an electrolyte management system.

[00206[ In some embodiments, a module may be a 50 kW / 300 kWh module. In other embodiments, a 

module may have any other power.'energy. For example, a module may provide 10 kW or more, 20 kW 

or more, 30 k.W or more, 50 kW or more, 70 kW or more, 100 kW or more, 200 kW or more, 300 kW or 

more, 500 kW or more, 750 kW or more, 1. MW or more, 2 MW or more, 3 MW or more, 5 MW or more, 

10 MW or more, 20 MW or more, 50 MW or more, 100 MW or more, 200 MW or more, 500 MW or 

more, or 1000 MW or more. A module may also provide 50 kWh or more, 100 kWh or more, 200 kWh 

or more, 250 kW hr or more, 300 kWh or more, 350 kWh or more, 400 kWh or more, 500 kWh or more, 

700 k Wh or more. 1 MWh or more, 1.5 MWh or more, 2 MWh or more. 3 MWh or more, 5 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 5000 MWh or more.

[00207] FIG. 8B shows bottom portions of battery modules in accordance with an embodiment of the 

invention. The bottom portions may include one or more stacks 820 which may include one or more 

layers levels 836 of cells. The battery module may include a battery stack support 824 beneath the layers 

of ceils. The stack support may support the stack under a lower tank 822. The lower tank may be 

configured to contain electrolyte that may flow from the stacks. The stack support may be configured to 

prevent the electrolyte from contacting the bottom of the stacks, such as an air electrode at the bottom of 

the stack. In other embodiments, the stack support may allow electrolyte 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 lower electrolyte storage tank w hich may be thermoformed, may 

receive electrolyte overflow and assist in circulating the electrolyte within the battery system. For 

example, the lower tank may' direct the electrolyte to a testing tank, and then to an upper tank, which may' 

distribute electrolyte to one or more stacks. The lower tank may be fluidically connected to one or more 

fluid distribution members 826 which may include pipes, channels, or any other passage for distributing 

fluid know n in the art.

[00209] A stack 820 within a battery module may include one or more layers or levels 836. A level or 

layer may include a frame 830, The frame may be injection molded or formed in any other manner. In 

some embodiments, a single integrally formed frame may be provided per layer or level. In other 

embodiments, multiple frames or separable portions of frames may be provided per lay er or level . In 

some embodiments, a frame may i nclude a portion of an electrolyte management system 832. The 

electrolyte management system may· be integrally formed within the frame. When lay ers of the frames
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are stacked vertically, portions of the electrolyte management system may become aligned vertically and 

allow electrolyte to be distributed to the cells 834 within the layers.

[00210| A cell 834 may be formed as surrounded by a frame 830 and supported by an electrode 828. In 

preferable embodiments, the surface of the electrode forming the bottom portion of the cell may be a 

metal electrode. Electrolyte may flow into the cell and be supported by the electrode and contained by 

the frame. Any overflow of electrolyte may flow into the electrolyte management system 832 and may be 

distributed to an underlying cell, or may flow all the way· to the lower tank. 822.

[00211 j FIG . 8C shows a plurality of ba ttery modules in a battery system. In some embodiments, a 

battery system may include a housing which may include a floor 840 or base or one or more walls 842 or 

coverings. As previously mentioned, in some embodiments, a housing may be a standard container, such 

as a shipping container.

[00212| A battery system may include an electrolyte management system. In some embodiments, an 

electrolyte management system may' include one or more tanks 844a, 844b that may' assist with 

circulation of electrolyte within the system or a reserve or supply of water to ensure consistent electrolyte 

mix when evaporation occurs. These tanks may assist either with filtering electrolyte within the system 

or assist in providing additives to the electrolyte within the system. In some embodiments, one or more 

pumps, valves, or pressure differentials such as a positive pressure source, or negative pressure source 

may' be used withm the electrolyte system, thereby assisting electrolyte circulation. In some 

embodiments, the tank may have an inlet and/or outlet from the system. The inlet and/or outlet, may be 

used to remove waste or filtered material, provide additives, vent gases or excess fluid, or provide fresh 

fluid into the system. In some embodiments, one or more electrolyte conducting members 846 may be 

provided within the battery system. The electrolyte conducting member may be a pipe, channel, or any 

other assembly capable of transporting fluid from tank to upper tanks of stacks directly' or via a manifold. 

