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ABSTRACT

The mlymer electrolyte menbrane fuel cell (PEMFC) is an electrochemical device used for the
production of powey which isa key for the transition towards green and renewable power delivery
devices for mobile, stationary and back power applications. PEM&Eonsume hydrogen andxygen

to produce power, water and heat The transient startip from subzero freezingtemperature
conditionsis a problem for the successful, undamage® unhinderedoperation. The generation and
presence of water in the PEMFC stack in such an environleeas tothe formation of ice that hindes

the flow of gases, causenorphological changes in themembraneelectrode assembly (MEA) leauly to

reversibe and irreversible degradation efack performance.

Sart-up performanceis highly dependent on statip operational conditions and proceduresThe
previous stateof the stack will influence the ability to perform upon the next stapt and operation.

Water generated during normal operation is vital and improves performancenvpinepedy managed

Liguid water present at shitdown canform ice ard cause unwanted stauip effects. Thisphasechange

may cause damage to the MEA agds diffusion medialue to volume expansion.Removal ofhigh

water content at shutdown decreases protoconductivity which can delay stamp times. The United
States Department of Energy (DOE) has established a set of criteria that will make fuel cell technology
viablewhen attained As specified by DOE, an 80 kWe fuel cell will be required by 2015db 506

power in 30 seconds from stanp at an ambient temperature 620°C.

This workinvestigatedreeze startup in a multikilowatt stackapproaching both shutlown conditioning
and startup operationgo improve performance, moderatiiel cell damaganddeterminethe limits of
current stack technologyl'he investigatiorinvolveda Hydrogenics Corpation 5 kW 506 series fuel cell
stack. The investigation is completeddaligh conditioning the fuel cell staup performance at various
temperatures rangindgrom -5°Cto below -20°C. The control of system starp temperature is achieved
with an environmental chamber that maintains thdesiredset point duringdwell timeand gart-up. The
supply gases for the experiment are condition@dambient stack temperature to create a realistic
environment that could be experienced in colder weather climates. Temperature cordgioido
maintain steady ambientemperatures during progresivestart-up in order to best simulate ambient
conditions. The control and operation of the fuel cell is maintained by the uadu#l cell automated
test staion (FCAT®). FCATSuppliesgas feeds coolant medium andtan control temperature and

reactant humidity in reactans according toa prescribed procedure for continuougperation The



collection of dataoccurs bythe same systemecordingcell voltage, temperatures, pressurdow rates
and current densities. A procedural stagp and characteration are conductedn orderimprove start-
of performanceand examingeactant flows, coolant activationrtie, stack conditioning and theffects
by freezing temperature Theresultingdegradation is investigated by polarization curves and various
ex-situ measurementsin this work it was found that freeze staiip of a fuel cell stack can laéded and
managed by conditiang the stack at shutlown and applying a procedute successfully srt-up and

mitigate the damagéhat freezingcancause
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INTRODUCTION

1.1. Objective

Fuel celswill have to be superior to establishéechnology in order tdboecome commercially viable for
everyday useFuelcell (FClechnology is an environmentally clean, increakimgnewableand astep
towards sustainable energy systems. Variougechnical aspects ardmpeding utilization of ths
technologyA y (i 2 R & G&ernieéhtS, V&8iduddustries and academiahich seek to overcome
current barriersby improving this technology and incorporate it into daily. lif@isproject seeks to aid

in the development of FC technology by examinthg influences of cold weather and sakro
temperatures on the current state of availabletechnology Specificallythe objective of this thesis is
start-up operation of a polymer electrolyte membrane fuel cell (PEMFC) from freezing conditions.
Suppressé temperatures influence the ability to generate power and from the water freezing and
forming ice.Experimens are conductedwith various procedural changes toeasuretheir effect on
performanceand developimprovedpractices.More specificallytie goas of this project are to improve
freeze startup performance measuremodes of degradation thatan occurdue to ice andsubzero

start-up andoperation and develop potential strategies that can mitigate or reduce their effects.

1.2. Format of the Thesis

This bapter breaks down the subject of PEM fuel cells by describing their basic theory, components and
systens that are used to operate and produce power. Qthe subject of waterthe critical role and
reason it is necessary within the fuel cell is review@frther investigates the role of water but in
reference to freezing where water can form ice ahe methodsthat can be usedo mitigate damage.
Odiscusses degradation that occurs from operating the stack beth result ohormal operation and

from a sub-zero freezing environmenbintroduces theexperimental instrumentation and procedures
used to condition and staip the PEMFC in st#ero environmentsOpresents the results of the
experimentaltesting and highlights and discesskey findings. FinallyQ will provide conclusions and

recommendations on the current work that has been completed.



1.3. Transitionto Fuel Cells

Hydrogen has recently beatescribedas a keyesourcefor use in societyto transition towards a more

secure, environmentally sustainable, economically viable and vital energy fliturEC adoption has

been forecasted as a means to stem and reverse the effects of global climate change and move towards
improved environmental and sustainable practic€be versatility of 7drogenis illustratedin terms of

its many different forms of generation and its ability to generate powéydrogen fuel can generate

power without carbon emissions in various forrtes reducegreenhouse gas emissiorige adoption of
hydrogenas a resourceK & 0SSy O2AYy SR 2ivkEFheadiedoR thH@lIScyl inSa02 v
hydrogenfueled economy is equivalent to the internal combug y Sy 3Ay S Ay -bésédRl & Qa

economy.

The advantages of FC technology make it promising for implementation.tRé@sieneration of power
by an electrochemical reaction produces electricitfhermal combustion systemsseek to produce
primarily heat to drive a mechanical piston or motoiThe motion of the motor can then be used to
produce electricity. At eachktage ofconversion some of thgeneratd power is lost.Theefficiencyof
combustion engineis governed by theCarnot cycle which yields the maximum attainable power
produced fromcombustion. Theoretically FC power generation can surptss limit by the direct
conversion of electrochemicalnergy to electrical energySecondlythe reaction inside the fuecell
produces pure wateonly and a small amount of waste healhe power generatiors therefore very
cleanwith no harmful emissionor by-products produced Third a FCcan be flexiblydesigned to suit
large scale installatianin the megawattrange for multiple homesor smalker personaldevices in the
watt range. Fourththe operation of the FC is quiet with no moving pastsich lowersmaintenance

requirements and improveseliability.

Varioustypes of fuel cels exist such aslkaline, polymer electrolytemembrane,solid oxide, molten
carbonate whictare classified in terms a@he nature of the electrolyte The selectiorof the appropriate
type of FAs based on the operating criterend desired fuel utilization. PEMFC are desired for their
ability to be usedin any setting from powering large scale installationt® small scale devicem

stationary ormobile applications

The future vision of an economy powered by hydrogeffeasible and in reality a step towards an
environmentaly sustainable future. Engineers @nscientists seek to aid in the research and

developmentnecessary for its successful introductiamo society. Hydrogen FC technologidsave



dramatically improvedcell performance by increasingower density, reducing costs andhproving
operating rangse [2]. The increase ingerating temperaturesiasreducedthe need for coolingand led

to better operating perfomance[3]. Increasing performance while deassng precious metal loading
and substituting different catalyss on electrodesdecreasesmanufacturing costs [4,5]. Redudng
productioncost will easethe adoption of FCtechnology making itmore accessiblandfavourable It is
inevitable that performance wildegradeduring the life of a fuel cell due to irreversibldecay of
electrodematerials Fuel celldurability was a majoprobleminitially, but has recently improved so that
lifetimes ofmore than 5000 hrs for mobile applications and,800 hrs for stationary applicans have
been achieved6]. The current state oFCtechnology has madsubstantial progresérom its initial
stages so that the objective ofproducing a stable and economically viable technology for

implementationis close to realizatian

1.4. Operation of PEM Fuetell

Thebasicoperation of the fuel cell systerand in-situ measurements of performanaee described in

the following sections

1.4.1. Principles of Fuel Cell Operation

The state of water in a fuetell is importantfor its performance If the water produced is a
vapour, then lessenergy iggenerated by the procesf0-1 shows the standard enthalpy change
and cell electromotive force foithe production of liquid water while (0-2 shows the
corresponding values when vapour is generafEldese differences shothat the production of

liquid waterreleases more energy

Hy+20, » H,0uqua N | €85KI mdh EO = 1.23V ©-1)

Hy +20, > Hy0pqpour N1 B1KI o EO =118V 0-2)

The measure of performance of the fuel cell is critical for qualifgimgquantifying effects of
variousfactors such as activation losses, ohmic losses and concentration overpaotdingal
electrochemistry of fuel cells @milar to that of batteriesexceptthat batteriescontain afixed
amount of material that is used in the production of powén the aher hand reactants are

not stored in fuel cells and instead are continuously suppliedthis way, they operate



continuoudy to produce power and do not requirerecharging orreplacement ofthe power

source.

Afuel cellis made up ofhree elementary omponents known as electrodes, an electrolyte and

a load.The electrolyte transports the necessary protons for the reactitydrogenoxidationto
protons and electrons occurs at the anode. The reaction between protons, oxygen and electrons
occus at the athode. A simplified schematic of teereactiors is shown inFigure0-1 . The
electrons generated at the anode are condedtto the cathode through m external loadto

powera device.

H2 O2
— <
Anode Cathode
Electrode Electrode
Electrolyte

FigureO-1: Galvanic cell representative of tireREMFC

Hydrogen $ continuouslyfed to the anodeto reactat a precious metal catalyst to form protons

and electronduy the halfcell reaction

2H, = 2e™ + 2H* (5q Ejcoc = 0 Vsyg (0-3)
The electrolyte is electrically nesonductive which allows the electrons to be directed through
an external circuitThe protons travel through the electrolyte to the cathode where they react
with oxygen and ectrons to form water according to the haidéll reduction reactiorgivenin
(0-4:



0, + 4H* (o) + 4™ > 2H,0 ) ESoc = 1.223V (0-4)

The two haHcell reactiong0-3 and (0-4 combineto yieldthe overallfuel cellreaction:

2H, + 0, - 2H,01iq) ES.oc = 1.223V (0-5)

In theory, the maximum cell voltage potential ah operating cells 1.223 [V]. This potential is

related to the activity of products and reactants by the Nei(0s5:

RT Py,0

E=E°——In
2F szpolzz

(0-6)

The actual voltage generated in an operating fuel cell drawing current is alewags then this
value.Loss occurs as a resultaléctricalresistancesoverpotentials (activation, chmic and mass
transport) and reductions in thermodynamic driving fotbat inhibit the generationof power

and lower theperformance.

1.4.2. PEMFQ®erformane

The performance of the system diffefrom the ideal as a result ofoperational lossesThe
processesn a fuel celinvolvetransport, adsorption, diffusiomeactions anddesorption all of
which contribute to a decrease in performancé&he kinetics ofthe oxygen reduction reaction
(ORRat the cathodeis slow and tends to be rate determining and control theistance in the
fuel celloperation[7]. The cathode can be suppliedth pure oxygenalthough air is typically
used Theuse of airat the cathode lowers the partial pressure of oxygan reduceghe extent

of adsorption Therefore, the reduction in performance is confounded by the decrease in
concentration since the ORR is already ragéedmining Water is also generatedt the sites
where oxygen adsorb&Vater must leaveand/or evaporateto free the catalyst site before the
reaction carresume at thesite. The GDMhat assists gas transfer can also hinttez reaction,
sincewater can ill pores and block the transport of fresh gas to actieactionsites. The GDM
can become so watdilled that flooding of the diffusion media leads to a lack of available
pathways for gas transporiSince boding leads to poor performance or evell failure,
attention to thermal managementand water management(0) is necessary for fuel cell

performance.



One of tle main metricsof FCperformance is golarization curve(PC).Figure0-2 shows the
relationship between the current density and the output cell voltage. A PC normally exhibits
three main regions where activation polarization, ohmic polarization and concentration
polarization become dominant. céivation polarizationis dominantat low current densities
(Area 1). At increasingurrent density both activationpolarizationand ohmic polariz#on start

to effect power generation(Area 2. At sufftiently high current densitiesoncentration

polarization becomes important as the current approaches a limiting level (Area 3)

¥ Theoretical Maximum Voltage

©

Ohmic
Polarization

Concentration
Polarization

Cell Voltage (V)

Activation Polarization

Current (1)
Figure0-2: Polarizationcurve performance of a fuel cell

1.5. Introduction to Polymer Electrolyte Membrane Fuel Cell

This section introducethe basigrinciples anccomponents ofa polymer electrolyte membrantiel cell

(PEMFC3ystemin order © understandts basicoperation.
1.5.1. Fuel Cell Components

A FCsystem containshe components shown ifrigure0-3. This includes &ipolar plate typically
with channels routed or moulded into the plate for gas transport and distribution.pl&ie also
acts as a current collector and distributeBarge a&ross the surface. Thgas diffusion media
(GDM)is a layersituated next to the bipolar plate. The GDdstributesand removesreactants

and productswhile providingmechanical support to the membran&he local areas around the



channels where théipolarplate and the GBI contact each other are known as land$ie GDM

is a porous material thadlelivers gasinto the fuel cell. Thgores/channels carry the gas and
distribute it across the surface of theEM On the other side of the GDM @&gasimpermeable
PEMwith an WS f S OsufaBeRdtnfosed ofcarbon support for a platinum precious metal
composite catalystThe side of the PEN4 the electrode(anode or cathodeyvhere one ofthe
electrochemical reactiongakes place. The membrane conducts protons froitihe anode
assembly to the cathodassembly and inhibits electrical conductivity between the two sides to
keep the reaction from shottircuiting. The combination of the membrananode layer and
cathode layeris commonly referred to as the Watalyst coat® Y SYOo NI ySmte o6/ / a0
combinagion of the membrane electrodes andGDM is commonly called K $hemHtane
electrodeassend f € Q HEaeh%itevoffthe CCM is in contact with a GDM and bipolar plate for
support and gas deliveryfhis sequence of components ates a cellCells are layeredupon

each other to form multiplecell systers known asa stack.The number of cells in the stack is

desigredto meet the desired application.

