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redox flow battery systens enpl oying nulticell stack reactors. BACKGROUND

The so-called redox flow battery systens or briefly redox batteries, store
energy in acid electrolyte solutions, nanmely a positive and a negative
solution, that are flown through respective el ectrode conpartnents of the
cells of a multicell electrochem cal reactor during charge and di scharge
phases. The unlimted possibility of storing |arge volunmes of positively
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couples used in a flow redox battery systemare typically of multival ence
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considerations are generally applicable to any nultival ent nmetal providing
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redox couple nmetal ions sustain the anodic oxidation reaction and the
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electrochemical reactor during charge and discharge phases. The unlimited
possibility of storing large volumes of positively and negatively charged
electrolyte solutions containing ions of the so-called redox couple, make these
systems exceptionally suitable for load-leveling (peak-shaving) in electric power
generation and distribution industry, as storage battery in self standing wind farms
or solar photovoltaic conversion plants as well as for powering vehicles. Most

redox flow battery systems employ a multi-cell bipolar stack.

The redox couples used in a flow redox battery system are typically of
multivalence metals dissolved in the two respective positive and negative
electrolyte solutions, typically an acid electrolyte capable of dissolving the
multivalence metal or metals in all states of oxidation. The above considerations
are generally applicable to any multivalent metal providing a viable redox couple
dissolved in an aqueous acid solution, wherein the redox couple metal ions sustain
the anodic oxidation reaction and the cathodic reduction reaction the product of
which remains dissolved in the acid electrolyte solution without undergoing any
phase change, both during an electrochemical charging process as well as during
an electrochemical discharge process. Vanadium, iron, chromium are the most

commonly used metals to constitute usable redox couples in the positively charge



2 electrolyte solution and in the negatively charged el ectrol yte sol ution.
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However, as will be explained in this disclosure, unwanted hydrogen
evolution may take place at certain conditions of operation of the cells, in view of
the fact that cathodic hydrogen evolution is the favorite reaction in an acid
environment and in order to contrast this thermodynamically favorite reaction at a
cathodically polarized electrode, graphite or carbon electrodes are often used in
redox flow cells because of the relative high hydrogen discharge over-voltage of
carbon-base materials (often electrically conductive aggregates of carbon particles

with a resin binder).

In order to enhance performance of relatively poorly conductive and poorly
catalytic carbon electrode surfaces, the electrodes or more particularly the active
electrode surface thereof is generally in form of a porous felt of carbon fibers
readily pérmeated by the flowing electrolyte solution and back-contacted by the
generally planar surface of a carbon-base bipolar electrical interconnecting septum
(briefly “interconnect”) defining the respective flow compartment in cooperation

with the opposing permionic membrane cell separator.

Carbon-base conductive plates pose fabrication limits to the maximum



extension plate articles of graphite, glassy carbon or of aggregate of
carbon particles and/or fibers nmay be economcally fabricated and used in a
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feature of redox flowcells is that the electrodes alternately sw tch back
and forth froma cathodic polarization $0 an anodic pol ari zation versus the
respective el ectrolyte solution during dischargi ng and chargi ng phases of
operation. This has practically excluded the possibility of using
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concentration of the vanadile ions decreases, the correspondi ng voltage of

the For example, with a positively charged sulfuric acid electrolyte solution
contaning the redox couple V[V]/V[IV],the positive electrode of the battery
behaves as anode during a charging cycle extracting electrons from V[IV] in

oxidizing vanadium to V[V] according to the reaction:
2VO?" + H,0 =2VO0, +2H +¢ E%.=1.00 Volt (1)

However, this is not the only reaction that may occur; a competitive reaction

is the oxidation of water with the evolution of oxygen:
H,O=%0,+2H +2¢ E%y = 1.23 Volt )

The reason why the reaction (1) is the predominant reaction during charging
is because the standard potential of reaction (1) is only 1 Volt while the standard
potential of reaction (2) is higher and equal to 1.23 Volt. But these potentials are
only the standard potentials, i.e. the voltage at which the reactions occur in
standard conditions (25°C, at 1Mole/liter, etc.). However, when the concentration
of the reacting species decreases, the voltage will increase logarithmically
according to the Nernst equation. Therefore, when during a charging cycle the

concentration of the vanadile ions decreases, the corresponding voltage of the



4 anodic reaction (1) will increase. At a high state of charge the split of
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the electric current will support the parasite reaction (2). At very high
state of charge, when alnost all or all 4he V[IV]is oxidized to V[V], the
only reaction that can and will occur will be the evol ution of oxygen.

An attendant risk is that, when carbon or graphite el ectrode and/or
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on carbon or graphite it is necessary to arrest the charging process upon reaching
about 85%-t0-90 % of the maximum state of charge that maybe assumed by the

positively charged electrolyte solution.

The use of carbon-base electrodes does not allow in practice a full charging
of the positive electrolyte solution in consideration of the weakness of carbon
based electrodes when anodically polarized versus the respective positive
electrolyte solution when recharging the battery system. As oxidation of the
multivalent ions in the positive electrolyte solution of the battery systems
approaches the fully oxidized condition (100% charge), evolution of oxygen at the
anode surface starts to be competitive toward the oxidation of the multivalent ions
because of a reduced mass transfer across the electrode surface double layer
(significant depletion). Moreover as discussed above, in these conditions, oxygen
discharge may be practically "depolarized" by carbon through a combustion
process with the nascent oxygen, which may rapidly destroy the carbon based
electrode (often a carbon fiber felt) and may even degrade a carbon-base
conductive intercell interconnect or current distributing/collecting back wall of the

flow compartment of the cell.



Redox flow battery systens have an energy storage capacity strictly tied to

the vol ungg 8fdp7t Wwo distinct positive and negative e:P%(i“hf; WhS004
solutions. This would ideally require the ability to fu arge the

el ectrolyte solutions for maxim zing energy storage per voI unmes of

el ectrolyte sol utions. On anot her acgount, with a negatively charged
sulfuric acid electrolyte solution contaning the redox couple V[III]N1V],
the negative el ectrode of the battery behaves as cathode during a charging
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same solution: practically contalmng 50% V[III] and 50% [IV]. The two solutions
are then circulated through the corresponding compartments of the cells and an
electric current forced through the cells disrupts the chemical homogeneity of the
solutions oxidixing all the V[III] to V[IV] in the solution flown through the
positive electrode compartment and reducing all the V(IV) to V[III} in the
solution flown through the negative electrode compartment. At the negative

electrode (cathode) the reaction being:
VO +e¢ +2H =V + H,0 (4)

At the end of the conditioning period the negative electrolyte solution will
contain only trivalent vanadium while the positive electrolyte solution will

contains only tetravalent vanadium (vanadile).

During the conditioning process, hydrogen is evolved at the negative

electrode as reported in .

Of course, evolution of hydrogen according to: 2H" + € = H,0 is the only

! “Investigation of Hydrogen Evolution during the Preparation of Anolyte for a Vanadium Redox Flow Battery”, by X.
Gao, M. J. Leahy and D. N, Buckley.



6 reaction that will occur when, at the end of a charging cycle of the
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converted to nt vanadi um Mor eover, notw t hst Ing the use of
carbon el ectrodes of relatively | arge hydrogen over-voltage for effectively
under privileging cathodi c hydrogen evolaition that remains a

t hernmodynam cal ly privileged cathodic reaction in acid el ectrol ytes, even
during chargi ng processes parasitic hydrogen evol ution may al so occurs,
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negative el ectrode surface (cathode when charging) and catal yze” hydrogen
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the ability &soresques; fgueghat & Vel marsdarymptetfor vanioys aopislegial rseonsatichr y
system by beia?g able to charge the electrolyte solutions at a greater
current density then the "safe" maxi mumcurrent density for nore reliably
ensuring the rated power output capabilities of the battery systens in
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causing local depletion of reagent species (trivalent vanadium);

o excessively high current density at “hot spots” caused by uneven current

distribution over the projected area of the electrode (cathode when charging);

o presence of traces of metals having a low hydrogen overvoltage, such as Fe,
Ni, Co, etc in the electrolyte. These metal deposit onto the negative electrode

surface (cathode when charging) and catalyze hydrogen evolution.

When hydrogen is evolved, it must be released at the outlet of the respective
compartment of each cell, to minimize disruption of uniformity of the current
density because of uneven distribution of the electrolyte solution and formation of

gas locks within the porous carbon felt cathodes.

Moreover, many applications would greatly benefit from the ability of
reducing the time necessary to fully charge the battery system by being able to
charge the electrolyte solutions at a greater current density then the “safe”
maximum current density for more reliably ensuring the rated power output
capabilities of the battery systems in delivering electrical energy to electrical loads

of the system.

(ENERAL DESCRIPTION OF THE INVENTION
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durability o? the redox flow system are achi eved by enploying distinct

pluralities of cells wherein all the cells of a first plurality have porous
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el ectrolyte solutions flow during a charging process of the battery system
and all cells of a second plurality nay have porous carbon felt el ectrodes
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facing layer ©
interconnect or electrode current distributor plate to the carbon felt electrodes

made of a conductive aggregate of carbon particles or fibers and of a resin binder

in both flow compartments of the cell.