The electrolyte conducting members may transfer electrolyte from a tank 844a, 844b to one or more 

modules 850. In some embodiments, electrolyte may be transferred to an upper tray or tank of the 

module, in some embodiments, electrolyte conducting members may be used to transfer electrolyte from 

a module to a tank 844a, 844b. The electrolyte conducting member may· transfer electrolyte from a 

bottom tray or tank of a module to a tank 844a, 844b.

[00213| The battery7 sy stem may include an air flow assembly. The air flow assembly may' cause air to be 

circulated within the battery system, in some embodiments, the air flow assembly7 may cause air to flow 

within the modules, in some embodiments, the air flow assembly may cause air to flow in air tunnels 

between the cells. In some embodiments, one or more air tunnels may be provided between each, layer of 

a stack. In some embodiments, the air flow tunnels may be horizontally' oriented. In some embodiments, 

air flow tunnels may be substantially horizontally oriented and or may7 have a slight tilt (e g., 1 to 5 

degrees). An air flow assembly may include a fan, pump, pressure differential such as a positive pressure 

source or negative pressure source, or any other assembly that may cause air to flow, in some 

embodiments, an air flow assembly may cause air to flow within tunnels of one or more modules. In 

some embodiments, air may flow between tunnels of different modules. Cells may7 be configured so that
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air tunnels may be continuously formed between adjacent cells and/or adjacent modules. In other 

embodiments, breaks in the tunnel may occur between cells and/or between modules.

[002141 In some embodiments, the battery system may also include one or more inverter banks 848, The 

in verter bank may convert DC to AC power.

[00215] FIG. 8'D shows a top view of a battery system including a plurality of battery’ modules. As 

previously described, a housing may be provided for the battery’ system. The housing may include a floor 

860 and/or a covering or door 862 which may include wails or ceiling. One or more tanks 864 or 

electrolyte conducting member 866 such as a pipe may he provided. The electrolyte conducting member 

may' fluidically' connect the tank with one or more modules 870. In some embodiments, each module may 

be directly fluidically connected to the tank via the electrolyte conducting member. In some other 

embodiments, one or more modules may be indirectly connected to the tank via other modules. In some 

embodiments, an electrolyte conducting member may be connected to one or more modules at the top of 

the module. The electrolyte conducting member may be configured to provide electrolyte to a top tray of 

one or more modules.

[00216] Any number of modules 870 may be provided within a battery system. For example, one, two, 

three, tour, five, six, seven, eight, nine, ten, eleven, twelve, thirteen, fourteen, fifteen, sixteen, seventeen, 

eighteen, nineteen, twenty, twenty-on, twenty-two. twenty-three, twenty-four, twenty-five, twenty-six, 

twenty-seven, twenty-eight, twenty-nine, thirty, or more modules may be provided within a battery 

system. In some embodiments, a battery system may be a I MW, 6 hour energy storage container. In 

other embodiments, the battery system may be a 100 kW, 200 kW, 300 kW, 500 kW, 700 kW, 1 MW, 2 

MW, 3 MW, 5 MW, 7 MW, 10 MW, 15 MW, 20 MW, 30 MW or more system. In some embodiments, 

the battery' system may be a 1 hour, 2 hour, 3 hour. 4 hour, 5 hour, 6 hour, 7 hour, 8 hour, 9 hour, 10 hour, 

11 hour, 12 hour, 13 hour, 14 hour, 1.5 hour or more system .

[00217] In some embodiments, for a standard module, one or more of the following characteristics may 

apply: the system may have features such as 500k- 2 MW, 2-12 MWH, and it is anticipated that the 

system would have a low cost. Such features are provided by way of example only and does not limit the 

invention.

[00218] The modules may have any configuration within the battery system. For example, one or more 

rows and/or columns of modules may' be provided. In some embodiments, an array' of modules may' be 

provided. For example, two rows of 12 modules each may be provided.

[00219] In some embodiments, an electrolyte conducting member maybe a pipe that may pass over each 

module. In some embodiments, the pipe may fluidically communicate with each module at the top of the 

module. The pipe may' transfer electrolyte to the upper tray of each module. In some embodiments, the 

pipe may pass as a straight pipe over a first row of modules, then may 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 

inverter bank may convert DC to AC power.
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[00221] FIG. 8E shows an example of a battery system including an air flow assembly. A battery 

assembly may have a. container with a front end and a back end. In some embodiments, the container 

may be thermally insulated and/or electrically insulated, hi some embodiments, the container may be a 

standard container, such as those previously described, or a reefer container. In some embodiments, the 

container may be about 40 feet long.

