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Abstract

Traditional application field of bipolar membrariBP) is for the conversion of a salt into its

corresponding acid and base in the process of electrodialysis with bipolar mesnbrane

Thefirst people introduced BP for energy storage was Alexander MaLim 1962when he applied
PoissorBoltzmann equation which was derived by Shock]g} in his treatment of the-p

semiconductor junction at equilibrium to fixed charge ionic membranes. He stated:

It is shown further that when a positive and negativenbrane are juxtaposed, the space charge

region in the éjunctiond so formed provides a
But he also quoted:

é the presence of transition regions of fixed charge give(s) rise to the additional property of

capaciance.

Maybe because of his quotation, fokbowersE. K. Zholkovskij, M. C. Miler, E. Staude and J. Pretz
were treating BP more like capacitarjdg[4]. Especially in the worlof [3] in 1998 the authors J.
Pretz and E. Staude conducted the experiment by mounting up 20 cells together and stated:

ét he (O@N Circuit Voltage20 cells around 6\Vapproaches a limiting value. A possible
explanation for his behavior is that the bipolar membrane acts in a manner similar to a capacitor.

And they concluded:

€ The ( cap a c-dtage vehich iccontraryttaethne theoretical OCV leads to a higher fuel

consumption and lower energy efficiency.
Since then, o literaturesabout utilizingBP for energy storagare being found

The presenwork is trying to chrify the behavior of BP is n@tcapacitor, but a real reactahere
neutralization reaction takes place for production of electric energy irpribeess of reverse
electrodialysiswith bipolar membranes (REDBP) by theoretical analysis, modeling and simulation,

and experiment.
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Abstract

Introduction and t heoretical analysis as Chapter 1

Important conceptand REDBP procedsave been introduced. Theoretiemalysisof REDBP as

energy storage systelmas been performed as follows:

(1) Energy densityof REDBP depends on concentration of acid and base. Due to the high
solubility andstability of HCI and NaOHn water solutionthe theoretical maximum energy
densiy of REDBP could be as high as 181.3 kWh#m235.6 kWh/tonEnergy density can
be further increased by storagieHCI in pure liquid form and NaOH in pure solid form.

(2) The definitiors of dischargingefficiency have been give@ne of he main taskof this thesis
is to investigate these discharging efficiencies. They are a) the discharging efficiddiey of

— , b) the discharging efficiency of single cell , and c) the discharging efficiency of stack

(3) Power density of REDB is supposed to be high since its driving force is neutralization
reaction.Investigation ofpower densities dBP, single cell and stack is also one of the main
tasks of this thesis.

(4) Charging/Discharging timis considered as important which will be istigated in the thesis.

Other factors such digetime, environmental impact and life cycle are not included in this thesis due
to the limitation of the content.

Experiments of single cell as Chapter 2

Single membrane test facility has been constructed using saturated calomel electrodes combined with
Luggin capillaries to measure the voltage between membrane with various conditions such as

changing temperature, current density, ionic concentratioal@rdingdischargingtime.

(1) REDBP has a good open circuit voltage which is always higher than 0.7V with solution
concentration higher than 0.25Mrurther increasing concentration of electrolyte and
temperature will benefit OCV very little.

(2) The biggest effiency loss of BP is product water permeability by discharging.

(3) The higherthe concentration of acid and base, the higtier conductivity of electrolyte

solution as well aLation Exchange Membran€EM) and Anion Exchange Membrane

XVI



Abstract

(AEM) will be, butalso a higher crossover of acid and base which causes increasing resistance
of BP.

(4) The maximum overall power density of single cell is 112mW/emith 1M solution
concentration and 0.5mm thick solution chamber§@mA/cnt.

(5) There is always a compromidmetween power density and efficiency. AtOmA/cn?

discharging efficiency is above 85% with a power density of 34mW/cm

Modeling and simulation of single cell as Chapter 3

Single membrane athematicalmodel has been set @nd simulatedo investigate pbnomenon
inside of IEM, such as ionic distribution, ionic transport, and electric potential distribution, which are
of great interest but cannot be measured at the moffemtmulatedresults have been displayed as

profiles in diagram to illustrate whegt happening inside of IEM.

One of the most important assumptionshist BP has afixed reaction zone treated as doulalger
model inside of BP interface h€& simulation results compared with experiments are quite |agidal

interesting:

(1) Simulation resiis show the function of BP in the application of REDBP is rather a reactor,
a place where neutralization reaction takes place, not a traditional IEM mainly for separating

two chambers or electrodes.

(2) The main decrease of electric potential inside of Bfhasdecreasing Donnan potentials
inside of BP interface due to either salt accumulation inside of BP interface, or higher reagent

concentration with higher current density, or both.

(3) Salt accumulation near or in BP interface is significant. In the cas®l &olution, Na or
Cl near BP interface is the main counien.

(4) Crossover depends only on concentration offdHCI solution and concentration of Nia
NaOH solution.

(5) If transport of OHin Bipolar Membrane Aion Exchange Membrane SBEBAEM) is wel

handled, the quality of acid or base solution can be dramatically reduced

(6) Due to relatively poor mobility of OHn BPAEM, OH starts to deplete earlier thar with

elevated current density
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Abstract

Experiments of stack as Chapter 4

Stack test facility has been constructed using Pt wires to measure the voltage distribution throughout
the stack with various conditions such as changing current density, ionic concentration and

charging/dischargingme.

(1) There are additional losses duristack mountingup process. Besides leakages or side

reactions, bad mixing and shunt current are considered the most important losses.

(2) The existence of shunt current has been proven byliseliarging test$ully understanding
and seriously considerirghunt current are the prerequisites for designing and motunpiiag

stack.

(3) REDBP stack has been mounted up to 20 geétls nonideal cell framesWith 1M solution,
the maximundischargingpower outpuof sum of all 20cells is up to9W, 26mwW/cnt and
50%dischargingefficiency.

(4) Performances of single cell inside of stack are not identical. By introducing Pt wires inside of
a stack, inhomogeneous distribution of voltage throughout the stack has been found, mainly

due to shunt current and bad migin

(5) The important influential parameters determining the overall performance of REDBP stack
are electrode chamimiflow patterns (parallel/series flow), cell frame design (flow patterns
inside of solution chamber, as well as shunt currents) and thosesfaffecting performance
of single cell including concentration of solution, flowrate, temperature, active surface,

current density and permselectivity of IEMs.
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Abstract

Modeling and simulation of stack as Chapter 5

The purpose of modeling and simulation of REDBP stack isajodesign of experimentb)
explanation of experimental resylts) investigationthe phenomena inside of stack which are

impossible to measure at moment, and d) improvement of stack.

(1) Due to the Bpass connections, three different types of electric currents exit inside of stack,
they area) the electric current through active surfagthe electric current flowing through
solution chamber and transiticemdc) the electric current flowing throtgsolution channel

outside of active surface

(2) Because of the existence of the above three types of currents, the electric potential in
electrolyte solution inside of stack is not homogeneously distribliteat.is one of the main
reasons whythe unknown reasuring positions of Pt wires casdeuge oscillation of

experimental results.

(3) Not only the magnitude of shunt current, but also its affecting number of BPs plays very

important role.

(4) Voltage between each BP inside of stack is not egwah between theame piece of BP the

voltage varies at different position.

(5) By charging, part of electric current will flow through bypass connection which elevates the
current density at certain position, which ultimately causes safety concerns. By discharging,

shunt curent decreases with increasing discharging current density.

(6) Because of shunt currentask voltage idower than the sum of aBingle cell voltage
obtained from single cell experiment. Many influential parameters have been investigated.
Some strategiesr@ suggested for improvement of stack, such as increasing active surface
(especially increasing the distance between the center of active surface and inlet/outlet of
solution chamber), decreasing thickness of solution chambers, increasing pseudo lehgth wid

ratio"Gy of transitionandinstallation of breagoints in solution channels.
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Abstract

Zusammenfassung

Ein traditionelles Anwendungsgebiet der bipolaren Membran (BP) ist die Umwandlung eines Salzes

in die entsprechende Sare und Base beiklektrodialyse mit bipolaren Membranen.

Die erste Einfthrung von BP fii die Energiespeicherung war Alexander Mdatam Jahr 1962
als er die vorshockley [2] hergeleitetd®oissorBoltzmannGleichung in seiner Behandlung des p
n-Halbleiteribergangs im Gleichgewicht auf lonenmembranen mit fester Ladung anwendete. Er

erklate:

Es wird weiter gezeigt, dass, wenn eine positive und eine negative Membran nebeneinander liegen,
der Raumladungsbereich in der so gebildeten "Verbindung" einen Mechanismus zur Speicherung

elektrischer Energie bereitstellt.

(It is shown further that when a positive and negative membrane are juxtaposed, the space charge

region in the 0Odqvidesa&rechamst fostlee stbrage ohelattrical energy.)
Er zitierte aber auch:

... Das Vorhandensein von Ubergangsregionen fester Ladung fihrt zu der zusazlichen Eigenschaft
der Kapazit4

(é the presence of transition regions of fixed charge givege to the additional property of

capacitance.

Vielleicht aufgrund seines Zitats behandelten die Anhager E.K. Zholkovskij, M.C. Miller, E. Staude
und J. Pretz BP eher wie Kapazif&] [4]. Besonders in der Arbeit vdB] im Jahr 1998 fihrten die
Autoren J. Pretz und E. Staude das Experiment durch, indem sie 20 Zellen zusammen aufbauten und

sagten:

...Die OCV (LeerlaufspannungPZellenca6V) einen Grenzwert erreicht. Eine mdgliche Erkldung

fir dieses Verhalten ist, dass die bipolare Membran @nlich wie ein Kondensator wirkt.

~

ethe OCV (Open Circuit Voltage, 20 cell s arc

explanatia for this behavior is that the bipolar membrane acts in a manner similar to a capacitor.

Und sie schlussfolgerten:
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eDie (kapazitive) Gegenspannung, die der theol

Kraftstoffverbrauch und einer niedriger&mergieeffizienz.

(é The ( cap a c-vdtagervenich isccontranyttcetive theoretical OCV leads to a higher fuel
consumption and lower energy efficiency.

Seitdem wurden keine Literatur (ber die Verwendung von BFEn@rgiespeicherung gefunden.

Die vorliegende Arbeit versucht, das Verhalten von BP zu klden, ist kein Kondensator, sondern ein
echter Reaktor, in dem eine Neutralisationsreaktion zur Erzeugung elektrischer Energie bei der
umgekehrten Elektrodialyse mit dalaren Membranen (REDBP) durch theoretische Analyse,

Modellierung Simulationund experimentieren stattfindet.
Einfthrung und theoretische Analyse als Kapitel 1

Wichtige Konzepte und REDBProzesse wurden eingefihrt. Die theoretische Analyse von REDBP
als Energiespeichersystem wurde wie folgt durchgefihrt:

Important concepts and REDBP process have been introduced. Theoretical analysis of REDBP as

energy storage system has been performed as follows:

(1) Die Energiedichte von REDBP hégt von der Konzentratioon \Sarre und Base ab.
Aufgrund der hohen Lélichkeit und Stabilitd von HCl und NaOH in Wasserlung knte
die theoretische maximale Energiedichte von REDBP 181,3 kWbder 235,6 kWh/ton
betragen. Die Energiedichte kann durch die Lagerung von HClrierréissiger Form und

von NaOH in reiner fester Form weiter erhdht werden.

(2) Die Definitionen der Entladungseffizienz wurden angegeben. Eine der Hauptaufgaben dieser
Arbeit ist die Untersuchung dieser Entladungseffizienzen. Sie sind a) die Entladungseffizie
von BP— , b) die Entladungseffizienz der Einzelzelle und c) die Entladungseffizienz

des Stapels

(3) Die Leistungsdichte von REDBP soll hoch sein, da seine Triebkraft die
Neutralisationsreaktion ist. Die Untersuchung der ueigsdichten von BP, Einzelzellen und
Stacks ist ebenfalls eine der Hauptaufgaben dieser Arbeit.

(4) Die Lade/Entladezeit wird als wichtig angesehen.

Andere Faktoren wie Lebensdauer, Umweltauswirkungen und Lebenszyklus werden aufgrund der

inhaltlichen Einschinkung nicht in diese Arbeit einbezogen.
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Einzelzellenversuche als Kapitel 2

Eine Membrantestanlage wurde mit gesdtigten CaleElektroden in Kombination mit Luggin
Kapillaren zur Messung der Spannung zwischen den Membranernvargehiedenen Bedingungen
wie sich d@dernde Temperatur, Stromdichte, lonenkonzentration und Lasladezeit aufgebaut.

(1) REDBP hat eine gute Leerlaufspannung, die bei einer L&ungskonzentration von mehr als
0,25M immer hder als 0,7V ist. Eine weitere hHamung der Elektrolytund

Temperaturkonzentration wird fir OCV nur wenig von Nutzen sein.

(2) Der grdie Wirkungsgradverlust von BP ist die Wasserdurchl&sigkeit des Produkts durch
Ableitung.

(3) Je hdher die Konzentration von Saire und Base ist, desto hdediestLeitfdigkeit der
Elektrolytidung  sowie der  KationenaustauschmembrafCEM) und  der
Anionenaustauschmembr@hEM), aber auch eine hdhere Uberkreuzung von Séire und Base,

die eine Zunahme bewirkt Widerstand von BP.

(4) Die maximale Gesamtleistungsdichtenari Einzelzelle betrgt 112mW/cinbei einer

Lésungskonzentration von 1M und 0,5 mm dicke LésungskammernS@&inA/cnt.

(5) Es gibt immer einen Kompromiss zwischen Leistungsdichte und Effizienz18&iA/cn?
liegt der Entladewirkungsgrad iber 85% bei einerdtengsdichte von 34mw/cém

Modellierung und Simulation einer einzelnen Zelle als Kapitel 3

Ein mathematisches Einzelmembranmodell wurde erstellt und simuliert, um das Phaomen innerhalb
von IEM zu untersuchen, wie lonenverteilurignentransport und Verteilung des elektrischen

Potentials, die von grofem Interesse sind, aber derzeit nicht gemessen werden kdnen. Die
simulierten Ergebnisse wurden als Profile im Diagramm angezeigt, um zu veranschaulichen, was in

IEM passiert.

Eine derwichtigsten Annahmen ist, dass BP eine feste Reaktionszone als Doppelschichtmodell
innerhalb der BFSchnittstelle hat. Die Simulationsergebnisse im Vergleich zu Experimenten sind

ziemlich logisch und interessant:

(1) Simulationsergebnisse zeigen, dass die fonkvon BP bei der Anwendung von REDBP

eher ein Reaktor ist, ein Ort, an dem eine Neutralisationsreaktion stattfindet

(2) Die Hauptabnahme des elektrischen Potentials innerhalb von BP ist die Abnahme der

DonnanPotentiale innerhalb der BBrenzfl&he, die etweder auf Salzansammlung in der
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BP-Grenzfl&dhe oder auf eine hdhere Reagenskonzentration mit hdherer Stromdichte oder auf

beide zurickzufihren ist.

(3) Salzansammlung nahe oder in der@Renzfl&he ist signifikant. Bei 1IM_&Gung ist die Nd
- oder Cinahe BPSchnittstelle das Hauptgegenion

(4) Die Kreuzung hagt nur von der Konzentration deri€@HCI-Lé&ung und der Konzentration

von N4& in der NaOHLG&ung ab.

(5) Wenn der Transport von Okh bipolarer Membran Aion Austauschmembranseite (BPAEM)
gut gehandhabt wird, kann die Qualitd der S&reder BasenlGung drastisch gemindert

werden.

(6) Aufgrund der relativ schlechten Mobilitd von Okh BPAEM beginnt der Schwund von OH
mit erhdhter Stromdichte frther als bei'H

Stapelversuche wie in Kapitel 4

Eine Stapeltestanlage wurde unter Verwendung vonDr#ten aufgebaut, um die
Spannungsverteilung (ber den Stapel unter verschiedenen Bedingungen, wie etwa Anderung der
Stromdichte, lonenkonzentration und Lad&ntladezeit, zu messen.

(1) Beim Stapelmontageozess treten zusdzliche Verluste auf. Neben Leckagen oder
Nebenreaktionen gelten schlechte Misaind Nebenschlussstrine als die wichtigsten

Verluste.

(2) Das Vorhandensein eines Nebenschlussstroms wurde durch Selbstentladungstests
nachgewiesen. Vollstindgs Verstandnis und ernsthafte Bericksichtigung des

Nebenschlussstroms sind die Voraussetzungen fir das Entwerfen und Montieren eines Stapels.

(3) Der REDBP Stapelwurde mit bis zu 20 Zellen mit nicht idealen Zellenrahmen bestickt. Bei
einer 1ML&Gung betrdt die maximale Entladeleistung der Summe aller 20 Zellen bis zu 9W,
26mW/cn? und eine Entladungseffizienz von 50%.

(4) Die Leistung einer einzelnen Zelle innerhalb eines Stapels ist nicht identisch. Durch das
Einfthren von PtDrdoten innerhalb eines Stapels wurde eine inhomogene
Spannungsverteilung im Stapel festgestellt, haupts&hlich aufgrund von Nebenstrom und

schlechtem Mischen.