Alternatively and preferably, an all carbon-based facing and an active
porous carbon electrode may be retained only in the flow compartment of the
“positively charged” electrolyte solution, at the surface of which ions of the redox
couple in the flowing electrolyte solution undergo cathodic reduction, and a
titanium base dimensionally stable anode of enhanced oxidizing activity of ions of
the redox couple in the “negatively charged” electrolyte solution and at the
surface of which ions of the redox couple in the flowing electrolyte solution

undergo anodic oxidation.

Even more preferably, the permionic membranes used in all the cells of the
second plurality (discharge cells), may have, over the surface in contact with the
positively charged electrolyte solution (i.e. toward the substantially “all-metallic”

flow compartment of the cell) a porous electro-catalytic facing layer of particles



8 of an acid resistant and anodically stable netal black, typically a

pl at i numypbasien2behded to the perm oni c menbrane by hot ppigasiifigbde hi ghly
catalytic particles mxed with a particulated non filmng resin binder such
as a polytetrafluoroethylene. According to this enbodi nent, the adhered
porous | ayer constitutes an anode of nuch augnented specific active area
capabl e of performng at a proportionately increased current density
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resistant to @%ﬁﬁd%%ﬁ%b‘ﬁni@hi%%éﬁ%%ﬁé? solutions. The electrode in one flow
conpartnent of the celfs may include a n anodically passivating subtrate
nmetal such as for exanple titanium tantalum and alloys thereof, coated
with an active sunfayecasgyibe interaell migrcomrechpn eletwodeexarept distritwtdreplatem or

iridiumoxides mxed with ti.tanium or tantal. oxi des,.over the surface of
whi ch t he | orlB2bPa AR e B EE b i au T Chae et ARl y
charged el ectdi@dtiife SOlutonOR:r WRHSIEY BRREEIcE BXAEREIRN ,thrw%ﬂ @r talhgP@eous
el ectrode in the other flow conpartment of the cells may be of a netal or

netal all oy Hasdtrieplly cendictive| sgphiny ndy eqEpeHentiityi wehdhgevboler ¢diveage

such as for e s i nony, |ead-antinony alloys, stainless steel,
titani um pal Iﬁeirggg{%gglﬁ%a(&iﬂg%%ﬁlum ni ckel alloys, Hastelloys, optionally

coated with a surface |layer of lead and/or 9 antinony, over the surface of
whi ch the ions ofDiffegentiydadl teupllls obtlteaifinedpluralithedéssipehttd foegami el y

charged el ectrol yte _sol yti an undergo cathodi c reduction O course,
the metal || o CHEER ioiedn o Biepg Rafam hato meiic seeedes: e crgppledt
sol utions, atyhfem, iREAuAS LEcoReN GENha iy Qdatcal wilh b Qhydr RBntaBHINX a SWBleeM
operates. In the case of an all-vanadi um storage battery system the

metal | i c struotiel ar @nehiennstal noxddnt subtoxiflesh or hwixed exides).y stainkess ttdebns nust

resist attac kHagsrfafgyg,h%telsnli%&l-lf)redlgdiggli, dtitg:r(ljl{nlqut-rilic ne%, ?g:ad\,/algé”‘ ic%maining alloys,
antimony, antimony containing alloys, all resistant to acid aqueous electrolyte
solutions. The electrode in one flow compartment of the cells may include a n
anodically passivating subtrate metal such as for example titanium, tantalum and
alloys thereof, coated with an active surface layer that may contain, for example,
ruthenium or iridium oxides mixed with titanium or tantalum oxides, over the
surface of which the ions of the redox couple contained in the “spent” positively
charged electrolyte solution undergo anodic oxidation, while the porous electrode
in the other flow compartment of the cells may be of a metal or metal alloy having
a relatively high hydrogen ion discharge overvoltage such as for example lead,
antimony, lead-antimony alloys, stainless steel, titanium-palladium and titanium-

nickel alloys, Hastelloys, optionally coated with a surface layer of lead and/or



Metallic el ectrodes have the advantage of alleviating the problem of
efficient electronic current distribution or collection fromthe active
surface swoesi120R0i76n charge and ion di scharge comonl y posaB2myo@asdon felt
el ectrodes. Metallic el ectrodes, even when conpressively held in contact

w th a conductive back wall of the flow conpartnment or a conductive
intercell interconnect ensure a far better electrical contact and may even
be spot welded to it for mnimzing contact resistances. Moreover, they
have a nuch greater |lateral conduction resistance (current atoﬂs {n the

el ectrode santimony.pivanthespifaes efevhish threionpghthsire Xe‘t"cuﬁ’g?u“é’ ng @thﬁll on

t he ot her si.de of th erm..oni qﬁm . .a carbon
felt. El ectrPRH %egﬁﬁve?%gﬁ%g%néég & % %ﬁ@u@?g{rll?eﬁg(ggﬁﬁt déé %eedglt}%ée}h and an
enhanced equi potentiality over the whole active cell area is achieved,

whi ch al so | ess@fcoutssktheafetiltiotelesprodds mherhsmesistanttorthe peidigl dlgctiohde cur r ent

density may inadvertent]y surpass desj.gn Lim.t, J.evels. tral

el ectrodes SRHEBS: 3 g\?i é]}ée?i‘ﬁldaﬁp‘?ﬁélgghg?sa%é”rﬂl?‘b @Sﬁ?%oé(t SYH™ %?%[F%g?r ol yte

sol ution st rearng JrhiPuatyahb@uby Bickale Bagdnl syawn,| te aemdliv tsractrali t hout

causi ng an excessive pressure drop in order not to burden po%matﬁsor ption
e

by i ndi spenshbhentciin cohtatt withphepsectoiyigl selusionmmuyst gegstnitiack fiets or

expanded thin tal. . sheets, event.ually activated by an el ectro-catal ytic
coating as isﬁlﬁ%a‘f}géguﬁ?nsequv@fl?%%@‘s that are subject to function as

anodes, having a base of an acid resistant nmetal and eventually also
anodi cal | y passiMafalle skcliodes haviearticumivaraageabofimlleziating| thoyeroblear b |

stai nl ess steel, Hastelloys, optignally undul at or, deep-dr evenl
di stributed q&ﬁ@iﬁmsel@frtrogl%%/}greah Ei;sgfhﬁtlyn@afeﬂacﬂﬁgﬁgqm dpe P‘ﬁﬁ&ssufafﬁ@e %Sor der yt 0
form spaced gpoj cﬁa‘??é Sn@"i63 i8Rt dShohlepSd R aBbn teR dledtaydesl |

i nterconnect, upon trghtening the stack asSenbly, may be used in the cell
conpar t ment sMietallid dectofdes, avemmwhencompressivieh keld 4n serfastewith @) aLREHS.

Alternatively, th ti,ple or single wre [ tal - sheet
may be spot %}‘d’@gl Qr}]rﬂl%hgw OETP?%%% T u?tﬁeel?%eéﬁﬁ?%g @?’8%%#2(8:%@ of
course, instgRgeRls Akamblcdhtat @l eidyi a@nt hespitonaded teitnfet snioimigigganded
thin metal sheets, the conductive back wall or jntercell i teraor][nect may

have spaced edntrst gesistaressy Mirseyearp theyd hpyeo@r maichngregie! Jagee! HOPgHBver t he

central active cell are f ' Wi Bourdtfle acti ve
el ectrodes of® 38?%(%rrre§t hgtﬁg gl? t%ig%%@ﬁ%c%ﬁ?ﬁ%rg%nj b‘?"ﬁ"é’g% tmay be pressed in
contact or bgeapsle ofaheledl on the ofitresidelbs thargermidnjc miembraneadelliseparator)s
(charge cells) of the first plurality.my have a.pr.gjected. activ el| area
(i.e. the prépec eaboy &4 e rI"Fé‘E ﬁ‘élhé gt CSIIE\\E/IHSO%%EBJ& Ypdye aﬁ@raﬁhn oni ¢
menbr ane Sep%ﬁﬁh?éd &Iuéﬁo}?(ﬁlﬁtaﬁ@ S P IMCRIBRIATRO LA Bfea idigcligleld) whtvhldler t han

ell ar

the projecte ctive a of the cells of the second plurality
(di schar ge ckkien},riske afethot epatB sthenomens mderey bachldy) thicairen| dengidy éB4% odes
and perm oni ¢ nt ori e ecause of the elimnation of the

nbranes i nv
constraints H‘r‘i‘gﬁ’%ﬁnﬂﬁﬁ’r‘@f‘sﬁ 81§B|hém?]§ﬁ{?18° current density inposed by the

presence of carbon based el ectrodes. Al ternatively or coordinately
with an event ual TheGuhli EBctefdet RRowlE tpryeide ainl active assyfatén comtbetr byftheel |'s of

the nunber " oficeienlyd suimessBEERE BPULAILER PROTEHANGE SaF| Spparthent =S {141
without causing an excessive pressure drop in order not to burden power
absorption by indispensable circulation pumps. Single or multiple micro wire nets
or expanded thin metal sheets, eventually activated by an electro-catalytic coating
as in the case of electrodes that are subject to function as anodes, having a base of
an acid resistant metal and eventually also anodically passivable such as titanium,
tantalum, and alloys thereof, stainless steel, Hastelloys, optionally undulated or

deep-drawn at evenly distributed points or along uniformly spaced parallel lines in