STACK

CELL

&

Hydrogen I -~ ’

' - 1

hipolar plate ./. d
I
anaode \

palymer electralyte AT | T
membrane  cathode _
bipolar plate

Figure 0-3: PEM fuel cell stack geometry[8]

1.5.2. Endplates

Two endplates of the fuel cell, whether it contains one anore cells are necessaryto provide
the desired structure and rigidity of the stack. Tlemdplates get their name for being at the

outer ends of the stackEndplatesalsoenable connections for supply and removal of reactant



and productsby a gas manifoldEndplates arealsoused tocompressthe stack at the desired
force and prevent any structural damagdbat may occuras the internal components are more
suscepible to shock and damagerThe stack is compresset increase electrical contact
between components angreventinternalmaterial componerg from warping Typicalendplate
materialsare stainless steelaluminum magnesium or other allogr carbonbasedcomposite
materiak. Thetype of material used is an important consideration as ¢nelplatesmakeup the

majority of the weight of the fuel cell stack.
1.5.3. Insulator

Aninsulating material is placed inside the fuel cell stack between the endplates and the current
collecting plateto prevent passage of anyelectrons. Insulatols keepthe endplates from
generating any potential dransferringcurrentto the surrounding. The insulator is generally a

plastic material that is light and easily manufactured at a relatively low cost.
1.5.4. Bus Bar

Two bus barsor current collectorsare located between the insulator anthe first and last
bipolar plate. The bus bar is the interfabetween the current generated in the stack and the
external load that is being suppliedth electricalpower. Thebus baris an excellent electronic
conductorwhich isnecessary tdransfer all the electronsgenerated from the reactionaking
place The ontact between the bus bar and the bipolar plate must be uniform with no
separation as any spaces or gaps inifeaseresistance and losses power delivery Copper,
brass or highlyconductive material iscommonly used The bus barcan be goldplated far
increased performancdi.e. greater conductivityand corrosion resistangedepending on the

costand performancealesired
1.5.5. Bipolaror flow field plate

The bipolar plate ipositioned along the bus bar and cell internal components, repeated
betweensubsequent cells in the stackhe desired light weight bipar plate material is typically
graphite, a coated metal or composite materiBipolar plates provide rigidity andmechanical
structure for the cellsto be compressed evenly. The electrical coctdiity of the material
provides conductance in seri¢s other cells that makeup the stack The materialmust be

chemicaly stableto reducing and oxidizingnvironments for durabilityLow gas permeability



keepsthe fuel and oxidant separate whildistributing the gasesevenly over the celbnd
removing by-products in the flow fielcs. The bipolar plataypically has formed channels and
pathways for the gas to flow warious patternsinterdigitated meandering, parallel, serpentine
or other types offlow path configurationsCoolant can be circulated into the bipolar plates that

have internal channel® remove and distribute the generated heat
1.5.6. Gas Diffusion Media

The @sdiffusionmedia (GDMj)s a porous structurgypicallymade fromcarbon paper ocarbon
cloth [9]. The GDMenablesthe distribution ofthe gas reactant over the interfacial area of the
membrane and controls the movement of water by having both hydrophilic and hydrophobic
properties. GDM coducts electrons from other cell reactions towards or away fiibm bipolar
plate forthe process tgropagate. The Gi consists ofa three phase boundary where wate
gas reactant and solid phageteract. The porous nature of thenaterial enables transport
between the bipolar plate and membrane surface Water is transported away from the
membrane while gasreactant is transpoed to the membrane. The pores in the GDMe
distributed in size and shape, causing regiof the pores to be wateffilled or opento gas
transport. The GDM can be chemically treated to inhibit or assist in the removal or retenfion o
water. One type of treatment for hydrophobicity is with materials such as
polytetrafluoroethylene (PTFE2] which causewater to be removed faster through the media
and improvethe performance at higher reaction ratéd/ater content in the celis controlled by

the cell components and the amount stipplied humidityin gas reactantsThe GDM is typically
treated along the layer that lies against tmeembranewith a special layeknown as the
microporous layerThe main purposes of the GDM are to contta reactant distribution to the

electrodes and aids in management of the water content of the membrane.
1.5.7. Microporous Layer

The microporous layer (MPL) is a componeetweenthe GDM and the catalyst layé€L) The
MPL beneficial improves fuel cell performandd)]. The purpose of the MPL is facilitate
removal of waterfrom the CLin and thereby increas¢he electrocheméal active surface area
(EASA[11]. The typical material selected is a highygrophobicmaterial such as PTFE. The MPL

assiss in the separation between the CL and GDM pores where water may collaid



separation allows for operation at highetemperaturesor pressureso that more evaporation

and easier transport of water can occur.

Membrane CCL MPL GDM
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Figure 0-4: PEM cell internal showingmicroporouslayeralong gasdiffusion media andmembrane
electrodeassembly{12] (with permission from Taylor & Francis)

1.5.8. Membrane

The membranein PEMfuel cell is asolid polymer with strong acidi¢e.g. sulphonatekide
groups A typical materialis sulfonated tetrafluoroethylendbased fluoropolymercopolymer
(PFSA)In the presenceof water, the membrane hydrate and conduc$ protons for the
reactiors to occur The membrane contrethe movement of ions from eleatde to electrode,
separatesggasreactans and electrically insulatethe electrodes from shortindf the electrons
were to flow across the membranghen all the generated electrical power would remain
contained in the cellThe membrane must be chemically stabiéoth a reducing anaxidizing
environment. The membrane material should have mechanical strengibrdar to survive

pressurespikesor gradientsto which it may be subjected
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1.5.9. Catalyst Layer

The membrane is treatedvith a catalyst layer €} at which the oxidation and reduction
reactions occufFigure0-5). The catalyst can bacorporatedby different methodswith various
components but is most commonlymade ofplatinum and other precious metalsPlatinum is

the best catalystat the low operating temperatures of PEMFCs and is used at both electrodes
TheCLnext tothe anodeenhanceghe oxidationof hydrogento protons and transfers therto

the membraneby structured support sitesThe cathodeCL allows protonsand oxygento
combine with electrondo form water. Thecatalyst is generally applied to the membrane on a

carbon support structure that immobilizesdttatalyst particles.

The active sites in the cadre located at thregphase interfacial regiwhere the supported
catalyst contacts carbon for electrical conductivitignomer for protonconductionand gas
diffusion pathways fohydrogen and oxygemhese areasvhere the reactiors occur areknown

asthe Hectrochemicalctive QurfaceArea (EASA).

kY Iono\mefu Catalyst Particle

= Carbén Substrate
Carbon Paper Support

Figure 0-5 Catalystlayerstructure

1.6. System Operation

Various systemsare usedto maintain and manage the state of operatioair supply, fuel supply,

thermal management,water management andhower conditioning. The process diagram is displayed

below inFigure0-6. Each of these system componentsist beintegrated together in order to operate

and maintain tha=Cstack.
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Figure0-6: Fuelcell systems

1.6.1. Air SupplySystem

The use of air as a source of oxygen redstesage requirements and reduces energy usage for
fuel processing. Aiis directed tothe cathode by a blowein smaller systemsor by gas
compressrs in large systern [13]. The pressure of the system varies depending upon the
desired power density for the mode of applicatiofihe aircan be hydratedto control the

relative humidity and water content of the system.

1.6.2. Thermal Managemesystem

FCoperation generatesheat as one of the products of the reactidmproperly managed heat
canraise the system temperaturkeading to performance loss and degradatidrhe thermal
management system is usdd cool and maintairsafe operating temperatureChannels are
machined into khe graphite bipolar platesto permit the circulation of &luid to remove or
introduceheat depending on the systerstate anddesign.Thethermalmanagemenisystemcan
contain a heat exchanger, pumpe-ionized DI) water polisher, particulate filters and flow
meter. This enables heat to be captured and usedneet the desired needs of the applizan

or emitted to the surroundings.
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1.6.3. Water Management System

The presence of ater in the fuel cell stack is necessary for the reaction and caiedt the
stack by various, internal or extermalethods which wilbe discusseth 0[13]. Hydration of the
stack is necessary for durability and performance as water is used as part of the elecirogyte
fuel can be humidified in order to deliver water to the sta@kateris dischargedrom the stack
by outlet gas flowsand/or into the coolant when using porous plat¢$4]. Dischargedvater is
typically captured bya device to deliver humidified gasr water at a future timeor in other

applicatiors.

1.6.4. Power Managemefystem

The power generat by the operating FC createsdaect current (DC) that can be distributed
directly to suitble applicatiors. Scaling thesizeof the fuel cell system can k#doneto deliver
power variations as requiredPower converterare used to modify voltage when the delivered
stackvoltage does not match the applicatismequiremens. An inverter can be employed to
convertthe output to alternating current (AC) for applications requiring this form of powke
use of a power management system also aids the FC by adding a lepstettion and

isolation of thefuel celland its load2].

13



WATERMANAGEMENT

One of the major benefits of fuel cell technologythat water is essentially the only emitted product
The generation of water in the fuel cell hamnydrawbacksas well adenefits If improperly managed,
water accumulates in the cé#l) andor stack hindering operation and performangs]. The PEMFC is
generallyoperatedat ambient pressures and ngperatures lower then 100°[2]. As the temperature of
the fuel cell staclapproaches the boiling point of watemater tends to vaporizeThe presence of water
is necessaryor PEMdurability, transport of protons through the membranand the electrochemal
reaction to occuf12]. Management and controbf the amount of water present is therefore necessary

for optimum cellperformance.

CCL MPL GTL
: Y
}}‘ s Air
Droplet on
GOL surface
Condensed Preferential
water pore

FigureO-1: Watertransport in fuel cell componentgL2] (with permissions fromTaylor & Franc)s

Water generatednside the fuel cell can accumulatetiie MEA gasdeliverychannds or inside the gas
manifold (Figure0-1). The rate of water productiorat the cathodeis proportional to the operating
current (I) Anincrease in thgpower drawcauses atincreasein the rate of water productioraccording
G2 CI NI RL)RWh&nthie hegerogeneous catalyst sites become blockgdvaterthe resistance
due to the chemical reactio will increase. A decrease influx to the electrodes reduces the

concentration of reactive speciesausing a decreage the yield of the reaction

14



NWater, production — E (O'l)

Water contentin the cellis to bemaintained at or within a certain range foptimal performance[12].
The operating temperature canalso control the distribution of water in the stack.tAower
temperatures the amount of liquid waterpresent will increaseAreas of the fuel cell that become
inactivedue to floodingcause other local areds a cellto operate athigher current densities order to
maintain the overall current When thesupply of reactantto the local area haltsthe reactionmay
proceed in the reverse directioiCell reversatauses operatioms an electrolyser producing hydrogen
and oxygerinstead oftheir consumption The adjacent cellsnay drive the reversed celproviding the
necessary powerAt high operation temperaturesvater will evaporateand enable faster transparAs
the ability to transport water increases, the rates of water removal will increbkmvever, if this
becomes excessiyalrying can occur andeduce proton conductivityand thus increasehe cell
resistance As the membrane dries outhe gaspermeability rate is affected An increase in gas
crossover between electrodewill reduce the efficiency ofuel utilization [16]. Optimal operation

requires that theappropriate amount ofvater be present in the fuel cell.

The movement and location of water in tlieel cellcomponentsis an important factor forthe water
balance Four main factors a#fct the content of water in théuel cell generation, electrabpsmotic drag,

backdiffusion and humidificatiopwhich willbe discussed in Sectidn?.
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Figure0-2: Examplepolymer membranestructure of PTFE with PESA copolymer

The PEMmaterial perfluorosulphonic acid (PFS@Jigure0-2) contains hydrophilic groups as well as
hydrophobic groupsThe PFSA polymer can be describethidgrms of two componentshe backbone
and the side chainsThe membranebackbonewhich is elated to polytetrafluoroethylene (PTFES

highly hydrophobic The sulphonic functionaside chainsare hydrophilicand will saturate in the
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presence ofwater and form water-filled regions Figure0-3). Thewater-filled regions create channels
and pores that can carry protons across the membranéhe water-filled areas becomeacidc

environments from the donation dhe sulphonic acigroton.

Perfluorosulphonic Acid Polymer Membrane
-(CF-CF,),-CF-CF -
O-{CF,-CF-0),-CF-CF,-S0,H
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1-50y

: protonic
charge
Carrier

T HO

Figure0-3: HydratedPFSAnembranestructure [17] (with permission from Elsevier)

Water can be managed by choositige appropriate materialor treatments onthe componentsin a
fuel celland by proper operation of auxiliary componenis the system[18,19]. Stacks are constructed
with cooling plates between or along a number of celts control temperature during the
electrochemical reaction. The coolant temperature can be controlled by auxiliary equipaikenting
for the removal of heat during agration. Whenga®ousreactants are recirculated fancreased fuel
utilization, a gas purge is conducted to removmpurities that can accumulate during operation. The

exhausted gases contain a high level of water and are generally supersatuitiidjwid droplets

The control and management of watés necessary formaintaining continuousoperation as the
membrane is required to stay hydrated for achieving long lifetifi€. Cycling humidityevels leado
repeated drying and swelling of the polymer membrafepeated swelling and contraction of the
membranepolymerslead to mechanical wear anthn reducemembrane integrity Water management

becomes criticaluringenvironmental effects with xposure to freezing temperatures.
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1.7. Water Content

Water content helps to improve stack performance by decreasing resistdneeto poor oxygen
electrocatalysis, an increase in the resistance in the catalyst layers and an increase in membrane ionic
resistance20]. Theamountand transport of waterare mainly controlled by four different mechanisms
(Figure0-4). Water is formed at the cathode during power productidPeheratiorQWater travelsfrom

anode to cathodeviathe second mechanisof water migrationi.e. ®lectro-osmotic dra@ The increase

in water concentrationbetween cathodeto anodegivesthe third mechanisnof Wack diffusionQ The

fourth mode of humidificationis controlled externallyby the presenceof water in the gasreactant
streamswhich carry water into the ceddindthe product stream which carry water out of thelcé hese
mechanisms musbe understood for the proper operation of the fuel cillboth normal andfreezing

environments

Generation

The generation of water occurs at the cathoddocally at a three-phase interfacebetween stack
components Generated water cameside atthe CL active sitemove into and hydrate the membrane or
migrate into the GDMand out of the cell Increasingcurrent density increases theate of water

generationandthereforeincreasethe necessary water flow raté0:2), i.e.

I
N = — 0-2
HZO 2F ( )

ElectrocosmoticDrag

Protons are necessaryp complete the reaction ((0-3) and are transferred from the anod® the
cathode. The transfer of protons through the membraseeursin conjunction withwater. The potons
positive charge attracts the waters dipol@haefore, protons moveacrossthe membraneand drag
water molecules along with thenThe electreosmoticdrag coefficient gives a measure tbe number

of water molecules that travel across the membrane psoton. Zawodzinsket al. estimated that 0.9 to

3.4 [HO (HY] are draggedor pulled across the membrane depending upon the type of membrane
employed[21].
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BackDiffusion

The concentrationof water at the cathode is highr than at anode due to generation, and electro
osmotic drag. Theoncentration gradiencreates a situation where water wiitavel back acrossthe

membrane from cathode toanode in order to equalizethe gradient. The net m@ement of water
moleculesis from the anode towards the cathode due to thelectrochemicafeaction.Back diffusion is

undesiredas itinhibitsthe desiredmovement of protons from anode to cathode

Back diffusion can bmanaged bycomponent material selection and water management. Selecting a
thinner membrane will decreasethe required path lengths making it easier to travel across the
membrane decreasing thénternal resistance A thinner membraneaids in thetransport of protons
from side to sideand, but alsodecreases the membrane resistantte gas pressure differentials and
aging.The GDM can be selected with wettipgpperties to enhance water retentioidumidification of

the anode electrode also directly increaghe water cntent at the anode All of these can increase the

concentration at the anodand decrease the gradient
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Figure0-4 Water movement across PEMFC membrane
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Humidification

Water in thegas reactant is necessary fomoper water management depending upon the desired stack
application and the components useWater can be supplied and removed from the fuel cell by the
inflowing gasreactant To encourage the generpfopagation of the rea@n, humidity is supplied to
keep water leveldigh within the membrane.The flow of @s reactant ito the bipolar platescauses
conditionsto differ betweeninlet to outlet. Inlets typically see the driest and coldest flows the gas
flows through the channels and across the MEA&ait pickup heat and waterThiscauses the water
content and temperatureto change across the MEAirface Localchanges of temperature and water
content across the membrane surfaeffect local performance andnembrane life Humidifying inlet
gases camid in equalizing thevater gradientacross the MEAs surfaeed decreasethese effectsThe
anode is generally humidifietd a greaterextentthan at the cathode to increase thoverallnet transfer

of protons aiding electro-osmotic drag, decreasingback diffusion and preventing the anode from
dryingout. A fuel cell stack is operated with excess reactalfitthe excess reactant is below 100%, RH

then it can aid in water removal.
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FREEZM ANAGEMENT

Environmental temperatures arenaobstacle to PEMFC operatiand implementationsince the
conditions surroundingthe stack can causeresidual or generatedwater in the stackto freeze As
previougy discussed in Chapter, 2vater managementis extended here inthe context of freeze
management Operation will be obstructed if water forms ice within the stack. Therefore, proper
management of startip, operation and shutiown of the stack prevents the accumulation of water and

the formation of icen the stack.