[00222] One or more modules may be contained within the container. 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, each row having 12 modules. Thus, a battery system may have an 

arrangement that is 12 modules deep and 2 modules wide. In some embodiments, 1800 quad cells may be 

provided per module, A module may be 120 cells high (e.g., having 120 layers or levels) and may have 

.15 quad cells per layer or level. 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 a container. The floor of the container A may include t-bars, grooves, channels, protrusions, 

ridges, or other shapes. A lower air flow manifold B may be provided or T-fiooring may be utilized 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 C ofthe air flow assembly. In some embodiments, air 

may rise in the center aisle. One or more air tunnels D may be provided for one or more modules. The 

air tunnel may have a horizontal orientation. The air tunnels may be provided as part of centrodes of 

cells. Air may flow from the center aisle, into one or more air tunnels which channel air laterally between 

cells.

[00224] From an air tunnel D, air may laterally flow to a peripheral aisle E. One or more peripheral aisles 

may be provided. In some embodiments, two peripheral aisles E, F may be provided. Air may rise along 

the peripheral aisles. A peripheral aisle may be provided between a module K and a container wall I. 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 aisle into the upper manifold. In some embodiments, air 

may flow lengthwise along the upper air manifold. For example, air may flow from a side of the 

container with the utility area to the other end of the contai ner.

[00225] FIG . 8F provides an additional view of an air flow assembly. An air flow assembly may be 

provided within a container. The floor of the container A may include t-bars. grooves, channels, 

protrusions, ridges, or other shapes. Air may flow along the spaces provided on the floor between the 

floor features, A lower air flow passage or tunnel B may be provided. In some embodiments, air in the 

lower passage may flow laterally. In some embodiments, air may flow toward a center aisle C of the air 

flow assembly. In some embodiments, air may' rise in the center aisle. One or more air tunnels D may be 

provided for one or more modules. The air tunnel may have a horizontal orientation. The air tunnels may
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be provided as part of centrodes of cells. Air may flow from the center aisle, into one or more air tunnels 

which channels air laterally between cells.

[00226[ From an air tunnel D, air may laterally flow to a peripheral aisle E One or more peripheral aisles 

may be provided, in some embodiments, two peripheral aisles may be provided. Air may rise along the 

peripheral aisles. A peripheral aisle may be provided between a module and a container wall I. hi some 

embodiments, an upper air manifold J may be provided with an upper air manifold casing. The upper air 

manifold may receive air from the peripheral aisles. 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 ai r tunnels, in alternate embodiments, some air may rise from the central aisle 

into the upper manifold. In some embodiments, air may flow lengthwise along the upper air manifold.

For example, air may flow from a side of the container with the utility area to the other end of the 

container,

[00227| An upper electrol yte supply tank G may be prov ided as part of a module. A lower electrolyte 

receiving tank F may also be provided as part of the module. In some embodiments, the container 1 may 

rest on a surface K

[00228( In some embodiments, supply air may be air provided through the floor and lower manifold. The 

supply air may then rise through tlie center aisle and flow through the air tunnels. Return air may right 

through the peripheral aisles and flow through the upper manifold. In alternate embodiments of the 

invention, air may flow in other directions (e.g., may be supplied from the upper manifold and may flow 

through air tunnels in opposite directions.

[00229J FIG, 8G shows an alternate example of an air flow configuration. In some embodiments, air may 

flow lengthwise along the container and need not be split up laterally. The air may or may not be 

circulated back lengthwise along the container.

[00230( In some embodiments, the modules 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, tlie floor may 

have one or more grooves, channels, slots, protrusions, or ridges, which may support the modules while 

providing space below the modules. In some embodiments, air may flow' within the space beneath the 

modules. This may help with temperature regulation,

[00231| In some embodiments, a utility area may be provided within tlie container and adjacent to the 

modules. For example, modules may be positioned within a container to provide a 6 by 7 feet utility area. 

In some embodiments, a user may be able to access the utility area. The user may be able to enter the 

container in the utility area. In some embodiments, the util ity area may be provided at the rear end of the 

container.