(5) Die wichtigsten Einflussfaktoren fii die Gesamtleistung des REDBP Stapel sind

Elektrodenkammern, Flussmuster (Paralleberienfluss), ZellrahmeDesign (Flussmuster
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in der L&sungskammer sowie Nebenstrine) und Faktoren, die die Leistung beeinflussen
Einzelzelle einschlieich Konzentration der Lé&ung, Flussrate, Temperatur, aktive
Oberfl&he, Stromdichte und Permselektd/iton IEMs.

Modellierung und Simulation von Sapel als Kapitel 5

Der Zweck des Modellierens und der Simulation des REDBP Stapel ist fir a) Versuchsaufbau, b)
Erklaung der experimentellen Ergebnisse, ¢) Untersuchung der Phaomene innerhalb des Stapels,

die momentan nicht messbar sind, und d) Verbesserung des Stapels.

(1) Aufgrund der Bypas¥erbindungen treten drei verschiedene Arten elektrischer Stréme
innerhalb des Stapels aus. Sie sind a) der elektrische Strom durch die aktive Oberfli&he, b)
der durch die Bsungskammer und den Ubergang flie®ende elektrische Strom und c) der durch
den L&ungskanal fliefende elektrische Strom aulerhalb der aktiven Oberfl&he.

(2) Aufgrund der drei oben genannten Arten von Strémen ist das elektrische Potential in der
Elektrolytlung im Stapel nicht homogen verteilt. Dies ist einer der Hauptgrinde, warum die
unbekannten Messpositionen vorDRtten zu starken Schwankungen der experimentellen

Ergebnisse fihren.

(3) Nicht nur die Stake des Nebenschlussstroms, sondern auch die AnzaBiPdespielt eine

sehr wichtige Rolle.

(4) Die Spannung zwischen jedem BP innerhalb des Stapels ist nicht gleich. Selbst zwischen
demselben Stick BP variiert die Spannung an verschiedenen Positionen.

(5) Beim Laden fliefs ein Teil des elektrischen Stroms durch &yeassVerbindung, wodurch
die Stromdichte an bestimmten Positionen erhdit wird, was letztendlich Sicherheitsbedenken
hervorruft. Beim Entladen nimmt der Nebenschlussstrom mit zunehmender

Entladestromdichte ab.

(6) Aufgrund des Nebenschlussstroms ist die &sgannung niedriger als die Summe aller
Einzelzellenspannungen, die aus einem Einzelzellenversuch erhalten wurden. Viele
einflussreiche Parameter wurden untersucht. Es werden einige Strategien zur Verbesserung
des Stapels vorgeschlagen, wie zum Beispiel \dergrd®rung der aktiven Oberfl&he
(insbesondere die Vergrderung des Abstands zwischen der Mitte der aktiven Oberfl&che und
dem Einlass / Auslass der L&sungskammer), das Verringern der Dicke der L&ungskammern,

das Pseudoldangenbreitenverhdtnis ) des Ubergangs und der Installation von

Haltepunkten in Lé&sungskanden.
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Chapter 1

Introduction

In this section, the idea of utilizing reverse electrodialysis with bipolar membranes (RED&f) as
energy storage system will be introduced step by step. At first a short introducamenetgy storage
system will be presented followed by a detailetioiduction of flow battery. Then REDBP will be
explained more thoroughly, as well as the objectives of this thesis.

1.1 Energy Storage System

Largescale integratiof unsteadyandintermittentrenewables into the electrical grid poses critical

challenges that may lmvercomethrough he use of energy storaggstens.

UPS
Power Quality

T&D Grid Support

. Compressed Air
Load Shifting

Energy Storage

Days

Pumped

NaS Battery Hydro
Flow Batteries

Hours

Na-NiCl, Battery

Li-lIon Battery

Lead-Acid Battery / Bulk Storage

Ni-Cad Battery
Advanced Lead-Acid Battery :

Minutes

High-Power Flywheels

Electro-Chemical SuperCap

1KW  10kW 100 kW 1MW 10 MW 100MW  1GW
System Power Ratings, Modules Size

Discharge Time at Rated Power
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>

Figure 1.1: Energy storage technology comparison considering rated power, discharge time and
suitable applications.
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Energy storage systeis the capture of energy produced at one time for use at a lateEtiergy

can be in multiple forms including radiation, chemical, gravitational potential, electrical potential,
electricity, elevated temperature, latent heat andtld. Energy storage involves converting energy
from forms that are difficult to store to more conveniently or economically storable forthse.case

of integration of renewables, electricity is the energy form that needsstored

There are many kds ofenergy storage systewhich are characterized from many aspects. After
reviewing the existing projects from all over the waid, figure 1.1 shows the most commonly
known energy storage systentonsidering two most important properties: system power and
discharge time. For integration of renewables the followimgrgy storage systerage considered to

be the suitable candidates.
Power to Gas

Powerto Gas (ofterabbreviated P2JGs a chemical mcess which converts electrical power (often
referring to renewables) to a gas fueloftien involves splitting water into hydrogen and oxygen by

electrolysis.
PumpedStorage Hydroelectricity

The most widely used form of bulinergy storage is currentlympedstoragehydropowey which

is built around two reservoirs at different heights.-@#bk electricity is used to pump water from the
lower to the higher reservoir, turning electrical energy into gravitational potential energy. When
power is needed, water is released back down towWer leservoir, spinning a turbine and generating

electricity along the way.
Compressed Air Energy Storage

Compressed Air Energy Storage (CAES) is always comparedpwitipedstorage hydropowen

terms of their applications, output and storage capacity.iBstead of pumping water from a lower

to an upper pond during periods of excess power, in a CAES plant, ambient air is compressed and
stored under pressure in an underground cavern. When electricity is required, the pressurized air is

heated and expaad in an expansion turbine driving a generator for power production.
Sodium Sulfur Battery

A sodium sulfur battery (NaS) is a type of molsailt battery constructed from liquid sodium (Na)
and sulfur (S). It has many advantages such apémesive materia, high energy, high power density,

high efficiencyand long lifetime
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Lithium -ion battery

In a lithiumrion battery (often abbreviated LIB) lithium ions move from the negative electrode to
positive electrodevhendischargng and back when charginglB is common in home electronics,
and isone of the most popular types of rechargeable batteries for portable electtsrstionary

application is under rapid development.
Flow Battery

A flow battery isarechargeable system that stores its electrélytee material that provides enefgy
as a liquid in external tanks. Unlike typical batteries that are packaged as fixed cells or modules, a
fl ow battery all ows tphedfromthe hattery Y s Apamasdtyuserso b e

are free to tune the batteryds specifications

In short, eaclenergy storage systehas its own pros and corfSinceREDBP can be classified as

flow battery, in the followingsectionflow battery will be introducedn moredetail.

1.2 Flow Battery

Flow batteryis a type of rechargeable battemere chemical componerdse dissolved in liquids
contained within the system aadeseparated byralon Exchange Membrane (IEMection1.3.J).

IEM providesa pathwayor ionic transport, while both liquids circulate in their own respective space
as shown in the figurg.2 In short a flow battery can be divided into (energy storage) tanks, (power

producing) stack, tubes and pumps, and otlestreinic componesidentical to traditional batteries.

Flow batteries are very similar to fuel cell and have many unigue characteristics which make them
especially attractive when compared with conventional batteries, such as their ability to decouple
rated power from rated capacity, as well as their greater design flexibility and nearly unlimited life of
electrolyte solution. Moreover, their liquid nature allows their installation inside deactivated
underground gas tanks located at gas stations, enabfingpoth transition of gas stations' business

model towards the emerging electric mobility paradigm.

The fundamental difference between conventional batteries anthditberiess that energy is stored

not as the electrode material in conventional baasut as the electrolyte solution in flbatteries
There are many classifications of flow batteries; heréoamamain classifications as well as examples:

1) Based on the active species in the electrolytes
a) Vanadium Flow Battery.

b) Zn-Br Flow Battery.
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c) FeCr Flow Battery.
d) Acid-Base Flow Battery.

2) Based on the battery structure
a) Liquid-liquid: Vanadium Flow Battery.

b) Liquid-solid: Zn-Nicked Flow Battery.
c) Liquid-gas: VanadiurAir Flow Battery.

3) Based on the supporting electrolyte
a) AqueousElectrdyte Flow Battery.

b) NonAqueousBasedFlow Battery.

4) Based on the number of supporting electrolytes
a) Singleelectrolyte: VanadiumAir Flow Battery.

b) Two electrolytes: Vanadium Flow Battery.

e) Three electrolytes: AciBase Flow Battery.

The use of flowbattely and most of its development was carried out by NASA for-kengn space

flight projects, which initially considered iron and chromium as solutjéhsRight now the most

commonly known and well developed flow battesyvanadiumredox flow battery [7], which

employs vanadium ions in different oxidation states to store chemical potential energy. VFB exploits

the ability of vanadium to exist in solution in four different oxidation statesusesl this property to

make a battery that has just one electroactive element instead of two as shown in the figure 1.2.

REDBP can be further classified as ababke all agueous three electrolytes flow battery, since the

working electrolytes are acid, bamed salt solution. In the next section, the idea of REDBagy

storage systemwill be introduced more thoroughly.
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Tank 2

Puompl @ WU Pump 2

Ion Exchange Membrane

Figure 1.2: A vanadium flow battery consists of two tanks of liquids which are pumped past a
membrane held between tvetectrodeq8]. Please note, that the coloeredoes not
correspond the really color of electrolyte solution.

1.3 Reverse Electrodialysis with Bipolar Membranes

In this section, REDBP amergystoragesystemwill be introduced At first, a basic knowledge of
lon Exchange Membrar@EM) will be presented, followed by an introduction of EDBP which is a
well-developed and also a reversed process of REDBP. In the end arepbdies olREDBP as

energy storage systems well as thebjectives of this thesis.

1.3.11on ExchangeMembrane

lon Exchange Membrane (IEM) is polymeric material with charged ion groups. Cation Exchange
Membrane (CEM) contains fixed anionic groups which allow the passage of mobile catitwscand
anions. Anion Exchange Membranes (AEM) cordgéixed cationic groups with mobile anions which
allow the passage of anions and block cations. Bipolar Membrane (BP) has two IEM layers with
different types of fixed groug®] [10] [11]. Theoretically, no charged particles are allowed to pass
through BP. Unlike other membranes for only separation purpose, BP is mainly desigipdite to s

water into hydroxide ions (OHand protongH™) by exposing in an electric field.
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1.3.2Electrodialysis with Bipolar Membranes

Electrodialysis with Bipolar Membras€EDBP) is a process to produce acid and base from a neutral
salt solutior{12] [13] [11]. Each single cell consists of three IEMs (one CEM, one AEM and one BP)
and three electrolyte solution chambers (acid, base and salt chambers). Many single cells connecting
each other enhae the overalacid and basproduction rateBy putting twoelectrodes athe end,

the stack of EDBFs mounted.

NaCl HCl1 NaOH

CEM_~ AEM BP CEM Water Splitting
-] : -1+ T J’
- - -1
- _ |

< - w @ n - ﬁl igp < w
oo - + -1+ oo
- a | N EDBP
| | v
- ' + -+
- - -
- - +
- +

: ~a Positive BP

A = S U S N 1 Electrode
Negative . .a\
Electrode i ﬁ ﬁ Single Cell
NaCl HCl NaOH
(a) (b)

Figure 1.3: Schematiaescription of EDBRprocess. (a) EDBRingle cellconsists ofthree IEMs
and three solution chambers. (b)WVater splitting reactionand the profile of electric
potentialat theinterface of BP

If the applied electric field is high enough, at the interface of BP exists a huge electric potential
gradient in the range @f T p 11— [14], which shifts chemical reaction more favor to the water

dissociation side, meaning prodogiacid and bas@ detailed discussion can be found15].

Figurel.4is a typicalcurrent-voltage characteristic curna# a single BRwvith an acid and a base on
the two sides of the BFElectric potential needs to crossnénimum voltage, in this casér’ |, to
produce current. This minimum voltage is whatdter dissociatiomeeds and it is normally around
0.8V per single BR16].

For short, applied electric field enhances risaction speed of water dissociation at the interface of

BP, therefore, EDBP is a process of turning electric energy into chemical products (acid and base).
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Figure 1.4: Schematic current voltage curve oBR with an acid and a base on the cation and the
anion permeabl e side, respectivel y. At
‘Q s applied16].

1.3.3ReverseElectrodialysis with Bipolar Membranes

Reverse Electrodialysis with Bipolar MembraiREDBP) is a reverse process of EDBRe

system ighesame to EDBP, each single cell consists of three IEMs (one CEM, one AEM and one
BP) and three electrolyte solution chambers (acid, base and salt chavidogr)single cells

connecting each other enhance overall electric potential and power. By putting two electrodes at the
end, the stack of REDBP is mounted.

NaCl HC1 NaOH
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C]?',I\-‘[ AEM ]E’Jli CFTB-I 'b
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Figure 1.5: Schematidescription of REDBRrocess. (a) REDBBingle cellconsists othree
IEMs andthreesolution chambers. (bINeutralizatiorreactionandprofile of electric
potentialat theinterface of bipolar membrane
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The driving force of REDBI&s neutralization reaction at interface of .BfnceH™ and OH are very
active and neutralization reaction is very aggressive, the annihilatidhasfd OH in acid and

base chambers respectively drives other ions in REDBP through IEMs to balanamneiecatity
(section 3.1.}, which creates electric curremsection 3.1.%5through REDBP. During EDBP

process a huge electric potential gradient exists at the interface oh&fefore theoretically

during REDBP process, a similar huge electric potential should exist at the interface of BP which
serves as electric potential. Thus REDBP could be utilized to transfer chemical energy into electric

energy, in other words, discharging batter

The first people introduced BP for energy storage was Alexander Mauro [1] in 1962 when he applied
PoissorBoltzmann equation which was derived by Shockley [2] in his treatment of -the p
semiconductor junction at equilibrium to fixed charge ionic memés. 19 years ago E. K.
Zholkovskij, M. C. Mler, E. Staude and J. Pretmde the first experimental, but thegre treating

BP more like capacitand8] [4].

1.4 REDBP asEnergy StorageSystem

REDBP combined with EDBP is the concepteokergy storage systelDBP is charging process:

the electric energy is turning salt water into acid and base which are stored tarfleg®eanwhile

REDBP is discharging process, the acid and base arpgaufromtanks 1 nt o t he o&ér eac!
(stack) to produce electricity.

This system consists of following components:

1) Tanks: to store acid, base and (if necessary) salt solution.

2) Stack: the 6reaction chamberd which consi st
description of stack is in Chapter 4.

3) Tubes: for connecting tanks and stack.
4) Pumps: for connecting electrolyte between tank and stack.
5) BatteryManagement System (BMS): electronic system that manages RED8Rm@y storage

system such as by controlling its environment, monitoring its state, etc.

Like all the other batteries, many properties are critical for REDBIhagy storage systenm the
following section, energy density, efficiency, power density, charge/discharge time, lifetime and

other parameters will be analyzed.

Since the most essential part is discharging process, therefore, in this thesis, REDBP represents not

only discharging preess, but also the whole systenmeasrgy storage system

8
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NaOH
Storage

HCI
Storage

I
1
/

Salt Water

Figure 1.6: Schematiaescription of REDBP asnergy storage system

1.4.1Energy Density

Energy densitys the amount of energy stored per unit volume or mass, though the latter is more
accurately termed specific energgnsity Sincealmostall flow batteries are not saible for mobile

applications,energy densityn this thesisspecifically addressethe amount of energy per volume
(—).

The driving force of REDBP is neutralizatioeaction at the interface of BP, soergy densityof
REDBP relateprimarily to concentration of acid and base. The Gibbs free energy of neutralization
reaction ofH" and OH per molis -80kJ/molat 25€ and 0.1MPalf efficiency of transferring
chemical engyy to electric energy is 100%hat will equal to 22Wh/mol. Table 1.1 showsthe
relation oftheoretical maximatnergy densitpf REDBPand concentration of acid and base. Please
note, that the concentration of acid dabeis always the samend concentration of salt water is

always 0.5M which is identical to sevater.

It is obvious that the higher the concentration, the higher the energy density of REDBP will be.
Neutralization ofIM acid and basgheoreticdly provides11kWh/m?, which is comparable with
vanadium redox flow battemyhose energy densttys typically around25kWh/m? [17].

Combinedwith concentration procesg-igure 1.7)the energy density of REDBP will increase

dramatically.At room temperature and pressurgximal concentration of HGh wateris 13.75M,

I vanadium redox flow battettyas relatively low energy density due to poor solubility antikty of the vanadium
species.
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and NaOH 20.06MThe theoretical maximal energy density of REDBP is 181.3k\&/hdrich is
much better than that gnadium redox flow batteryf necessary, HCI can be stored in liguidrm

and NaOH in solid fornilrhis will further increase energy density of REDBP, and this property allows

REDBP a suitable candidate even for applicatibbubk energy storageuch as power to gas

Concentr Theoretical E Theoretical E
0. 2¢ 5.5 W 2.8 kV
0.5 11 Wh 5.5 kV
0. 7¢ 16.5 \ 8.3 kV

1 | 22 Wh 11 k Wi
2 M 44 Wh 22 kwi

Table 1.1: Theoretical maximum energy density of REDBP. The first column is the concentration
of acid and base. The second column is the energy per 2 liters (1 liter of acid and 1 liter
of base). The third column is the energy per cubic meter for estimating thiabdtal
size of REDBP.