Flow rates of the electrolyte solutions through the respective flow

conpart nngszaiézoezh%z cells of the first plurality (char g??@ﬁ%"?”%o Y, be

regul ated I'n ntly fromthe flow rates of the el ec utions

t hrough the respective flow conpartnents of the cells of the second
plurality (discharge cells), adding adaptability to the conditions of the
respective processes of charging and di scharging the energy storage system
11 may be conducted sinul taneously, each under independently optim zable

conditions t r 0 for
chargi ng t oo ERd PIRRERE ol 007 SRR LARSY AR SElE O IOHAGESL er (o
el ectrical | gagsonnect, Vimpotidhtegingothe puef exseatblgnhngi bentsed tinetheekéls of
both distinct pluralities are bipolar cells electrically in series and part
of the same SPHPRUREURBHLISH of QTR FYRPIRETYLG CRBAR ‘i@ﬁé.{tmtdﬁe first
plurality to a DC el ectrical source and the second plurality to a DCto-AC

conver si on i nver efernatively, heGRiEpRIort Sn@B vikd Skt NRtdxpeRIRRAI feft sheat | the
cells of both distinct p?lural ities are nonopolar cells the el ectrodes of

whi ch are respechd vedtyweldethootcetheasusacaiofthe dntareel rinteropnoesti £5- s | el
scheme: those ?%F}o??la{s%éail%&h%%& ntligroa\v{r)ec ngtg GF é%}{agl?éd ﬁd%ﬁl%% gﬁé@tst hose of

the second pmf conversion i nv I nvention

and i npor t antheesundditiRYask tWhlredfitetiel igtefdonestt imaythaee gpuved eits ok avendy t he
recitation of_which is intended to constitute part of thﬁ@geretgent
speci fi cat i odisifptedspiopEonhebsases helglf axpr thesential scbive cell @iea hpgepion

DESCRI PTI ON Qe Jks IB%\BE |}@%vhich, the active electrodes of micro wire net or expanded

thin metal sheet may be pressed in contact or be spot welded.

The substantially all-metallic cells (charge cells) of the first plurality may
have a projected active cell area (i.e. the projected area of the metallic electrodes
and of the permionic membrane separator of the two flow compartments of the
cell) smaller than the projected active cell area of the cells of the second plurality
(discharge cells), to reduce costs of construction materials (electrodes and
permionic membranes inventories) because of the elimination of the constraints
on maximum affordable ionic current density imposed by the presence of carbon

based electrodes.

Alternatively or coordinately with an eventual reduction of the active cell
areas, the number of cells of the first plurality (charge cells) may be different and

generally less than the number of cells of the second plurality (discharge cells).

Flow rates of the electrolyte solutions through the respective flow
compartments of the cells of the first plurality (charge cells) may be regulated
independently from | the flow rates of the electrolyte solutions through the
respective flow compartments of the cells of the second plurality (discharge cells),
adding adaptability to the conditions of the respective processes of charging and

discharging the energy storage system.

The two processes of charging and discharging the energy storage system



Figure 1 is a basic schene of a flow redox battery system made according to
the presegh o hpsure. Figure 2 shows the basic s W& |
wherein the aifzf(ﬁmat al electrode cells of a first plural ???;Hﬁznog&gﬁb&t he
cells of the second plurality are assenbled in a unified stack assenbly
according to a preferred enbodi nent. I Figure 3 replicates in part the
schene of the preceding figure schematically detailing the internal
structure of stacked nonopolar cells, according to a bipolar cell

enbodi ment. be, cbhANER Sihdlgheahdlp] iR dusEheHRbbGARMR OdRtuisinw of a
uni fi ed stack of cehé:rge cel I's an%egPirg’harge cel Fsmgoft?h o%ﬂp%i%g ar type.
Figure 6 is aosditiphs toitalt sstyhetage bfcaxpirodadnawable efergy smir¢dsdor dtasgikg of
charge cells and.di scharge cells both.of nongpol.ar. type Fi.gure 7 is a
“book 1| ke - SBHERAY Bt S SERL RGN STerERe NP AT ER ety I

charge cell.

According to a preferred embodiment, the cells of both distinct pluralities
are bipolar cells electrically in series and part of the same stack assembly, though
distinctly connected: the first plurality to a DC electrical source and the second

plurality to a DC-to-AC conversion inverter.

According to an alternative embodiment, all the cells of both distinct
pluralities are monopolar cells the electrodes of which are respectively connected
according to a certain series-parallel scheme: those of the first plurality to a DC
electrical source and those of the second plurality to a DC-to-AC conversion

inverter.

The invention and important embodiments thereof are defined in the
annexed claims, the recitation of which is intended to constitute part of the present

specification and is here incorporated by express reference.

BRIEF DESCRIPTION OF THE DRAWINGS

Figure 1 is a basic scheme of a flow redox battery system made according

to the present disclosure.

Figure 2 shows the basic scheme of Fig. 1 wherein the all metal electrode
cells of a first plurality and all the cells of the second plurality are assembled in a

unified stack assembly according to a preferred embodiment.

Figure 3 replicates in part the scheme of the preceding figure schematically
detailing the internal structure of stacked monopolar cells, according to a bipolar

cell embodiment.

Figure 4 reproduces in part the basic scheme of Figures 1 and 2 for

detailing the inner cell structure according to a bipolar cell stack embodiment.



Figure 8 is a "book-1ike" exploded view of stackable elenents that define a
bi pol ar dysahpr@ecel | . DESCRI PTI ON OF EXEMPLARY EMBODI WENIZ2010/0020040
principle, a flow redox battery system according to the present disclosure
may have a functional schene as the one depicted in Fig. 1. As
illustrated in the schene, all the celld20of a first plurality A of cells
destined to charge the two electrolyte solutions of the flow redox battery
systemare electrically connected to one or several DC el ectrical sources
that may be in f@léﬂﬂfs eis %0§1ﬁ{pllﬁ@@%khe?‘ﬁa[tﬁye éﬁ’od%ndie{&fuf)phr\ﬁnﬁ’éd @t‘éﬁ@ o@
battery charger. he "cel a se lurality B of cel

destined to @h&ngvecllmdedlmgemlls bxﬁh@fblpolaam/ml ectrical load are

el ectrically connected to the input of a comon inverter that converts DC

I nput power to AG.elec rlcal .cal l he frequency and rated
vol tage of the ptj%l:l) e %Il i B{)??\flgd SCl? te exﬁoc%hf‘%leer e(ﬁ{ F;‘l}‘f?%%?ﬁg of

el ectrical CQhﬁlgechl@Enaddldiﬁﬁlargtehﬁllilyﬁh@ﬂfﬂoﬁopdlmctybé.s of the two distinct
el ectrolyte solutions are traced with solid lines. The positively charged

el ectrol yte sol utj,on | .store n t specti.ve el ectrolyte t (+) and
t he negatively ch?é |%3{0Pg111}<ﬁee’§§?ci?fi V3§V 08 Sfé‘?%%bi‘ﬂe F’f‘i‘e{“ﬁéha}l&é’é%i‘l ve
el ectrol yte tk,@}gyfar(chhge cell.

Figure 8 is a "book-like" exploded view of stackable elements that define a

bipolar discharge cell.

DESCRIPTION OF EXEMPLARY EMBODIMENTS

In principle, a flow redox battery system according to the present disclosure

may have a functional scheme as the one depicted in Fig. 1.

As illustrated in the scheme, all the cells of a first plurality A of cells
destined to charge the two electrolyte solutions of the flow redox battery system
are electrically connected to one or several DC electrical sources that may be in

form of a solar panel array, a wind turbine or even a battery charger.

All the cells of a second plurality B of cells destined to deliver DC electrical
power to an electrical load are electrically connected to the input of a common
inverter that converts DC input power to AC electrical power, typically at the

frequency and rated voltage of the public distribution grid.

Differently from the electrical connection lines, the hydraulic circuits of the
two distinct electrolyte solutions are traced with solid lines. The positively
charged electrolyte solution is stored in the respective electrolyte tank (+) and the

negatively charged electrolyte solution is stored in the respective electrolyte tank

).