[00232 ( In some embodiments, a plenum may be provided within a container. The plenum may protrude 

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 tlie plenum. For example, an air supply may be 

provided at the underside of the plenum, and an air intake maybe provided at an upper portion of the
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plenum, or vice versa. In some embodiments, the air supply may include cold, treated air. The air supply 

may flow in a first horizontal direction through the modules 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 

tunnels of the modules.

[00233| When the air reaches the utility area at the other end of the container, the air may travel to the 

other portion of the modules. For example, the air may rise to the top half of the modules and flow in a 

second direction back toward the upper part of the plenum. In some embodiments, the second direction 

may' be horizontal and/or may be opposite the first direction. The air may reach the return air intake at the 

upper portion of the plenum. The plenum may be provided at a front end of the container. Alternatively, 

the air need not circulate back and may be accepted by an intake at. the utility area side of the contai ner. 

The utili ty area side of the container may or may not provide a second air supply that may fl ow back to 

die first air supply. A carrier unit may also be provided at the front end of the container. The carrier unit 

may accept the air intake and may cool it, may vary and/or maintain the temperature of the air, may filter 

the air, and/or ma v vary or maintain the composition of the air.

Balance of Plant conflgnratjons

A. Electrolyte circulation, and treatment systems

[00234] As previously described and shown in FIG, 4A, an electrolyte circulation and treatment system 

may' be provided, consisting of several components. In some embodiments, a separate balance of plant 

(air and water/electrolyte management system) may be prov ided. The electrolyte circulation and 

treatment system may include one or more of the following:

[00235] o A device to deionize and filter supply water before entering the system.

[00236( o A chemical tank to introduce and mix various salts and other chemicals wi th deionized

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

[00237[o A tank or series of tanks that measures and treats battery' electrolyte.

[00238] o A pump or series of pumps that distributes electrolyte throughout the battery system. 

[00239] o Various sensors that, measure and monitor total electrolyte volume, density, temperature, 

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

[00240] o Supply and return lines that distribute liquid electrolyte to and from the battery.

[00241(0 Various sensors and valves to control flow of liquid electrolyte and to control electrical

connections from a control box.

[00242( FIG . 8H provides an example of a battery system within a container. One or more tank (e g., 

treatment/bolding tank, electrolyte tank) may be provided and may' be connected to one or more modules 

via fluid connectors and valves. For example, electrolyte may be provided through a manifold, and then 

individually divided into separate fluid connectors that transfer the electrolyte to each of the modules 

within the system. For example, each upper tank of a module within the system may he in fluid 

communication with the manifold and may receive fluid therefrom. In some embodiments, one or more 

user interlace may be provided.
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[00243] hi some embodiments, an air tight partition may be provided between the modules and foe rest of 

the container. For example a service or utility area may be provided that an operator or other user may 

access. For example, a service aisle may be provided where an operator or other user can enter. In some 

embodiments, the service or utility area may include the tanks, user interface, or electronic controls. In 

one example, the air tight partition may separate foe sen ice or utility area from foe modules.

B. Air circulation and conditioning systems

[00244] FIG. 8A shows an example of an insulated cargo container and HVAC machine utilization in 

accordance with an embodiment of the invention. An energy storage system may include an air 

circulation and conditioning system consisting of several components. FIG. 8E provides an example of 

an air circulation system.

[00245] A series of airflow plenums may be provided to control and distribute foe flow of air evenly 

between cells. Forced air cooling may be more effective than convection especially when coupled with 

good internal beat sinks and plenum style enclosure designs. Heated air may be removed from equipment 

enclosures by fans or blowers which, may also draw cooler air into the enclosure through vents.

Depending on cooling requirements, low to high volumes of air can be moved through the enclosure. 

[00246] In some embodiments, one or more temperature sensors may be provided. Based on foe 

temperature detected by foe temperature sensor, the fans or blowers may be varied and/or maintained to 

control the rate of air flow. A fan system may be provided that forces air through the battery-.

[00247] The system may include a fresh air make-up and filtration system to introduce oxygen, while 

filtering unwanted contaminants. In some embodiments, it mav be desirable to have higher oxygen 

content than ambient air.

[00248] An HVAC system may be provided that measures and controls air temperature inside the battery 

housing.