HCI in water NaOH in water
Solubility 720 g/L 1110 g/L
Density 1198 g/L 1525.3 g/L
Molarity 13.75 M 20.06 M
Energy Density of REDBF 181.3 kWh/md
Specific Energy Density of REDBP 235.6 kWh/ton

Table 1.2: Properties of HCl and NaOH wvater at 20€C and 1baf18], and heoreticalmaximal
energydensity andypecificenergydensity of REDBP withmaximalconcentration of HCI
and NaOHn water

NaOH
Storage

Concentration Dilution
Process Process Process Process

REDBP (Discharging)

Salt Water

Figure 1.7: Schematiaescription of REDBRombined withconcentration andilute processs

! Boiling point of HCl is-85.05€C
222.2Wh/mol.It is calculated by 13.75 M HCI solution and 20.06 M NaOH solution.

10
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1.4.2Efficiency

As previously introduced, if efficiency of transferring neutralization reaction into electric energy
could be 100%, energy density Irhol/L REDBP would be comparable with vanadium redox flow
battery.So the question is what the efficiency of REDBP in rgadit

Figure 1.8 shows the energy flow of REDBP during discharge. Chemical energypenal
transformed into electric potential and movement dHd OH (electric current) in BPY) further
transformed into movement of Nand Cl in single cell,c) accumulated and converted into electric
energy in stack, and) managed and provided to end users as usable electric energy in system. Each
step will lose some energy due to either unnecessary lost (black processes in figure 1.8) or necessary
cost for maintaining REDBP asnergy storage systeiflue processes in fige 1.8). Both
unnecessary lost and necessary cost need to be as low as possible in order to achieve high overal
efficiency. In the following section four efficiencies which represent four steps will be discussed.
Please note that in order to simpliftye situation, efficiency in this thesis is mainly concerning with
discharging process, which means when talking about efficiency REDBP is only discussed as a

primary cell.

BMS/Power Converter [l
Pumps (3

BP Single Cell Stack System
Output Output Output Output

I Electrode Chambers
=== | cakage/Side Reactions

Shunt Current .
ternal Resistance E]ecuolyte-
R Cr0OSSOVET Electrolyte

i s (CTOSSOVET BP
Internal Resistance e

Figure 1.8: Schematic eergy flow of REDBP as discharging process.

Step 1: Efficiency ofBP by Discharge(’r_[[ ")

Due to the nondeal permselectivity, BP has crossover effect and internal resistance. Crossover effect
in BP is undesired mixing process between acid and[tk&$evhose infllence on the performance

of single cellwill be discussed more thoroughly in section 2.5.3. Internal resistance of BP is a

I Strictly speakingttere isno clear boudary betweeminnecessary losindnecessary cost

11
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macroscopic description of resistance of ionic and mass transport (mainly water molecules) through
BP. Thus— can be defined as

- (1.1)

Output here is confined to electric enerfjge usage of coupling heat and electric enktggnhance
overall efficiency is not the concern of this theSisere are many definitions of efficierfgyowever
efficiency in this thesis is only limited to measured voltage divided by theoretical maximum Yoltage

An example of BP efficiency by disargingis:

- (1.2)

There are two ways to calculate theoretical maximum BP voltage.

Boltzmann Distribution
In statisticalmechanics and mathematics, a Boltzmann distribution (also called Gibbs distribution)
[19] is a probability distribution, probability measure, or frequency distribution of particles in a

system over various possible states. Bbzmann distribution is expressed in the fdaay:

Oi OB Q 2 (1.3
whereQis state energy (which varies from state to state), @rfdYis theproduct of Boltzmann's
constant and thermodynamic temperature. The ratio of a Boltzmann distribution computed for two
states is known as the Boltzmann factor and characteristically only depends on the states' energy
difference:

Q o (14)

I Also known as cogeneration or combined heat and power (CHP).

2 Most frequently used in electrochemical @ttvoltage efficiencycoulombic efficiencyandenergy efficiencyVoltage

efficiency considers the losses such as activation overpotentials (mainly electrode chambers’loss in REDBP) and mass
transports (internal resistances and water transport in BP). Coulombic efficiency relates losses such as side reactions (in
electrode chabers in REDBP), crossovers and leakage currents (due to bad sealings and shunt cunergts). E
efficiencyequalsvoltage efficiencytimescoulombic efficiency

3The main advantage is eayread efficiency on wrrentvoltagecharacteristiccurve. Its disadvantage is neglecting

many coulombic losses, such as leakage currents and side reactions.
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Chapterl Introduction

.

Tonic Concentration

v Electric Potential

Figure 1.9: Schematic diagram of ionic distribution for calculating electric potential distribution.

As an example, figure @ shows the ionic distribution of ' HAssuming concentration can represent

quantity of H, and according to the Boltzmann distribution:

— Q ° (2.5)
assuming only electric work exists:
O w QX (1.6)

whereq is charge numbéof ion"GandQ is elemental charge, thus:
. . —1 — (1.7
Since— - (1.8)

where Ois Faradays$ constanaind’Y is gas constanEquation 17 can be rewritten as:

.« e TO] — (1.9)

If position A is 1M HCI solution and B is 1M NaOH, the electric potential difference between A and
B at 25€C and 0.1MPa is:

W o~ a0
. . w J |

& ¢y (1.10)
wherel is selfionization constant of water, which equals#®’ at 25€ and 0.1MPa, and is
thermal voltage which is equal 18- Table 1.3 shows the changelof andw with temperature and

pressure.

I Charge number of Hs +1.
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Table 1.3:0 andw values for liquid watef21].

Temperature Pressure || ™
© (MPa) Ll [mV]
0 0.1 10149 2354
25 0.1 10139 25,69
50 0.1 101326 27.85
75 0.1 107 30.00
100 0.1 101225 32.16
150 0.47 101164 36.46
200 1.5 1011381 40.77
250 4 101120 45,08
300 8.7 101134 49.39
350 17 101192 53.70

If this ionic distribution is due to BRhen this electric potential difference is the elegbatential
created by BP between acid and base solwiich cepends on concentration of solution as well as
temperature and pressure as shown in figurd. 1This electric potential is also known as
Electranotive Force(EMF).

1.1 ——
CoLo L heeee
I i B
e IR .+ s
S | . ————] 25°C
g, 090 SR R
3 . | Co
S R et SR EERS L SRR SR B
07F 1
ool oo
0 1 2 3 4 5 6 7 8 9 10

Concentration (mol/L)

Figure 1.10: Electromotiveforce of neutralization reaction of Hand OH with different solution

concentration and temperature at 0.1MPa.
Thermodynamics

The driving force of REDBP is neutralization reactidhe maximum or reversible work per mole at

constant temperature and pragscan be expressed as molar Gibbs free energy:

‘OO0 0V'0% ¢O0U (1.11)
Assuming all the work can be converted into electric work, and move elgedtvaem infinite far

distance

14
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YQ a 0000 (1.12)

whereOis EMF, andd is thecharge number of electron, which equdls

According to Nernst equation:

000 4 ob 0 21 —m (1.13)

whereO 0 "@s standarlEMF and equals .

By assuming activitysection 3.1.2) ofvatermolecule is constant by changing ionic concentration
and temperature, and activity coefficienf@f0 and0 "O equals 1equation 1.3 can be written as:

o)

000 4 000 wJd T—O (1.14)

where® and® are the standard concentration®fG and( "O in water solutionY'Q is

standard molar Gibbs free energy of neutralization reastiomter solution

Put different temperatures and changiogcentration into equation #,lthe result arethe sames
shown infigure 1.10, which is calculated by Boltzmann distribution.

The results of calculating EM#&singboth method arethe sameBoth methods require treame
assumptiosof reversible electric worknd neglectingnter-molecular forcesunchanged activity of
water molecules andctivity coefficient of ion is one)EMF sets the theoretical limitation of the
highest voltage by dischargimd neutralization reaction of Hand OH. Thus— can be calculated

by dividing measured voltage BMF:

S — (1.15)

Step 2: Efficiency of Single Cell by Dischargeu{[ ;

CEM and AEM haverossover effect anidternalresistancetoo. Combined with internal resistance

of electrolyte solutios, the single cell efficiency is lower than BP efficieney. can be defined as:

- (1.16)

In this case, theoretical maximum single cell output is theoretical maximum BP output. Thus:

- (117)

I 1mol/l (section 3.1.2)

15



Chapterl Introduction

Step 3: Efficiency of Stack by Discharge q <+)#§

A stackconsists ofnany single cells im series, thisthe definition of- is clear:

_ (1.19)

where stack sizis how many single cellsrein one stackCalculating and measuring answers
the questiorwhether additional logs exisby build-up of the staclexceptthe necessary energy cost
in electrode chambs? The details of stack will be illustrated in Chap4 and 5In short, stack

efficiency is affected by properties of electrolytes, power densitydselhargeleakageetc

Step4: Efficiency of System by Dischargetq[ « v dgU

Pumps andattery management systeare the necessary energy sdst REDBP systerm BMS
consumes additional energy to maintain the whole system in its safe operating area. In the case of
REDBP, tempeature maintenance and afas (H/O) treatment are considered to be thiggest

consumptios. About the energgonsumptions of pumps and BM&| not appear in this thesis.

In short, there are many factors influencing efficiency. Figudedbes not fully illustrate the real
situation. In reality, many losses and costs are correlated witrodaatreducing onedss will not
necessarily enhance the performance of the whole sy$tegne are strong evidences showing the
correlation between crossover and internal resistance of elecfisdygteon 2.5.3)internal resistance
of electrolyte and shunt currerfsection 5.4.2 and section 5.4,9shunt current angower

consumption opumgs (section 5.4.65.4.8)

1.4.3 Power Density

Power densityPD)is one of the main characters defining the application field of one energy storage
technologyLike efficiency, power density has many definitions as well mainly due to the complexity
of BP system.

Power Density ofBipolar Membrane

Power (W=J/s)is relatal to reaction rate directly. Considering the driving force of REDBP is

neutralization reactiofwhich is very aggressiyethePower DensityRD) of BP should nobelow.

Power densityf BP isdefined ashe amount of power (time rate of energy transfer) per active surface

as shown in equation19. The active surfacef BP is theareawhere the neutralization reaction is

16
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supposed to happen. The electric potential should be homogeneously and equéllyetisin this

surface, and electric current should be vertically passing through it.

VO wéaoWOR i QDI Q6 W (1.19
Thereforethe investigation gbower densitgan be seen as investigating voltage and current density.

Power Density ofSingle Cell

Each single cell has three IEMsd three solution chambetsis confusing wheractive surfaces
being usedo describgpower densityn a 3-dimensional wayThus power densityof single cell is

defined as the amount of power per unit volwhsingle cell

00 — (1.20)

The wlume ofa single cell is calculated by multiplyintpe active surface and total thicknesseof

single cell.
Power Density ofSum of All Single Cells

Power densityf sum of All Single Cells (AlISCs)s therefore the amount of power per unit volume
of AlISCs

00 — (1.22)

Power Density of Stack

Considering energy consumption in electrode chambers:

~

00 e — (1.22)
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1.4.4Charging/Discharging Time

If charge/dischargéCh/DisCh)time is too short, even with very high power densihg energy
density would be very low. In additio@h/DisChtime of energy storage systeis one of the key
parameters for helping largeale integration ofinsteadyand intermittent renewables into the

electrical grid Thereforeit requires attention.
1.4.5Lifetime

Lifetime of energy storage systemefers to the number d€h/DisCh cycles. Each charging or
discharging process will shorten the lifetime of REDBP system by siddiomsc material

degradationetc.
In the case of flow battery system, thetlifee of following components isnportant:
a) Lifetime of Stack

Lifetime of stack isprimarily limited by the sustainabilitgf IEMs. The life time of AEMwill be
shortened by exposure to strong alkal{@d) conditions resulting fronthe transformation of
polymeric binder of AEM22]. Thiswill restrainthe concentration of baselutionin REDBP system
which affects the energy densityREDBP in practicalirectly, ands considered as one of the main

obstacles to utilizing REDBP &mergy storage system
b) Lifetime of Electrolyte

Because of side reactions and material degradation, the composition of electrolyte will change. This
will affectstack performance which harms energy densificiency,power densityCh/DisChtime

and lifetime of other componentin the case of REDBPthe main change of electrolyte is
concentration of acid and baséyich isdue tocrossovergection 2.5.3 seltdischargdsection 4.2.3

etc.
c) Lifetime of Pumps and Pipes:

Sustainability of pumps and pipes of flow battery depends on the composition of electrolyte.
Considering HCI and NaOH solutions are common materiath@micalindustry, thequality and

lifetime of pumps and pipes can be guaranteed for sure.

Forshort, he main concern of litene of REDBP lies in sustainability of AEM.
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1.4.6 Other Factors

Environmental Impact

One of the main purposes @hergy storage systeisifor largescale integration of renewables into
the electrical grid. Thereforenergy storage systatself must be environmental friendlyis indeed
one the most amazing aspects of REDB# in principle using the most common material on earth
- salt water for instance seawater) to storage electric energy. Evemengreat leakage danks
happens, HCI or NaOH solution will not have tremendous environmental impactrecimpth other

forms of flow batteries
Life Cycle Cost

Life cycle costtypically includes initial costs, installation and commissioning costs, energy costs,
operation costs, maintenance and repair costs, down time costs, environmental costs, and

decommissioning and disposal costs.

Currentlythe cost of electrolyte is the l®share ofvanadium redox flow battef23], which hinders

its fully commercialization. Howevegthe electrolytes of REDBP are either very cheap materials (acid

and base) or free of charge material (seawater as salt solution), which makes REDBP a great candidate
asenergy storage systeim large scale application. This is another amazing aspect DBREas

energy storage system

19



Chapterl Introduction

1.5 Objectives

Considering the limitation of work load and content lentitare are onl$ aspects being investigated
in this thesispower densities, efficiencies and charging/discharging time. And the following part of

this thesis is divided into

Chapter 2: Experiments of Single Cell

Chapter 3: Modeling and Simulation of Single Cell
Chapter 4: Experiments of Stack

Chapter 5: Modelingand Simulation of Stack

All'in all, this thesis idrying to investigate REDBRBS discharging process @fiergy storage system
as thoroughly as possible, as well as trying to be a guideline for the future on this topic.

— Chapter 2 \ 'Chapter 4

Experiment of BP

Single Membrane
Experiment of AEM/CEM

BMS/Power Converter [l
Pumps [

BP Single Cell
Output Qutput

System

Qutput

B Electrode Chambers
S Leakage/Side Reactions

ernal Resistance
Crossover Electrol
mmm Crossover BP V-
Internal Resistance BP L

-

Overall Performance of Single Cell in Model

: Modeling &
Modeling & Simulation of —
AEM/CEM

Modeling & i

Simn]aﬁon of BP Ch‘(mtgl_‘ 3}'[\ g_h_apter 5:

p— o —

Figure 1.11: Taskprocedure of this thesis.
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Chapter 2

Experiments of Single Cell

REDBP stacktself is a very complicated systemvhich consists of several single cells and two
electrode chaivers. Each single cell has three IEMs (one CEM, one AEM and one BP) and three

electrolyte solution chambers (acid, base and salt chambers).

In this chapter, the single cell performance will beestigatedThree IEMs will be characterized

separately. The overall performance of the single cell will be evaluated at last.

NaOH NaCl HC1 NaOH

CEM AEM BP
+ -1+

+ -1+

+ -1+

+ -I+

+ -1+

+ -1+

+ -1+

+ -1+

+ +

. + -|+

NaOH NaCl HCl NaOH

Figure 2.1: Schematiaescription of REDBRingle cell, which consists othree IEMs andhree
solution chambers

2.1 Characterization Methods

In sectionl.4 many aspects have been introduced for characterization of RED&teiaygy storage
system such asnergy density, power densiwgftficiency, Charging/DischargingGh/DisCH time,

lifetime, cost etc.In thisthesisonly power density, efficiency ari¢h/DisChtime will be investigated.

2.1.10pen Circuit Voltage

The potential difference mentioned in the batteries and cells is usually the open circuit voltage (OCV).
The OCV of batteries is often quoted under particular conditions, such as temperature afd state
charge (concentration of acid and base in the cA®RE®BP), which are the main influential
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Chapter2 Experiments of Single Cell

parameters of OCVTheoretically OCV equal&lectro Motive Force EMF). However, due to

crossover effect and other losses, OCV is always lower than EMF.

2.1.2Current-Voltage Curve

Currentvoltagecharacteristic curv@-V Curve), also known asfficiency curveis one of the main
characterization methods of alectrochemical cell andolar cells. It is a relationship, typically
represented as a chart or graph, between the electric current througit, device, or material, and

the corresponding voltage, or potential difference acrossiit,thgexample shown below:

A

A : Galvanostatic Measurement

Voltage (V)

' : Potentiostatic Measurement

:
!

v

Current Density (A/m?)