The formation ofgéeimpedesoperation in turn causingreversible and irreversibldegradation andhe
possibility ofstructural damage Sart-up operation of a fuel celvith the hardwarewithin the stack
below the freezing point of wateis of particular interest sincany water that comes into contact with
the stack may freezelhe temperature of the stack components musise abovethe freezingpoint in
order for water to exist inhe system in diquid state The abilityof the stackto startup and operateat

sub-zeroconditionsis limited, asiceinhibits gas reactant delivergis well as blockingiater removal

The presence ofe in the stack can blogkactantchannels angores in the GDMand/or remain on
the catalyst layer(CL) FigureO-1 shows the GDM layer with liquisresent distributedthroughout the
media[22]. The wrrent technologywithin the stackcan allow forwater to freeze irand alongparticular
stackcomponentswith variable temperaturesThe CLand the membrane are of particular intereas

these components interact with water and affect the formation of ice

Freezing poinsuppressioroccursin the CL as a result of the Gibbsomson effectTheGibbsThomson
effect arises due to the facthat small crystals of lquid freezeat a lower temperature than the bulk
liquid. Thefreezingpoint depression isnversely proportional to the pore sizas snaller water-filled
pores remain in a liquid statehile larger poreswill freeze Ge and Wan{3] investigated the influence
of freezing temperatures atart-up on the Cland foundthat water can remain im liquidstate even if

the temperature deviates by anuch as 1.0 £.5°C from thenormal freezingpoint.
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FigureO-1: Water presenton gasdiffusion media [22] (with permissions form Elsevier)

The adsorption of water in the PEM will vary with temperature leadingtdtiple states of hydration
[24]. This lead$o multiple pointswithin the membrane wheréce mayformation. The various pore sizes
and structures of the membrane lead tahe water freezingat different temperatures. Waterin small
pores and/or channels insidine PEMwill not freeze due to the presence tifie sulphonategroups
preventing water from formingts crystalstructure. Yoshida and Miurf25] investigated and classified
the water in the membrangand found that it can exist afiree different statesfree-water, freezing
bound water and norfreezing water.Freewater behaves as bulk water and freezes atsubzero
temperatures Freezingbound water forms ice after a minimum subzero temperature hasbeen
achieved. Noffreezing water remaisiin a liquid state andllows startup of the PEMFC asub-zero

temperatures.

The membane has a distribution gbores andchannelsthat can fill with water andreeze depending
upon their size and temperatuif26]. Nucleationof wateroccurs near the centre where the influence of
the sulphonate groupss weakest Qrystal growth causes a freezinfjont to expand towards the outer
edgesincreaseghe acidc content of theremainingliquid water. The ron-freezing waterthat remairs
present conductprotonsat temperaturesdown to-120°C Freewater provides the protorconductivity

in the PEMenablingstart-up. These resultsvere confirmed by Ge and Wang23] who also measured
the high frequency resistance (HFR) of the membrane duriegposure tosub-zero temperature
exposure.Ge and Wandound that HFRresistance increases as temperatutecreass, indicating that

there are variations inthe freezing point of water within the membran@his is an important factor as
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liquid water remaining in the PEM at multiple temperaturesenablesoperation to occur even at
substantiallylow sub-zero temperatures.Mukundanet al. [27] observed that during low temperature
conditions the membrargeproton conductivitywill increaseat lower water contentsThis may be the
result of a low water content increasng the ratio of sulphonate groups causing more pathways for

transport to be available.

The important issue fofreeze operationis directly related to the amount of water that the fuel cell
contains atshutdown and the necessary time to heat the fuel cslack above freezing conditions
Elimination offree-water, freezingbound and nonfreezingwater from the fuel cell will increase the
PEM water capacity at stadp and reduce the necessary enthalpy requirement for heatkay. a
successful transierdgtart-up the temperature of the stack must rise above the latent heat of freezing
before the level of accumulated ice hinders the supply and exhauga®feactantSuccess ia freeze
start-up is related to the cathode CL and the cathode Gdhility to remowe product water before and
duringsubzero temperatureexposure[28]. Water removal at the cathodis the main factor as the ORR
limitation can become compounded during stai by the generation of ice that further inhibits catalyst
activity by blocking active catalyst sitg29]. The pore volume othe cathode CL has been shown to be

linked with the water generation rate artte ability to start-up undersub-zerotemperatures[28].

As gases areirculaed through the fuel cellwater is carriedaway from theCLand cools It may be
possible to remove enerated water prior to the formation of ice Water may exist as supeooled
liquid on the CLdepending on the state of the system and stored latent heat that will facilitate
transportation[23]. Water can be removed as a vapouinut the amount of water that can be carried
away will be reduced by the temperatuoé the gas Transpotation of exhausted watefrom the CL into
and throughthe GDM can occur by ordinary diffusiand/or by Knudsen diffusioaf gas reactant flow
Knudsen diffusion occunwhen the speciestraveling through a pore frequently contaxthe surface
walls leading to a greater amount of heat transfdihe $ower diffusion will increase the amount of
time available for heat transfer and may lead ¢ontact with ice orthe formation ofice seed crystal

along the channel or pore wall

Areas where ice occurs mayow as a result othe water movementand ice agglonmation. Areas that
exhibit ice growthare known as ice lens or frost heavéss water expands as it freeze$Shetransition

of water to ice causes volumetric expansiorfiorcing an expansion of the local areghe frost heave
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stresses thesurrounding cellcomponentsand can lead tgpermanent separation of tle layers and

changes in the poréshannel structure.

The management of water shutdownwhen exposedo freezing conditionss bestapproached by the
removal of water fromthe PEMFC during operatiolVater can beremoved from the cell by reactant
humidification flows and gas outletrecirculation. Agas purge with a high concentration ofiry gas
reactant can remove residual watéy humidifyingthe outlet gases The removal of watepccursin
sequencefrom the bi-polar plate channes, GDM and CL until substantially dryat which point the
membranewill dehydrate The removal of water bgasreactant purge has been shown to occuraa
constant linear rate until most of the water has been removed, amdetacuation of water from anode
to cathode is rate limiting30]. Ito et al. examined the removal of watdrom the GDM and MEA and
found that it occurs im sequence oftages: through plane anid-plane drying of the GDM, 4plane
drying of the GDM andrying at the channel interface between the GDM and membr@eL/CL)and

then removal of water from the membran@1].

If sufficient heat an be generatediuring startup of the PEMFBefore waterbegins to freezethe FC

can reach nonfreezing temperatures allowing full operatiofigure 0-2 showsthe start-up process
where water is initially produce@long the EASAnd freezeswithin the pores.The main factes

influencing the starup are the start-up temperature and the shelown conditions of the fuel cell
stack.A balanceis necessarpetweenthe rate of water generation andhe requiredtime to get above
subzero temperaturesTemperatures can be low enough thad startup is attainableas the generated
water will freeze at the generation sitend notwarm the areasufficiently TheDepartment of Energy
(DOE) in thdéJnited States of America has established acfeargets, whichlay the groundwork for the
successful adoption of fuel ¢eechnology[6]. ¢ KS 5 h 9t&rget for FQuagloptions foran 80 kWe

FC to starup and reach 50% power in 30 seconds at an ambient temperatu0E.
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Figure0-2: Freee start-up ice formation along athode electrode[32] (with permission from
Elsevier)
To enable theapid startup of PEMFGhe investigation of different startip and shuidown conditions
is necessaryThe knowledge developéd understanding sulzero startup and operatiorcan be used to
devise engineering principles and practitesnitigate and/or eliminate forms of decayThe objective of
this work is to review the behaviour of colstart-up of fuel cells, specifically map areastbé current

freeze startup ability and determine the degradation that caocur.

Initial startup operation of FCsystem from sufzero conditions catead tothe formation of icein the
pores and channelis the membrane electrode assembIMEA. The generation of heat aids istart-up
operation of thefuel cell system from subero temperaturesand may enable full peration without
preheatingof the coolant, reactard, or heating the stack with some type of external heaf2epending
on the state of water capacity atshutdown and the rate of generatedwater during startup, the

temperature gairmay be insufficientd mitigate the formation of ice

Degradatiorof the stack materialsan resulfrom exposure to freezing conditisiut may be mitigated
by applying management procedures and devices. frtamagement of suzero startup will be
discussed irBection 3.2and the degradation that results from exposure to freezing conditiont lae

discussed in Section 3.1.
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1.8. FreezeDegradation

Fuel cell performance can hbeegativelyaffected by the degradationfrom exposure tofreezethaw
cycles orstart-up and operation insubzero temperatures Thefreezing ofwater causeste expansion
of pores, channeland delaminatiorbetweencell layersand cellcomponents This cancausereversible

andirreversible damage to the componentpalling of catalyst and/aracking of theCL

Reversible and irreversibldegradation and morphological effecése all the result of unwanted ice in

the fuel cell The ice that forms can inhibit fuel cell operation by decreasing the electrochemically active
surface area and prewting the flow of reactants to active catalyst sit@#ggure0-3). The blockage of
water orice at the CL sitesausesreversibleloss which can be reoveredby higher temperature
exposure When the fuel cell reaches sufficient temperatuieein the PEM, CL, GDM and bipolar plates

meltsand openaup blockedpathways and catalyst sites

Membrane

Platinum

Figure0-3: Cathodecatalyst layer platinum particle undergoingfreezestart [32] (with
permission frormElseviey
The result ofwater freezethaw in the membrane can causeorphological &ects and weardue to
volume expasion of 9%with the formation of an ice lattice structurg83], but this will dependon the
temperature rangecycled It has been found thapurgingwith dry gasto remowe residual water in the

stackwill mitigate the degradation thatan occur

During aconditionedsubzero startup of a PEMFQhe state of the systenias been characterized in
three different stage$29]. Thefirst stagetakes place at the cathode Githere waterproduction at the

catalyst sites hydratethe membrane. Water absorption into theembranewill occur if it hasbeen
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dehydrated by priopurging Thompsoret al. [7] have studied the temperaturefiects of water uptake

on the membraneand found that a PFSfembranecan hydrate up to a maximum of approximately 14
H,O moleculesper SQ moleculeat -20°C.After the membrane has become saturatestage 2 occurs
involving the outward migration of water, its cooling and eventual freezing within the cathode. GDM
Duringstage 3 the ice melts if sufficient heat is generateddlowing diffusionto occur andtransport of

the water away.

An initially dry gagpurged stack also may haproblemswhen starting up from sulzero temperatures
depending on the stagup procedure and initial temperate of the stack A balance must exist
between the readbn generating wateand water diffusingaway flom the reactive catalytic site3.he
balance between heat and water generation rate must be accounted for in ordeairty heatinto the
cell componentsand allowthem to be heatedabovethe freezing poin{34]. Ifinitial stack operation is
conductedat high current densities in an attempt tapidy deliver power orheat, then the resulting
water productionrate will be too fastfor enough heat transfeto transport liquid watercompletely
from the stacklce has been shown to exist below saturated water conditions, but the foomaf ice is
a different matter Qupersaturation of watein airor the presence of a frost fron$ requiredto formice.
The resulting frost frontacts as a point whergvater beingdischargedfrom the stack formdce and
accumulates in the GDM frost frontcan cause damaging separatiohcomponents withirthe GDM,

especially for carbon paper.

Ge and Wang35] have studied the effects of ice by cyclic voltammetry during fuel cell-afariThe

showed that degradation will occur when fuel cells are startad, but afteran elapsed time the
degradationcan berecovered.The experimental procedur@volvedhaltingthe start-up after a certain
amount of water has been generataahdthen allowing itto freeze.This demonstratd where water can

form ice and covethe catalystto affectthe performance of startip as the temperature is decreased

The formation of ice in the PEMFC has been shown to changenginghologicalstructure and the
hydrophobicityof the GDM[36]. Porosimetry measurements conductég mercury intrusionon virgin
MEAs ancbn MEAsafter exposureto freezingshow signs of this deformatiohe presence of water
causes degradatioim the form ofcatalyst layercracking interfacialdelamination as well as contributing
to other catalystageingeffects[37]. Severe catalyst domain segregation and cracking were fapod
exposure to water during subfreezing temperatu@8]. Thefreezingliquid water in the GDMores

and channelgausescompressive and expansion forces in areas that would not normally be exposed to
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these stressesExperimental observations have shown that the effect of-Belezing cycling operation
causespores in the GDMto change making otherwisewater resistant or norwetting pores and
capillariesopen andaccessible tavater (Figure0-4). Waterfilled poreswill then cause blockages where
an otherwise gadilled pore/channel would have existe@hein-plane and througkplane gas flowsn
GDMs havébeen shown to change after exposurefteezingwater. The feezing water also results in
the loss of smallergres which under noral conditions would not fill withvater. Uponfreezing water
can be forced into or causemallerporesto collapse The effect of freezing in a small wafidled pore
causes it tagrow insize[39]. An increase in the amount tdrgerporesmakeswater managemenmore

difficult duringhigher current density operatian

MEA B » initial

3k fittad
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Figure0-4: Result ofGDM freezewith water filled pores[40] (with permission from Elsevier)

Freezethaw cycling has been shown to affect the microstructure of the MEA diipgron the mode of

manufacture.Leeet al. investigatedfive different MEAs with freezghaw cycling. Various structural
changes were observed: void formation, delaminati@ifigure 0-5), CL cracking, porous structure
variatiors and undesirable effects operformance mainlydue to ohmiclosses Activation polarization

degradation did not occur &t 120 freezehaw cycleq40]. Kim and Mach investigated the effects of
freezing ona conditioned stack(i.e. purged stack)where waterwas removed prior to freezing. Their
findings demonsate that conditioning a stackrevents observable et¢rochemical or physical damage

from occurring/41].
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Figure0-5: PEMFCatalyst layerdelamination[41] (with permission from Elsevier)

Water at low temperatures can causeterfacial delaminatiorof MEA layershy the creation of what is
known in geological formations as a frost heakde. and Mench42] developed a model to describe the
formation of a frost heave in a PEM&@ifound that the most likely placg§igure0-6) for a frost heave

to form and expands likely in one of3 areaswithin the channel (Area 1between the CL and GDM
(Area 2) or between the CL and the membraf®rea 3) Area 9 is also a candidate which is under the
land at the PEM/CL interfac@. frost heave can also cause delaation due to the volume expansion

stressing the local surrounding area.

/. 7 4

Figure0-6: PEMFC MESXrosssection during transient thermal startip, showing areas where ice

formation most likely to occufi.e. aeas 13 and 9)42]

Kim and Mench41] investigatedmembrane dgradation that occurred as a result of freetrmw and

which demonstratechow crack propagation through the CL occues cracking can lmategorizednto
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two different shags: inverted(FigureO-7 on left) and nonrinverted \fshapes Figure0-7 on righf. The
type of crack can accelerate its formation by the way future ice will form and expanthverted V
shape will incease stresses diween the CL and the membrane and increase the likelihood of

delamination.

FigureO-7: PEMFQOréezethaw investigationon CL cracking, inverted and nanverted \Ashape[41]

(with permission from Elsevier)

Delaminationand cracking of the CL degrade the PEM leading to the formation of pinholes in the
membrane (Section1.10). The degradation by the evolution gfinholes or tiny allowancei the
membraneenablesgas crossovebetween electrodesand degradefuel cell performance. The staup
procedure of fuel cks can cause local stresses duetm-uniform humidity levels, current distributions,
stretch and strain by ice formatiomll of which have the potentiaio lead togas crossover though the
MEA[43]. The degradation that results from freezing may be controllediifmjting the amount of

remaining watetin the stackandusing the appropriate statip procedure
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1.9. Mitigation of FailedStart-up

Thefrequencyof failed startups can beminimizedthrough proper start-up managemenprocedures,
the use of properactive componentsor shutdown conditioning protocd. Understandng freeze
management protoca help to mitigate the degradation, damageand performance loss thatanresult

from sub-zerofreezing

1.9.1. PEMFEreezestackConditioning

At stack shutdown, the remainingwater may freeze when environmental conditions yield a
temperature below the freezing point of wate8ince he stack is warm at shedown, it will take
time for the stack to actually reh freezing temperaturefi.e. cooldown time) Leeet al. [44]
investigated the characteristicof water removal from a PEMFC diadind that with a fixed
amount of purge gas an increasefiow rate leads to a lower remaining/ater. Loweroverall
lower water content within the fuel cell will lessen the necessary energy requirenentise
the temperature tonon-freezing conditions. Water removal can Aecomplishedising flowing
dry gases ashutdown or by pumping out the stack using a vacuum purge procediistack

conditioningprotocol shouldbe required in alsituationswhere freezingcanoccur.