[00249] 'llie system may also include a humidity control system that humidifies or dehumidifies air within 

the battery housing. One or more humidity sensors may be provided. The humidity control system may 

vary and/or maintain foe humidity- of the air based on measurements from the humidity sensors.

[00250] In some embodiments, a series of sensors may- be provided that communicate with various other 

systems,

C. Electrical connectivity and management

[00251] An electrical 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 source. In some 

embodiments, the electrical system may determine whether to provide a flow of power between the 

battery and the electrical grid or other power source or sink. The electrical system may determine the 

direction and/or amount of power flow between the battery and foe power source or sink.
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D, Measurement and Control systems

(00252] A centralized measurement system may be comprised of various sensors that are l inked to a 

computerized control system, hi some embodiments, the computerized control system may include one 

or more processors and memory. The computerized control system may collect the measurements 

gathered from the various sensors. The computerized control system may perform one or more 

calculations based on the measurements. Any algorithm, calculation, or other steps may be implemented 

using tangible computer readable media, which may include code, logic, instructions for performing such 

steps. Such computer readable media may be stored in memory. One or more processors may access 

such memory and implement the steps therein.

(002531A computerized control system may be linked to various other mechanical systems, fn some 

embodiments, the computerized control system may instinct one or more mechanical systems to perform 

an action. For example, the computerized control system may instruct a pump to pump a greater volume 

of electrolyte into a top tray. The computerized control system may instruct one or more valves, which 

may affect the distribution of the electrolyte between the plurality of modules. In another example, the 

computerized control system may cause a fan to blow at a slower rate. In some embodiments, the 

computerized control system may issue one or more instructions based on measurements received from 

one or more sensors. Any instructions may be provided by a controller via a wired connection or 

wirelessly.

[00254] A computerized control system may be linked to a phone and/or cellular communication 

networks. In some embodiments, the computerized control system may include a processing device, such 

as a computer. Any discussion of a processing device, or any specific type of processing device may 

include, but is not limited to, a personal computer, server computer, or laptop computer: personal digital 

assistants (PDAs) such as a Palm-based device or Windows device; phones such as cellular phones or 

location-aware portable phones (such as GPS); a roaming device, such as a network-connected roaming 

device; a wireless device such as a wireless email device or other device capable of communicating 

wireless with a computer netw ork; or any other type of network device that may communicate over a 

network and handle electronic transactions. In some embodiments, the computerized control system may 

include multiple devices. In some instances, the computerized control system may include a client-sen-’er 

architecture. In some embodiments, processing devices may be specially programmed to perform one or 

more steps or calculations or perform any algorithm, A computerized control system may communicate 

over any network, including but not limited to, cellular communication networks, other telephone 

networks, a local area network (LAN), or a wide area network (such as the Internet), Any

communications may be provided through a wired connection and/or a wireless connection.

[00255] In some embodiments, a user may interact with the computerized control system. The user may 

be remote to the computerized control system, and may communicate with the computerized control 

system over a network. Alternatively, the user may be connected locally at a user interface of the 

computerized control system.
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E. Environmental,lnstallatlon.aiid.housingcpnfigittailons

[00256( Generally, modular batteries and its systems are not limited by size, volume or scale. Common 

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

its systems,

[00257] The battery and its support 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 automobiles for example.

Fuel Cell Config»ration

[00258] In accordance with some embodiments of the invention, the energy storage system described 

elsewhere may be utilized in a fuel cell configuration. In a fuel cell configuration, each cell may be 

supported by a supply inlet and drain outlet valves for transfer or transfusion of electrolyte. In some 

embodiments, it may utilize the electrolyte transfer system of a gravity-based flow battery. For example, 

a supply inlet may be provided above a cell and a drain outlet may be provided below the cell. In other 

embodiments, groups of cells (such as quads or layers) may be supported by a supply inlet and drain 

outlet.

[00259] A fuel cell configuration may provide mechanisms that remove depleted electrolyte and add fresh 

electrolyte via a remote and convenient transfer or transfusion port.

Market Adoption Adaptation Seen arips

[00260] An energy storage system, which may include embodiments discussed elsewhere herein, may be 

advantageously used with green power generators. Examples of green 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 fossil fuel steam generators or nuclear generators. In some embodiments, an 

energy storage system may store energy from a generator. In other embodiments, it may be able to 

supplement or shift the energy produced by a generator,

[00261] An energy storage system may be used in power distribution. For example, if maybe used with 

regional electrical utilities, local electrical utilities, remote storage, and mobile storage.