The OCV device shown in Figures 1 to 4 is an optional monitoring

implement of the state of charge of the redox flow battery system. It may be a



13 single scaled down cell of same structure as the cells of the group A or
B. The downsi zed replica cell permts to nonitor the open circuit cell

vol t age, woamahih is possible to know the state of chacgaBmfoizeos

el ectrolyte solutions. In case of an all-vanadiumredox flow battery
system an open circuit cell voltage ofizabout 1.5V indicates a state of
full charge of electrolyte solutions and an open circuit cell voltage of
about 1.2V indicates that the electrolyte solutions are in a fully

di sch d dition. In th | f Fig. .1
p: afa?ir tg ?es%%%éa%%ﬂovﬂ Q@kgﬁlsaé’gq gé&%@?ﬁ%é? ggl?stngf ﬁ’ﬁéré‘%é%?$§9ggﬁcess and
to the discharglngs RLARASSN paRASCH MBhitor HRVEd il 88l SbRale, alethi tect ure

with serial TlIow e two trolyte solutions through the respective
f1 ow conpar twitich & mfssiald totknewcth Istatd ohehaogreothtba dlectrhlyte solutiansolhease header

h2 of the stacked. bipolar cellsg, eby the two el ectrol t lcons are
general ly f qnnglﬁ’ ad]il‘g?irﬁ%{x aP‘é'wfg{Wf i%%‘ﬁerehﬁ]ilrt%)% c:frﬁmgnc\éhg\ﬁo?iﬁggé) er hi
and col | ect elyinf gvySindich@E addtsk i TGl CdrardRestSelediralte solutiohs andl ahegder h2.

I nternal ducting defines the distinct serial flow gaths of the t

¢l O
el ectrol yt e cirshibtcelbryoltage ef ahout a2NVomdingigs that the eleckrolyteesRipiNS e iBHhyt e
sol ution. Fig. 2 depi,cts an alternative enbodi nent of the sane basic
schene of Fifﬁl.lyfl,sgl&a&%%(f%ﬂpnggmtnb which all the cells are assenbled in a
uni fi ed bipolar cell stack. In the exenpl ary enbodi ment shown, the two
di stinct plural ilhitese@ntay Belainecel Fig. Héwth placlitios dsandyB ofistacked cglar gi ng

process and the discharging, process of, the battery syste respectively,
the el ectri clgdicalsd toethpichaleing Progascindy e%eo‘ﬁﬁ‘%lﬁam\{%}f’ﬁ%?e%gﬁée gs%veec#’i ve

el ectri cal %@Q%Cﬁii)&gﬁsté& LRBIRATS WRlEsdriP Bewalf tREHROWRIctsBM sdtatiénrd to the
i nput of a converston inverter, are conposed by three stacked subgroups of

serial fl ow thiqughahe ospécsivalflowAgorapattnadits of all (the esllsedtnmarone headss d 19 have

four distinct electrolyte,c ers vidin 0 Lt Oof
Solut i ons. {1 B6epEgT lilf‘:?f*%/%/ﬁ% #ﬁﬁgﬁtaack%b}%@%ru%ﬂ& R‘ﬁ‘ute%g’ﬁ e 21%%%%@&
feeding the gfiafdnkate/d@entled RNSvd distidee disetueion chanbaspaotianenleadd a fir st
or inlet cell of the successive stacked sub-gro%P of %glls %Pd SO £orth.
14 h1 and collected into similar distinct chambers of the other end header h2.

Internal ducting defines the distinct serial flow paths of the two electrolyte

solutions. A circulation pump is used for each electrolyte solution.

Fig. 2 depicts an alternative embodiment of the same basic scheme of Fig.

1, according to which all the cells are assembled in a unified bipolar cell stack.

In the exemplary embodiment shown, the two distinct pluralities A and B of
cells destined to carry out the charging process and the discharging process of the
battery system, respectively, the electrical end terminals of which are identified by
the respective electrical connections to the possible t3;pes of DC power sources
and to the input of a conversion inverter, are composed by three stacked sub-

groups of serial flow bipolar cells A1, A2 and A3.

Intermediate headers h; have four distinct electrolyte chambers providing for
the exit of the two solutions flown serially through a sub-group of bipolar cells
and for feeding the electrolyte solutions to the respective compartments of a first

or inlet cell of the successive stacked sub-group of cells and so forth.



Subdi vision of the plurality of cells destined to charge the fl ow redox
battery system and of the second plurality of cells destined to deliver DC
power towsoadsizde27el ectrical | oads, into sub-groups of eelriB20io/hrest
sub-groups of cells in the depicted exanple), acconplishes the aim of

i ncrenenting the acceptable DC vol tage generated by the particular DC

el ectrical source that is exploited for charging the flow redox battery
system and the DC voltage produced at the input of the DC-AC conversion

inverter. At the me ti t hese_.increased DC input. and .output vpltage
capabilities of S‘ﬁ’gwﬁ%i’@ rI’EéPF Fﬁ‘é‘ia%l@’r VféF@ %ﬁﬁf@eé ﬁp?}?aégﬁ 5 ?Hwt ﬁecpgt t endant
requi rement ety Gsfdnfiind BPtH%rs%é;@dH?luFHli@Pof B RENdOHSESvel DT poMbmng t he
two el ectrolyte solutions serially through tortuous inner ductlngqfroma

conpar t nent tofwasdscthd: Elettoicelneadso inte §pb@dmp6 of ephsathnge seb-gfouppef gelia incel |

The parall el riution of the atin t hr ough
a nunber of tihffit Plﬁt?g pupl aacngmE f? g%gfg{(&%ﬁ{ néttﬁeﬁ m!i{na!tbfénl?coverall
pressure dr O&blt%g@;geﬁéi%anﬁg fige ﬁoamcaufrtm a¥ctiéedl | dutce ﬁhutnu:st empdoiterd $eri al

(cascade) flow node 3 replicates_ in ar t he basi.c erre of Fig.

1 and 2 for d@rgng fﬁhﬁgﬂQ%éedoﬁrJF@Fte’é’ef’MSteﬁ ‘f“li]c‘thﬁ 81iage WPHH eﬁlat linp‘étt ack
arrangement g HﬁC G&kls nversio 1&?tepaz§f fhe! rtuﬁ@'t?ge%t 1&1%E§€deDC5m ut

schemati cal | ep| Cted Tor on t wo groups st & bi polar cells, the
group of cel il omptitheollagé tca}mbdltmschf tbelrrmjtmélelnhtﬁem archraadg eqmpliaat mth

el ectrolyte solutiqgns by forcin DC current through the.sequen
bi pol ar cel | gleowetnﬁ@tg’feﬁﬂ‘ﬁem@}?pgﬁ)' PHHEE (e pé?ﬁ:i\lﬁeagli g BEPiPg Q%Sée our ce
The group of g%\’;vﬁfgktﬁg 0 BRLASIyERE SRR sthaly ﬂxﬂ&ﬁgh&@ﬁu@sd@dr&iu@ﬁ@gifrbm del i ver

DC power to ctrical loads through an inverter, di scharﬁl ng the two
el ectrolyte s(abnmpammsnt of a cdhty ﬁ@rmsmné@mrwmﬁﬁ {lict mexh cp gﬂi‘e dot

hat chi ng are e Q t ant
and anodi cal P$' ﬁ ! C{i%’ét’%té(g’eoﬁg} acflrc %C?rgﬁku%&grﬁg h?&]l n% (l-)lgl’(]élg) i&\s/gfed by

an el ectro- cafi@ietiage BdatiéRGRrbRatd lﬂmt@ﬂé’lirﬂtdmdhgoﬁomﬁl presmiradrapr whemobl e
netal oxide or m xed oxide. The rous electro & %V\ﬁ] wi t h, dense
| i ne- hat chi ngugmentiagdlee M%Pﬁﬁ“ﬁi}tﬁéﬂl&ﬁﬂopéﬂ S@f OV MRseal al | oy

having a relatively high hydrogen overvoltage, like lead or nmore preferably

a lead- 15 noly ;&re‘ B8k Kh&hO oPEiS 105nd 1fBr BBhiSing the
Al ternatively, ?gqeeg{% I'n t eﬁllres abe | ong |n0 toét he group of c?élls t hat

supply a DC wglet aﬁgbstthtLirdnﬁ)rladpmlaDCEelltSftr@klaﬁmegctlmnt@ﬁth@cqqleh? .ge cells), the
el ectrodes drawn with dense |ine-hatching may be of porous carbon felt.

The basic inner cell structure is schematically depicted for only two groups
of stacked bipolar cells, the group of cells on the left end side being used for
charging the two electrolyte solutions by forcing a DC current through the

sequence of bipolar cells of the group, exploiting the available DC voltage source.

The group of stacked bipolar cells on the right end side is used to deliver
DC power to AC electrical loads through an inverter, by discharging the two

electrolyte solutions.