Figure 2.2: Schematic diagram d¢fV curveof dischaging process
There are two ways to obtairVl curve. One is bygalvanostatic measurement, the other is by
potentiostatic measuremenBoth are widely employed to electrochemical procdgd].
Galvanostatic measurement refers to an experimental techinigiéch an electrode is maintained
at a constant current in an electrolyetentiostatianeasurement refers to an experimetgahnique
in which a constant potential is applied and the current is recorded as a function &ficeethis
thesis is mainly focusing on ionic transport,vgalostatic measurement is used to maintain a constant

electric current throughout electrolyte while measuring the changes of voltage.
As previously introduceth section 1.4.2, efficiency of BP by discharging is
- _ (2.1)

Thedischarging efficiencgan be directly calculated frorM curve as shown in figure 2.3. has

direct relation with current density, with increasing current densitydecreases.

The distance between charge curve and discharge curve is pure loss which should be as small as
possible. Two curves converge at zero current deri@tyrf), therefore, OCV is the maximal voltage

of discharging process and the minimal voltage of charging process.

Current density times voltage equBswer Density D). Thus the PD curves can also be obtained
on -V curves.
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At OCV, efficiency reaches its maximupat the power density is zero. Therefdteere is always a

compromise between efficiency and power density.

ocv

Voltage (V)

A

Vpischn

[

Charging Process

Discharging Process

o _ Vpiscn

Current Density (A/m?)

>

Figure 2.3: |-V curves of chargingrocessand discharging nocess, as well as calculatiof
efficiency ofbipolar membranbéy discharging.

ocv

Voltage (V)

A

Charging Process

Discharging Proce’s’g’ -

o
’f
o

¥ Power Density (W/m?)

Current Density (A/m?)

Figure 2.4: 1-V curves ofchargingprocess andischargingprocess wittpowerdensitycurves.

2.1.3 Chronopotentiometry

Factorof Ch/DisChtime will be investigatedising chronopotentiometry (CPM), in which a constant

current is switched on and off while the time evolution of the electric potential will be recorded. A

typical CPM looks like the figurg.5:

Compared with-V curve, CPM is mainlydcusing on the change of voltage by constant current

density over time. CPM curves are influenced by temperature, concentration, current density, etc. An

ideal battery reflected on CPM curve should have following aspects.

1) High OCV.

2) High current density wit small gap between voltage of charge | and dischargesf ).

3) No change of voltage of charg® () or discharged

4) No change of OCV after many cycles.

) throughout the time.
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Using CPM the best working condition of battery willfoend.

oCcVv ocVv — OCV

Vpiscn|

Discharging Charging

tDischarging tocvy tCharging

Figure 2.5: Chronopotentiometry adischaging andchargingprocess.

2.1.4 Cycle Test

Lifetime of energy storage systerafers to the number &h/DisChcycles before apnergy storage
systemstarts to reduce its performanEaach charging or discharging process will shorten the lifetime
of REDBP system by side reactiomsaterial degradatigretc In the case of single cell, assumed
there is no side reaction, the main degradation is due tchtmges of electrolyte solution and the
aging of IEMs. And this degratian process presumably is affected by current density and

concentration of solutiof22].

In this thesis, cycle test will be performed by several CPMdguesgce with constant current density.

2.2 Test Facility

In order to fulfill the requirement of characterization of REDBP single cell, two difficulties need to

overcome:

1) How to measure electric potential between IEM with enough accuracy without introducing
significantadditional errors.

2) Since all experiments will be conducted galvanostatichtlyy toensure the electric current
flowing through electrodes equal to the @&lieccurrent throughestinglEM.

The firstoneis overcome byaturateccalomel electrodes combined wittaberLuggin capillaries.

The second is resolved by careful design of single test cell.
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Chapter2 Experiments of Single Cell

2.2.1 VoltageMeasurements in Electrolyte Solution

Normally by connecting a voltmeteror other voltage measurement instrumetd the circuit at
proper points, the desired voltage difference will be measured. Hovire\tee case of electrolyte
solution,a metal into an aqueous solutiaill bring additional error, since almost any surface in

contact with an aqueous salt solution will have a net cHagj426].

Without considering any adsorption of ions, dipoles and neutral molecules (through van der Waals or
coulombic interactions with the charged surface, or ¢kesughforming stronger bonds, as in the

case of chemisorptid6, p. 120), this net charge at the interface between nfetddleor nortnoble

metal) and electrolytesolution isdue to electrochemical reaction. The following tasit®wsthe
standard potentials for gdm contact with Pt electrode and an aqueous electrolgestandard
hydrogen electrode at 20026, p. 96]

Half Cell Electrode Process Potential (1)
F & s F Ol ¢Qz'O ¢OU 0.0000
I €5 skq Ol ¢cQz O ¢0O -0.8277
|- 4dFESFENR 0 a ¢Q z Cé a +1.3700
F €k s F pfch  ¢O0  ¢Q z 00U +1.2290
I €k sEq pfch 00 ¢Q z cU 'O +0.4010

Table 2.1: Standard potentials for gas (in contact withelictrode and an aqueous electrolyte) vs
standard hydrogen electrode at 2025, p. 96]

At equilibrium, onceadouble layeis formed and a potential difference sep:

Y &b D 22)

Electric potentiaht the interface between mefi) and solutionS) canbe calculated:
‘ Y Yaog €O ¢£7O ‘ Y Yaog (2.3)

hence

NI ¢« — == Y —]1— (2.4)

From the above equation, it is obvious that the electric potential at the interface between metal and
electrolyte solution hasdirect relation with activity of oxidized and reduced components. In the case

of Table2.1is the pressure of gaactivity of ionsandtype of gas and iona solution.

As illustrated in the figure 2.6, by using two Pt wires (albeit inert metal), theuneeasmltage is a
mixing of the electric potential of two interface potentials, two solution potentials and membrane

potential (which is the desired one):

. . Yoo s Ye Yo Yo Yo s (2.5
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Pt1 G Pt2
A
IEM
;’ AQ sorutionzipez
o
= Measured voltage
3 AP o e
e I - | __"_Solution2 | |w_
o
5 AP pe11sotutiont A¢ 1z
2 /
25}
/_\.(p Solution 1
- L
>

Distance (m)

Figure 2.6: Electric potentialprofile between Pt1 anHt2.

(v)

High impedance electrometer

AQ milsotution1 AQY sorution2|m2
RBridge 1 RBridge 2
RIEM
— ¥ A A
IR — dropsolution 1 IR — dropsolutionZ

Figure 2.7: Equivalentcircuit of measiring electric potential between IEM

Please note thafe is consisting two diffusional layers both of which have 50um in order to

compare with simulation result in section 3.2.1.

If the sum of two interface potential®/s( s andYe s ) is unknown due to
unequakonditions, the electric potential between two Pt wires will be meaningless. In addition, using
Pt wires cannot exactly pinpoint the measuring points, which leads to unknown and changing electric
potential ¥/ ) between measuring pointada IEM, this electric potential is known as-R
drop(voltage drop due to current (1) times resistance. (R)greforemeasuring electric potential in

electrolyte can be presented as equivalent circuit in figure 2.7.

The physical meaning of each elemenit b introduced:
(1) 'Y :theelectricresistance of IEMwith two diffusional layers both of which have 50um in
order to compare with simulation resutt)e electric potential acrods is desiregotential
(2) 'OY Qi ¢ theelectricresistane of electrolyte solution between measuring point and the
surface of IEM. Since by ideal mixing the resistance of electrolyte solutioonsidered

constan{section 5.1.1)thereforethe voltage drop in this area can be treated as current times

resistance’Q)Y
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3) Y . the electric resistance of measuring probe itself. In the case of Pt Wire,
represents the resistance of Pt, whgcproportional to its lengtiand inversely proportional
to its diameter.

@) Y or Ye s represents the electric potential at the interface between
metal and electrolyte solution due to the electrochemical reaction.

(5) High impedance electrometer is the normal voltage measuring device.

In order to eliminate or reduce the additional error due to the electrochemical reaction at the interface
between metal and electrolyte solutieither these two potentiads interfacesire known, or these
two potentials are reversely the same (undereseonditions)Moreover, twolR-dropsneed to be
eliminated as wellTherefore saturatecdalomel electrodes combined with Luggin capillaries !l

introduced in the following

2.2.2SCEwith Luggin Capillaries

The saturated calomel electro(®CE) is a reference electrodéere he reactiorhappendetween
mercurychloride and elemental mercury. The aqueous phase in contadheithercury and the
mercurychloride (HgCl», "calomel”) is a saturated solution of KCI in water. The electrodeked

via a porous fri{as a salbridge)to the solution in which the other electrode is immersed

A Luggin capillary (also Luggin probe, Luggin tip, or Halierggin capillary) is a small tubedhis

used in electrochemistry whidltefines a clear sensing point for the reference electrode near the
working electrode ofEM. The detailed structure of SGRBndLuggin apillariesis illustrated in the
figure 2.8. Measuring electric potential with SCihd Luggin capillary can be presented as an

equivalent circuit as shown in figure 2.9.

There are several advantages using SCE and Luggin capillary to measure electric potential:

1) Ye andYe are reversely the same.

2) If ionic concentration betvan IEM and measuring point is known, thend®ps will be
constant and known.

3) By using intermediate KCI solution (2M), there is no additional diffusional potéatiabss
Y

4) By excluding two IRdrops from measuring electnmotential, the required voltage between
IEM will be obtained.

1 By connecting with standard hydrogen electrémteexample.
20 and6é ahave similar mobility in water.
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But enough attention needs to be paid when using SCE and Luggin capillary to measure electric

potential:

1) IR-drop should not be eliminated, because a distance should be maintained between IEM and
measuring point to avoid shadow effect and concentration polarization phen@njeffdis
distance is always equal to the diameter of the tip of Luggin capillary.

2) Intermedige KCI solution in Luggin capillary is to maintain @nstant electric potential
between the tip of SCE and measuring point, as well as to prevent the pollution of saturated
KClI solution inside of SCE. Therefqitte pollution of intermedia KCl solution itself cannot
be avoided and the pollution of measgrsolution by diffusion of KCI from Luggin capillary
should be reduced. Therefore, the intermteddaC| solution should be fresh all the tifpand

the measuring process should not be too.l@&jailed experiment protocol is in table .2.2

Figure 2.10s the design of Luggin capillaries in this thesis, which are made in glass by Hilgenberg
GmbH (see Appendix A).

All the above discussions about measuring techniques are for designing a suitable test cell in order to
obtain reliable experiment results.
FV\
N

High impedance electrometer

Ground cell

Calomel electrode

F > Glass beaker
L Glass tube

> Mercury
L~ Hg,Cl,-Paste

L Glass frit

L KCI solution
Intermediate
KCl solution

Glass frit

Membrane
Luggin capill

Capillary (bridge)
Glass frit

Figure 2.8: Measuringelectric potential withSCE and_uggin capillaries

LIn this thesischanging frequency of intermet#aK Cl solution and KCI solution in SCE is every 4 hours and every
week respectively.
2 http://www. hilgenbereggmbh.de/innovativelasprodukte/
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(v)
High impedance electrometer
Apsce1 Apsce 2
RBridge 1 RBridge 2
Rigm
— V¥V
IR — dropsolutianl IR — dropsoiutionz

Figure 2.9: Equivalentcircuit of measuringelectric potential between IEMising standard calomel
electrodeand Luggin capillariesIR-drop means voltage drop due #&bectrolyte
resistance and current flowing through it.

Figure 2.10: Design of Luggircapillaries.

2.2.3 SinglelEM Test Stack

Test stack for single membrane in this thesis has been ddsigrn figure2.11, and thereal test
stack is shown in figre 2.12 It has 6 compartments. Inside of stack thereacmesingle cell of
REDBP (three types of IEMspne additional salt solution chambserdtwo electrode chambers.
Each electrode chamber has an additional CEM to prevent transport of other iqutsNekc&he

detaileddescriptiors of single membrane test staakelisted below:

1) The thickness of chamber 3 and 4 is 30mm. The thickness of chamberl, 2, 5 and 6 is 5mm.

2) Electrolyte solution is pumped through the test stack from bottom to top to avoid gas

accumulation.

3) Electrolyte solution in chamber 2 and 5 is from the same tank. In order to avoid shunt current

(sectiord.2.3or Chapter j the connection tubes between the chambers (both inlet and outlet)

should bdong enough
4) As 3), the connection tubes between chamber 1 ardl6ng enough

1n this thesis, 0.5m.
2 In this thesis 5m.
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5) All chambers arélled up with spacers for better mixinghe void factor is 80%.

6) The measurig point of Luggin capillary is pointing at the center of active surface of IEM.

7) The distance between IEM and the tip of Luggin capillary is maintainbadmat

8) An

additional

resi

stor

(2Y) is

connected

throughout the stack. Please ntit@t the resistance of resistor will change by changing

temperature, thus a cooling process with a small fan is necessary.

9) Direct aurrent power supplis for delivering constant current by charging and discharging

process$

With careful design of test staekd proper operation during experiment as listed in tablete?2,

measurement ieliableandthedeviatiorf is controlled within 5mV.

Table 2.2: Single membrane experiment protocol in this thesis.

Process Time Reasons
15t Opening thevalves Valves areprotecting solution in the
tanks fromcrossover effect.
Turning on the pumpdifear . .
nd
2 velocity of2cm/sin chambey Smin Checkingleakage.
31 Rolling over the cell 2min Degassing
4th Filling up KCl in capillaries Degassing andhanging KCP
i 2 DischChcycles 60min Increasing en:é):\a/lrgture. Activating
h . 43min
6 Chronopotentiometry leach From 10mA/cm to 90mA/cnt
7t Disch/Ch curves 38min
/each
gh Taking sampl.es from each For coulombicanalysis.
solution
gh Turning off the pumps and
valves

a) There is evidence showing that the gas bubbles attached on the surface of the tip otapitigmy
have influence on measurement.

b) Gas bubbles inside of Luggin capillaries should be avoided.
¢) During charging and discharging process, temperature of electrolyte will increase, and temperature is
one of the main influence parameters of peeformance of IEM, thereforan activation process is
very necessary.

! By discharging, the produced power of single cell is not enough for driving electrochemical reaction in electrode

chambers; thereforéirect current power supphy i | |

be

used

to O6assisto

di schargi

2 Deviation is defined as ¢édifference between the observed value of a variable and the variable's mean.
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Figure 2.11:Scheme oftack forsingle membranexperimentfor characterization of BP

Figure 2.12: Singlemembrandestfacility. (a) Teststack forsingle membranewith active surface of
5cm x 5cm.(b) Peristaltic pumps, flowrate of all eectrolyte solutions is 2cm/sin
chambers(c) Tanksfor 4 electrolyte solutions,from left to right they arefor NaeSQu
(1.5L), HCI (2L), NaCl (2L) and NaOH (2L).
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2.3 Characterization of Bipolar Membrane

In this section, performance of BP in REDBP will be characterBexdte it is very difficult to iskate
each parameter (such as temperature, concentration, current d€hgdisChduration timeand
cycle number which influences the performance of BP (such as voltage, power density and
efficiency), characterization of BP is organized by characterization meMiotheasuremerstare

taken on fumasep® FBM.

2.3.1 Open Circuit Voltage

OCV isthe maximum potential differendetween BRwvithout current.Figure2.13(a) shows OCV
of BP with changingconcentratiohof HCl and NaOHat 25€C under atmospheric pressuRéease
refer tosection 1.4 for calculation of theoretical maximu@CV.

1.0

| 0.8
08130828 . 0.863
0.8] - 07570772 oo - ?

e 0.757'0.775 0.785 E
o '." 0 ?09 0-738 i : _ 0.77
o [ Z "' 0.75M :
& | g»n ;
2 04 ! 3 i
E 0.25M
" ' 0.71 _

0 0.5 1 1.5 2 24 29 34 39 44 49
Concentration (mol/L) Temperature (°C)
(a) (b)

Figure 2.13: OCV of BP (a) with changing concentration of HCI and NaOH at 25€, red round
dots areslectromotive forcas theoretical maximum OG\green diamond dots are
measurements; (b) with changing of teargiure.

With increagng concentration of acid and base, the OCV will increaseavel| butit follows the

property of natural logarithnHigher concentration of acid and base, especially higher tR&am0.

will not benefit OCV too much. The green points are tk/@Mneasurements. They are all albwer
thanEMF due to crossover effecsdction2.5.3, but their trend is similar t&MF. At 1M, OCV of

BP is 0.775V, which isigh considering the OCV dtiel cellis around ¥ by measurement. Such

high OCV indicates a very aggressive neutralization reaction at interface: GyBem needs to

adjust electric potential to compensatedhaihilation of H and OH due to the poor mobility of Na

! Concentration of NaCl is always 0.5M, which is identical to NaCl concentriatioga water. Concentration of
Na&SQ; is always 0.25M.
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and Cl at BP interfaceOCV is also influenced by temperatuégure 2.13 (b) shows this relation,

in which the OCV increases with increasing temperature

Stated simplyBP delivers quite high OV, which is, to the bottom, a basic parameter determining
the power density by both charged discharge process. Howeyéncreasing concentration of

electrolyte and temperature will benefit O©wly minimally.