[00262] An energy storage system may also have applications in power storage, management and back

up. For example, the energy storage may be used for governmental & military' applications, commercial 

& industrial applications, community & institutional applications, residential & personal applications 

(fuel cell or battery). In some embodiments, excess energy may be stored in an energy storage system 

and used when needed. The energy' storage system may be energy-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 system may also be 

used for cargo shipping (on land or water). The energy 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. Similarly, the energy storage system may have automotive applications, and may be

provided as a fuel cell or battery for an automotive vehicle. Preferably, the energy storage system on a 

vehicle may be rechargeable.

Flattened, Four Sided Pyramid Cell Design Compensates for Chatiginss Electrolyte Volumes

[00264] In rechargeable zinc air cells, electrolyte volumes typically do not remain constant, During cell 

discharge, as zinc metal (with relatively high density) is con verted to lower density zinc species, 

electrolyte volumes may increase. During cell charge, the reverse reaction occurs and electrolyte 

volumes may decrease. Electrolyte volumes may also decrease due to water evaporation.

[00265] These changes in electrolyte volumes may adversely affect cell performance. If electrolyte 

volumes become too low, there may' be insufficient conducting electrolyte between metal electrode and 

air electrode. This may cause an increase in cell resistance which in turn could adversely- affect cell 

performance. Similarly, if electrolyte volumes increase too much, excess electrolyte may be forced into 

pores of the air electrode. Electrolyte penetrating and flooding air electrode pores prevents oxygen gas 

from readily diffusing (and becoming electrochemical! y reduced) inside the pores. Additionally, the 

increased electrolyte volume applies pressure on the air electrode and could cause mechanical 

deterioration of the electrode. This causes cell performance to deteriorate.

[00266] Controlling these constantly changing electrolyte volumes in an operating full battery- stack may' 

be accomplished by having a feedback mechanism that may automatically' compensate for changes in 

electrolyte volumes. When additional electrolyte is needed by cells (for example, during cell charging 

when electrolyte levels decrease) electrolyte may be allowed to slowly drip from a reservoir into 

individual cells. During cell discharge, as electrolyte volumes expand, excess electrolyte within cells may 

be diverted via an overflow port to a reservoir for storage.

[00267( Previously- described embodiments may include a four-cell, horizontal design that incorporates a 

fill port and exit port located at the junction where four horizontally positioned cells meet. This hollow 

fill/exit port may- allow electrolyte to drip into and out of individual cells as needed. As a number of these 

four-cell assemblies are stacked on top of each other, the fill/exit port of the upper four-cell assembly may 

be positioned exactly above the lower four-cell assembly. This way, a number of vertically stacked four

cell assemblies may share a common fill/exit port that is connected to a common reservoir.

[00268] Another horizontal 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 each cell in this 

assembly- is slightly sloping (tilted) upwards (on one side only ) towards the fill/exit port. This may 

physically compensate tor gas evolution by- allowing gas to more readily escape,

[00269] FIG. 10 illustrates the top view (looking down) on four cells (Cell 1., Cell 2, Cell 3. Cell 4) in a 

horizontal assembly. The cells may be positioned so that they share a common fill and exit port 

(indicated by O). The corner of each individual cell is slightly tilted upwards towards the O. Thus, the 

comer of each indi vidual cell furthest from the O may- be tilted downward,

[00270] Another way to visualize this design would be to imagine four individual 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 pyramid, this pyramid was flattened until tilt angles were only 1-5 

degrees from horizontal. The tilt angle of each individual cell in the four-cell assembly may have any 

value, including, but limited to, 0,25 degrees or less, 0.5 degrees or less, 0.75 degrees or less, 1 degrees or 

less, 2 degrees or less, 3 degrees, or less 4 degrees or less, 5 degrees or less, 6 degrees or less, 7 degrees 

or less, or 10 degrees or less. Preferably, each cell may be tilted at the same angle, while in other 

embodiments, individual cells may be tilted at various angles. This flattened, four-sided pyramid design 

is intended to help electrolyte management and gas evolution during discharge/charge cycles.