The porous electrodes drawn with a light-dot hatching are preferably made
of micro nets of an acid solution resistant and anodically stable base metal, like
titanium or tantalum, activated by an electro-catalytic surface coating containing a
noble metal or a noble metal oxide or mixed oxide. The porous electrodes drawn
with dense line-hatching are also preferably metallic, of a metal or metal alloy

having a relatively high hydrogen overvoltage, like lead or more preferably a lead-



The intercell interconnects I" of both groups of bipolar stacked cells may
be an electrically conductive aggregate of carbon and/or graphite particles
and/ or fiwensiai2vir7a resin binder or, nore preferably, acemREd@@DIA

| am nat ed sheet including at least a thin sheet of an acid resistant netal
or netal alloy adapted to establish a gpod electrical contact with the
porous el ectrodes, drawn with a |light dot-hatching, of activated netallic
mcro nets or spot welded to them and of a second thin sheet of a
different netal or coating of acid resistant netal, havi,nq a suitably high
hydr ogen overoldideaya, alloykia forn of migs) rets ok Fag MakE. AYSRRY Y’a%éFaS | ead, or

of a | ead-antimn |1 oy, i tifd gent act
with the po%&@é%@g %)ﬁéetgqgéigéoggaottfi%\?gfgﬁﬁ%m%%gg%%oe\?@rt&%%ﬁ%e, made
for exanpl e fgf inFeerqdneh@g®celi), the riicaodds drewd with Hewdlmnthatebing @Ry oys or
of porous carbon felts or nmats, drawmn with a dense |ine-hatching. The
t erm nal curbﬁé’ﬁpoﬁﬁuéf??rb%fqhhg septa will have a surface in contact with the
end el ectrodes of the groups of bipolar stacked cells, of appropriate

el ect rocheni cal 1ghap@RRLRNhSidbfSecdd of b6l grotpsisitbipdlal Sackdaptlidmbpbensure a
satisfactory equipotentiality and adapt edgto be electrically cona}act ed to

the positi ven(eiyctdealyneguluities aggregaig jof cafbonpand/esgraphits, Bartieles FEEQT  or

chargi ng and.,di schargi ng the redox f| e indib® shébt
replicates &Webqa?”tlt%t%ée%béf@eggﬁe%gieogwé}g&&i anl?ipégé % g]ra lc?él%lléiﬁléi r?g t he inner
cel | struct ypgudiap af1ABNWRL siect 6f in adidebsiguuitangehennetef alidyeadaptergo

The basic inner cell structure is scher%tl cally i,cted for

) ! de 'thlY t WO
groups of stestekbish e @ppd eleghisalgantast HrthciBe perqyy elerHOfes Arayy Wi fe i ng used
for charging,t| Y, | fbd by it SHeltbdaoReeBUbAEDBE at hr ough
t he sequencgioé?lgtﬁ%{é%r glr~ S(S:ﬁe\{agsd %%agﬁeﬁgdggg%fs exglaqi ting tohe avai |l abl e DC
vol t age sourgeeond thén sheet dhe diffenen nodtalsirackane nbadd osistant andtal, Baviege ri ght

end side is used to deliver DC r to AC electrical,l . an

inverter, bysuiaRly H’%igl?gg}’l OgFROY &gﬁgg’c@]feo’ré teé(a@B*eu? %%er?% .Opggastm%né?%%}ous

el ectrodes q'é?d’w})rvy%f{ahleﬁdjahﬂﬁbnﬂ(aﬂoﬁaid‘éﬁﬂeﬂgo asksebpseh @oadlefectrivde cordtacti cr o

nets of an acid solution resistant” and anodi cally stable_ base gﬁt I, like
C

titani um or wihtth¢ porovactleatradesi obyelativaly dugh dydzsn \averolags: 48 ting

cont ai ning a noble tal _or a nobl i.ge or n A8 poldl® POrous
el ectrodes a‘?xéW?IIW g Rss 9heE %Sﬁl%d gﬁ(ié%g(gﬁg%mpr% e?}gﬁry detallic, of
a netal or nesdn @itk eymhayiragnavited dérisy Bhy-hhictinghydr ogen overvol t age, |ike
| ead or nore preferably a | ead-nol ybdenumalloy in formof mcro nets or

Cel | That suppl Jeiepmybreieg SOB uhBErAgaN B ERG 4 T0ErT B Ly ge *

g:lr lbzal ; élh? £ 85 QI8 dAY BiMhe WrbihsdGNSiBolkat S@clAl &ilsNEF Aottt blep@s-OuS
chemical characteristics and their structure is adapted to ensure a satisfactory
equipotentiality and adapted to be electrically connected to the positive (+) and
negative (-) rails of the respective DC buses for charging and discharging the

redox flow battery system.

Fig. 4 replicates in part the basic scheme of Fig. 1 and 2 for detailing the

inner cell structure for a monopolar cell stack arrangement of the cells.

The basic inner cell structure is schematically depicted for only two groups
of stacked cells, the group of cells on the left end side being used for charging the
two electrolyte solutions by forcing a DC current through the sequence of bipolar

cells of the group, exploiting the available DC voltage source.



The intercell interconnects I" of both groups of nonopol ar stacked cells
may al |l b&oab12znoxlectrically conductive aggregate of c&CHOB20aH002004
graphite particles and/or fibers with a resin binder or, nore preferably,
and differently fromthe case of the bipolar cell stack of Fig. 3, nay be
of two different conpositions, alternatel§ assenbled in the sequence of

st acked nonopol ar cel | s. The intercell interconnects |I" of both groups
of nonopol ar stacked cells contacting the porous electrodes drawn with a

l'i ght dot - hat chi nmh@gro%p@fswke@qﬁoﬁ@oléa%ems&{macﬁghvai&@idérﬁt@bd tocddhver O
nets, over both sides, ﬁéy be made with a sheet of an acid resistant netal
[

or netal all opPCapaperety lecuisel deds thyough andeverictaby disshatgingathentvtche same
type of el ect B&?ﬁ#soﬁmoﬁ%}posed to the sanme el ectrochem cal agents and
wor ki ng condi t1ons he intercell interconnects |I" of both groups of
nonopol ar stacked. cells contacting the porous el ectrodes of relatively

hi gh hydr ogen oveThobtage elenircdas-drets vath zwhght—dmﬂmtohing aa@raferabblaxdadmti nony
al l oys or poro s.carb?n eI %1 fravvn nsedll E]G 81 be made
with a sheet Bf "SHO ISP "’é’sf‘%J 3R “ﬁ%tr%ﬁlst?}’rt {BRPAIgH 36§7t 315‘@% % W&k abl i sh
a good el ectr hfaaium: emaﬁf:alulw atclﬂvate@ b§ aﬁ%lew%a@fymlsarfﬁ&e%‘aaﬁﬁg@émgmﬁfg Poth
sides and having a suitably high hydrogen overvoltage, like for exanple a
sheet of st ai npldesetalanla rmblma@taébmy or opixedazide yTlteomreds elietthodss deavay  of

i mercel | i nt SR HE Rk cRireriy oboore st BB E A P Ry i LR St on

and optional | fadifiey rdT&Yveh‘s&M@h&h@dmgeﬂﬂ o@drioledgd] lekd 18adioCRB Jﬁbfeﬂib%aa lead-
coinciding with the p 1lect ed area of the porous electro For exanpl e,
they may have™® Bé’élﬁlﬁ%l lgy dn o 0 pHeIgf nekh Ok RS BdS AReBRti ey vt deastiFl f ornl y

di stribut ed Chﬁsc%ﬁSeaﬁ&n%ﬁ?&ﬁé‘éx%?g%"f okl AYOLR £HC @Hﬂarﬁ% thfée} Fr“ph%f

essentially so ace e open str ture of
i nterconnects tHe 1nvmtelr (dinsharge exjlsylthe alenmasdesfdrdrwxd mathl densp ties-hatckingmdshe sane

fl ow corrpart ceptly stacked cells, should it be desirable to
rel ax manifol ?ﬂ 958‘%? idﬁg%%ift raints. The term nal current
distributing septa |I' wll have a surface in contact with the end

el ectrodes of theTa¢ enpRelfinfetdddhadts ¥ aEKRth eRIdpS .ofthoRRLMAREE cells
el ectrochem cal characteristics &as t he corresponding intercell

i nt er connect synainal bhedtr an telagbioatls spagduiitesaggncaats oh varbonaandr sepkitor y

equi potenti aI I t tive
(+) and negat Hw%gg“ glaﬁﬁs)eerg?x;l @héejl%?lgéj %{é{% bl?i zﬁdl_r)%‘,p%gés}gs f%gi CE:l erteﬁﬁ% ?r%gdnd
di schargi ng t e da@dof(thfeltﬁwlhwctdﬂed‘tgck&)fﬂﬁgrﬁ may be of two different compositions,

alternately assembled in the sequence of stacked monopolar cells.

The intercell interconnects I” of both groups of monopolar stacked cells
contacting the porous electrodes drawn with a light dot-hatching or spot welded to
them, of activated metallic micro nets, over both sides, may be made with a sheet
of an acid resistant metal or metal alloy adapted to establish a good electrical
contact with the same type of electrodes (i.e. exposed to the same electrochemical

agents and working conditions).