The removal of water andrying of the membraneis one method to prevent ice formatioin
the stack.lce formation can also be preventedy adding antfreeze solutions to the stack.
Additivesthat inhibit freezingimprove protonconductivty, improve start-up performance and
prevens the formation of ice However theanti-freezing solutionscan decrease proton
conductivitiesabove sukzero temperatureq9). Tterefore, additivesshould only be employed
in situationswhere freezing isikely to occur, because thewill reduce the performance of the
PEMFC system after starp. The use ofreeze inhibitives allowsquid water to remain in the

stack,which alscaddsto the thermal mass of the FC at staup.

1.9.2. Startup Operation

To minimize the startip response in sulreezing conditionsa structured protocol can be
employed to increase the amount of heat generatidn order to initiate operation the
generated heatnust warm the stack above freezing temperature before all voids and vacancies
in the porous media havieecomewater/ice-filled. This report seeks to improve the starp and

shut-down procedures in order to gauge the stack sigptresponse
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Meng [45] have developed a simulation model for freeze sigpt of a PEMECTheir results
indicate that the cathode gas flow should Iegh to remove water vapourprevent ice
formation andimprovethe overallstart-up. The rate of ice growtis found to be greatest at the
cathode CL and the interface between the CL and GIbid PEM ishown to absorb ater from

a dehydrated statevhich can béeneficialto start-up by loweringhe water contentin the CL

To improve starup of the stack, heat generation must be maximized to warm the stack above
freezing temperature before ice halts efation. Heat producedat startup occurs fromentropic
heats of the reactionirreversibilitiesof the electrochemical reaction, electrical resistances, and
as well as condensation of water vapoj46]. In order to adopting the condensation and
formation of ice in the staglstart-up should be managed Wjither shorting thestack(to drain
excess protons and hydrogemy with a specialized load protocol. A shorted stdskthe
condition where althe producedcurrent is routed backinto the stack This willcauseall the
produced power to generate heat in the staamponents Shorting thestack does reduce start
time and degrade stack performance which leads to the development of a load operation
profile. Amperostatic or potentiostatic operation can be appliedAmperostatic operation
involvesmaintaining a constant current on the stack aRdtentiostaticoperation maintains a
constant voltageAmperostatic operatiorduring startup can supply the loawvith the required
currentbut cell voltages may not be at the requirpdrformancelevels to maintain operatiomA
decrease in cell voltagesmncause cell reversand/or corrosion of thecatalyst suppordue to
their lowered performance Potentiostatic operation during startup may allow for greater
control of degradation and warrap potentid. Potentiostatic operation would require @
additionalconfigurein order to monitor and control the applied load on the stack to maintain a

low cellrequirement during startup.

The eactantfuel supply can be modified by stopping or cyclingrisctantflowsinto the FCto

allow starvation to occucausingheat generationFuel starvationis detrimental to fuel cell stack
durability and will result in corrosioof the catalyst supportThe generation of heat in the stack

can also be supported by applying a controlled amount of crossover of hydrogen to the cathode

causing combustion to occur locally at the CL siee Sectio.9.4

The Relative Humidity (RH) at stack stgstis generally low or not supplied at all in an order to

decrease and remove product water thatay form ice The freezing environment may cause
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damage to the device or mechanigimat attempts to supply that humidity, which should be

addressed

1.9.3. Keepng the StackVarm

Freezing ofFCstacks can be mitigated by employing a wargnstrategy with a heater ora
partial start-up procedureto maintainthe stack above freezing conditierinsulation can also be
added to the surroundings of the fuel cell stack to maintain and delay freetirgeby
increasing thecookdown time that the stackwould requireto reach sukzero temperatures
Insulationmay lead to a future problem with thermal managemengas the opeation of a fuel
cell stackat a high ambient temperature conditiomay exceed temperature contro(se. the
stack could overheat during operation angrainly would have an increase ¢ooling demand)
The amount of eneng required to keep the staclabove freezing temperaturewill vary

depending on the geographical region and enaepuirement

1.9.4. Assisted Stastip

In order to startunder freezing conditionsthe time at subzero temperaures should be
minimized The use of an auxiliary warming device can increase temperature, thereby
decreasing start timandimproving performancevhile avoidng degradingeffects. As discussed
earlier,the use offreezeinhibitors has also beewwne method suggestedo prevent water from

forming ice Various electric heaters can bigsed ininternal or externabevices

Coolant heating can be used to supply the stack with a coolant that is above the internal
temperature of the system and homogenizbe temperature within the stack celend across

the cellsurface.If the initial gas flow is low, &arge central heat zone in the centre of the sell
can exist Thecirculation of coolant in a bpass loop has been recommended as one way to
applycoolantheat. A reduction in the amount of coolant will increase the temperature response
of the coolant. The required implementation of a nfyeezing coolant mediunms required to

enable properirculation.

Endplate heatersind/or cell heaters can be used tosgondto localheat generatiorin the cell.
The endplats that holds the cells together are typically made of a metallic matenehich
makes thema large thermal sink that will keep the end cells dbower temperature relative to

internal central cellswhich arewarmedby adjacent celheating. Adding heat tahe ends cells
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can be effectiveTheincorporationof heaters atthe end cells or between cells will asssart-
up from coldersubfreezing temperatures, althougihése additions increase costs of fabrication

and makeoperationat start-up more complex

Pre-heating the gas supply can be used to heat reactants above freezing temperatuabsve

the stack temperaturevill help to prevent iceformation. Implementation of gas heaters can be
used indifferent ways. Br example catalytic combustion ohydrogen external to the staakr
allowinga small crossover of hydrogen or oxygem generatéheat The amount of crossover
allowable should be low to avoal possiblegnition or explosionTheuseof gas preheaters will

aid in the startup of the FC from decreased temperature environmemtishough the heat
capacity of the gas is lowaking it a poor medium for heat transfeGas pe-heating may
increase the range ovewhich a fuel cell can start unassisted but will moderately increase the
start-up time and performance of operation. The response time of any heater isaspifloblem

for rapid start-up times Any type of heater or heating device is also a drain on enangythus

overall efficiency.

1.9.5. SystenDesign Modifications

The overall system and integration of these strategiesgraatly mitigatefreeze degradation of
the stack. Overall the system can be modifiedomnder to better manage the heathat the
system praluces by decreasing the thermal mass of the system. Components can be maddified
improve the thermal mass and modifige thermal conductivity of the stacld coolant system
which makes use & reduced bypassed loagan reducethe amount of overaltequired volume

that is heated by the stack in operation.
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DURABILITY ANBAILUREMODES

Fuel celldurability is critical for performace, cost andlife. The management of stacperation is
necessary for the desirelife and performanceof a PEMFC. Cells are susceptible to various forms of
degradationand failurewhich canlead toanend-of-life (EOL)47]. The weakest component infael cell

is themembrane electrode assembIEA as it is susceptible to the most forms of degradation and is
often the cawse of shutdown anddecommissioimg (i.e. MEA failure is stack failurdhedegradation to

the MEA can be accelerated lpperation outside of the desiredarameters and modes of opaion.
Temperature, humidity and operation load cycling leads to mechanical and chimietdted
degradation butif properly controlled and managedhese decays will be minimize@haracterization
and knowledge of the forms of degradation clad to proper management and mitigatiarFor this
work, causesof fuel cell performance loss occur during normal operation exposure tofreezing

conditionsandfrom sub-zero temperaturestart-up.

1.10Non-FreezingOperation Durability and Failure Modes

Several modes of degradatioof the MEA are showtin Figure0-1. The MEAdecaycycle can result from
regular operation and can be accelerated by opmgtparameterseing outside of normal operation
Operation of the fuel cell can lead to different forms of decay resulting in degradation of stack
performance: fuel starvation, gas crossover (pin holes and hot spots), cell reversal, peroxide formation

andcarbon catalyst support corrosion.

34



Membrane

Thinning
Fluoride Pin hole
Release Formation
Radical Gas
Production Crossover
6__

FigureO-1: Degradation of PEMF@embranes

1.10.1.Fuel Starvation

Fuel is delivered to the cell by piping and channels thistribute gas reactantslong theGDM
Gascirculationkeepsthe cellreactantconcentrationhigh and removs products and impurities
Changes of the stack duringperation or start-up can causeinconsistentgas delivery or
circulation resulting invariations of reactant availability Fuel starvation & a result of flow
blockage byan obstruction or if flooded can result incarbon corrosionand/or cell reversal.
Areas ofan electrode where fuel isnsufficient willcause lowcell potential and may lead to
reversal in electrode polaritiegi.e. cell reversal)allowing both the anodic and cathodic

reactions at the samelectrodeor between both electrodes

1.10.2.Gas crossover

A purpose of lhe membraneis to provide ax impermeablegasbarrier between the anode and
cathode. Gas separation is crucial for performance aunseful utilizationof fuel. Hydrogen
and/or oxygenmay transport directly from one electrode to the otheresulting inthe reaction
taking place ata single electrode. Thisauses an inefficient consumption afef, as the local

reaction will no longegenerateand deliverelectrical power Cell voltagesnay decreaseas a
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result of gas crossover and will be weakwer performance at higher current densities)
possiblyallowing for easier occurrence ofell reversal Operation athigher current densities
requires larger gas reactant delivey maintain sufficient gas concentrations at the electrodes
Local reactiols near gas crossover sites will also lead to other forms of failuresince
temperatureswill increase in these area# high level ofgas crossoveis one cause forstack

end-of-life (EOL#s the cells may not be able to operate sufficieatylwaste fuel
Pinhole formation

Gas crossovels caused by thdéormation of pathways transpoitg gas reactarg across the
membrane As thosepathwaysbecomelarger, they form avisiblepinhole in the membranePin
holeswill increase in sizas the gas crossover continuekhis in turn increases the rate of gas

crossover.
Yot spot2

The electrochengial reaction in a fuel celh conjunction withcombined gas crossoveran
generate excess heat alocalized areaDirect combustion of the hydrogen and oxygen will lead
to a large release of heaincreasing the local temperature. High temperatures result in a

decrease in water contentyhich may free more pathways for gas crossover

1.10.3.Cell Reversal

In multi-kilowatt stacks variationsof water content and temperature canlead to a situation
whereone or morecells) becomeflooded and receiveinsufficientgasreactant As a resultcell
voltagedecreaseand canpotentially lead toa situation wherecell reversd can occur0-1). Cell
reversal is @onditionwhereit is overwhelmed by aadjacentcell causing reversal @6 polarity
or for both the anodic and cathodic half cell reactions to occur on the same dllectdydrogen

thenwill be generated at the cathodend oxygengeneratedat the anode

H,0 > 20, + H, 01

The nixing of hydrogen and oxygenanthen lead toa combustibleenvironment but typically

the generated gases are consumed rapidliie operatiorof the cell is then no longer producing
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power but consumings an electrolyser.The stack can still operatnd deliver powerbut will
continue to drive the electrolysis bydiverting generatedenergy. Cell reversal can lead to

corrosion of the catalyst support, a waste of fuel and stiawn of the system

1.10.4.Peroxide Formation

The PEMis susceptible to various forms ahemicaldegradation by attack othe membrane
monomers[47]. The gneration offree radicalscanchemically attack th®FSA backborm side
chainsof the polymeric structure THh & W MttadkGcdh lcdusehe releaseof fluoride ions
which are directly measuredn the dischargedvater. The loss of membrane materidirectly
leads to membrane thinningThe generation ofree radicals can be caused by unreacted gas
crossoveyincorrect operation leading to cell reversalthe ORRat the cathode:

+ -
0, + 2H* + 2¢~ - H,0, 02)

H202 g ZOH " (0_3)
The presence of oxygemd protondead to the formation of hydrogen peroxiqEquation(0-2),
which can be one of the intermediates of the PEMFC reackgdrogen peroxide can proceed
to form hydroxyl radicals(0-3) that canoxidize components athe membranepolymersand

cause theirelease.This thinghe polymermembrane and therebweakensts integrity.

1.10.5.Corrosiorof the Carbon Support

Chemical degradation can also occur as a result of fuel starvalimimg operation of the fuel
cell. In situations where insufficient gessuppliedto the cellother components of the cell such
as carbon can be oxidizedquation(0-4 shows how the carbon support witorrodeto replace
the required reactant for thereaction Carbon dioxide and protons are producedvhile

deliveiingthe required electrondor the reactionto continue

C+2H,0 » CO, +4H* + 4e~ (0-4)
The chemical attackn the membrane leads to thiess of carbon suppognd catalyst material,

therefore decreasing the available active dgsa sites. Platinum and other catalyst metals can

either dissolve away aedepositelsewhere such as in the membrane.
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1.11Durability in Freezing Environments

In addition to the normal operational conditions that the stasidures freezing temperatures ansub-
start-up will decreasestack durability andmay accelerate the loss of stack lif&he transition in
temperature from sukzero to full operating temperatures may stress and result nmechanical
degradationof the cell components. Degradation tife stack componentgarises due tdhe presence of
ice, the thermal differential in changing from subero to a normal operating temperaturand the

thermal expansiomssociated with the mterials

Freeze start from a lower water condition wittle or no humdity suppliedis desiredin order to
maximize heat production angachsufficientcelltemperaturesbeforethe accumulation of ickinders
operation. This causes a large change in relative humidity supplied to the, sthath cause swelling
and contractionof the PEM The formation and expansionof ice within the stack may cause
delamination between the CL and GDM 6L andhe membrane Anyformation of ice occuing within

acellcomponentcan cause morphology change

1.11.1.Delamination

Water can be present in the membrane afsrutdown and residebetween theClLand the GDL
or between the CL anithe PEM When exposed teold enougtconditions water can freeze and
expandaffecting both theGDM pore sizand the interfacedetween the CL layer and GDor

the membrane These effects can be found mainly at the cathode side of tké dall since

water generatioroccurs locally at the electrode.

The water trapped byfreezingbetween thecell componers causes a frost heave tmcur,
where the materials are forced apart by the ice expansiubsequent melting of this ice leaves
voids where therehas beernintimate contact between these material$he degradation caused

by physical delamination anirreversibleform of degradation.

1.11.2.Catalyst LayerdgradatiorEffects

The transport of oxygen occurghrough gasfilled pores in the GDMThe size distribution of
pores in the GDMeads larger one® be wetting while smaller pores araon-wetting (i.e. gas
filled). During the freezer subzero startup process water can be forced intgasfilled pores
forcing expansion by freezing and crushing adjacent p&xa®s will remainwater-filled during

operationuntil a temperature is reachedhere they are dehydratedA decrease in the number
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of available pathways for gas transfer leads tegreasan the deliveryof reactans. Since the
water-filled pores can beecoveed by dehydrating the membranghis is a reversible form of

degradation.