2.3.2 Digharging/Charging Curve

OCV is only an electric potential without electric current. Without current there is no power, thus
DisCh/Ch curve is very necessary. Figure 2.14 shows the DisCh/Ch curve of BP in 0.25M HCI and
NaOH solution at 25€ 0.1MPa. The first 1inutesis discharghg process while the second 19
minutesis charging process. By discharging process, current density is defined as negative, while by
charging process as positive. Table 2.3 shows the change of current density over time during the first
19 minutes.Pleasenote that with electric current there will be chemical reaction inside of BP, either
watersplitting reaction by charging process or neutralization reaction by discharging process.
Therefore, the ionic concentration between two measuring points of Leggitlaries will be
changing, meaning changiny and IRdrops in figure 2.9 For this reason, the voltage

measurement here will not exclude-diRops.

In figure 2.14, at beginning the OCV of BP is 0.71V, and electric potential will decrease with
increasing electric current density by discharging process due to resistance of electrolyte solution and
BP. Voltage measurement will maintainr8@mA/cnt for 7 minutesto examine the performance of

BP at high current density. Voltage decreases graduaifoaiA/cn? due to neutralization reaction
which produces water molecules causing reducing conductivity of BP and concentration polarization
phenomena at the interfacé BP and electrolyte solution. This effect is reversible by decreasing
discharging currentahsity. Voltage will gradually return to its original OCV. By charging process,
potential will increase with increasing current density. At 50mAim@asurement will be maintained

for 7 minutes then return to OCV.

DisCh/Ch curve can be utilizedfiod out the best working condition of BP by considering 4 aspects:

1) High OCV.

2) Small gap between discharge and charge voltage with same current density.
3) Small or even no change of DisCh/Ch voltage by high current density.

4) No change of OCV after marmycles.

Therefore the following figures 2.12.17 of DisCh/Ch curves of 0.5M, 0.75M and 1M can be

compared, and the following points can be summaries:
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1)
2)

3)

4)

The OCYV is higher with higher concentration of HCI and NaOH.

With higher concentration of HCl and NaOthe gap between discharging and charging
voltage is smaller, meaning less internal resistance.

Higher concentration of HCl and NaOH has higher DisCh/Ch power density. Figure 2.16
shows the power density of BP of 0.75MZ@mA/cnt is -27 6mW/cnt, and gradally drops

to -26.1mW/cns.

Decrease of voltage abOmA/cnt is more significant with higher concentration than with
lower concentration. At 1M this decrease of voltage is so dramatic that voltage will drop to
almost zero within 8ninutes.This phenomenors due to concentration polarization effect
(increase of IRdrop) as well as accumulation of water molecules at the interface of BP which
leads to a rapid increase of internal resistance of PB (incre&se JofThe reason for this is
water production @th from neutralization reaction and from cross over effect dilutes the
electrolyte solution and increases internal resistance of BP. Especially with higher
concentration of HCI and NaOH, the crossover effect is more significant than with lower
concentrabn. Therefore, power density loigher concentratiois not stable at higher current

density. This phenomenon is reversible, but not in short time.

From DisCh/Ch curve alone, the best performance of BP is concentration of 0.75M with higher

current densityand 1M wth lower current density. e poor performance of 1l higher current

densityis due to concentration polarization effect as well as accumulation of water molecules at the

interface of BP. A better mixing or shorter discharging time could oneedhese.

1.2 | : : 60
o 0.9 pommmmmmes Fomsmmomnoe R e EEELEES e ERTEREE 130 &
E/ ! 1 \ g —_
2 071 : ! 7 B
g 0.6 i AT dmmmmmoen T =10 28
: e ; ; X

il 0366t o532 o omemmnne e | 305

0 i — i : -60

0 10 20 30 40

34
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Figure 2.14:DisCh/Chcurve of BP in 0.25M HCI and NaO&t 25€C 0.1MPa
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Table 2.3:Change of current density over time by discharging process.

Measuring Current
Time Duration? Density
(min) (min) (mA/cm?)
0-1 1 0
1-2 1 -4
2-3 1 -10
34 1 -20
4-5 1 -30
5-6 1 -40
6-13 7 -50
1314 1 -40
14-15 1 -30
1516 1 -20
16-17 1 -10
17-18 1 -4
1819 1 0

2.3.3 Current-Voltage Curve

For obtaining 1V curvesof both charging and discharging process,nteasuring duratiofor each
point is crucial due to the concentration polarization effect as well as accumulation of water raolecule
at the interface of BP. For exampligure 2.18shows 4BP |-V curves of conentration of 1M. They

are all measurement of the samewBer same conditiegincluding same measuring duration.

s o
(=) =<}

Voltage (V)
>
=

=
o

0 20 40 60
Current Density (mA/cm2)
Figure 2.18: 4 BP }V curves of concentration of 1M at 25€C 0.1MPa. Stage (1) is discharging
process with increasing curratensity; Stage (2) is discharging processamA/cnt
current density for 7 murtes. Stage (3) is discharging process with decreasing current
density in high current density range. Stage (4) is discharging process with decreasing
current density in low auent density range.

I Measuring duration in this thesis represents the time of voltage measurement under constant current density.
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By charging process, all the 4 curves are identldalvever by discharging process -50mA/cn?

for 7 minutes, 4 FV curves begin to deviate from each other due to the concentration polarization
effect and accumulation of water mollesat the interface of BP. This makes the experiaeasults

nat reliable at stag€?), (3) and stage (4).

Thereforegin this section,4V curve is measured by tizg each point witin avery short time (1s),
and switcling between chaigg and dischangg processas shown in figure.19. One of the
advantages ahis method isthat there is no significant change of ionic concentration between two
measuring pointef Luggin capillariedecause the measuring durat{daoration of chemical reaction)

is very shortthus no change ¢iR-dropsas well as no change of , if crossover effect is neglected.

1.4 T T T 1.4
1.2

—

Voltage (V)
Voltage (V)

e
SaS
PN

=
=

&
[¥]

=
=

0 25 50 75 100 0 25 50 75 100
Current Density (mA/cm2) Current Density (mA/ecm2)
(a) (b)
-#-Ch_meas. -#-DisCh_meas.

—=-Ch_meas. without IR-drops —#-DisCh_meas. without IR-drops
== EMEF theor.

Figure 2.19: (a) IV curve measurement of BP 0.5M by taking voltage of changkdischarge
alternatively. Blue points are voltage measurement during discharging process while
red points are during charging process. (b) By excludindrtis of both acid and
base chamber, the solid lines are the voltages of charge and dischargentd@Rve
The blue area is the 1Brop between BP and measuring point of Luggin capillary. The
EMF is labeled as black dashed line.

Figure2.19(b) is the +V curve of BP with 0.5M concentration of electrolyte solution by excluding

thelR-dropsof both acid and base chamlérebluearea in the figure)This is considered as the real

voltage between BRRlease note that in experiment the dis¢éalbetween measuring point and BP is
1mm, howeverBP is considered having two diffusional layers both of which have 5thuaseach

IR-drop is calculated in the length of 0.95mim reality it is impossible tadentify the exact ionic

conductivity of IRdrop, its conductivityis calculaed by measurinthe conductivity of blk solution.

For this reasaonthe linear flowrate of electrolyte solution needs tohigh enough to maintain a

37



Chapter2 Experiments of Single Cell

constant diffusional layer between IEM and bulk solution as well as aiminoncentration
polarization effect to the greatest extenhide theoretical EMF has labeled as black dashedwiité.

0.5M solution, EMFshould be 0.792V, and can be treated as the maximum discharging voltage and
minimum charging voltage. Bghargingwhen the current density is lower than 25mAfcuoltage
between BP is not high enough to trigger waiaitting process. In other words, takectric current

in BP is not carried by produced ldnd OH from BP interfacgbut ratheiby diffused H and OH

(and salt ionsjrom acid and base chamber.

Figure 2.20 shows the\ curves of different concentration of HCI and NaOH solution from 0.25M

to 1M. With increasing concentration, the gap between charging curve and discharging curve is
presumably getting smaller due to the decreasing internal resistagleetodlyte It indeed follows

the prediction from 0.25M to 0.75M according to experimétbsted lines in the figure). However,

if the IR-drops of both acid and base chamber are excluded, the voltage between BP (solid lines) will
not follow the trend with concentration higher than 0.5M. The reason for that is the crossover effect
which is moresignificant with higher concentration. This undesired mixing process of acid and base
causes neutralization reaction, which dilutes ionic concentration of HCI and NaOH inside and near
BP. Neutralization reaction inside of BP leads to highier, and nar BP causes change of
conductivity of diffusional layers. By 1M, the crossover effect is so significant, that even the
measurement (dotted lines) is not better than 0.75M. In table 2.5 the area resistance of BP with

different solution concentration is calatedaccording to experimental results
01 MOI Qi 0 HeOo— LI (2.6)

With the same solution concentration, the BP area resistance of charging presesario that of
discharging process. Howeyaevith increasing solution concentration, the area resistance of BP is
not getting smaller. This indicatéisat the condutivity of BP is notonly determined by solution
concentration, but alsiwansport of weer molecularMoreover, bycharging when voltage is lower
than EMF (the black dashed line in the figusdlich is considered as the mitum charging voltage

electric current is carried oohly by diffusedions.

Table 2.4:Resistiviy of different solution at 20€[28].

Resistivity of Resistivity of Resistivity of Resistivity of
Concentration HCI Solution NaOH Solution Na2SOs Solution  NaCl Solution
(mol/l) (qlm) (qlkm) (aqlm) (qlkm)
0.25 0.1050 0.2058 0.316
0.5 0.0554 0.1074 0.2355
0.75 0.0385 0.0765
1 0.0301 0.0594
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Figure 2.20: 1-V curves ofdifferent concentration of HCI and NaOkt 25€C 0.1MPa Redcurve
which hagositive slopeis chargingprocesswhile theblue curvewhich hasnegative
slopeis dischargingprocessDottedlines arevoltagemeasurementwhile solid lines
arevoltagemeasurements excluding 4Ropsof both electrolyte solution&he blue
area) The EMFis labeled as black dashed line.

0.25M 0.5M 0.75M 1M
Ch 28X0“*Y LM 20810%Y LM 223K0*4Y LM 251<0*Y L. M
DisCh 231404Y LM 197<0*Y LM 2.09x10%Y LM 260x10*Y L M

Table 2.5: The area resistance of BP with 50gdiifusional layers in different solution

concentration calculated according to single membrane experiments.
Currentdensity times voltage equals power density (PD). Thus the PD curves can be obtained on |
V curves. Figire 2.21shows the-V curves as welhs PD curves of BP with concentration of 0.75M.
With increasing current density, the PD of both charging and discharging process will inBtease.
100mA/cnt PD of discharging process reachess@mW/cn¥. Increasing current density leads to
increasing lossedue talecreasing conductivityf BP (more produced water inside of Bf)erefore

the efficiency will decrease with increasing current dendtiylF of 0.75M is 0.813V, so the
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efficiencyof BP by discharging processth certain current density calculated anthbeled in figure

2.21 It is obvious, that there is a compromise between PD and efficiency.

For short, PD of BP with 0.75M guite high, and efficiency is good enough considering REDBP for
bulk energy stage application in which efficiency is not that imamticomparedo cost.

100
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40

Power Density (mW/cm?2)

20

0

20 40 60 80 100
Current Density (mA/cm?2)
Figure 2.21: 1-V curve of BP of 0.75M withpower density curves at 25€C. Dotted lines are
Ch/DisChvoltagemeasurement$olidlinesareCh/DisChpowerdensity. Perentage
represents the efficiency of BP by dischargivith certaincurrentdensity.

2.3.4 Chronopotentiometry

In theprevious section, the voltage measurements are taken within very short time (1s), and BP shows
very goodpower densityand efficiency. In this section, factor Gh/DisChtime will be investigated
usingchronopotentiometry (CPM), in which a constant curieiswitched on and off while the time

evolution of the electric potential will be recorded.

Figures 2.22- 2.24 are the CPM curves of 0.25M, 0.5M and 0.75M concentration of HCl and NaOH
solution. The measurements are all started withirlite OCV, followed by 20minutes discharging
process, back to OCV forrinute and therbegin charging process with the same current density,
after 20minutes back to OCVPlease notéhat with electric current there will be chemical reaction
inside of BP, eithemwatersplitting reaction by charging process, or neutralization reaction by
discharging process. Thereforine ionic concentration betwedwo measuring poirgt will be
changing, meaning changiitg andIR-dropsin both acid and base chamber. For tie@son, the

voltage measurement here will not exclui@edrops.

The following pointssummarze comparisonsvith each figure:
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(1) With lower current density (20mA/ciror 40mA/cnf), the gap between discharging and
charging voltage decreases witicreasing concentration of HClI and NaOH solution due to
increasing conductivity of both IEM and electrolyte solution between two measuring points.

(2) With higher current density (60mA/éar 80mA/cnf), at the first 4ninutes, the gap between
discharging andharging voltage follows the same pattamin(1). However after that, the
voltage of 0.75M deteriorates further and further. With 60mA/tma voltage drops to zero
within 18 minutes and with 80mA/crhwithin less thar8 minutes. The reason for this is
concentration polarization effect as well as accumulation of water madextulee interface

of BP which leads to a rapid increasaraérnal resistancef PB.

As a summary of CPM, higher concentration increases conductivitgctf@alte solution an@P,
but it also enhances concentration polarization effect and accumulation of water nscé¢chke
interface of BPIf discharging duration is short, higher concentration is better. If discharging duration

is long, then higher caentration is not suitable compared with lower concentration.

2.3.5Cycles

Each charging or discharging process will shorten the lifetimBRoby side reactions, material
degradationetc In this experiment, cycle test will be performed2®/CPM testsin sequence with
constant current densitf 40mA/cnt such asn figure 2.25 which isa 20 cycles test of a fresh BP
(without activation procedure see tal&) with solution concentration d¥.75M. There are many
interesting findings in itvhich are listed below:
(1) The orange dots#) are the temperature measurement by attaching ¢lasumngsensoiof
a very thirt thermal couple on the surface of BP near voltage measuring pdistsding to
the temperature measurement, in the first 1 hour (the fi&tcYcles), normally the
temperature on the surface of BP witle 1-2€C. The heat isfrom neutralizatiorreaction due
to crossovereffect ionic transport througtelectrolyte solibn and BP, electrochemical
reactions in electrode chambarsd pumpsTemperature stays constant betwte?" cycle
and & cycle, since the test stack is stabilized. Howgwkre to the rise of ambient
temperaturg the electrolyte solutivis heated up around 2€This rise of temperature does
not have much influence on the performance of BP such as OCV (thedolde&line - )
or Ch/DisChcurves.
(2) The bluesquare dot @) is the first voltage measurement during discharging process

(w ). It can be seen as the voltage measuremerViaurve.In the first 2 cycles,

L In order to avoid shadow effect, thermal couple mustdsg thin. Cross section is 0.05mm
2 This test facility isnot thermally insulated frormmbient environment.
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BP is activated and is getting a little higher. Throughout the entire experiments
w  does not change much

(3) The blue diamond dot¢) is the last voltage measurement of eachmfifutes discharging
process® ). Itis lower thanw due to concentration polarization effect as
well as accumulation of water molecsi the interface of BP. It remains constant in the first
10 cycles, but dropgraduallyafterwards, indicating eith@orse mixingor leakagelfolesin
BP) of electrolyte solution passing from one chamber to the otheng scanning electron
microscope several holes are fowrdthe anode sidef BP (AEM). The thing which bulges
out fromBP is the net foreinforced membran&.heseholesare due to frictioabetween BP
and spacers. It is one e main disadvantages of single membrane measurement. In order to
acquire reliable resuftonstant and knowiR-drop9, the electrolyte chambers are filled with
spacerswhich are not elastic. Normally after 8 hours (10 cycles), the membrane surface
begins tobe wornout by these spacers. That is the main reason why after 10 cycles, the
performance of BP has deteriorated.

(4) The red square dom) is the first voltage masurement during charging process ().
It camot be seen as the voltage measuremeriMrcurve during charging procedsecause
it has direct influence from the previous discharging progessexample, uotil the 13" cycle
due to theactivation procese is getting smalleand becoming more stablBut after
10" cycle due to thevorn outprocess of BRconcentration polarization effect is getting more
significantby discharging procesthusthe initid (by charging procesgorductivity of BP
is becomingwvorse That is the reason for the increasewof from 0.884V to 0.893V

(5) The red diamond dow) is the last voltage measurement during charging process ().
It can be treated as the voltage measuremenrV¥indrve during charging processremains
almost constantréise from 0.88V to 0.884Mjroughout the entire experiment, indicegia
quite constant conductivity of BP and electrolyte solytiand very small leakage of
electrolyteby charging process

(6) The black dotted line) is OCV. Before and after 20 cycles test it remains almost constant
(drops from 0.769V to @66V), indicating a very small leakage of electrolyte and quite
constant capacity (concentration of HCl and NaOH solution).

It is certainthat fresh BP needs 1 hour activation procedure to stabilize temperature and its
conductivity. Due to the flaws of gjie membrane test stack, there ismaut process after ¥ycle

(8 hours), but the concentration of electrolyte solution has no significant change according to OCV.
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Figure 2.22:CPMs of BP of 0.25M concentration of HCI and NaOH at 25€ 0.1MPa.
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Figure 2.23:CPMs of BP of 0.5M concentration of HClI and NaOH at 25€C 0.1MPa.
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Figure 2.25: 20 Cycles of Chronopotentiometry of 0.75M with 40mA#cithe green line isaltage

measurement. The orange dots () @e the temperature measurement near BP. The
black dotted line ( )-8 OCV; The blue diamond dot @ ) is the last voltage
measurement during discharging process (). The bue diamond dot¢ ) is

the last voltage measurement during discharging process (). The red square

dot (m ) is the first voltage measurement during charging proaess ( ). The red
diamond dot@ ) is the last voltage asarement during charging process ().