The intercell interconnects I” of both groups of monopolar stacked. cells
contacting the porous electrodes of relatively high hydrogen overvoltage (micro-
nets or wire-mats of lead or lead-antimony alloys or porous carbon felts), drawn
with dense line-hatching, may be made with a sheet of an acid resistant metal or

metal alloy adapted to establish a good electrical contact with the same type of



In the partial illustrations Fig. 3 and Fig. 4 of the repetitive
arrangenents of stacked el enents constituting a sequence of bipolar and
nonopol arwoebizm20z7éspecti vel y, can be clearly though sclremaBioaabdzgosobserved
the fl ow conpartnments through which are flown the two electrol yte
solutions, fed through respective inletj7and outlet manifolds: inML(+),

out ML(+), inM2(-), outM2(-), in parallel to all the respective cell
conpartnments, and the electrical connections of the conductive current

di stributing end interconnegts |, of stack ipalar cells or alternately
of all int er"é@tq(’d%?\éﬁrg)@ﬁhﬁ gsand hayige ?'Su‘&%?%B%ﬂ@'(aﬁ‘r%ﬂooﬁgwgﬂta%%llﬁ(g , to the
posi tive (+)gf ©3khete of stdinfdss §t€é1|o?-hastélﬁ)ﬂ@ﬁti&&ﬂlﬁ%@at@&bﬂﬂﬂdl@ly&aﬁe _

el ectrodes destin to be anodically polariZed in the electrolyte solution
fl owi ng i n demt awdf atlbat-awinidny alloy. The | ami nated structure of the bipolar
intercell interconnects |I", according to an all netallic enbodi nent of a

st acked group of, cells..| nGLI: d i o> igchargi ng
the redox batt erl§7 C§§/escfsfe%8ﬁ0%§g§g%lli gttajé%’ ?ltr?l recfeg)%rgﬁ%gg%cg% g{olﬁo\??lgév!\; tgf one

bi pol ar i nt efecepla diMiyeFa0HEBGatation and optienallgphert wdy bayrodraspenatiictsteaiok is a
three-cell assenbly, each cell includi ng essent ital ly a Lgerlm' oogi'ec nbr ane
assenmbly M st APINEA 2f5, caicklingemihythe preirgied gregs of: the RoreuSyelfFtasies: pat ent
application sj.mhar [ [ F Bntdi8amiavencel besviri or PCT
pat ent appl ieé!gﬁp'(l)% th%pn%&%%%giﬁg%fgﬁﬁ{ g#}ﬁ?ﬁgagaér%g appl i cant. Each

menbr ane as serfirplMissitsdaidvioshsmichd aperenesd pptiravgh heles.casld a paxigetednnect s

" or equival ent, term.nal .interconnects |' at the end.hea S and h2.
The signs of ®&fH IViSn]]é\CP’ SE%}r?H'Efg‘fei'gnetO(?Flﬁistrﬁ‘éﬁt%reonfletﬁrecefefﬁn efcg)ﬁ%?%%inn@@t s I

i ndi cated i ngdshie EqRULRiG 6f G98RILED préRuichth €eneaat iflow ebnipagmeiodiar cel |
stack to a DC vol tage source for charging the electrolyte _solutions of the
redox flow badjasesnily syarkedn cellonetvaild i4 bsi gesirablestonsday Pryipldve $sER ar
cells may be used for charging the redox flow battery system the signs of
connection O§orpﬁ%1n %hd i nterconnects of the stack would in this case be

i nverted. As shown in the expl oded view of one of the bipolar intercell
i nterconnects | "Thd feemival enrednt titserilpitingtsepte &1 Wil borduntfage i epttagihwithc cor di ng
to a preferred enbodi nent, @?y be composed élftdwo shegt s of.gif&%{e_nt
metals m  antherfRdlerdedes BlBeHEPURS OlbIBRIEF FREFed S5lIS Ak ARrPRIAS S8 her . The
sheet m destjidigd.t habRiARON GRlthy BRt#ondRd infrddNeintdresineoky bed Sigiut i on
flow ng through the respective cell conpartment may be of an anodically
passi vat i ng, stawitete masyi st suvh tasnsure of satxrs%sz@rﬁppwpqtmtmn and adanted tonbor

[ 1 th f. T t al t n2. j i [ -ali di
Fhe ot eot r of oearEaf FrisRewd 06t P TE LOT SR At EIRbE e stoROL | 280 L0
of titani um pid 618 fcRakinading Mihargideahé tioR iflokebatity gytenst ai nl ess steel ,

Hastell oy or other acid resistant nmetal, having a relatively high hydrogen

i on di scharge overvoltage or provided fo hi s purpose.wi th a surfage
J In the partl%l illustrgtions Fig. 3 anc{ Fllg. 4 of l?he I%petltlve arrangements af

stacked elements constituting a sequence of bipolar and monopolar cells,
respectively, can be clearly though schematically observed the flow compartments
through which are flown the two electrolyte solutions, fed through respective inlet
and outlet manifolds: inM1(+), outM1(+), inM2(-), outM2(-), in parallel to all
the respective cell compartments, and the electrical connections of the conductive
current distributing end interconnects I’ of stacked bipolar cells or alternately of
all intercell interconnects I’ and I” of stacked monopolar cells, to the positive (+)

and negative (-) DC rails.

Fig. 5 is an exploded tridimensional view of a bipolar cell stack assembly

for detailing an exemplary constitution of all metallic bipolar cell interconnects I”’



19 coating | ayer of a high hydrogen overvoltage netal, preferably |ead or

| ead- anti nony al | oy. The bondi ng between the two netal sheets nml and
n2 may bewexbwhi20xhed by any appropriate manner that shaCl/iBrawr@oa good

el ectrical contact. Conductive adhesive nmay be used or alternatively the
two sheets of different netals may be gpl dered together by pressing them
together with interposition of a low nelting point solder, or even by spot
wel di ng the two sheets together. The | am nated netal septum has through

holes for the constitution of inner inlet and outlgl nifold 4 9 the two
di stinct el ead petops enealligthesn slechoss desgipd {6, bE RO @%‘E‘Z@P Ve erec

f ode
conpartnents, of .eac I | SotRe8ddvilsal d prior PCT patent
applicati on?lef%%lﬁa%a}‘ﬁn%hgoé)@?%gf%rom’retrsvgre i ntroduced in the through

hol es of the lam nated netallic core of the intercell bipoglar inferconnect

| " and the peri fia lahinpted tsiroctsreasfotha dipdier intsrqellanterenapedsld”’ a?€r% 8 er bot h
sides of the interconpect re repdered el ectrj Ly, ]

| ami nating thara ﬁleé&g%??‘ibe‘imei}{ Pﬂ%ﬁtla eldr%rou ét‘geqfﬁééteh? or og(lgér)r[%lngﬁé of a

t her nopl ast icﬁﬁjgn%%r%} BGCKRERE it rddes ibatiaftsystent hedapoitet! il thetexplogeds, t hat
will fuse with the plastic grommets inserted in the through holes to

el ectri cal | demflivi¢wd oppambipolpeinterealbinteseqigeles over both sides of the
i nterconnect as well as the surfaces of the circul ati on hol es. As

di scl osed in t h%h%icieggtegiﬂégcglaﬂg gﬁ Qgékeﬁta @RRLIBA5bI9f edcheeB anstudipgl i cant ,

t hese masked perime over both sides of the interconnect wll
coor di nat el yshpgsllpgaensionbanembiane hsgattlye M etinitar da sheossemblyt foigl Ast omer

gasket s assenbl ed back-to-hack that, held there bet . i rtions
of the per ni%rihe ciigshsremeC patent aPrliseiny ﬁ‘ém&rg? iaﬂceﬁgg%@%ta#?%ﬁfeggﬁhs and
di'stribut i o, ehapnelied PrbPCICERSA! iyfficRQIP ALt FETVBINAI00a63 o the

circulate the two electrolyte solutions in the respective corrp&}rp’:? nts of

al | the cel |samef appfieatsi Fabmenbroke assembindV isj sanguied lRatweate nts the
observation ,of all.the el ectyodes that . w ABRcHEAl! Wt RRE anigzed i n
the el ect r ol & ofrﬁ‘frf%rﬁlefﬁsom Ny ?n%aéﬂﬁtﬁ}é“rnélsg%gti Ve conpart nent .
El ectrodes 1,898t RC Wik The sighsagkedcteiosdemmentionc tarindls af eghe ofdt he
sheet mM of the lam nated structure may be i r1hform ofh a %gcl% of t?l%

interconnects 1’ indicated in the figure are coherent to the connection of fhi

bipolar cell stack to a DC voltage source for charging the electrolyte solutions of

the redox flow battery system. However, a similar stacked group of bipolar cells

may be used for charging the redox flow battery system, the signs of connection

of the end interconnects I’ of the stack would in this case be inverted.