The bss ofelectrochemical activeatalystsites can result from crackingf the CLwhere the
formation of ice lenses or frost heaves and causes it to break into pieces. Cracks in the CL lead to
voids thatcan fill with waterand can grow during suaero temperaturefreezes. Water freezing
in the catalyst layer can also causpaling of the catalystas a result offreezing stresses

Cracking and spalliraye both irreversible forms of degradation

1.11.3.Ice blockage

Water that has remained within the bipolar plate channat&l along theGDMwhen frozencan
block and impede the transfer of gas into and out of gt@ck.During startup, if the membrane
is not fully hydratedhe water that is generated at the cathode will hydrate the memigramtil
it has become saturatedifter the membrane is saturatetiut still below freezingany water
generated by the raction freezs if it remains in the cellTheelectrochemical surface areat
the electrodes maydiminish asa result The frozen water will impede or disrupt the distribon
of fresh gas reactanBlockages can lead to a builg of gqas pessureswithin the channelsand
cells The buildup of pressureon one side or within d@locked area of the cell leads to large

differentials across thenembrane, which caaventuallyrupture or tearthe membrane

1.11.4.Loss ofPorosity

The formation of ice within the stack can cause morphology changes to the Bibas. within

the GDMcan enlarge due téreeze expansion of water. The GDM has a range of pore sizes that
cause some to remain gdilled while other largerbecome wateffilled. Choet al. found that
freezethermal cyclingvith water presentcausedthe GDMpore size distributiotio change[33].
Poressmaller25nm were reduced in numbemwhile pores thatlarger then25nm increased in
guantity. The water-filled poresduring freezinginderwenta forced volume expansionAir-filled

poresadjacent towater-filled poreswere crushed as a result of the stress.
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EXPERIMENTAL

1.12General

The object of this work is to stattp a PEMFC stackom sub-zerotemperatures(i.e. afrozen stack)
measuring the response time amgugingmethods to improve and mitigate damaging effettiat can
occur during starup. A Hydrogenés Corporatiom PEMFGtack was utilized with a special setup to
measure andcontrol various environmental andperating parametersThe experimentaltesting was
located andconducted atthe Hydrogenics Testing facilityrhetest hardware associatedonsisted of
three maincomponents. a Hydrogenicgl kW fuel cell stacka Fuel Cell Automated TeStation (FCAB/1)

andan environmentalchamber.

1.13Fuel Cell Stack

TheFCsystem selected fothis workconsisted ofa Hydrogenics 20 cell stadkach cell ithe stack has
an active area of approximately 500 tnThe bipolar plates were graphite with a proprietaygs
distribution flow field. The stackis designed to operatat low pressurs with a édry-dryé capability

G 5 RINE ¢ here dhe $ack anode and cthode reactans requirelittle or no humidification. The
cathode is drywith no auxiliaryhumidificationbeyond whatis normally present inthe air. The anode
electrode is operatedetween 15 and 286 relative humidity Operation of the fuel cell systensin a
horizontalupright positionwith a counter current flow to enabla higher degreeof heat and reaction
homogenizatioracrosshe activecellareas. The cells are numbered according to their sequence moving
from the dwet endplate to the dédry endplaté. Cell 1lies against théwet endplatg¢ ¢ KSNB (G KS &
manifolds and connectionare located The voltage measurementsgre attained by adding a wire
harnessaffixed to the top of the bipolar plate, enablingreal time single celoltage measurements.
Three load cableare attachedbetweenthe bus barand the load box.An ultra-thin thermocoupleis
inserted betweenthe bipolar gas sealand directed into a coolant channelin order to measure

temperatures directly from the middle of the stackFigure0-1 shows the side ahe stack as well as the

ultrathin thermocouple inserted between the bipolar plates.
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FigureO-1: PEMFCtack

1.14Fuel Cell Atomated Test Station (FCATH)

Stack testings conducted with an automated test benchlledFCAT Thestack can be operatedith
many different parameter$or controlledand accelerated testingThe FCATSystemis able to control
the operation through the use of HyA and HyWar&, a scripted programming language and
automation control software respectfully. These systemenable automated testing of various

parameters byHyAlscripts which enable reproducibleperationof the stack

FigureO-2:L Y 3S 2 F déteénh C/ ! ¢ { u
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The FCAJuse various equipment tbumidify, heat and cool the gas reactants and coolaagthey are
delivered to the stackThe FCAJsystem uses a supply of hydrogen, oxygen, nitrogégam andir to
enable differentmixturesof gasfeeds. Thepressure supplied to the stackdsntrolled by baclpressure
regulators that makemeasurementsat the stack inlets and outletShermocouples are alsolocated at

the gas and coolannlets and outles within the stackandat the endplatesurfaces.

The coolant within the systemusesa liquid with a freezing point below that of watehe coolant

mixture also has low electrical conductivity to prevent the stack from short circuiting awaksting
electrical power. The coolant conssbf an ethylene glycol mixed with water at &0:50 ratia The

mixture of ethylene glycohndwater freezes at a temperature below30°C The tradeoffs for the use of

a nonfreezingcoolantare poorerthermal properties andan increase irthe requiredpumping power.

The FCATS can heat the coolant with an electric heater or cool it by the use of plate heat exchangers and
plant chillerwater. There is no circulation of coolant during sedéro temperatures immersion or during

start-up until asatisfactoryinternal stack temperature has been reached.

1.141Hy War e E

The FCATSuse a computer software program known as HyWare developed by Hydosgen
Corporation for use with the FCATEyWarehas aninterface that albws usercontrol of the
FCAT$tegrated hardwareHyWaredisplays various parameteand pagesthat can be cycled
through for thedisplayand control ofinput and outputvariables HyWare also measureand
enforcessafety limitsduring stackoperation. The sfety limits on the stack prevemgotentially

dangerous situations from occurrirggich adow voltage, cell reversal or pressure buiig.

1.142Hy Al E

| & ! f ascripiedl programming language thatperates theautomated tesing. HyAl allows the

executionof test protocolsrepeatedlywith reproducibleresults

1.15Environmental Chamber

The ambient temperature of the stacks controlled by the use of an environmental ch@er (Figure
0-3). The environmental chambgareconditiors the stack to adesiredsubzero temperature The stack
islocated inside the environmental chambeith the required piping and return lines connectedtte

FCATSThis permits continuous cooling tfe stack angre-conditionsupplygases. The temperature of
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the stackduring operationis still controlled by coolant recirculatiom conjunction with haters or heat

exchangers.

The gases supplied to the stack &d initially from the building supply into the FC&{nit, which heat
or cool to the desiredcondition The gasethen pass intathe environmental chamber anthe stack
before returning to the FCAS system The system setupas beemmadifiedin order to simulatea true

subzero temperature starup, where the environmental chambeis usedto further condition the
supplygases.Two heat exchangers withithe environmentalchamberare usedto chill theanode and
cathode gas reactant® the environmental chamber set pointhe gas conditioning the stack will be

discussed further in Sectidn15.1

The FC stackas sixconnections three for the supplyand threefor the returns. The connectedlines
passthrough port holes located on the sides of the environmental chambke. lines a& wrapped with
heat tracer cable tdelp control temperature while operating adt startup and at steady statéll lines

are insulated to keep them warm or cool as the environmeal@mberoperates continuously.

Figure0-3: Environmentailcooling chamber
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1.15.1.Gas Conditioning

To accurately simulatéhe unassisted startip response the inflow gasegpre-cooled to the
desiredfreezingset-point temperaturematching that of thesystem The gaseare pre-cooled

by the use oplate heat exchangers circulating a coolant medium dfyétne glycol and water

mixture (Figure0-4).
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The heat exchangerare installed in series. The coolanis circulated through two heat
exchangers, a forced fan convection radiatminga small pump rated at 4 U.S. gallons per
minute. The radiator uses the ambient temperatuie the environmental chambeto cool the

coolant. A process diagraitfustratingthe setupis presentedin Figure0-5.

AnodeQupply — " T T T T T T =.
Cathode Suppy = * —

- .
Gathode Plate ‘ Anode Plate ==~ = Anode Inlet
= Heat Exchanger ) Heat Exchanger
— & == = . = . |=— CahodeInlet
> J
Air Cooled Radiator  \_ g‘ 2
|4
Qoolant Pump

Figure0-5: Gasreactantpre-Coolingprocessdiagram
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During longer startips where the initial power production of the stasiay be delayedby ice
gas circulation from the exteriaranwarm up the supply linesand the stackTCs locateat the
stack inlets determine théemperature of incominggases The associated temperature rise of
the gas is lowduring startup operationand confounded with théheat capacity of thesupply
gags and the casings of the supply lindde fanis turned on and off bythe FCATS HyWare

software during continuous cyclic testinglhe resulting experimental stack sgp is shown in

FigureO-6.
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Figure0-6: Experimentaktack systemsetup inenvironmental chamber

1.16 Freeze Starup Operation

A start-up from ambienttemperatures(i.e. nonfreezing)is easily conducted anchnattain rated power
deliverywithin seconds. The ability to start from sabro conditions requireattention asa result ofthe
slower kinetics and residual wateffects. Accelerated testing isompleted by continuously operating

the environmental chamber at a controlled set poifihe generalised process for freeze stack cycling is
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shown in Figure 0-7. The attempt to start-up of the stack is conductedith various changes to
parameter values in order to define and locate improvements in stack-spagperformance.This
sectiondiscussedhe various parameters thatre important to stack operation such dke start-up

procedue, flows atstart-up, loadregime coolant activationstoichiometryand humidification

Operation of the PEMFC is very dependent upon the last residual &ptFatbnal history has a direct
impact on future operatiorsinceresidualwater may befrozen at startup. In order to controlthe freeze

start-up performance of the fuel cell stadke method ofshutdownis investigated in tandem.
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Figure0O-7: Freezestart-up cycleoperation processflow diagram

1.16.1.Gas Reactant Delivery

Experimental investigation included examiniggs reactant delivery ratest startup. Qufficient
fuel gasis critical to operate théuel cell in order to avoid starvatioGas reactant is supplieat

a ratematching that of fuel consumptioat an operating current density. In any situation where
the amount of fuel gas requiredxceeds thawof the amount deliered, then the system will

automatically provide the required excedsour main types ofjas deliveryare investigated
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constant, step, burst andampingflow rates. Figure 0-8 shows several examplex delivered

flows to the stack
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Figure0-8: Configuration of gas reactant delivery

The effect of onstant set point flow rates were initially investigated for successful sigpt
performance. Knowledge gained from these tests helped in the testing of the other
configurations Table0-1), allowed the development of astep flow profile. Sack performance
improved when asupply of reactant within the cellwas availablébefore an increase in load.
Constant flowsalready in excess of the load are thought to cool #tadk componentsand
waste fuel during startip. Trials completed witha step regimeoccur whereby a known
increasen flow is made at predetermined times Step flowsequire prior knowledge about the
stackfuel usageand the rateat whichperformanceimproves This lead tahe concept ofburst
flows to deliver afresh supply of reactantfor a period of time before being halted to stop
cooling. This mode of gas flomas investigatediuring onetrial. The results of the first three
types of gas flow delery leadto the development of a ramglow method to continually

increasinghe amount of supplied fuel

Table0O-1: Start-up flow trial distributions
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Startup Flow Type Number of Trials
Constant 80
Step 3
Burst 1
Ramp 7
Total 91

1.16.2.Load Regime

The startup load isdetermined bya balance between the rate of heat generation which is
highest when a fuel cetiperatesat its lowest wltageand the amount of water produced. Stack

cell voltagesdependon temperature, membrane water céent, operating current densitgand

the availability of gas reactant. A balance must be attained between the ability to heat up the
cells as fast as possible without operating at a damaging cell vollagegder to redue the
start-up time, cell voltages should be as low as possible while maintain a safe voltage in order to
avoid cell reversal situations and corrosion of the catalyst supfoting startup, the
generated heat must be conducted into the cell componettswarm them above freezing
before the generated water freezes and blocks the available reactive sites or gas Suyply.
load of the fuel cell can bappliedwith two different start-up types amperostatic(i.e. current

controlled)or potentiostatic(i.e. voltage controlled)

Amperostaticoperationmaintains the current drawn from the fuel cell stack at a constant.rate
An amperostatic operation resudtin voltage measurements changing as the FC warms due to
increasingperformance This type of load regimes typically used in power deliveignd is
easiestto implement with typical equipment Amperostatic operation requires the correct
current be available(i.e. can call for current in excess resulting in low cell voltages or cell
reversal) In a subzero environment the current drawnfrom the stack mayot be available due

to reactant delivery angiroductremovalor may be unstableA lack of available powen a cell

may cause ceteversal or dailureto start-up.

Potentiostatic methochas also beemxamined for its benefiin maintaining a constantesired
low cell voltage, thereby eliminating possiblelloeversalor corrosion of the catalyst support
Potentiostatic operation generatdbe greatest amount of heat for faster stamp times. During
start-up the temperature will increaseesulting in animproved cell performanceand allow
greater loads.In order to maintainpotentiostatic operation the load must be modulatedby

continuallyturning it on and off An increasein load during suizero start-up will increase the
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rate of reactionthat simultaneously generatasore water that may formice and increaseshe
rate of heatgenerationthat can warm up the cellf water generation occurs faster than the
transfer of heat, the water will freezand block gas reactant and decreasell voltagesA
decrease in el voltage below the maintained minimum will caubke stack currento diminish
Operation in a potentiostaticnethod is difficult to employ intypical applicationssincethe cell
responseends up changinghe load. Modulation of a load during startup requiresa complex

circuit that would normallyot be available irtypicalinstallations

1.16.3.Coolant Activation

Coolant circulation is a critical issue because the temperature of the cells inckh csm
significantly increase in a short amount of time. High temperaoen damage the components
and drythe PEMwith continual operation A dryPEMwill lead to cell failure and inconsistent
power production.The flow ofcold coolant into the stack cacause a large thermal shock due
to isolatedcooler pockets that remain in the supply Imét full operating temperaturesthe
desiredinternal temperatureis 60°C to 80C. Consequentlyhe coolant is activated when these
temperatures are reached or whethe internal stack temperature measures the same as the
temperature of the surrounding facilityStationary coolant remaining in the supply lines will
existat the precooled freezing temperatureThe oolant within the stack wilbe warmed by
attempting start-up operation As coolantirculationstarts the stack coolant will be replaced by
the low temperature region followed by the ambientarmed coolant (coolant within the
facility). In order to examine the effects of coolant activatidhe effect of various starup

temperaturesrangingfrom 30°C toabovel00°Cwas investigated

1.16.4.Stoichiometry

The selected stoichiometry for operation of the fuel cell stackhosen to match that ofhe
steady stateoperation at a current density of 650 m#n® The startup gasflow rates have
been investigated by manipulating the overglisdelivery ratesinstead of manipulatindpoth

the flow andstoichiometry

Table0-2: Stackoperational stoichiometry

Electrode StoichiometridRatio
Anode 1.53
Cathode 2.16
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1.16.5.Humidification

Freeze starup operation of the stack is conducted with completely dry reactant feeds to
eliminate the effects of water buildp in the supply linesHumidity control of the fuel at the
anodeoccurs when the outlet temperature has reached a minimum thresboldhen the stack

has reached aufficientoperating loadtemperature condition

1.17 FreezeStackConditioning atShutdown

The aim of wck conditioning is to control the amount of residual wateexposed tosub-zero
temperature This involveslry gas purging to remowsater at shutdown. Several parameters including
the duration of gasflows, temperature at which purge is startednd the rate of gas flowthrough the
stackare measuredIn theory an increase in arf theseparametes should remove a greater amount

of water from the stacland increase¢he freeze starup capability.

At shutdown, water will be present in the bipolar plate charlagbetween bipolar plate lands arbe
GDM withinthe GDM along the Candwithin the membraneWater uptakeby the membranédsalso a
function of temperatureg[21]. As the membrane cools, wat@esorbsinto the surrounding components

and can potentially form icg48]. In order to preventhis, the membrane should be dried aut

1.17.1.PurgeDuration

Experimental investigatioied to the developmentof sevenclassifications of purge duration
presented inTable0-3. Duringpurgingexecution from thestack some trials showed a higher
than recommended pressure differential across thembraneor pressure that was above the
recommended safety limits causing emergency shutdo&mergency shutlowns resulted in
uncontrolledunplanned purge ratesThese uncontited purges trials may then be able to

freeze resulting in ice formation within the stack.