Figure 2.26: Scanningelectron microscope befor¢new membraneand after 2Qcyclestest(old
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Chapter2 Experiments of Single Cell
2.4 Characterization of CEM and AEM

In the previous sectiomithe performance of BP has been characterized. In this section the other two

IEMs, which build up one single cell of REDBP combined with, BRI be investigatd.

All measurements are taken on fumasep® FAB and fumasep® Hi¥dproperties of each testing
membranearelisted in the tabl@.6.
Table 2.6: Properties of Testing Membrane.

fumasep® FAB fumasep® FKB
Reinforcement PK PEEK
Thickness (dry) 100- 120 pm 110- 130 pm
lon exchangecapacity 1.1- 1.2 meqgg™ 1.2- 1.3 meqgg*
Selectivity?) > 98% > 98%
Uptake in H20 at 25€C ) 147 15 wit% 257 30 wt%
Conductivit In ClI- Fornf) In H* form™® 15 mSem™?
y 1.2-1.5 mSem

In Na' from® >2 mSem™*

a) Determined from membrane potential measurementameentration cell 0.1 / 0.5M KCl at 25 €
b) Reference membrane dried ove®fin vacuo

¢)In CI form in 0.5 M NaCl at 25 €, measured in standanéasuring cell (througplane)

d) In H form at 25 € in H,O, measured in fotelectrode cell (irplane) byAC-impedance

e) In Na formin 0.5 M NaCl at 25 €

2.4.1 Cation ExchangeMembrane

CEM separates base chamber and salt charfiteenetically allows only Napassinghroughit as

figure 2.27 (a) and (b¥how.The measuring techniques are the sasmeasuring BPFigure2.27

(c) is a schematic diagraaf stack for characterization of CEM. The testing stack has 5 chambers,
the two chambers with Luggin capillary is 30mm thiekd the rest are 5SmmChamber 2 is to
prevent lakage of OHinto the electrode chambéeFhere is no additional salt chamber between
testing salt chamber (chambBrandpositiveelectrode chamber (chamt®rfor reducing the total
internal resistancef testing stak!. The distance between CEM and measuring point of Luggin
capillary is maintained at 1mm, which creates too much resistance mainly due to low conductivity of
salt solution. Thereforéhe testing result has to exclude these voltage drops by constantly measuring

the conductivity okaltsolution and removing the {Bropin saltchamber from it.

Figure 2.28shows the -V curves of CEM between NaOH and salt chamber with different
concentration of NaOldbolution. The OCWof different concentratiois around OVThe gap between

charging and discharging voltage with constant current density decreases with increasing

1 The contamination of electrode chamber to testing chamber is very limited.
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concentration oNaOH solution due to increasing conductivity of CEMble 2.7 is area resistance
of CEM calculated according to figure 2.ZBheoretically the area resistance oharging and
dischargingprocessshould be the sambut theresistance by charging procass little bitsmaller
than discharging process. This is due to the crossover ofr@h base chamber into salt chamber.
As in figure2.27, the diffusion direction of OHs from left to rightwhich can béreatedas an electric
current from right to left according to Faradays lase€tion3.1.6). In single membrane experiment,
the electric current from right to left alledcharging procesd herefore the conductivity of CEM

is higher by charging process thlap discharging process. Moreoyéischarging process can be
consideredas adepletingprocess of OHn salt chambeand in CEM whichdecreasesonductivity

of electrolyte solutiorand CEM and charging process an accumulatioprocess of OHin salt
chamberand in CEM Because of the above two reasons, the area resistance by charging process is
lower than that of discharging process. This is also an evidence dé&Mdge from base chamber

to salt chamber.

Unlike BP, there is no chemical @®n involved in this experimeht which means the ionic
concentratiorstaysconstanthroughout the timeglthough there is small leakage of Ukbm base
chamber to salt chamBeFor this reasgrCPM measurement of CEM will not be presented here.

Table 2.7: The area resistance of CEM with different solution concentration calculated according
to single membrane experimeaits25C 0.1MPa
0.25M 0.5M 0.75M 1M
Ch 416<40*Y LM 232x0*Y LMt 126404Y LM 10640*Y LM

DisCh 520<104Y LM 236<10“4Y LM 136<0“4Y LM 1.06<0*Y LM

2.4.2 Anion ExchangeMembrane

Characterization of AEM between salt chamber (to thg &ftlacid charber (to the right) is the
same ashat of CEM.Figure2.29(c) is a scheme of stack foharacterization of AEM. The testing
stack has 5 chamberBhe two chambers with Luggin capillary is 30mm thick, the rests are 5mm.
Chamber 4 is to prevent leakage dfinto the positiveelectrode chambdchamber 5)There is no
additional salt chamberebwveen testing salt chamber (chamber 2) and negative electrode chamber
(chamber 1). The reason is to reduce ttidrnal resistancef stack. The distance between AEM

and measuring point of Luggin capillary is maintained at 1mm, for the same raasdmen

! Except in electrode chambers where electrochemical reactions take place. But these reactions have almost no effect on
testing chambers.

2Tanks for base ahsalt solution are both 2 litters, the small leakage ofddds not have much influences.

3 The contamination of electrode chamber to testing chamber is very limited.
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characterization ofCEM. The testing result has to exclude these voltage drops by constantly

measuring the conductivity sgltsolution and removing the Bropin saltchamberfrom it.

Figure 2.30shows the-V curves of AEMbetweersaltandacidchamber with different concentration

of HCI solution. The area resistance of each situation has tedenlated in table 2.8.ike CEM

between base and salt chamber, there is also a crossover effecfromHacid chamber to salt
chamber (in figre 2.2%rom right to left) through AEM. This ionic transport of Ean be seen as an
electric current from right to left according to Faradays l&wusarea resistance by charging process

is lower than that of discharging procelssaddition, the charging press can be consideredas
accumulation process of'tth salt chambeand in AEM which increases conductivity of electrolyte
solutionand AEM while by discharging process the concentration’ahk$alt chambeand in AEM

is depleting. Therefore, the area resistance by charging process is lower than that of discharging
process. CPM measurement of AEM is also neglected for the same reason like CEM.

Table 2.8:The area resistance of AEM with different solution concentraiideulated according to
single membrane experimers25C 0.1MPa

0.25M 0.5M 0.75M 1M
Ch 6.14X10*Y LM 3.52X10*Y LM 2.16X10*Y L 1.34xX10%Y L M

DisCh 6.14X10*Y L. 3.76xX10%Y L m 2.26X10*Y L 1.44X10*Y L
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Figure 2.27: CEM betweenbase and salt solution by (a)charging process, and (bdlischarging
process. (cscheme oftack forsingle membraneaxperiment forcharacterization of
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Figure 2.29: AEM betweersalt andacid solution by (a)chargingprocess, and (ljischarging

process(c) Scheme oftack forsingle membranesxperiment forcharacterization of
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Figure 2.30:1-V curves of AEM between NaCl and H@lamber withdifferentconcentration of HCI
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2.5 Overall Performance of Single Cell

Single cell performance can be evaluated by considérieg IEMs and three solution chambass

a whole.

2.5.1Current-Voltage Curve

Figure2.31 shows #V curves of single celvith 0.5mm thick solution chambe&d 25C 0.1MPa
The red lines are charging curves while the blue lines are discharging ctimeeslid lines with
square pointareCh/DisChvoltagemeasurementsetween BP alone (secti@rB.3). Thedastedlines
are voltage measurements of all IEMs without considezlectrolyte solution. The solid linegith
round pointsare voltage of REDBP single cell with electrolyte solution in 0.5mm thick chamber.

There ae several interesting points by comparing each curve:

(1) The difference between solid limath round pointanddashedine (the blue areal voltage
drop due to resistance of electrolyte solution. It does not change much with increasing solution
concentrdabn, since the main resistance is due to the poor conductivity of salt solution (always
0.5M).

(2) The difference betweedashedine andsolid lines with square pointgthe yellow area)s
voltage dropdue to AEM and CEM which is getting smaller witlincreasing solution
concentration, indicating the conductivity of AEM or CEM depends on acid or base greatly.
It is one of the main losses, especially with low concentration of acid and base.

(3) Performance oBP (solid lines with square pointsthe brown arg with 0.75Mis better than
with 1M. This is due to significant crossover effect by 1M solution, which increases resistivity
of BP by producing too much watérhis indicates the conductivity of BP is determined by
water transporgreatly.

(4) Although the pdgormance of BP is not optimal with higher concentration, the overall
performance of REDBP single cathproveswith increasing concentration of acid and base
due to increasing conductivity of CEM and AEM.

(5) Due to the highnternal resistancef single cell (mainly high resistance of CEM and AEM)
at low corcentration of acid and bage, order to maintain a proper efficiency, ttepth of
discharge of REDBBhould not be deeper than 0.5th high current density.

(6) Table 2.9 is area resistancEREDBP single cellResistance by charging is smaller than by
discharging. This is due to crossover of acid/base through AEM/CEM, as well as produced

acid and base enhancing conductivity of electrolyte solution.
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Figure 2.31 1-V curves of REDBFsingle cell with differentsolution concentratiorat 25C. The
redlines withpositive slop arechargingprocessesThe blue lines withnegativeslop
are dischargingprocesgs The solid line with squareoints is voltage between BP
only. The dashedline is voltage of all IEMs without consideration efectrolyte
solutions. Thesolid line with round points is voltage of REDBPsingle cell with
electrolytesolutionswith cellframeof 0.5mmthickness

25M 0.5M 0.75M 1M
Ch 155<10*Y LM 9.62x10“4Y L 72040*Y LM 6.42<10°Y L M
DisCh 16.1X10*Y LM 9.82x10“4Y LM 7.32d0*Y LM 6.48<0*Y L Mm

Table 2.9: The area resistance of REDBP single cell with different solution concentration
calculated according to single membramgeriments at 25C 0.1MPa. The solution
chamber is 0.5mm thick.

2.5.2 Power Density

Figure2.32shows the-V curves of REDBP single cell with 0.5mm thick chambers at 258e

maximumPower DensityPD)* by discharging has been marked. It is obvious, that with increasing

I The definition ofPD, please checsection 1.4.3.
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concentration of solution the maximum PD is increasing. With 1M solutio®QmhA/cm2, the
maximum PD by dischargingachesl 12mW/cn? and has potential to increase further with higher
current densitynot mentioning increasing PD by utilizing thinner IEM and solution chambiérs)
efficiency increases with increasing concentration due to decreasing resistance of solution chambers,
CEM and AEM, although higher concentration causes incrgassistance of BP. The efficiency of

1M solution is over 7% with current density lower than 20mA/&nThis is very high considering

each REDBP single cell having 3 IEMs and 3 solution chambers (toointaahal resistangeThere

is always dradeoff between PD and efficiency depending on different applications.
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Figure 2.32: |-V curves andpower density curves of REDBPsingle cell with 0.5mm solution
chamberwith differentsolution concentratiorat 25€ 0.1MPaThe thickness of AEM,
BP and CEM is 0.12mm, 0.22mm and 0.12mm, respecti®Rsdlines arecharging
curves blue aredischargingecurves. Blackines withreddots argpowerdensitycurves
by charging, black lines with blue dots arepower density by dischaging. The
maximum discharging power density has beemarked. Theefficiency of each
Situation has been calculated datieled.

2.5.3Crossover, Scaling and Fouling

REDBP single cell has three IEMs; each IEM separates two different solution chambers.

Theoretically IEM allows only specific ions passing through it (for example, only cations can pass
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through CEM), but in realityo IEM has 100% selectivity, especially @hsolution concentration
difference between IENE high According to Faradays$ law(section 3.1.53.1.6) ionic transport

does not necessarily form electric current.

In figure2.33 all possible ionic transports are illustratedeBolid arrows are iantransport forming
electric current while dashed arrows aret forming electric current.These ionic transports,

illustrated in dashed arrows, an@ssovers

Crossover can be seen as an hoehh leakage. Leakadeere is not defined as graduadterial losses
due to nonideal design of cell frame or sealing inside of REDBP single cell, although it is quite a
challenge for the complexity of REDBP single celbtRer intracell leakage is limited to ionic
transports which do not form electric current, cause unwanted chemical reato#imately lead

to change of ionic concentration inside of single cell.

NaCl HCI NaOH NacCl

A TR

AEM
10 00 -
Ionic Transport + ﬁ \’- | e \ -</
Forming Electric Current + d - 4‘\ ®> b
+ -I+ -
--------------i.----ﬁh---l-li----l----
» |- +| g Y
Ionic Transport @ R @ @ '.? @ @. 1"
Not Forming Electric Current &’ i' © @ e @"‘ "
4...1 @ W E. » S R0 HiE + B

ﬁﬁ%ﬁ

NaCl HCI NaOH NaCl
Figure 2.33: All possible onic transports insidef REDBP single cell. Solid arrows areionic
transportforming electric current. Dashemrows areionic transport not forming
electric current.
Everything has its pros ammns even for therossoversin the followingsectionthe disadvantages

as well as advantages @bssovewill be discussed.

Disadvantagesof Crossover.

(1) One of the main disadvantagescobssoveis loss of fuelln the case of REDBP, the loss
of bothacid and base. This leakage will directly influence the capacity change of REDBP as
anenergy storage systeidut due to the limitation of content, this paserious investigation

of coulomb efficiency is not investigated.
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(2) Second disadvantage neutalization reaction inside of BP causing production of water
molecules which increases resistance of BP as well as resistance of diffusional layers both in
acid and base chambers.

(3) Moreover it causesthe change of properties of electrolyte solution. Fom®pta, a) salt
chamber will not be neutrahnd b) salt concentration in acid and base chamber will be
changing. The former will be discussed later and is not considsbadi. The latter does not
have much influence on the performance of BP accordirgetexperiment But nonetheless,
it indeed requires aditbnal monitoring procedures by battery management systbith
complicates the emg system, and antiorrosive pipes for salt solution which raises the

overallcosts.

Advantagesof Crossover

Before experiment, no one has ever considered the advantaggessiverBut it indeed enhanse

the performance of REDBP single cell:

(1) Leakage of acid and badee to the noideal selectivity of BP causes neutralization reaction
which elevatesemperature of BP and enhances its voltaget{on2.3.1).

(2) Leakage of acid through AEM enhances the conductivity of AEM and the diffusional layer
between AEM andudk salt solution. The area resistance of a tyié&M is 7-8 Y £ Bun
according to single membrane experiment of ABkL(ion3.4.1), AEM between salt solution
and acid solution has much smaller area resistance. For example with 1M acid solution, area
resistance is arourid4Y L. &.m

(3) Leakage of base through CEM enhances traactivity of CEM and the diffusional layer
between CEM anduik salt solution for the same reasas(2).

(4) No scaling insaltsolution chambeif sea water is directly usetle to the excess leakage of
acidfrom acid chambeiOne d the mainproblens of electrodialysis process (ED) is scaling
of Mg?* and C&* orn/in IEM which occurs when salts present in the water precipitate out and
settle on the membrane surface and/or within membrane chdB8gI# very importat
factor affecting scaling formation is pH of treated solutlowas reported that the membrane
scaling formed by minerals of €aand Mg+ on IEM surface mostly takes placelssicpH
values[30]. In REDBP due to thhigh permeability of H, the pH value of salt chamber is

always in the range of 2 to 4 depending on the working condliiotthis condition scaling is

! Experiments are performed as comparison of 0.5M acid and base with or without additional 0.1M NacCl in single
membrane test stack. The results are identical.

2In CI form in 0.5 M NaCl at 25 €, measured in standard measuring cell (thrplayke).

3 Condtions like flowrate of electrolyte solutions, temperature, current dermsity
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almost impossible near AEM. In the diffusional layer between CEM and bulk salt solution
where OHexists, scaling can be easily recovered by flushing elgtérohambers with acid.

(5) No fouling in salt solution chamber if sea water is directly used due to low pH value in salt
chamberlt appeared frontheresultsof [31] that the membrane fouling had mainly affected
the ED efficiency in basic conditionsor the same reasas(4), the pH value o$alt chamber
of REDBPIs lower enough to prevent fouling.

(6) For the reasons of (4) and (5), sea water can be used almostydiéetiut sophisticated

pretreatment, which significantheduceghe system cost.

Although there are several advantages due tarttesover®f acid and base, it is still very difficult
to determine whether it is good or bad without thoroughly invdstigaf capacity change over time.
But considering of lower resistance of IEM and directly usage of sea Veailesige can be tolerated.
At least it can be immediately prevented by switching offpin@ps

2.6 Conclusion

Due to its complexity, investigation of REDBP single cell has been divided into measurement of BP,
CEM and AEM separately. There are many influencing parameters like temperature, flowrate, current
density, concentration and properties of IEMs on the padace of REDBP as anergy storage
system Due to the limitation of content this dissertationonly a few parameters have been

investigated, especially concentration and current density.