As shown in the exploded view of one of the bipolar intercell interconnects
I, the core of the electrically conductive septum, according to a preferred
embodiment, may be composed by two sheets of different metals m1 and m2
bonded together in electrical contact with each other. The sheet m1 destined to be
anodically polarized in the electrolyte solution flowing through the respective cell
compartment may be of an anodically passivating, acid resistant metal; for
example: titanium, tantalum or alloys thereof. The metal sheet m2 destined to be
cathodically polarized in the electrolyte solution flowing in the respective cell
compartment may be of titanium, titanium-palladium or titanium nickel alloy,
stainless steel, Hastelloy or other acid resistant metal, having a relatively high

hydrogen ion discharge overvoltage or provided for this purpose with a surface



three mcro nets of titaniumor tantalum coated wth a catalytic |ayer
containing a noble netal (Pt, Ir, Ru, Pd) and/or oxides, sub-oxides or

m xed oxiwexorfo2ed77] east a noble netal, for providi ng arPCcangmieci20me
surface of the porous netallic electrode structure, wetted by the flow ng
el ectrolyte solution perneating the pagk of mcro nets, in flow ng through
the el ectrode containing conpartnent, froman inlet port at one corner to
exit an outlet port at the diagonally opposite corner of the flow
conpartment. A sinmlar stacked mcro net pack or rous wire pad of
a hi gh hydr d@é@%@%’ﬁ&ft%@éghrr&%i"irpg%’h@Nerﬁgltqggaﬁfe%?’eﬁﬁfﬁ%lgﬁﬁ?fy OE\IIYIF%CG i s used
on the other,side (aﬁ9§f visible in the figure) of the bipolar intercell

i nterconnect's, destined to be cathodically polarized in the electrolyte
solution flowng in the respective cell conmpartnent, and on the_qther side
(not vi si bl e) ofTteHmnding betweercbariwotmatal sheets anhead mpmapdersstablishe? .

Fig. 6 is a tridinensional explode i 0

monopol ar celi EYAPPLRIRT ﬁ“&’a“eg tﬂgag I?H%g%rgsg{ﬁ {/gélaé&g%lrg%ﬁgégls%ogégég@e& n gtrl C?atf{fe
arrangement Qfhedvéralyi 3 @l of tateiatielyranopd siiectsedfl diffeat eetabpiniafibed i n

Fig. 4, according to which the cells of the first grou éﬁ re used
excl usi vel y Sodderechinggihgg by I%eﬁs’é’@d;%efflltBW%%{tW‘él? )Pnt%@i’g’ﬁlélﬁg_ cfa]tOWem(‘?EF’lgs of the
Qthet 9roup BufrSidieed %%ggéo‘{%}’diﬁ%{he%%@hé/ét@ﬂ)gsﬂhep.trl cal |oads by

PSaox t stem

di schargi ng e e I'ow ery s ACcording to this
alternative enbodi nent, different |am nated structures of_ interconnect may
be used for the T lamindted hetajseptpmas dhrangle heles Ife) the gengtivptionnef i8B¢Y s of

the group B (discharge cel. . ~taking iL.nto. acc . e
nonopol ar st %gﬁﬁﬁ?tﬁﬁlgﬁasr fé’(ﬁgh‘erté@ ‘hlﬁté?a ggeg%ﬂlitten%geiﬁ%%ﬁﬁég% f}quaﬁd I,
nust have a ﬁ%?&%e&%tél&%lde ab9par{BEMS 6f &RA celdNA Oflistlaterialsaidnidu &CiTon)

di mensi oned to ensure negligeable resistance (voltge d]rélr%g) in g?}r}%lﬁr to
provi de a gopaderdqupliwtions insulating plastic gipmBIes arg yfoduged wipe Hirey S on over
t he whol e projected.area of i e I - f>- ghE then

cont act ther%t\ﬁ}ehgm?%%%cg&e{t%}fé???& étllﬂﬁa@getr%qulﬁ 8[52 lﬁn{é{%???% sheet core n8

of an acid rggifé@t porabel amyundl thoyactiadagitattode caremneart besbrsides akithd | ic

anodes ma of porous netallic catodes nt qver both.sides, and t.he .

i nt er connect KRFEORNGEL, ALy mn@eg?cﬁgﬁotrla?ﬁg}'dﬁgﬁggl&@[ ]Itagn‘(‘aé’rngﬁﬁerﬁ(?r} elgﬁgﬁ%lg'd to
contact carbon f Qﬁsdﬁ £8f RaRrhshlhstEdinbadess sheriavetistaat h

si des, may bgﬂglaﬁg%'ln%ate §lf)’qu§?g C r¥pri sing abc?)re sheet m of highly
conduct i ve met #le, acidreleetalymsethat ailhifessswith dlg plastic granumets Hpsetied By or even

al um num or copper, .sandw ched bet n two.sh cl : ctive
car bon-r esi nt@@\gﬁ?‘éﬁfﬁ‘?set,o 9 %&@ﬂ%ﬁ?@eﬁw RS‘E“QF‘i%?%&rgaocre ® g{/rl?)ﬁg{ Sl%ersgcgg%g or

any ot her ef {8etiMRABWEL as hBSuEakbonthkeltuleli@chsledes nmay be spot bonded
to the carbon aggregate sheets using a conductive adhesive. Fig. 7 is

a "book-1ike" exploded view of stackable el erreniitsg t hat . defi ne

: . : a . bi pol ar
charge cells andAidisclased & therciiad Ruipy et patepi Fupligatiqneed B¢ S@E‘%@%‘SF&’
el ement s that[heggflingsq(eﬁnﬂé}ﬂﬁét@f AR CHRIIEr TRt Sides of the interconnect will

coordinately bear against bas-relief patterned areas of the two elastomer gaskets
assembled back-to-back that held there between perimeter portions of the
permionic membrane M, thus defining distinct circulation paths and distribution
channels in the respective compartments that allow to circulate the two electrolyte

solutions in the respective compartments of all the cells of the bipolar stack.

The tridimensional view permits the observation of all the electrodes ma
that will be anodically polarized in the electrolyte solution flowing though the
respective compartment. Electrodes in contact with the unmasked conductive

central area of the sheet m1 of the laminated structure may be in form of a pack of



The sane reference nunerical/literal identifiers that have been used in the
preceding figures are used also in the two book |Iike views thus allowing to
observe, wezntkro1/me or gani zati on of essential parts of pCmaBrbd/bo20el |
stacks of this disclosure, also both types of porous el ectrodes: nanely the
el ectrodes that are exclusively polariggd as anodes in the respective

el ectrolyte solutions, ma or cfa, and the el ectrodes that are exclusively
pol ari zed as cathodes in the respective electrolyte solutions, nc or cfc.

Details of the menbrane assenblies Mand of the per | me ral spacers 9
associ at ed tloed mémp nats ofigitaniug optangHempenated With e gatalytig Jayer copfaning 3, o 4

el ast oner gaskets - £,0- 1ol edqfarn L&bKided beh geded ween t he
permi oni ¢ @ Fé'?'l%?ﬁgglfﬁ’ﬁl{él’ E%%@%s@%@ﬁ%@?%% pr(e)vi ded by the

cited prior ,p6i¥ makierir @pElingad laoge Naive RGEAB2GLLBE QOB Imetalficteirstrogdere
applicant, the relevant content, of which i

her e incorporated . eXpress
ref erence. SQQCt@?AWWd by the lovang QEFGQO#YFEOWTIH&H @We%ty’gtg%p%c ¢ Ofglﬁg?éy
stor age Con%re{sgfrng%f\fiﬁ% h@g?@% Hededi¥bdd cot@fikbdconRR@hdnt | fyémakrialkgpoent of a

conductive in nnect, a positive electrode, a permgnic

menbr ane celat of€pamat o exinam eyt peet &l the diagarallinepnesite Femer BhiGtIWe
intercell interconnect, said el ectrodes being confined in respective flow
conpart nent §°Wa¥t%ntadj acent cells, the flow conpartnent of el ectrodes of
opposite sign of each cells being hydraulically separated by said nenbrane,
at least a firsty stharageckankidromeapaksitd peloys eti@rmealf ehighdydrageyt e

solution, at |east a second storage tank for_a ne a}t#gv éé/ har.ge blte

el ect r ol yt e avetvelthgmmetd] syohrstleas dead AtEegy ﬁl}%isnlg% 83 Pﬁ‘ﬁer o ?@l’ﬂ ating

said electral.yie soluti f i t bk oughidehety @specti ve
vd%hlte igr* the. (aﬁ?'gef)l é{f)rfbﬁaﬁlgolﬁlt QhRRL1 t BdESonnkbtk! i

fl ow conpart erein the systemconprises distinct
pluralities @fhodrkils pdbiizeddn by alstralykesolutiap Soiving & the mpesiivatcelf parts,

each cell of a first plurali having fl ow c ar ntsqt. i»ch the
respective eOBERFBIEDL eaf’éioP%ltqt“%rfgﬁ‘?rl 8\af’f(8?t Xﬁgblrl%l ﬂ%c&f eeﬁ%alp{egry %%?’2% em and
each cel | of g sgcPrdnPhidsl hty having flow conpartnents through which the
respective electrolyte solutions flow when discharging the battery system

to deliver DC power to electrical |oads. . 2.. The redox flﬁgﬂl}batft ery
system of cl ai mEig. whisr 2itridinmenstopabgsplpded VigrerEdPP BIURScHn > The
positive el ectrode and the j || oeh BB &@4dosneht he first
plurality ar%‘o?ﬁpogafr Cﬁ@“f %ﬁhaf lllr({:lﬁ%%%t!g?l?%ﬁ%ﬁgﬁfd&?ﬁgm§ot§§ug§ti ve i ntggr cel |