Table0-3: Experimentaktack purge duration

Total Total
PurgeProcedure | Total Anode| Cathode | Number

Denomination | pyrge Time| Purge Time| of Trials

[sec] [sec]
Purge A 150 150 67
Purge B 150 210 6
Purge C 210 210 5
Purge D 180 210 1
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Purge E 90 90 1

Purge H 90 150 1
Uncontrolled purge 10
Grand Total 91

Reducing the purge time or rate of gas flow is investigated by a purge reduction scheme to
scope limits and measure the dependency for successfully-spartith the purge parameter.
Theeffect of reducing purgevas investigatd by comparingpurge conditims Fand comparison
to either purge Cand D (all conditions are shown above in Tabi8)5A purge reduction is
attempted in orderto determineif one electrodepurgetime can bedecreasedn order to save
fuel gas and powerTheinvestigations into the r@uction in purge weréhalted unfortunately

due to time constraintseind equipment availability
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1.17.2.PurgeRate

The investigation continued to examine the speed at which dry reactant is circulated through

the stack. The various purge rates tested are showrainle0-4.

Table0-4: Experimentapurge rates

Anode Cathode

Purge Rate Purge Numper
[slpmcell’] | [slpmcell}] of Trials
0.9 9.5 13
1.4 12 1
1.8 16 53

1.8 19 1
2.7 15 12
3.2 18 1
5.0 26 1
Uncontrolled 9

1.17.3.PurgeTemperature

Investigation revealed that the purge temperatureaigritical parameter to assigt removal of
water. Increased temperatur@nhanceswater mobility and the amount of waterremoval

during a staclkpurge.Figure0-9 shows thenumber ofexperimentaltrials aimed at exploring the
effect of purge temperature More trials were completed at the highegiurge emperature due

to the improvedperformanceat these conditions

53



50
45
40
35
30
25
20
15

s I

0 Il m l

<20°C 20-30°C 30-40°C 40-50°C 50-60°C >=60°C
Purge Temperature’lC]

Number of Attempted Trials

(631

Figure0-9: Distribution of experimental purge temperatures

The maximum purge temperature examined was°@®8 This temperature was manually
controlled and voltage monitored in order to test the upper limit and remove as much water as
possible without harming the stack. Generally, the open circuit voltage (OCV) remains constant
during the purge. If the OCV shoaveigns of deviation, the purge was stopped. A drop in OCV
indicates insufficient water availability that results in poor oxygen electrocatalysis, an increase in

the resistance in the catalyst layers and an increase in membrane ionic resipt8hce
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RESULTBNDDISCUSSIORNFFREEZSTARTUP

The number of successful and failecstart-up experimental trials according to freeze startup

temperaturecan be seein FigureO-1. A startup is successful whethe stack achievestable full power
and full normal operating temperaturesieglecting timeconstraints ®me initial start-ups took in

excess of 3@ninutes toproducestablefull power. Afailure to startoccurswhenthe stack is unable to
maintain astableload andtherebywill never generateenough heat to sufficientliwarmthe stack above
0°C The largest numbeof completedtrials tested is at20°Cin order tocomparewith the DOE target
for the adoption of fuel cell technologyrecallthat theserequire that a freeze stardup for mobile FC

applicationsat -20°Creach50% power within 30 seconds

50
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Figure0O-1: Experimental feezestart-up trials

The two startup failures at-10°Coccurred due to arexperimental equipment error and electrode
gas crossoveirom anode to cathodeThe crossover leakas detected during a stattp from -10°C
and after several low purge trials that failedsulting in acatastrophic and irreversible failure of
specific cells within the stackhe EObccurred after 42 freeze stattp trials a prolonged period at
OCV and several failed freeze staps In order to continue testingthe affeced cellslocated at
positions 11, 15 and 1@ere removed and the stack was reassemblBoe cell failures all occurred
within the stak and not at the ends. The end cells receive the coldest flow and lose thehemist
so that this is where ice would most likely fodaring startup. Thecellfailures in the middle of the
stack show that degradation occufdm water being present during shutdowmather than during

start-up. After the removal of the cells, the addit of three new cells was disregarded due to time
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constraints and discrepancies betweeperformance of the new and usedmaterials The
investigation continuedafter the stack was rebuiltwith further examination into the purge

procedure
1.18In-Stu Investication

1.18.1.Stack Temperature Conditioning

During startup operation atemperature distribution occursin the stackthat results from the
thermal conductiviy of the gasmanifold connections to the exterior of the environmerthe
load cables and the endplatdhermocouples (TC) located at various positioresasurethe
temperature distribution across the stacgke. inlets, outlets internally and endplate surface
temperatureg. The inlets and outlets are situated on the same side of the siatke wet
endplake. The connectios from the stackinto and outof the environmental chamber allow
pathways for heat intaand out of the stack Heat transfer causes a thermal gradiemb exist

within the stack from the dry endplate to the wet endplate.

In order to gain tk correct freeze temperaturethe environmental chamber set point
temperature was decreaselelow the freezingset point The temperature valueare shown
below in Table 0-1, for the case where the stack has been cooling for 60 hairsn
environmental chamber set point temperature of -23.2°C. The middle of the coolant
compartmentcell temperaturemeasured bytie internal TGeached-20.94C, whereas the &t
endplate and dry endplate have temperature differential of 0.8 across the stacKhis is an
example of a freezing temperature &0°C.An attempted startup trial occurs after the internal
cell TCmeasues a temperatureat or below the set point for 5 minutes. Typibathe stack

requiresfour hoursto achieve the desiretteezing temperature.
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Table0-1: Stack feezingequilibrium temperature values

Collection Point Temperature
[°C]
Environmental Set Point -233
Chamber interior -22.00
Chamber Wall -20.16
Anode Inlet -21.25
Anode Outlet -21.44
Cathode Inlet -21.38
Cathode Outlet -21.81
Coolant Inlet -16.27
Internal Cell -20.94
CoolantOutlet -17.74
Coolant Out Stack Control -17.80
Wet Endplate Surface -20.48
Dry Endplate Surface -21.32

1.18.2.Reactant flows at starp

Once the stack has achieved the desired temperature, reactants are delivered to the stack and
the cell voltages increaseGas flow rate at starup depends on the desired freezing
temperature as the water in the stack isemoved by evaporationWater generated during
operation mayaccumulatein the stack andreeze asa result of the lower temperaturef the

stack thermal mass Freezing temperatures decrease the amount of humidity that ban
supplied to andemoved from the fuel cellThe colder the temperature the lower in the amount

of water that evaporates when saturation is reachédthe stack temperature increaseso

does the gas reactant temperatur@and the amount of waterstorage capacitythat can be
carried away as humidityincreasing the amount of water removeidom the stack aids in

decreasing the amount that may form ice

The gas flow rates are presented Ben terms of their equivalent consumption rate at a defined
current density. (0-1) present the conversion from a current density to an equivalent
volumetric flow delivered to the electrode at statp. Calculations are basedt standard

temperature and pressuteThe delivery gas will exist at this constant rate until the current

density exceeds the set point, at which time the flow with increase tachnat
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The temperature of the fuel cellepends onthe heat that is generated in the stack since

Equivalent Gas Flow (0-1)

unassisted startip is employed. Heat ay beremoved by convectivebnductive gas flows
circulated through the staclkand conductive/convective flows from the environmertteat
removed duringstart-up increases the amount of timeequiredfor thestack to reach full
performance. From the attemptedart-ups a subsetis selectedto examine the effect of gas
flow rate, as showrn Figure0-2. The figureshows howthe output powervaries withtime. All
trials occur from-20°C but with variations irstart-up flow rate. Supply gasesare delivered in
excesslfy the stoichiometric ratio)of the rate of consumptionlt is important to note thatfor
the lower flows a pointwill be reached wheréhe consumption of reactantsxceedgheir initial
setting, as can be seen by thases 0R00, 350and 500mAcm?equivalent & the 2kW to 4kwW
range. The best staup flows for the current system are between 7add 900 mAcni
equivalent. Comparison othe results at flow rates 0900 and 1000 mA cm? shows a slight
decrease in the power production rat®ughly between 100 and 300 seconds the higher

current Thisreductionmaybe theresult of heat loss by thkighergasflow.
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Figure0-2: The dfect of constantflow rates (mAcn¥) on freezestart -up showingpower
production versus time for20°Ctrials
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Burst flow trials involve the use of ahort burst ofgasflow followed byreduction © the
stoichiometriclevel This modeshows an overalldecrease irperformancein comparison to the
constant stepsor ramping flowmode. The execution of the burst procedusegas somewhat
difficult as the mass flow controllers took time to respordl5 second burswill almost reach
the required set point at the end of the flof@depending on set poin@ind follow another 225
seconds down to thenew set point. The performance dhis trial show an overall porrer

performance compared tthat of a consant 900 mAcm? start-up.

The results using stefoow and burst flow are similaralthoughplacement and timing of steps
can bedifficult to implement andmay not follow the supplyexactly. The default supported load
overrides the amount of gas deliveredhiorder to maintain the current densitfRamping flows

lead togreater capability by maintaining a surplus above the consumption rate.

The use of ramping flowhow an improvement in comparison with these ofconstant flow

rates by consuminglessgas at sart-up. Figure0-3 showsan improved peak performance at
900mAcnT, but lower at flows above and below this value. There exists a flow where the
generated water is removebefore it can freeze, but increasing beyond a certain point may
cause cooling of the stack by convective gas flows due to the higher rate. The cooling of the
stack causes increase in the time required before full performancéeaachievedThe curves
convergeat higher operating currentdue to the operating protocolThe activation of thetack
coolant flow typically occursat the 2 to 3 kWpower output region andthereafter the heat

carried out by gas circulatidainsignifi@ant.
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1.18.3.Dwell at Freeze Temperature

In approaching the freezing temperaturgke aim of theexperimental simulatioswas to bring
the temperature down as fast as possibl&wo methods were used to in freezing the stack:
continuously running the environmental chamberthe required freeze temperaturer if the
environmental chamber waat idle caditions (i.e. not running)the chamber wouldyo to the
set point temperature as fast as possibles an example, a fuel cell in mobile applicatiomesy
travel outside in the winteandthen beshutdown. Thiswill causea suddenimmersionat sub
zero temperatures. Insulation ona fuel cell stack is typicallyjot used due tothermal
managementifficulties (i.e. the insulation would result in stack overheating during operation)
The amount of time and the temperaturat whichthe fuel cellis immersed willaffect the
location and state ofvater within the systemAs the stack freezewater may migrate from the

centre and warmer regions towards the outer cooler edges as the staekpissedto the
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environment. As the stack remains at suppressed temperajuweser mayequilibrate across
the MEAsurface.Water within the membranethat does not freeze as a result of the acidic
environmentmay travel ancequilibrateacrossthe MEAsurface As the membrane coo)svater
will leak out due to the contraction of the polymand poreghat containwater. The water that

desorbswill initially be presentait the membrane interface and may be transported away.

The esultsin Table0-2, show the effect of dwell time (time spent at freezing temperature
without fuel cell operation) at fixed freeze temperature, similar purge temperature and flow
rate. A relationship betwee freeze dwell time and the ability to start may exist at higher and
lower dwell times, as there is alarge variation between stamip performances For times
ranging from 0 to 5 hours, nobvious trend is apparenfs testing continuedthe longer dwell
timesof about60 hours present a largesffect for the start time performance. In comparison
betweentrials, a longer dwell timdncreases the amount of time required to reafthl power.
This indicates that there may be a relationship between the amotirdvwell freeze time and

performance.

Table0-2: Dwell freeze ¢mperatureresults

Freeze DwellFreeze| Flow rate Purge Time to Time to
Temperature| Temperature| [equivalent | Temperature| 50%Power | Rated Power
[°C] [hrs] mA cny] [°C] [sec] [sec]
-20 1.0 900 65.9 209 407
-20 2.0 900 66.5 248 447
-20 2.0 900 66.5 228 432
-20 3.0 900 66.3 216 414
-20 3.0 900 66.3 200 414
-20 5.0 900 66.3 179 384
-20 5.0 900 66.5 195 394
-20 59.8 900 66.4 312 537
-20 60.7 1000 66.5 302 506

If the membrane is purged ahigh temperaturethis will remove water from the channels, GDL
and CL before the membrane starts to dehydrate. Once purgitgltedand the temperature
beginsto decreasethe water ptake inthe membrane decreasesausing water to be expelled
from the membrane.An unsaturated membranaluring temperature decline may become
supersaturated causing the water to desorb and migrate outwarttfreezealong theGDM or
CL interfaceAs the stack coolshe water will diffuse outwards towards colder regions and may

accumulate along the surfa@nd eventuallyredistribute across the MEAce may not be fully
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formed at the desired freezing poinévenif the desiredfreeze temperaturenas been achieved
by the stack. Water mape in the process ofreezing through the porgin the GDM and may
migrate to various areas by capillary effecdsdistribution of ¢ce across the MEAurface will

providemultiple sites for crystal growth upon staup.

1.18.4. Temperature Bponses aStartup

For a fuel cell to reach full power productioa minimum temperature must be attained to
enable full power production without causing degradation to the membrane. The generation of
heat during a starup allows the tiel cell to performat increasingpower densities and generate
more heatas the stack starts to generatdectrical power The production of heat can hinder
operation when itcauses dehydration ahe membrane and thus reduceperformance The
activation of coolant is an iportant parameter to adjustas the temperature declines.
Experimental testingoroceededwith multiple runs at variougoolant activationtemperatures
Theresultsshown here are indecreasingemperature and are not related to thesequence of

testing thatwas performed

1.18.4.1CoolanfActivation

Lower freezing temperatures increase the amount of time required before full power
can be generated. The generation of heat occurs rapidly once thk stadbove freezing
temperature Although cell performance magtill be low as a result of mdilstribution of
reactant flows, lower amount of available catalyst siesi/or the thermal temperature
gradient across the stack. Coolant circulation is necessguyeteentexcessivelrying of

the stackduring operation.The ciralation of coolant will cause an increase in thermal
load, increasing the amount of material that must be heated, therefore resulting in an
overallincrea® instart-up time. Temperature and water variations acroe cells will
exist due to reactant flow ice formation reactant delivery and product removal

Goolant canhelp to flatten thetemperaturegradientacross the cells.

The activation of coolant circulation occurs at varidemperatures and operating
states Typicaly this occurred whenthe ambént room temperature of the coant
(25°C was reached inside the stack (as measured by the ultra thin TC inserted in the
centre of the stack)A 25°C internalstackcoolanttemperature would besimilar to the

temperature withinFCATS syste(ne. outsideof the environmental chambérStagnat
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portions of coolant in the supply and return lines will remainchilled at the
environmental freezing condition.Upon coolant circulation it wouldhen be moved
through the stack causing a large shift in temperatu@anceivably the situation in
practice would be cold coolarieing heated by the electrochemical reactiomntil it
reachesthe desired temperaturet which timethe coolant circulation is activated his

would cause a large amount of continuous cold cootariie circulated.