It has been founthatOCV has direct influence from temperatared concentration. OCV is always
higher than 0.7V with solution condeation higher than 0.25Mturther increasing concentration of

electrolyte and temperature will benefit OCV very little.

The higher concentration of acid and base higher conductivity oélectrolyte solution as well as
CEM and AEMwill be. But leads tohigher crossover of acidnd base whicltausesncreasing
resistance of BP.

The maimum overall power density is 2n\W/cn? with 1M solution concentration and 0.5mm thick
solution chamberst -50mA/cnt. There is always a compromise between power density and

efficiency. At-10mA/cnt efficiency is above 85% with a power densitBdi\W/cnt by discharging.

Crossover effechas been discussed, too. It is the redsomradualcapacity loss of REDBP and
increasing resistance of BRt the same timé allows direct usage of sea water in salt chamber as

well as reduces the overall resistance of REDBP single cell.
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Chapter 3

Modeling and Simulation of Single Cell

In the previous section, the single cell experiments have been performed by measuring electric
potential using Luggin capillaries combined wi#urated calomel electrodegth changing
current density at various conditiohfoweverwhat is happening inside of IENsstill unclear.

At moment it is impossible to measutiee realtime temperaturg electric current (ionic
transports), ionic activiéis, water molecule activityelectric potential at different positien
inside of IEMs and the neutralization reaction at BP interfeitieout introducingsignificant
additional errors Therefore this section is an attempt to use mathematical mstiad
describingand understanding microscopic phenomena inside of |Edgch are the key
components of REDBP single ceflirst some fundamental concesd basicassumptions
have to ke introduced biere constructingnathematical model of IEMd hen,discussions of
simulation resultsvill be presented mainly as ionic distribution and profile of electric potential

throughout the IEMas well as validation with single cell experiments.

3.1 Fundamentalsand Assumptions

In thissectionthe basic concepts which are crucial for understanding modeling methods mainly

concerning electrochemistry are introduced.

3.1.1Charge Density andElectroneutrality

The volumetric charge density in alectrolyte solution is defined as:
" B 0 W (3.1)

where” is volumetric charge density [CAn 0 is Avogadro constani is elementary

chargeg is charge number of the idR® is concentration ahe ion"QThe value of the product

0 2Q is numerically equal to 96485 [C/mol], and this quantity is termed as the Faraday

constant, and denoted by the symlaThereforeequation (3.1) can be rewritten as:

" B "OQx Qo (3.2)
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The principle of electroneutrality dictates that any charge (dissolved ion or surface) must have
an equal and oppositpiantity of charges nearby, which means charge density is always equal

to zero.Strictly speaking, electroneutrality is only an approxioratvhichwasfirst introduced

by Walther Nernst in 188®2], but it has beeproventhat for most systems it fails only at very

short timescales (nanosecond) where the finite mobility of ions prevents the imstarsta
passage of charge, or at very short space scales (nanometers) where the approximation of
screening of charge separatiomer an infinitesimal distance is no longer accul@@].
Thereforegin this thesis electroneutralityassumedo bevalid, which means there is no charge
separation anywhere in electrolyte and so neutrality is maintairegivavere.In electrolyte

solution it holds:
B adv ™ (3.3)
where® is concentration of iofa is chargenumber of ionQ
In IEM:
B ¢db & A 7 (3.4)

whered is number of charge diiked ions in IEM, and® is fixedion concentration in IEM.

In doublelayer modelelectroneutralityalso holds as shown in figure 3.1 of metal surface
contacting electrolyte solution. Within the double layer according to electroneutrality
approximation, charge density equals zero. About the detail description of -tkydrienodel,

pleaseseesection3.4.2.

Tons

T =

Metal |® \ Electrolyte

g § g é Solutlon

\\\\

&\\

B R R ) Jedels) ) il o) Jobife)

Double-layer model

Figure 3.1 Doublelayer model of metal surface contacting electrolyte solution.

3.1.2 Activity Coefficientand Ideal Mixture
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Acti vity i &ontehtatiomirechdmea tharmvodynamifs.activity coefficient is
a factor to account foraviations from ideal behavior in a mixture of chemical substamhtes.
solution, ionic activity is defined as:

w [ — (3.5)
where’ is activity coefficient of iorin solution,c is ionic concentration of ioffin solution,
and® is standard concentration which is defined as lrothis thesi&

In order to simplifycomputational procedures, ions in electrolyte solutewaell as IEMs are

treated as ideal mixturg,equals 1.

3.1.3 Electrochemical Potentialand Electrochemical Equilibrium

The chemical potential of a species can be regarded as the change in free energy when one mole
of '(As added to an infinite amount of the mixture, so that the mole fractions ofhal

components are unaltered:

S — (3.6)

5¢
5¢

where' is chemical potential of speci&Jmol], "Ois free energy [JE is thetotal number

of moles of speciesQ

The chemical potential is more specifically called total cherpictantial[34]. If two locations

have different total chemical potentials for a species, some may be due to potentials associated
with oO6external 6 force fields (electric poten
di fferences, etc.), while the rest would be
Thereforethe total chemical potential can be split into internal chemical potential and external

chemical potential:

‘ ‘ : (3.7)

1 In many literatures according to the application, definitiodafan be expressed using molality or mass
concentration. The reasons why 1rh@/being used as standaroincentration ard-irstly [mol/l] is often used

as standard solution in analytical chemistry which is suitable for future coulombic analysis of REDBP electrolyte
solution;Secondly 1M solution of acid and base is considered as one of the standard worlditgpns for

analyzing the performance of REDBP in this theEhbrdly molality or mass concentration is useless by

describing ionic activity in dilute solution since water molecules are too abundant.
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The chemical potential is often being referred as total chemical potétaiaéver, in the field

of electrochemistry, it will create misunderstandings

Here like all the previous work relating to electrochemistry, all the other external potentials
(like gravitational potential) are being neglect&tlerefore electrochemical potential is used

to describe total chemical potential, and chemical potential niei@nsal chemical potential:
‘ ‘ a 000 (3.8)

where’ is electrochemical potential (as defined as total chemical potehtias),chemical

potential (as defined as internal chemicaleptial), ance is the electric potentialf defined
by conditions of pressure, temperature, activity and electric potential, electrochemical potential

‘ can be rewritten as:

‘ ‘ 0w YOY & ¢qI00 (3.9
where’ is standard chemical potentidl,is pressurew is partial molar volumeg is
activity ande is the electric potential.

As previously introduceth section 1.4.2, in REDBP efficiency of 100% means all the Gibbs

free energy produced by neutralization reactrafi transform into electric work moving

electron to an infinite far distance:
Y'Q a 2000 (3.10)

whereOis electromotive force (EME) However neutralization reaction can only drive the
movement of ions in electrolyt&here is no electroexchangeduring this process simply
because there is no free electron. Therefystems like REDBP require electrode chambers
to transform the former to the latter in the form of electrochemical reactions or viceluersa.

electrode chambers electrochemical reactions take:place

B 0 O PB O 3 & X (3.11)

where ® and w are termed the xidized and reduced componenisctivity,
respectivelyé is number of electronandv is stoichiometric number. Ag¢lectrochemical

equilibriun

Y BO0OJ m (3.12)

1 About calculation of EMF of REDBP, please check section 1.4.2.
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ageneralized Nernst equation can be established:

o o 2; =B
Yo Yo 5| IE (3.13)
whereY. is electric potential between electrode and electrolyte solution.
Or, more generdy, described as electrode potential:
. Y 05 »~b
O © 5| IB (3.14)
It is verypossible the following reactiohtake place in electrode chambers.
Oxidation reaction at anode side:
Lo c¢co -0 cQ (0] P& Cw(3.15)
While reduction at cathode side:
¢00 ¢cQo9¢h™O O 0O @ ¢ap (3.16)
And with an overall reaction:
c00°c¢cO0 -0 ¢O © O ¢8t vgy (3.17)
According to Nernsequation(3.14):
(0] 0O 0O (3.18)
= T
. 0
Yoy, @ 9§« YOY, . @&
0 | ; o —] 1 :
J0 () ¢ J0 v
. w ) ~
& 0
YJY, @ x
(6] 1 - - -0
¢Jd0 5 v % 9 v
o 0 0 O

Wherel is partialpressure of oxygem is partial pressure of hydrogeh, is the standard

pressure of 1 atmosphete p 1T p oﬁqdw

As equation(3.18) shows, an increasof gases’partial pressure and acid/base actiwiil

further decrease electrode potential, meaning consume more energy.

I More detail description of possible electrochemical reactions in electrode chambers, please check section 4.1.3.
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Here if an additional electrical fiel®D is being applied, electrochemical equilibrium would
be shifted. In the case of elemtialysis, ifO 0O T, external electric current
could not be produced. 10 O 11, external electric current could be produced.
‘O could be either a DC potential difference applied between two elestror electric

potential in electrolyte due to electrochemical equilibri®BDBP is arexample of the latter.

3.1.4Donnan Potential

At the interface betweean IEM and adjacent electrolyte solution (for example, salt solution
as shown in figure 3), once electrochemical equilibrium is established, the following relations

could be expected:

For0 &: : QO ‘ jos (3.19)
Foro «: ‘ jos; ‘ jos; (3.20)
where’ is chemical potential of speci&n solution,’ is chemical potential of

speciesin CEM ande is electrical potential.

Solution CEM
=y
£
= aCEM
E Na+
S solution
= aN a+
2 o
= asoiutwn
= Cl—
=
—~—
=
S
CEM
S ey~
@)
>
Distance

Figure 32: Schematic diagram adnic distribution at the interface between CEM and its

adjacent salt solution.
Fromeqguation(3.9), if neglecting pressure terr@onnan distribution can be generalized as:

[ 8 A\ ® 3o (3.21)

and the overall potential drop across the interface between an IEM and adjacent electrolyte

solutionYe can be calculated as:

Yo . . 2 — 22— (3.2)
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Ye is the secalled Donnan potentidiocating at the interface between IEM and

electrolyte solution

Please note, once electrochemical equiiorhas been reached, electric potential of all ions in
the same phase must be equalllastrated in guation(3.19) or equation(3.20), and Donnan
distribution should be ggtied to all kinds of ion as equatigd.22).

In short, Donnan potential and Donnan distribution are the consequences of electrochemical

equilibrium, and both of them can be deducted from Boltzmann distribution.

3.1.5lonic Transport in Ideal Mixture

There are three kinds of ionic transpprocess irelectrolyte solution: convection, diffusion

and migration.
(] (] (7] (7] (3.3)

The driving force for each transport processnisvementof electrolyte solution itself,
concentration gradient of componéand electric potential gradiemespectivelyln an ideal
mixture (normally at infinite dilution), it is believed thei®a direct relation between ionic
mobility! and its diffusion coefficient

6 —0 (3.24)

The above equation is known as NetBEBtstein equation, whexe is mobility of ion’QandO
is its diffusion coefficientThusequation (3.2) can be expressed as:

® O O n® q—o’o:fo Ne (3.25)

This is the NernsPlanck equationlt is not suitable forconcentrated solutiodue to the
definition of mobility and diffusion coefficientHHowever due to its simplicityit will be used
throughout this thesis.

1 About the physical meaning of mobility, please chigfk pp. 1314]
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3.1.6 Electric Current in Electrolyte and Faradays Law

According to Faraday$ law, electric curreiim electrolyte iscarried byionic transportof

dissolved ionsas describe as following:
Q- B OOy P (3.26)

WhereGs electric current density [A/fh Electric currentdensity has diren: in thisthesis

positive is charging process while negative is discharging process.

3.1.7Conservation Equation of lon
The conservation equation of i@n electrolyte solution can be expressed as:
— n 09 i (3.27)

wherei represents the net rate of formatamrextinctionof ion (per unit volume by chemical

reaction.

3.1.8 Steady State

Steady state describes a system or a prdhaskas no time changes of its variables defining
its behavior. Combined with conservation equation of ion, at any given point the sum of currents

flowing into it equals to the sum of currents flowing out of it:
nJQ 1 (3.28
It is also known as Kirchhoff's current law.

Applying steady state to IEMs dictates that all properties of IEM are unchanged in time. This
also impliesneither accumulation nor depletion of water molecules in the process, since
production or consumption of water molecules will change the ionic tyctbamotic pressure,
reaction speed, etc. In order to simplify the whole systefiuencesof water moleculesre

neglected.

Those are thdasic simplified equationand assumptionthat arethe building blocks for
constructing mathematical model for RBP single cell.
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3.1.9Summary of Equations

This section is to summiae all the above mentioned equations according to their application

conditions.
Condition 1: At the interface between solution and IEM:
a) Electroneutrality:
B adb a A T (3.4)
where in solutionix mandin IEM & .

b) Electrochemicakquilibrium (Donnanpotentialblistribution) across interface, take CEM as

an example
Ve 2 27— 21— 27—
(3.22)
Condition 2: Inside of solutionor IEM:
a) Electroneutrality:
B adb a ad T (3.4)
where in solutiorix mandin IEM & U
b) NernstPlanckeguation
® O O n® (x—o’ocﬁg Ne (3.25)
c) FaradaysSlaw:
Q- B OOy P (3.26)
d) Conservatiorequation:
— 1 i (3.27)
wherei M, and due toteadystate
n 0 Tt (3.29)
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Condition 3: At reaction double-layer:

In order to achieve integrity of summary @fuations, lis part which will be explained in

details in section 3.4, vill be included as well.
a) Electroneutralitpn both layers

B adb (3.3)
b) Electrochemical equilibriurfNernst equationacross doubkayer:

o)

000000 21 I—— (3.30)
c) Conservation equation:
— n Of i (3.27)
wherel 1M, and due to steady state:
n Of i (3.30)
for H™:
n 2B i KO RNATEH) (3.37)
for OH:
n 0B i KO RNATS) (3.38)

whereQ is reaction speed constant of neutralization reaction.
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3.2 Cation ExchangeM embrane

In order to further simplify computational proceduas IEM model with fixed diffusional

layers will be introduced.

3.2.1 lon ExchangeM embranewith Fixed Diffusional Layers

Assumingideal mixing, according to equation (8)2here is no diffusion nor cwection term
(solution transport direction perpendicular to the surface of IEM is zero) in bulk solution.
However on the neslip boundary condition, there always exists a diffusional layer between
IEM and bulk solution. In this thesis, the thicknessiffidional layer is considered as constant,
equals 5(m, as illustrated in figure 3.3.

Bulk  Diffusional Diffusional  Bulk
Solution 1  Layer 1 IEM Layer2 Solution 2
I 3

&
>

.
v

Concentration (mol/m3)

|

|

|

|

|150,um B 120um JSD,um
€ > €

|

|

|

1

-
C

Distance

Figure 3.3: Schematic diagram of modelling of IEM with diffusional layers which have fixed
thickness ob0um.

The most important input parameter is mobility ofsamsolutiors and IEM. Table A shows

the ionic mobility according to the work {85]. Unfortunately there is no literature about the

mobility of OH in CEM. Thereforeit is assumed to be 1/10 of its value in water solution.

Moreover, H is not included in this modelue to negligence of water dissociation

Table 3.1: Mobility of different ions in CEM and electrolyte soluti§8b].

In CEM In Solution
011  0.2510°8 5.1910%  [m(Vs)]
0_a 015108 7.9110%  [m3(Vs)]
O 2.0410° 20.410%  [m?/(Vs)]

With these further simplifications and tremaient bulk solutions as boundary conditions, the
mathematical model has beset upand simulated by MATLAB using Newton methods for

nonlinear problems.
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3.22 Concentration and Electric Potential Profiles of CEM

Figure 3.4 shows the typical ionic concentration and electric potential profiles of CEM between

1M NaOH solution and sea water by open circuit at 25€C 0.1MPa. Theoretically, CEM allows

only cations passing through it, but due to the high concentraticratffe of Cland OH

between base and salt solution, transport efons! is inevitable. This is the reasoorf

crossover. Because of such spontaneous ionic transport through IEM, electric potential needs
to d6adjust itself d .iThatistkagadon theelectrib potential @&mssc o n ¢
CEM is not zero. According to simulation result, it she@SmV on the right side compared

with the left side. The physical meaning is that system automatically creates a negative electric
potential on itgight side to counter the ionic transport of OFhe sudden changes of electric

potential at the interface between electrolyte solution and CEM are two Donnan potentials.

Figure 3.5 is a series of discharging profiles. According to Faradays law (s&cfids), electric
current is carried by transport of dissolved ions. By discharging the direction of electric current
is from left to right. It is the samasthe direction of transport of positive ions like Nand
opposite to that of negative ions lik& and OH. That is the reason why ionic transport of OH

is getting smaller with increasing discharge current. In other words, discharging is like a
depletion process of OWoth in CEM and in salt chamber. And due to this depletion process,
the electricconductivity of CEM deteriorates. Although permeability of 8fough CEM is

very poor, however with very high current density, the accumulation” @i 6ase chamber is

becoming significant, which will change the property of base solution.

Unlike discharging, the direction of electric current by charging is from right to left, meaning
positive ions should be moving from right to left, or/and negative ions from left to right, as
shown in figure 3.6. That thereason why transport of N& getting smaér (or even shift the
transport direction) with increasing current density by charging. As well as accumulation of
OH in CEM and in salt solution chamber, because of crossover effect, the electric conductivity
of CEM improves with increasing charging mmt density, which lowers the overall internal
resistance of single cell by charging at the cost of leakage of the fuel. About the pros and cons

of crossover effect in CEM please check section 2.5.3.