[00271 [ This is shown in the side view of FIG. 11B. Here, each of the cells 1150a, 1150b, 1150c in a 

stack assembly may' be slightly tilted upwards from horizontal towards the fill port. In some 

embodiments, about a 1.5 degree tilt may be provided. An upper water tank 1152 may have one or more 

drain tubes 1154. The drain tubes may allow a controlled amount of electrolyte to flow from the upper 

water tank to the cells below. In some embodiments, % ID drain tubes may' be provided.

[00272|The design may include one or more spacers 1156 within a manifold 1158. This manifold may 

provide a gap between the upper water tank and underlying cells, in some embodiments, a spacer may 

help sustain the gap between the upper water tank and individual cells. In some embodiments, the spacer 

may provide support between the cells and the upper water tank.

[00273[0ne or more flow control features 1166 may' control the flow rate of electrolyte being provided 

from an upper water tank to underlying cells. In some embodiments, the flow control feature may 

protrude or maybe vertically aligned. The flow control feature may break up electrolyte into small drops. 

In some embodiments, the flow control feature may keep an electrical connection from being formed 

between the electrolyte in the upper water tank and electrolyte in any one individual underlying cell. A 

drop from a flow control feature may be caught by an underlying cell. In some embodiments, underlying 

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 may also be vertically' aligned. In some 

embodiments, the drop may' flow into foe electrolyte pool 1160 of the cell. Electrolyte from an upper cell 

may' flow to an underlying cell. In some embodiments, each cell may have a cell flow control feature 

1164 which may also control the flow of electrolyte being provided to underlying cells. The cell flow 

control feature may break the electrolyte into drops and prevent an electrical connection from being 

formed between the electrolyte in the cell and electrolyte in the underly ing cell. In some embodiments, 

foe flow control features may' be in substantial vertical alignment w ith the flow control features of the 

cells above and/or below. Alternatively, they may have a staggered or other alignment. One or more 

airways 11.62 may' be provided between cells.

[00274] As previously discussed, individual cells may be tilted so that the portion of a cell receiving 

electrolyte may be tilted upwards. Electrolyte may flow from portion of the cell receiving the electrolyte 

tow ards the other end of the cell.

[00275| A slightly' tilted cell orientation has a number of distinct advantages when cells are assembled 

into a stack. A first advantage is that a constant and reproducible cell resistance is still maintained 

between metal electrode and air electrode. This helps keep electrolyte resistance under tight control.
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(00276] A second advantage involves managing gas bubble formation. During ceil charge cycles, as water 

is being reduced, oxygen gas bubbles are necessarily generated. This tilted electrode design may allow 

these generated gas bubbles to easily migrate towards foe upper portion of the electrode - near the 

electrode corner where they may then be safely vented. Having gas bubbles readily migrate to one side 

eliminates a potential problem of increased electrolyte resistance due to trapped gas bubbles in the 

electrolyte. A tilted design may be slightly angled to allow gas escape and facilitate slurry flow in a flow 

battery configuration .

[00277( A third advantage is that during charge cycles (when electrolyte is added from the reservoir to 

each individual cell), a tilted cell design allows added electrolyte to easily' enter and fill each individual 

cell.

[00278] Tire tilt angle for each cell need not be large, ft is clear that if tilt angles of individual cells were 

to be made too steep. added electrolyte would flow tow ards the bottom of the cell and flood the lower 

portion of the air electrodes.

[00279] A preferable tilt angle may fell within the range of only 1-5 degrees from horizontal. This maybe 

sufficiently low so that electrolyte will not substantially gather in 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. 

[00280[FIG. 11A shows an example of a top view of an energy storage system in accordance with an 

embodiment of the invention. In some embodiments, the energy storage system may function like a flow 

through cell. Alternatively·, 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 electrolyte to flow to one or more cells below . 

In some embodiments, one or more flow control feature 1104 may be provided to control the flow rate of 

electrolyte passing to underlying cells. In some embodiments, the flow control feature may break up 

electrolyte into drops. In some embodiments, a flow control feature may be provided for each underlying 

cell. For example, if four horizontally' oriented cells (forming a quad) are sharing a common electrolyte 

management system, four flow control features may be provided. Each flow control feature may' protrude 

over its corresponding cell. Any number of flow control features may be provided, which may or may 

not correspond to the number of underlying cells in the layer directly below. For example, one, two, 

three, four, five, six, seven, eight, nine, ten, or more flow control features may be provided.