Activating coolant circulation causes a shift in the temperature of the stack components
Heat generated in the stack by the electrochemical reactieatsthe stack faster if the
coolant is retained in the cell§.e. not circulated) Without activation of thecoolant
circulation the internal cell temperature can reach above the boiling point of water
causingextensivedryingand damageto the membrane. Theffect of coolant activation

on the performance of the stack can be seen in #tart-up performance in Sections
1.18.4.5and 1.18.4.6 The point at whih the coolant activates the system is no longer
simulating a true unassisted stack stag condition. The circulation of cold coolant is
not possible with the current experimental setup. TREATSystem can manage the
circulation of coolant by taking into account the exiting coolant temperature and
heating the incoming coolant to that desired point. However, the transient conditions

that cannotbe simulated by the stack operation must be acknowdstig

Temperatures at which coolant activation occurs were investigatedlt is noted that
higher temperature coolant activation will allow the stack to reagteater power in
shorter time. Activation of coolant at a higher temperature allows more heatb®
retained within stack, warming the cell components before the cootakes effect.
Unfortunately, this heat is not well distributed across cells or within cells and may lead
to dehydration and potential damage of the MBAowever,when the coolant dos
activate the cold circulation of coolant causesdeop in temperature The eductionin

the temperature of the cells causea reduction ircell performanceTrials have shown
that whenthe stack was delivering rated power the stable power output gepto as

low asone-quarter of itsinitial valueupon coolant activatiorfsee Figure 6.8 and §.9
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1.18.4.2Responsat OC

The FGtart-up performanceat 0°C giva an indication of theperformance based on the
script andtemperature effects, without the effect of sub-zero temperature and ice
formation. Startup from suppressed temperatures will be based on the resatit8°C
with the added combination of water/iceofmation hindering gas reactamind product

flows. The lower temperaturealsoreducesthe rate ofelectrochemical reaction.

Onestart-up trial at C°Cis shownin Figure0-4. This startup was completed witlinitial

gas flowsequivalentto 10 mAcm?, with a Type A purgeat 59.2°C (as measured by the
internal thermocouple) The environmental chamber is set to simulate5éC freezing
stack startup response Figure0-4, presentsthe cell voltage response and tloairrent

densityversus time Upon activation of thgasreactant feedsvoltageis generated and
onceit risesabove the minimum voltage the load iampedon. As the load increase
the voltage dropdorcingthe operatorto decreasethe loadin order to maintain cell

voltage.
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Maintenance othe minimum cell voltage at 0.3 volts by adding and subtradtiedoad

in stagess the current procedure.e response of the voltage tiaken into account and

the load is modified. The figure showsat during start-up the cell voltage is always
above the minimum voltage. The execution of the current script cannot add the load at
a fast enougtrate to keep the cell voltage at the desirdevel Manipulating the load
fails to correctly constrain the celbltages,and as such the stattp performance at this
temperature can be improvedrigure0-4 B) showsthe temperature response of the
stackduring freeze startp. The horizontal axesf Figure 64 A) and B) are the same to
easily visualisehe progression of heat generation as the stack produces power. The
anode outlet shows a large mation in temperature that may be due to the

maldistributions of flowthroughthe stack channels.

After the current densityreaches 1 Acifi a large drop in performance occurs duethe
rise of the cell temperature and activation of coolant. The load is maintaab@@0 mA
cm? for a period of time while temperatures reach a steady st@teady state data is

collected for performance with the life of the stack, but is not shown here

1.18.4.3Response ab°C

No startups failed when evaluatinghé stack responsat -5°C. Thisagrees with the
work by Houet al. [50] who reported no performance losses fromepeated startup
cyclingat -5°C Freezestart-up should bepossible at thigemperature as long as large

amounts of water have not been retained stiut-down.

In Figure0-5, aresponse can be seen where the minimum voltage of the cell during the
start-up decreases to about 0.5 V. The stapt performance can be improved from this

basis, as showim the results for the response at 0°C.
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The timesto reach50%and fullpower in this case are 36 arB secondsrespectfully
Type Apurgewas emplyed & a temperature 0f59.3°C and higher initial constant gas
flows of 900 mAcri. The anodeoutlet temperature shows a largéuctuation during

the warmup period tosteady state data collection

1.18.4.4Response allCC

The stack responseat -10°C also showed the first stanp failures These failures are
attributed to the performance of the testing equipment atite heavy damagéhe stack
had already sustaineds a resulof a gas crossover leak causing an EOL condition. Two
experimental results are presented here: 1) a successful-gfattial at -10°Cand2) the

failed trial thatresults fromthe stacks EOL gas crossover.

Figure0-6 shows the results of thesuccessfufreeze startup at -10°C. The trial was
executed with 900 mA cihgasflows, purged at 65 at ratesof 1.8 and 16.0 slpm cell
! Thestack reacheds0% and full power within 55 seconds and 73 seconds before

coolant activation.

A faster starup trial at -10°C and a lower purge temperature 053.3C was able to
reachto 50%and fullpower within 41 seconds and 61. The effect of purgefemture
will be discussed in Sectidn18.8.2
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The two failures to startip at -10°C were the result of errors: 1) an equipment
malfunction, 2) a crossover leak that results in an EOMitton which is discussed in
Section1.18.9 The stack EQdccurred duringhe 43° start-up trial. The triaproceeded
after a severe dehydration conditisnwere reached resulting from an equipment
malfunction.The faled startup trial is shownin FigureO-7. The lower cell vitages were
measuredn the midlle of the stackfrom cells 11 and 15Theproblem developed in the
middle cells and prevented the cell potentias from increasingenough to generate
enoughcurrent to for a successful stastip. This is of interest as a high gas crossover
increases the amourdf heat generation, but at too high a rate and the performance of

the stack will decay. These failures inflict and present the degradation of the stack.
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1.18.4.5Response all5C

Five trials completed at15°C helped in the development of a successful stapt
procedure.Data collectedfrom the trials at-15°C vere tested earlierin this studyand

therefore do notbenefit from the knowledge this study gained in this study.

Thestart-up presented inFigure0-8 had the besstart-up performance at15°C but the
employed purge wag/pe Aat atemperature of 24°CFigure0-8 A) showsthe variations

of cell voltageand power generatiorversus time. The results shothat the current
increases in stepm order tostabilize the cell voltageA drop in current occuraround
21 secondsdue to the increasingcurrent density andagain at around 62 seconds
possibly due tdhe formation of ice.The cell voltages show a largdistribution during
start-up. Lower cell voltagesccurat eitherend of he stack. The voltage of the cells is
shownvary until about 470 secondsvhen the temperature of the stack reaches 54°C.
Activation of coolant circulation occurat about 125 seconds,leading to a slight
disruption to the generation of power as a result thie cold coolant being pushed
though the stackA large decrease in temperatuis observed athe cathode and anode
outlets as the heat generated in the stack is now warming the circulated codlhat.
performance at this level shows that the 2kW is ieeat after about 126 secondand

full power at 408 seconds.
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1.18.4.6Response akGC

Investigation of freeze staidp at -20°C initially showedcomparableresults but with
further investigation problems arose with achieving a successful -spartFurther
investigation showed that aninimum purgetemperature on shut-down was necessary

in orderto allow removal of sufficientvater for the stack toachieve a successful start

up.

A sample starup performance can be seen kigure0-9. The power noticeably drops
after about 80 seconds into the stanp asthe result of ice forming and hindering the
increasein voltage responséy blocking reactantsThe cellvoltagesdeclnes when the
load is further applied and takknger to recoverin comparison tothe situation at
warmer startup temperatures(i.e. longer to warm components to free up reactant
channels) The cell voltagesvary widely across the stack with the minimum @n
maximum cell voltagedifference by as much &6 volts. The lower performing cells
are typically the end cellasdiscussed in Sectidh18.7, or cells that hae ice hindering
gas reactant delivery. The spread of the cell voltameer the stackdecreases as time
progresses and thetacktemperature increaseslhe startup reachess0%power at 229
secondsand full power at 474 seconds. The activation of coodri74 seconds into the
trial occurs when the internal cell temperature reaches abov#68 muchfaster ramp
rate of poweroccurs before the activatioas a result of the much faster increase in
temperature due to melting ice freeng up pathways for reaant delivery. The
circulation of coolat causes a large thermal shoakereby the internal thermocouple

readings measure abo®0°Cto around 10C in a matter of seconds.
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1.18.4.7Response ak5C

Three experimental trials wereonductedat -25°C,but all failed to achieve successful
start-up operation Figure 0-10 presents one of the attempted trialat -25°C. This
specifictrial was conductedvith atype A purge at rate of1.8 and 16.0 slpm cé&lffor
the anode and cathodeespectfully. Thereviously conductegurge measureda peak
temperature of 66.3C. At startup, constant flows are delivered at an equivalent set
point up to 900 mA cffi Delivery of the reactants allows the reactant to occur eaen
the lower temperature, increasincell voltagesAs the voltages respondhe loadagain
cycles on and offresponding to the minimum cell voltagéhe start-up current density
peaks at around 0.22 &m? at 68 seconds into the startp. The generatia of heat in
the stack increasedith the load and peaks since the cell voltage is unable to recover.
Any load maintained at this level will decrease cell voltages amdlead to carbon
corrosion or cause cell reversal. The temperature as measured by thernal
thermocouple peaksat about 90 seconds at a value 68.66°C. The cathode outlet
shows a temperature increase with the attempted stag but does not rise above
11°C. The gas reactanttows do show a small increase over the 200 second stprés

the flows carry heat into the chamber since a larger gradéigts at thigemperature.
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1.18.5.Power Production and Ice formation during-Gpart

Power production increses with increasing temperaturdhe onset ofthe currentincreases
heat and generates watewhich can freezehindering reactanflows. Asice forms, the amount
of gasdistribution is disrupted and causes a largerease in resistance tthe delivery of
reactans. As ice growth continues the cell voltage will decrease as pore and chapaeings
become blockedin this situationOCV losidicatesthat iceis blockingthe poresand thatstart-
up will not be possibleln order to achieve a successful stag, the stack must maintain a

minimum load to generate enough heat to melt the ice and warm the cell.

Trials at each of the vimus temperature levels were selected witther conditions maintained
reasonably similarTiable0-3). The only exception was at5°C due to the fewer number of trials

conducted at this temperature.

Table0-3: Powe production in selected purggype A trials

Purge Time to Power
Temper|  Ca An Time to| Time to
ature | Purge | Purge
. 50% | 100%
Tempera Selected Initial Flow| Internal | Cathode Rate Rate | 5 erl Power
ture Data file Set Point| Cell TC| Outlet | [slpm | [slpm
2 o 1 1 [sec] | [sec]
[°C] [mAcni?] | [°C] [°C] | cell] | cell]
0 100526205154.csV 10 59.0 54.6 1.8 16.0 53 65
-5 100602140930.csV 770 58.5 52.9 1.8 16.0 35 49
-10 100708062445.csVv 900 65.3 58.8 1.8 16.0 52 73
-15 100615132137.csV 900 24.0 25.7 2.7 15.1 126 408
-20 100603122358.csV 900 59.1 53.2 1.8 16.0 268 581
-25 100617192615.csV 900 66.1 60.2 1.8 16.0 - -

In Figure0-11 the power production is presented versus time for various temperatuiidse
decrease that results from the presence of ice occurs 40 to 80 seconds into theistarhe
power production shows that the rate gfower productionis steadyfor -5°C and-10°C This
shows that the generation of heat within the stack is enables popreduction without ice
formation. The power response all5°C and-20°C shows a deviatiofrom that at the higher
temperature The power reaches a peak before decreasing briefly and then steadily rising above
the first peak.This is related to the forman of ice along the surface of the MEA interfering

with the delivery of reactant as a resuit the resistance increasing amd turn the performance
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FigureO-11: Sart-up procedure initation presenting power gnerationof variousstart-up
temperatures againsttime

1.18.6.Failure to Start

The inability to operate the fuel cell stackises due to the inabilityo maintain a constant
current. When current is drawn from the cethe voltage drops OCVbe maintainedat low
temperatures for prolonged time even if the ability to deliver poweunimttainable but not
indefinitely. This shows that pathways for gas delivemgy still exist but they cannot transfer
reactant fast enough to enable stanp operation. Thompsonet al. has presented findings

about the time delay for OCV drop out by flogigases in a stack at isothermal temperatures

[7].

A startup failure in a freezing environmeind signalled bylecreasing cell voltages either due to
cooler temperaturs or the presence of ice. Trials haghown thata singlecell, end cell or

middle cellcan control whether a stack can bgrt-up.

A failed startup can still beecoveredwhile remaining in a freezing environmemfreeze start

up was attempted at-25°C but failed. To determineif operation could stilbe recoveredthe
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environment was warmed te10°C and start-up retried. The start-up trial (Figure0-12) was
successfuland reached full operationbut performance was hinderely the residual water
generated in the stack by the previous attempted stapt Figure0-12 shows a vast amount of
fluctuations in cell voltages with the load being cycled on and off completely in order to
maintain the minimum voltageAt around 1200 seconds into the stamn, performance
increases which cape the results of sufficienttemperaturein the cells meltinghe formedice

and allowingpathways for reactant delivery.
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Figure0-12: Startup at-10°C after failed startup at-25°C

Ice blockages caexist not only in the MEA but can build up along ttennels in thebi-polar
platesor in the return lines from the stack back tiee FCATSFreezestart-up trials haveshown
that a buildup of pressure on the exhaustn lead to the stack being shut dowo prevent

irreparable damage.
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1.18.7.End Cells

The endplate isa large metal piece that supports the stackand maintainsit rigid and

compressed to prevent gas leakagao the surrounding environment. The endplate acts as a

thermal sinkto coolthe end cellsof the stack.Figure0-13 presents theevolution of endplate

temperature due to he large mass and the high thermal conductivity and heat capacity

considerable time is required befothe endplatesreachthermal equiibrium. From the figure

the temperatures of the endplates have stabilized only after 40 minukéss is a typical trial

result for the stack regardless of freeze temperature and atpfshut-down procedure.
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Figure0-13: Stack emperatureresponseat start-up

The voltages of end cells are lower than the others since they do not have a cell on either side to
supply additional heatFigure0-14 shows the response of the cell voltages within the stack
where cell 1 and cell 17 are the wet end cell and dry end cell, respectfully. The wet end cell
operates at a lower vtdge than the dry endplate cedue to the fact thait receivesthe coldest

gasand has more thermal mass, due to the supply and return connections.
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Figure0-14: End cell performance during statip at -20°C

1.18.8.Results oPurgeStack Conditioning

The purge of the stack is critical ieezestart-up performance Increasingourge temperature
or durationremoves more water and gives the stack an increased ability to start successfully.

Accordingly the effets ofmultiple purge rates, temperatures and typegre investigated.

During start-up, the rate of power outputwill increaseuntil an equilibriumis achievedand
limitations in removal of water will hindersubsequentstart-up. The decrease in proton
conductivity from cell/membrane dehydration duringhe purge must be regained by the
membrane before higher reactiorates can be reached The reduction irwater will make it
easier for stadup to proceed from lowertemperaturessince the membrane contains less

water.
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In order to determine thetart-up ability of the stacka trial was conductedvith the desireto
remove as much water as possible without harming the stack components. The stack was
operated at a high temperature inrder to increasethe amount of water leaving the stack
during the purge. The followingpurge procedurewas employed while monitoring the cell
voltages. As the watewas removed from the stack bypurging with flowing dry gases the
amount of waterhydratingthe membrane decreaseand causd the OCVs of theellsto drop.
Reactantflows werethen halted, decreasing the amount of purge time and gas required in

comparison to previous trials

A selected trialin an attempt to stardup at -10°C (Figure 0-15) showsthat middle cells can
control/limit start-up performance.Cell 16 and 19 control the stamp because their low cell
voltage during potentiostatic start-up seeks to maintain a minimum cell voltag&€his
demonstrates that norend cells can control the stadp due to inconsistent gas purgghistrial
was conductedat apurge rate of 0.9 and 9.5 slpm ckfbr the anode and cathode, respectfully.
Note, that these levels yield a lowguurge in an attempt to save fuejasand test limitsof
operation A typeA purgewasconducted at a temperaturef 27°C, as measured by the internal
thermocouple. Cells 16 and 19 contraghe start-up because of the presee of ice The
maldistribution of gas flow during purge may cause waterdmainin areasof the stack which

can lead to this kind gerformance.
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Figure0-15: Middle cells limiting start capability at10°C

The GDM selection may only allow for the removal of some of the water dite kydrophilic

properties, but morevater may be removed from the staek higher temperature.