1 Co-ion is any ion having the same charge as the fixed ion of IEM.
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Figure 3.4: Concentration and electqmtential profiles of CEM between 1M NaOH solution

and sea water by open circuit at 25€ 0.1MPa. Each ionic transport is labelled on
the diagram with the unit of [mol/@#s)].

3.23 Comparison with Experiment

Figure 37 shows comparison between measurement and simulation result of CEM b&liveen
base andgea watechamber.

(1) The measured OCV is indeed negative, but arodnaV. This maybe because the
difference between chosegalues ofimobility of OH and N4 (for simulaton) is not big
enough Thereforethe transport of Naalone(or combined with transport of ¢tould

counter the crossover of Otd balance electroneutrality on the right side.

(2) By discharging, the measurement and simulation resepiaratefrom each ther
significantly. The reason wihesimulatedelectric conductivity of CEM between base
and salt solution by discharginigterioratess the depletion of OHn CEM and in salt
chamberIn other words, electric current is mainly carriedttansport of Naand Ci
through CEM However,in reality, it seems that the concentration of GHCEM
or/and in salt chamber is high enough to lower the electric resistivity of, @iMh
means the crossover effect of Qslhigher in reality than in ntzlling.
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Figure 35: Concentration and electric potential profiles of CEM between 1M NaOH solution
and sea water by discharging at 25€C 0.1MPa. Each ionic transport iseldbal
the diagram vih the unit of [mol/(n3s)]. The direction of discharging current
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That is oneof the drawbacks using ideal mixing and steady state as assumption, since ionic
mobility and ionic activity are not constant in reality, and both relate to molecular interaction
which has direct influence from ionic concentration. Moreover, the boundaditon by
simulation is oO0Ofresh solutioné6é; this contrad
activated by Ch/DisCh for 1 hour before experiment, which changes the properties of testing

solution, especially in the case of discharging.
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Figure 3.7: Comparison between measurement and simulation result of CEM bétMéase
andsea watechambeiat 25C 0.1MPa

3.3 Anion ExchangeM embrane

Thechosen ionic mobilities are listed in tabl@.3Jnfortunately there is no literature about the
mobility of H" in AEM. Therefore it is assumed to be 1/10 of its value in water solution.

Moreover, OHis not included in this modeélue to negligence of water dissociation

Table 32: Mobility of differentions inAEM and electrolyte solutiof85].

AEM Solution
Oy 4 0.2510° 5.1910°  [m?(Vs)]
Ocm 0.1510° 7.9110°  [m?(Vs)]
O 3.6310 8 36310 ®  [m?/(Vs)]

3.3.1 Concentration and ElectricPotential Profiles of AEM

Figure 3.8showsconcentration and electric potential profiles of AEM between sea water and
1M HCl solution by open circuit at 25€C 0.1MPa. Due to the high ionic concentration difference
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and high mobility of H, there exists crosser effect of acid into salt chamber, and because of
that, electric potential on the right is relative lower than on the left. Figure 3.9 is a series of
discharging profiles. As with CEM between base and salt chamber (section 3.2), discharging
can be seems depletion process of"Hn AEM and in salt chamber. Therefore, electric
conductivity of AEM declines with increasing discharging current density. When current
density is high enough, there is a significant accumulation process of &ad chamber wibh
changes the properties of acid solution. Figure 3.10 is series of prefiliés charging.
Although by charging electric current can be carried by transport*pfdie to the high
crossover effect of acid, the electric potential between AEM is negatige of the time. This

low value of electric potential may benefit the overall charging voltage between single cell
(meaning better voltage efficiency), but at the cost of leakage of acid into the salt chamber
(meaning poor coulombic efficiency). Aboutkthiscussion of pros and cons of such leakage,

please check section 2.5.3.
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Figure 3.8: Concentration and electric potential profiles of AEM between sea water and 1M
HCI solution by open circuit at 25€C 0.1MPa. Each ionic transport is labelled on
thediagram with the unit of [mol/(As)].
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3.3.2 Comparison with Experiment

Compared with experiment as shown in figure 3.11, simulation of AEM shows the same
problem as CEM due to the assumption of ideal mixture, steady state and chosen boundary
condition. Nonetheless, as a qualitative asialythis model shows how the electric current is

carried by ionic transports, and hawwill affect the ionic concentration of solution chambers.
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Figure 3.11: Comparison between measurement and simulation result ofwiEMea water
and 1M HCI acicchamberat 25€ 0.1MPa

3.4 Bipolar Membrane by Discharging

Modeling of BP follows the same principlasmodeling of CEM/AEM The main difference
to the formeris thatchemicalreactionis involved. In this section, only discharging process will

be investigatedDetails dout modeling of charging process, please[$&E[36].

3.4.1 Bpolar Membrane with Fixed Reaction Zone

BP is relativéy complicated due to its complex structure. Figud23 a schematic diagram

of modelling of BP, which has two IENayers (BPCEM shorenal for Bipolar Membrane

Cation Exchange Membrane side and BPAEM &med fa Bipolar Membrane Anion
Exchange Membrane side) and one interface (shextas BP interface) in the bipolar junction

of the membrane where the anion and the cation permeable layers are in direct contact. In this
thesis BP interface iseated like a watefilm which is 3nm thick and considered having no
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fixed ions of any IEM. Due to the existence of water (either as product from neutralization

reaction or permeated from bulk solution), BP interface is believed consisting of three parts.

I onereaction zone, which is 1nm thick.

1 two diffusional layers between reaction zone and IEM, each has 1nm thick.

In addition, it is assumed that this structure and the position of reltimain unchanged as

well as neglecting of watenolecules

3.4.2 Reation Zone as DoublelLayer Model

Doublelayer model, whichvasintroduced by H. von Helmholtz in the mid00s, dictates that
there is a single layer of oppositely charged ions adjacent to a surface. Its main assumptions are
pointcharge model for ions, ettroneutrality and neglecting of electrostatic attraction of
counterions? and repulsion of cions [25, pp. 588592] This model has been significantly
refined byM. Gouy[37] and D. L. ChapmafB8], respectively, andvasfurther improve by

O. Stern[39] for the correction of finite ion size, which is known as G@&hapmarStern
model. Inthe Gouy-ChapmarSternmodel, tle region between surface and the Stern layer in
electrolyte solution is treated as Helmholtz dotlbieer (uncharged ), while the region
between Stern layer and a few Debye lengths is chatged (1) wheres' sdecays gradually

to zero as well as gdually changing of electric potential. Using PoisBmitzmann equation,
the Debye length is calculated as:

] o 8
—=Bd ® (331

where- is permittivity of medium which is exposed to electric fidldd® is concentration
of ion j far away from the surface. For a univalemnivalent salt in water at 25€C,
o  ©, where_is in nm and the salt concentration is in rhdHor irstance_  onm for

salt solution of 0.01M. For higher concentration, Debye length is so small that the system can
be simplified back to Helmholtz doublayer mode[26, p. 120]

In this thesisreaction zone in BP interda is treated as doublayer model. Figure 33
illustrates the doublayer model for describingeaction zone in BP interface. Due to the

There are many theories on the location of wapditting reaction inside of BP, but the position of neutralization
reaction zone is under debate. Inist logical to exclude the possibility of anywhere in or near BP except BP
interface, especially in BPAEM or in diffusional layer in base chamber due to the higher mobility of H

2 Counterion is any ion having theppositecharge as thether ions in suounding electrolyte solution (dixed

ion of IEM).
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aggressive neutralization reaction of&hd OH and slow mobility of Naand Cl as shown in

figure 313 (a), doulte layers have been created in which system has too many negative charges
(CI") on the left layer and too many positive charges)a the right layer as shown in figure

3.13 (b). Thereforeelectric potential on the right is higher than electric poatin the left,

and it drives reaction direction more favor to the wafsitting side according tSecond Wien

Effect [15] [16] or/andaccelerate the movement of N@om right to left in figure 3.3 (b))

and CIi (from left to right in figure 313 (b)). In other words,fimobility of Na" and Cli is zero,

electrochemical equilibrium causes the system to oscillate between situation (a) and situation

(b).

The electric ptential in double layers is calculated according Nernst equation
(microscopically speaking, Gibbs free energy transforms into electric work only pushag
to infinite far distance, see section 1.4.2):

D [ ) [N :)‘ T O
OO0 O 0L O —I — (3.32)
wheredd ando are the reagents of neutralization reaction in reaction zone.

In ideal conditionwhere Na and Ci cannot move, electrochemical equilibrium causes the
system oscillating beteen situation (a) and situation (b)) other words, the forward and
backward reaction rates are equdbwever due to the mobility of Naand Ci (although very
poor compared with Hand OH as listed in table 3), produced electric potential dagst only
push reaction to watesplitting side, but also accelerates the crossover 6fiNd Ci through

the reaction zone. The latter should not be excluded since the ratio of mobilitypofH to

that of Nd or CI is between 3 and Moreover, thetypical selectivity ofcommercialBP is
around 90%which meanshe otherl0% is just lostlue to crossovdi 3]. Thereforethis thesis
dictates that 10% of neutralization reaction energy is wasted dthe trossover ofions

throughreaction zone iBP interface.
0L O w00 O 4 (3.33)

With the above further simplifications and treating bulk solutions as boundary conditions, the
mathematical model has been built and simulated by MATLAB using Nemwgthods for

nonlinear problems. Further details about this model can be found in Apgndix
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Figure 312 Schematic diagram of modelling of BP with two diffusional layers contacting
bulk solutions, as well as one interface in the bipolar junction of the membrane
where the anion and the cation permeable layers are in direct contact.
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Figure 313 Schematic diagram of treating reaction zone as ddaler model. Due to the
aggressive neutralization reaction and slow mobility of & Ci as shown in
(a), double layers have been created in which system has too many negative
charges CI") on the left siddayerand too many positive charges (Nan the
right sidelayeras shown in (b). Therefarelectric potential on the right is higher
than electric potential on the left, and it drives reaction direction moreatatyor
to the watessplitting side.If mobility of Na" and Cl is zero, electrochemical
equilibrium causes the systeéaoscillaie between situation (a) and situation (b).
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Table 3.3:Mobility of different ions in AEM, CEM and electrolyte soluti¢3b].

In AEM In CEM In Solution
Ou g 0.2510°8 0.2510°8 5.1910°  [m?(Vs)]
Ocm 0.1510° 0.1510° 7.9110°8  [m?(Vs)]
0 3.6310°® 3.6310° 36.310%  [m?(Vs)]
QLo 2.0410°® 2.0410°® 20.410°%  [m?/(Vs)]

3.4.3Concentration and Electric Potential Profiles of Bipolar Membrane

Figure 3.14 shows the ionic concentration profiles and electric potential profile of BP with 1M
acid and base solutiday open circuitit 25€C 0.1MPa As with CEM and AEM there is a 50um
thick diffusional layer between BP and bulk solutitmthe following three main aspects are

being discussedonic transport, ionidlistributionand electric potential.
lonic Transport

Figure 3.14 is by open circuliut dueto the norideal permselectivity of BP, Nand Ci will
travel across the membraniis, although very small amount, wahift reaction equilibrium
to neutralization reaction side, whicitimately causgtransport and consumption of ldnd
OH'. Becauseof conservation of ions and electroneutralitiiere is no accumulation or

annihilation ofanycharge anywhereoby open circuit

"Bav Tt (3.3%)

On the left side of reaction zone:
0 0 0 Tt (3.33)

On theright side of reaction zone:
0 0 0 Tt (3.3)

Accumulation of salt inside of BR huge especially near BP interface. Thisedmot have
much influence on the Donnan potential inside of BP interface, but will enhance the possibility

of wasting more neutralization reaction enempuash Na and Cl across reaction zone.

One of the interesting phenomena iattinansport of Nais relativdy higher than that of Cl
which iscontrary tothe common sense that the mobility of "N smaller than that of Cin
solutionaccording to table 3.3. Thahenomenortannot be simply explained since it is the

consequence of many interactio@ne possible explanation is that the transport ofsHso
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good in BPCEM (compared with Olth BPAEM) that electroneutrality has to be rebalanced
by more Natransport.

2000 — | T T
Diffusional BPCEM BPAEM Diffusional
1800 (- Layer — - Layer -
Jietal = —5.42-10
1600 total _ 104 701 -
g ]&_a; = 3.36-10 — 783
total _ . —4
= ook Jel= 8.78-10 ]
| —
E ot =-8.78-107*
_E 1200 -
=
£ 1000 —_—t N} ———————
=
Q
2 sl .
S
O
600 - -
400 =
0
200 |
12
1 | I
0 0 1 2 3
=1 "Reaction | Distance (m) 10"
= | 768
=] | Zone
= | r e 550
E 0.5¢ 236 | ]
= 16 | '
= I e ot I
S0 - : ' -
3 3 nm -
BP Interface

Figure 3.14: Simulated profiles of ionic concentrations and electric potential of BP with 1M
acid and base solution both of which have 1% NaCl as impusitiepen circuit
at 25€C 0.1MPa. The lines with green, purple, red and blue colors are the profiles
of Na", CI, H" and OH, respectively. The black line is the profile of electric
potential with the unit of [mV]. The dashed line is the fixed ion concentration in
BPCEM and BPAEM. Each ionic transport has been labeled on the diagram with
the unit of [mol/(n3s)]. Positive direction is from left to right.

lonic Distribution

Due to the crossover of Nand Cl, concentration of Hor OH in IEM near BP interfaces
lower than that of Naand Ci.

If conservation equation is applicalH™:

o n 29 i T (3.3)

then n 2B i KO RNA TN (3.37)
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where’Q s reaction speed constant of neutralization reaction, which is eqpg I Tt
[m®molis?] [11], and watessplitting reaction is neglected since its reactipaesl constant is

too small (3.6310° [m®*mol's?])

and it is ame to OH

e
€

e ) i 0 (3.38)

Electric Potential
There are three main electric potential changsisle of BP:

(1) Donnan potential, especially inside of BP interface where a sudden change of

concentration of Hor OH is.
(2) Electric potential inside of reaction zone due todleetrachemical equilibrium.

(3) Diffusion potential across IEM due to higher mailof H* or OH compared with Na
or CI.

The electric potentiaisside of BP interfacdetermineshe main changes tieoverall voltage
In the following section, the most important influential parameters will be under investigation,

especially on how they influence the electric potential inside of BP interface.

3.4.4 Influential Parameters

Electric Current Density

Figure 3.5 is a series oflischargingorofiles of BP with 1M acid/base at 25€C 0.1MPa. Please
note that the direction afischarging current is from left to righandits value is negative

With increagng discharging current density, the electric potential decreases. The main decrease
is due to decreasingonnan potentials inside of BP interface. That is because theasicg
current densityncreases the concentrationrefictant i and OH) inside of reaction double

layer. Higher current density causes the problem of @&hsport. OFstarts to deplete near

BP interface more significantly than"H

L In this thesis, discharging current is defined as negative, while charging current is positive.

2 Since current density is proportional to neutralization reaction speed. The higher the currenttiertsigher
the reaction speed will be. This will increase the consumptiort ahld OH, which increases their concentration
inside of reaction doubllayer.
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Figure 3.15: Concentration and electric potential profiles of BP with 1M HCI and NaOH
solutionboth of which have 1% NaCl as impurities with increasing discharging
current densityat 25€C 0.1MPa.The lines with green, purple, red and blue colors
are the profiles of NaCl, H" and OH, respectively. The black line is the profile
of electric potential with the unit of [mV]. The dashed line is the fixed ion
concentration in BPCEM and BPAEMach ionic transport has been labeled on
the diagram with the unit of [mol/(fs)]. The direction of discharging current
density is from left to right.

Higher current density decreases crossover effect 0dNar since its transport can be treated

as leakage electric current flowing in the opposite direction of discharging current. Unlike
CEM/AEM whose main electric potential loss is due to its poor conductivity, BP shows a very
high conductivity, which leads to very small electric potential lossessaarembrane, which
further means the function of BP in the application of REDBP is a reactor, not for separation

purpose like traditional IEMSs.
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Figure 3.16: Concentration and electric potential profiles of BP with 0.5M HCI and NaOH
solution both of whichhave 1% NaCl as impuritidsy discharging at 25€C
0.1MPaThe lines with green, purple, red and blue colors are the profiles of Na
Cl, H* and OH, respectively. The black line is the profile of electric potential
with the unit of [mV]. The dashed lins the fixed ion concentration in BPCEM
and BPAEM. Each ionic transport has been labeled on the diagram with the unit
of [mol/(m?s)]. The direction of discharging current density is from left to right.

Acid/Base Concentration

Figure 3.16 is a series discharging profiles of BP with 0.5M acid/base at 25€C 0.1MPa.
Compared with figure 3.15, 0.5M has less crossovers and less significant accumulation of salt
at BP interface, indicating acid/base concentration has direct influence on the two. Especially
lower concentration of salt inside of BP will consume less neutralization reaction energy for
transport Naand Cl through reaction zone. With current, 0.5M has higher ionic resistance in
BPAEM compared with 1M due to the fact of lower concentration ofredemirrent carrier.
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