I nt er connect, 18RO istdck fehendgoiatecdisdad krermelfzdi ineFig. ek tacerrdingf toal |t he

cells of the second plurality are of carbonaceous substance o egat e.
3. The redoxwhichvihe geliserlyths fEslesiogp 4 PL ‘r‘ﬁeg,ex & 8‘3’&% §ﬁ%fg@§r%8%gcg%ous
meterial or Aggnogale.iehonas diocdieIRe Wt ARESBrolsanE vy dpii e,
gl assy car bon, tiec ri‘cal ly conductive aggregates of carbon particles,

gr aphi te par gipplyésg clgtteisalyoaiatyahisqhargingthe sedoglonobatisr w e @hd ni xt ur es
thereof with a resin binder.

According to this alternative embodiment, different laminated structures of
interconnect may be used for the cells of the group A (charge cells) and for the
cells of the group B (discharge cells). taking into account the fact that the
monopolar stack organization requires that every interconnect I” and I’, must
have a cross sectional area (cross section of lateral conduction) dimensioned to
ensure negligeable resistance (voltge drop) in order to provide a good
equipotentiality and uniformity of current distribution over the whole projected

area of the cell electrodes ma-me and efa-cfe in contact therewith, respectively.

In case of “all-metallic” charge cells (group A) and “all-carbon” discharge

cells (group B) the interconnects of the “all-metallic” charge cells (group A) may



23 electrode of all the cells of the second plurality is of conpressible

porous cagpapifRbiy the negative el ectrode has a porous pgRfaidib/GoRs e
bel onging to the group conposed of titanium tantalum zirconiumand alloys

thereof, coated with a | ayer containing a noble netal or a noble netal

oxi de or m xed oxides of a noble netal aid at |east of the base netal.

5. The redox flow battery systemof claim4, wherein the conductive
intercell interconnect of all the cells of t he second plurality conprises
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contact with %ﬁdg‘ief‘i g 8122\?&9993{3% agees e9lls (earrr B)prslapied
el ectro-cat al gt E@erﬁ‘%li AREs Ofa Qﬁlréakﬁdrﬁﬁltoéatlﬁ)@eé“éfcdoxfe‘? ngt?nt Qs AlN
anodi cally stable netal black, bonded to the perm onic nenbrane vmt
pol ytetraf | udfreoﬁetamlnené phimjcmmsmg edort slpot mﬂsofﬂyglﬂwcdndlegae m@aleﬁnfct rode
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plurality hassaﬁd\méh@d bétvebR$R0 RREANE1 BEtht 6F 4 BEnEICEVD caBoMesaagireddts, ani um
tantal um zirconium and alloys thereof, coated with a |ayer containing a

nobl e nmetal drondehepodhermeialliosaradydiot prosaing 6x ia@be@th@r efieqtiypIneanget- dlheand at
| east .Of the ) lgﬁ ?éctro&’é}qné}gﬁegﬁ oh&? E)l tﬁg ?gx[%ggte%ﬁée% Ia 1 Qase
(0] Sstal nle a

bel ongi ng to the group conpos S5 St ee NI Uy pa um
al | oy, titanioomdnitdleelhesiteoy, | ead, | ead all oys, ant i nony, antinony all oys,
all resistant to the respective acid aqueous el ectrol yte sol ution. 8.

The redox flow battery sy, f cI e|n he SItIV d negative
el ectrodes of sala%'gf {7r1§1a %P@fnlalﬁ?tﬁx ‘é‘eg’ ﬁt%‘ika%lre ‘?lgﬂﬂ?f?é‘ﬁﬁfl%én t he
el ectrodes ofpiphlr $BHGEteRb Whd! Fisy 8 1526 "book-like" exploded view of stackable

elements that define monopolar discharge cells.

The same reference numerical/literal identifiers that have been used in the
preceding figures are used also in the two book like views thus allowing to
observe, besides the organization of essential parts of the multicell stacks of this
disclosure, also both types of porous electrodes: namely the electrodes that are
exclusively polarized as anodes in the respective electrolyte solutions, ma or cfa,
and the electrodes that are exclusively polarized as cathodes in the respective

electrolyte solutions, me or cfe.

Details of the membrane assemblies M and of the perimetral spacers 9
associated to them, as well as of the pairs of “bas-relief” patterned elastomer
gaskets, back-to-back assembled for sandwiching there between the permionic
membrane, of the shown embodiments are amply provided by the cited prior PCT
patent application No. PCT/IB2010/001651, of the same applicant, the relevant

content of which is here incorporated by express reference.



of said first plurality is smaller than the nunber of cells of said second
plurality. 10. The redox flow battery systemof claim1, wherein the
fl ow r at esoah1zte27vwo el ectrol yte sol uti ons through t hepceliBmiabozeai d first

phase and through the cells of said second plurality are regul ated
I ndependently from one anot her. 22

CLAIMS

1. A redox flow battery system for energy storage comprising cells
defined by a stacked, repetitive arrangement of a conductive intercell
interconnect, a positive electrode, a permionic membrane cell separator, a
negative electrode and another conductive intercell interconnect, said electrodes
being confined in respective flow compartments of two adjacent cells, the flow
compartment of electrodes of opposite sign of each cells being hydraulically
separated by said membrane, at least a first storage tank for a positively
chargeable electrolyte solution, at least a second storage tank for a negatively
chargeable electrolyte solution, distinct ducting and pumping means for
circulating said electrolyte solutions from said storage tanks, through the
respective flow compartment of the cells, wherein the system comprises distinct
pluralities of cells defined by a stacked, repetitive arrangement of parts, each cell
of a first plurality having flow compartments through which the respective
electrolyte solutions flow for charging the battery system and each cell of a
second plurality having flow compartments through which the respective
electrolyte solutions flow when discharging the battery system to deliver DC

power to electrical loads.

2. The redox flow battery system of claim 1, wherein the conductive
intercell interconnect, the positive electrode and the negative electrode of all the
cells of the first plurality are of of metallic material; and the conductive intercell
interconnect, the positive electrode and the negative electrode of all the cells of

the second plurality are of carbonaceous substance or aggregate.

3. The redox flow battery system of claim 2, wherein said carbonaceous
material or aggregate belongs to the group composed of carbon, graphite, glassy
carbon, electrically conductive aggregates of carbon particles, graphite particles,

glassy carbon particles, carbon black and mixtures thereof with a resin binder.

4. The redox flow battery system of claim 1 or 2, wherein the positive
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electrode of all the cells of the second plurality is of compressible porous carbon
felt, the negative electrode has a porous metallic base belonging to the group
composed of titanium, tantalum, zirconium and alloys thereof, coated with a layer
containing a noble metal or a noble metal oxide or mixed oxides of a noble metal

and at least of the base metal.

5. The redox flow battery system of claim 4, wherein the conductive
intercell interconnect of all the cells of the second plurality comprises either a
titanium plate or a titanium plate laminated to or having a facing of carbonaceous
substance in electrical contact with the positive electrode of compressible porous

carbon felt.

6. The redox flow battery system of claim 4, wherein the permionic
membranes have, over the surface in contact with the positively charged
electrolyte solution, a porous electro-catalytic facing layer of particles of an acid
resistant and anodically stable metal black, bonded to the permionic membrane
with a polytetrafluoroethylene and contacted at points by said negative electrode

of porous metallic base.

7. The redox flow battery system of claim 1 or 2, wherein wherein the
positive electrode of all the cells of the first plurality has a metallic base belonging
to the group composed of titanium, tantalum, zirconium and alloys thereof, coated
with a layer containing a noble metal or a noble metal oxide or mixed oxides of a
noble metal and at least of the base metal, and the negative electrode has a
metallic base belonging to the group composed of stainless steel, titanium-
palladium alloy, titanium-nickel alloy, lead, lead alloys, antimony, antimony

alloys, all resistant to the respective acid aqueous electrolyte solution.

8. The redox flow battery system of claim 1, wherein the positive and
negative electrodes of said first plurality have a smaller projected area than the

electrodes of the second plurality.

9. The redox flow battery system of claim 1, wherein the number of cells
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of said first plurality is smaller than the number of cells of said second plurality.

10. The redox flow battery system of claim 1, wherein the flow rates of the
two electrolyte solutions through the cells of said first phase and through the cells

of said second plurality are regulated independently from one another.