[002811A quad cell may' also have a central portion which may be slanted downwards toward a cell. Any' 

electrolyte that may· fall onto the central portion may flow downward and to an underlying cell. In some 

embodiments, the central part may be injection molded.

[00282 ( One or more features, characteristics, components, materials, or steps know'll in the art may be 

incorporated within the invention, and vice versa. See, e.g., U.S. Patent No. 4,168,349, U.S. Patent No. 

4,463,067, U.S. Patent No. 5,126,218, U.S. Patent No. 7,582,385, U.S, Patent No. 7,314,685, U.S, Patent 

No. 5.716.726, U S. Patent No. 4,842.963. U S. Patent No, 4,038,458, U.S. Patent No, 5,242,763, U.S. 

Patent No. 5,306,579, U.S. Patent No. 6,235,418, U.S. Patent Publication No. 2006/0141340, U.S. Patent 

Publication No. 2008/0096061, PCT Publication No, WO 2007/1.44357, which are hereby incorporated 

by reference in their entirety.
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[00283] EXAMPLE

[00284] In one example, a test cell may have been provided. FIG. I3 shows an example of cell voltage 

over test time in accordance with an embodiment of the invention. A test time of 350000 seconds was 

provided to demonstrate that the systems works.

[00285) A stable voltage range resulted with the early test ceil. There was no physical degradation in the 

early version of the cell. For example, as shown in FIG. 13, the voltage remained relatively stable for 

350000 seconds. For the most part, the voltage cycled between 0.9 and 2.1 volts.

[00286] It should be understood from the foregoing that, while particular implementations have been 

illustrated and described, various modifications can be made thereto 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 described with reference to the aforementioned specification, the 

descriptions and illustrations of the preferable embodiments herein are not meant to be construed in a 

limiting sense. Furthermore, it shall be understood that all aspects of the in vention are not l imited to the 

specific depictions, configurations or relative proportions set forth herein which depend upon a variety of 

conditions and variables. Various modifications in form and detail of the embodiments of the invention 

will he apparent to a person skilled in the art. It is therefore contemplated that the invention shall also 

cover any such modifications, variations and equivalents.
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CLAIMS:

1. A battery cell assembly comprising:

a first cell having a first metal electrode, a first air electrode, and electrolyte 

therebetween; and

a second cell having a second metal electrode, a second air electrode, and electrolyte 

therebetween,

wherein the first metal electrode of the first cell contacts the second air electrode of 

the second cell so that an air tunnel is formed between the first metal electrode and the 

second air electrode and wherein the first metal electrode and the second air electrode are 

substantially vertically aligned and horizontally oriented.

2. The battery cell assembly of claim 1, wherein the first and second metal electrodes 

and the first and second air electrodes are housed in a substantially horizontal orientation.

3. The battery cell assembly of claim 1, wherein the first metal electrode contacts the 

second air electrode by being crimped around the second air electrode, thereby forming a 

centrode.

4. The battery cell assembly of claim 3, wherein the centrode provides a series 

connection between the first cell and the second cell.

5. The battery cell assembly of claim 1, wherein the first cell, the second cell, and one or 

more cells are vertically stacked and horizontally oriented, and selected to achieve a desired 

voltage.

6. The battery cell assembly of claim 1, wherein a horizontal gas flows within the air 

tunnel.

7. The battery cell assembly of claim 4, further comprising

a third cell having a third metal electrode, a third air electrode, and electrolyte 

therebetween; and

(9075494_l):AKD
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4 a fourth cell having a fourth metal electrode, a fourth air electrode, and electrolyte 

therebetween;

wherein the third metal electrode of the third cell is crimped around the fourth air 

electrode of the fourth cell so that an air tunnel is formed between the third metal electrode 

and the fourth air electrode, thereby forming a second centrode, and

wherein the second centrode is in electrical contact with the centrode providing a 

connection between the first and second cell.

8. A method for storing energy comprising:

providing one or more centrodes having a metal electrode of a first cell in contact

with an air electrode of a second cell, wherein an air tunnel is 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 wherein the first cell comprises the space over the 

metal electrode and enclosed by the first frame for accepting an electrolyte and the second 

cell comprises the space below the air electrode and closed by the second space for accepting 

an electrolyte.

Eos Energy Storage LLC
Patent Attorneys for the Applicant 

SPRUSON & FERGUSON
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