Trial variationsndicate thata pointis reached wher¢he lowest possil# sub-zero temperature
during startup is limited by the amount of ice present and forming before the system could
warm above freezing conditions. This shalgnit where a successful purge mag unable to

be implemented for future operationNote thatthe purge also draisthe overall efficiency as it

consumes reetants withoutgeneratingenergy.

1.18.8.1Purge Type

Theinfluence of purgetype showsthe effect the duration of purge flows through the

stackhason performance. Electrodes were differentiatédorder to determine ifonger
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purge time could be maintaiad through a single electrode and achieve similasr
improvedperformance.Information presentedin Table0-4 showsthe relation between

purge type and the time to minimum stable power output.

TableO-4: Summary of slectedstart-up trial purgetyperesults at-20°C

Anode | Cathode 100%
" 50%Power
Initial P Purge | Purge Minimum Power
Selected Purge| Flow Set urge Flow Flow Minimum
. Temperature Startup
Startup Label | Type Point [°C] rate rate Time Startup
[MA cni’] [slom | [slpm fsec] Time
cell] | cel] [sec]
82 A 900 66.3 1.8 15.9 179 384
65 B 1000 62.6 1.8 16.0 237 422
71 C 1000 66.1 1.8 16.0 251 434
74 D 900 65.7 1.8 15.9 212 390
35 E 900 44.2 1.4 12.0
85 F 900 66.4 1.8 16.0 259 464

Comparison of purge A, B and C shohat increasing the purge duration increastbe
start-up time at the current conditionsA possible explanation is that as more water is
removed from the stack, resistance increasd$e purge A trial shows the best

performancereaching 50% power iti/9 seconds.

Theeffect of reducing purge time vgaexaminedn trials E and.FA stable starup could
not be achieved in trial E. On the other hand, a successfulgpantas attained in trial F.
The resulting savings in fuel gasy beoffset the increased startp time required to
reach full performane. Comparison ofPurge Gand D shows that a reduction in anode
purge time (Purge D) decreases stapttime by 40 second€onducted purge trials may
be overly drying the PEM or removing insufficient water affecting the -sfart
performance This shows tat there is an optimunamount ofwater that has to remain

within the cells to enableapid startup.

1.18.8.2Purge Temperature

The number of successful/failed stamps depending on purge temperature is shown
Figure0-16. Operatingat alower temperature purgaloesnot improve the ability othe

stack to startup from suppressed temperature§sreater water removal will increase
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the startup capability from lower temperatures, buhay compromiseperformance
Toomuchwater removal causea decreasdn cell performanceand an increase in start

up time fromwarmerfreezing temperaturesr normal operating temperatures
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Figure0-16: Freezestack start-up ability bypurge temperature

Selected results of the conducted trials have been summaris@dlohe0-5. The trials
shown areall conducted using a Type A purge, stapt flows at 900 mAcihand a
freeze startup temperature of-20°C. The resultfor Trial 45 is a specidy selected case

as thepurge temperaturdés manually elevated
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Table0-5: Selectedrial results at-20°C showingpurge temperatureeffect onstart time

Cathode
Internal TC|  Outlet Timeto | Timeto | Anode | Cathode
During during 50% 100% | Purge | Purge
Purge Purge Power Power Rate Rate
Startup Selected
Temperature | Trial Label [slpm [slpm
[°C] [°C] [sec] [sec] cell] cell]
-5 20 26.8 19.5 904 1416 0.9 9.5
-5 19 40.1 38.7 72 0.9 9.5
-10 42 20.7 20.1 FAILED 2.7 15.2
-10 87 65.3 58.8 55 73 1.8 16.0
-20 36 22.7 22.6 FAILED 2.7 15.1
-20 33 24.0 15.7 FAILED 1.8 16.0
-20 64 49.0 44.8 1046 1530 3.2 18.1
-20 90 56.1 51.6 424 626 1.8 16.0
-20 31 59.1 53.2 268 581 1.8 16.0
-20 53 65.2 58.1 284 555 1.8 16.0
-20 54 66.8 58.4 229 474 1.8 16.0
-20 45 68.0 69.0 500 755 0.9 9.4

The resultsin Table 0-5 indicate that a low temperature purge maynot allow a
successful startip and increasing purge temperature decreases timattain the rated
power. The results at5°C, trial 19 do not presd a time to 100% power, this is due to

an equipment error resulting in shut down before it could be reacliem a successful
start-up at-20°C a minimum purge temperature of &5is necessaryA point is reached

at which purge temperature and purge ratau®s a delay istart-up time, as shown by

trial 45. Trials 53 and 54 show there is variability between runs. This variability may be
the result of inconsistent water being removed across the stack resulting in ice being

present prior to startup.

Purgirg the stack at 4%C or below leads to anunstable starup unlessthe load is
ramped off entirely before sufficient temperature has been generated@he stability
brought by puge temperature wasonly found after multipletrials were completed.
Sart-up was possible initially, alower purge temperatures but after several freeze
exposures this capability was losthe changes iperformance bypurge temperature
may have resulted from morphology changes to tsteucture of the GDM These

possiblechanges mapave caused moreater to be retained irthe stack The results in
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Table0-5 also enable us to examine starp stability. If a low temperature purges
used the load during starup can be unstable (likely to require complete removal of

load on and off).

1.18.8.3Purge Rate

Theeffect of therate of purge is examined in order to decrease the time necessary t
reach full power performancby changing the amount of flow through the stack during
purge.Experiment ates are listed iMable0-4 andresults presergd belowin TableO-6.
Trials have not been completed at all feeestartup temperatures. Itis important to
assesghe variations ofstart-up time attainedwith respect to purgg¢emperature, type

and the startup flows during the tria

Freeze starup trial 29 at -5°C was halted during operation due to safebncerns with
high pressure flows. Br5°Ctrials showthat an increase in purge rate can improve the
start-up response ugo a certain point, depending on the temperature during purge.
Overall the tabléndicatesthe results that an increase in the rate of purge decreases the
time required to reach power pragttion. Due toconstraints atHydrogenics facilitythe
complete examination of purge rate and the interaction with the necessary purge

temperature and duration is incomplete.
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Table0-6: Datasummary experimentalresultspurge rates

50% 100%
Cathode| Anode Power Power
Freeze Selected| Anode Cathode Purge Purge Purge | Min Start Min
Temperature| Trial Purge Rate| Purge Rate| StartFlows| Purge Type| Temperature| Duration | Duration Time Startup
[°C] [slpomcell’] | [slpmcell] | [mAcni) [°C] [sec] [sec] [sec] Time
0 27 1.8 16.0 10 Purge A 59.2 150 150 53 65
1 0.9 9.5 900 Purge A 40.1 150 150 56 366
5 23 1.8 16.0 900 Purge A 59.3 150 150 36 48
25 2.7 15.0 900 Purge A 39.7 150 150 40 190
29 5.0 26.0 770 Uncontrolled 64.9 Uncontrolled 45 59
18 0.9 9.5 770 Purge A 39.6 150 150 268 773
-10 87 1.8 16.0 900 Purge A 65.3 150 150 55 73
2 2.7 15.0 10 Purge A 40.3 150 150 143 223
17 0.9 9.5 770 Purge A 40.0 150 150 890 1084
-15 11 1.8 16.0 10 Purge A 34.4 150 150 197 772
41 2.7 15.0 900 Purge A 24.0 150 150 126 408
8 0.9 9.5 900 Purge A 68.0 150 150 500 755
9 1.4 12.0 900 Purge E 44.2 90 90 Failed
20 54 1.8 16.0 900 Purge A 65.7 150 150 507 780
80 1.8 19.0 200 Purge A 66.8 150 150 239 515
81 2.7 15.0 10 Purge A 40.3 150 150 912 1238
85 3.2 18.0 1000 Purge A 49.0 150 150 1046 1530
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1.18.9.Leak Testing

To test theintegrity of the internal stackomponentsi.e. PEM anéDM a mechanical pressure
test was completed. The test carried out onthree different compartmentsto detect a leak
from the stack to the environment, between electrodes, or from the coolant to an electrode.
The compartmentin gquestionis isolatedat a speified gas pressure and monitored for any

pressure build up.
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Figure0-17: Stack @scrossoverleakrate with start-up freezetrial number

From Figure0-17, we can see that the coolant to electrode and external crosséaak rates
never affected byfreeze startup trial. This showshat no lossesoccuras a result of thermal
cyclingin these tw areas The electrodesioweverdo show ahigh crossover rate beginning
around the 34 trial whena failure occurred during a cyclic freeze staptbecausethe stack
refreezes witha low temperature purge. Athe 39" trial, an error occurred with theFQ\TS
preventingvoltage measurements and gas flows across the stack for around 33. liiglsgas

flow for prolonged duration is damaging to the staék trial 4Q the stack washutdown due to
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the loss of nitrogen supply to thECAT®quipment. At the 41* trial, poor performance with
increasing loadesulted due tohigh gascrossover The crossover rate wameasura at 0.6
L'min™ resulting in an enef-life (EOL)condition. Analysis of the system led to the idea that
three specificcellscontributedto the crossoverThe stackvasdisassembled and the three cells
were removed. The rebuilt stack wasreassembledwithout these three cell and testing
continued The effect of freezing thstack in an already conditioned stateansthat there may
be nodirect degradation to the mechanical propertieBhecrossoveleakfailure may nothave
beenrelatedto a single event buto a series of eventassociatedvith the stack freezing in an

unconditioned state

1.18.10.Degradation

Polarization curves wereollectedinitially and after freeze stantip trials.Fuel cell components
may initially resistdegradation that may arise as a result of changesurface morphology,
hydrophobic ability of the componentsr amount of waterpresentat shutdown. Figure0-18
shows an example of degradation that can ocdtgraseveral freezing exposures, freezing start

ups and freezing with water present.
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Figure0-18: Polarizationcurve of stack bycompletedfreezestart-up trials
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Comparison of the plots withiRigure0-18 showthe beginningof-life (BOLhich isthe original
stack performance against polarization curves conducted after freeze testing. The stack
performance degradesas a result of the testing by the decrease in output potential at a
specified current densityPerformance in the ohmic and concentration overpotentials is
affected byfreezetesting. The 41 trial denotes the last successful operation of the stack before
the leak crossover causes the EOL conditiBgbuilding the stack and progressive testing

showd little loss in performance.

Thefreeze startup trials shown in Sectiod.18.4showsthe response of freeze statip. Thecell
voltages displayed show some Iatsiuesdue to the aggressive staup strategy employed to
warm the stack as fast as possible. Low cell potentia¢ to localized reactant starvaticcan

lead to the loss of carbon support for the catalysis and increase degradhtiongh the cells
[51,52]. The stack waalsoexposed to a prolonged duration at OCV conditions as a result of
equipment failing to measure any cell voltage while gases were flowing acrosdeitteodes.

The gas flowed for a period of 33 hours before halting. The prolomgsdt of open circuit

conditionscan causelrying of the membrane andegradation to thestack[53,54].
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Figure0-19: Average percent reduction in performance from polarization curve

The reduction in the performanckom BOL and the lagiolarization curvels shown inFigure

0-19. Thelossis greatest at the highst current dersitieswhere more mass transfer limitatign
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occur. The reduction of the stack performance aants for 1.6%on average over the range tife

operatingcurrent densities

The degradation may also leflected insteady state datdrom the polarization curvegFigure
0-20). The rate of degradation can be inferred by the reductibthe performance of the cells by
the progression of the day of operatioin total the cumulative running time of the stack is
around 280 hours which includes operatiafter the stack was rebuiltA variation occurson the
19" day thatdue to deviations irthe environmental chamber temperature set point deviated
from normal operation The set of data shows some points missing at tH& g@arizationcurve

asaresult of a manuasafetyshutdown.
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Figure0-20: Average stack power outpuby current density (mA cif) measurements fronrPCversus
initial start day of the experimenat multiple current density measurements

Decay voltage measurement$or Goretx Primea® series 57 MEAsge published[55]. We can
directlycompare the results of accelerated freeze stadtsto normaldecay ratesThe @eration
of the stack varied in current density and thablisheddecay rates at 200, 400 and 800 mATm
are 28, 30 and 2&Vhr?, respectfully Any operation above 800 mA&mwill have a decay rate of

>50>Vhr. Operation of the stack from freezing exposure has resulted in an average decay rate of
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53.7>Vhr. This decay rate aligns with the normal rate of the stack siaekoperationwent
above 800 mA cih

1.19Exsitu Investigation

Freeze testingof the stackand the vigorous stack staup operations accelerate@as crossover
Diagnosisdetermined that three cells contributed to the high crossoveak rate. The cells were

removedandfurther analyzedby visual inspectiomnd byscanningelectron microscopy(SEM)

1.19.1.VisualinspectiorResults

The cells removed from the stack were examined visuallyy removing the GDIo expose
exposing theMEA Removal of the GDL by peeling it off from the membrane was generally very
easy The fresh MEA surface appears blaska result of the carbon catalyst supportsiél

examinationrevealedvarious pinholes and larger holes present.

The freezecycled, freeze-started PEMin Cell 15is shown in Figure 0-21. The figure was
generatedby placing the MEA oa scanner bed and scanning the image. This method shows the
larger portions of the MEA that has been lost but failswtae the finer pinholes present. The
larger holegresent in the MEA arimdicated Once smaller pinholes have forméide may grow

as a result of local hot spots from the unrestricted reaction to occur withmawering an
external load(i.e. by simple combustion reaction between &hd Q in air) The combustion
reaction generates local hot spots arngurns away sectios of the MEA by the increase in
temperature As the fuel mixes andxidizes,the temperature around the pinholeises and

causes it to grow larger
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4Figure0—21: Visual mageof freezestart-up cycled MEA

Theimage can be better captured by using a light table with aaliggmera Figure0-22 shows
an expanded image dahe holes present in the MEAThe larger holes in the MEA vary in

diameterbut measureapproximately 5 mm to 8 mnFiner pitholes can be seen around these

larger aeas.

Figure0-22: Freezestart -up cycledMEAfocusing on formed mhole

The accelerating freezeycled testing andrigorousstart-up operation of the stackausesan

increase in the rat®f degradation The central region of th#1EAin Cell 11 is shown iRigure

0-23. The large number of pinholes set against the black catalyst sughosad & G I NNE Yy A 3K
a 1 &mky®pot that is not blackorresponds ta pinhole.

95



Figure0-23: Visualimage of &Il 11 captured by light table, lcally emphasised for smaller plioles

Figure0-23 showsmany pinholes thatform along cell 1dmembrane.The examination of the
pinholes shows that thejollow a patternin the PEMPinholes are grouped inteegionsnear
open channels(i.e. no land supportorresponding to the bipolar plate gas delivery field
configuration Ice may form under the lands and protect these areas from pinhole formation.
The increase of gas reactant deiy atthe open channelsnay have accelerated the local
reaction and escalatedegradationdue to the generation oturrent densityduring subzero

freezestart-up.

The catalyst support was shown k@ missingaround theouter edges of theMEAand only
remainingthe centralmembrane(i.e. catalyst lost)This may occur due tiwost heave formation
in these local regionsAs an ice lensor a frost heave occuyghe freezing of pooled water
generates an expansion force that increaséiessthat dislodges portions of thenembrane
surface The inletsreceive the coldest flowsand the highest concentration of oxygen. This

means rapid and early formation of ice before the rekthe cell or stack can warm.

1.19.2.SEMResults

The affected cells that were remaed from the stack were sampled at various positions and
analysed by SEMbamples were prepardaly cutting out asmallsection from theMEA in ararea

of interest Selected regions of the membraegamined inlets, outlets and central positions
Two typesof samples wereprepared and testedl) surface and 2) crosssections Surface

images can display how the morphology of the catalyst layer surface may be aff€aisd.
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section images present information about catalyst migration, cracking, delaminattithe PEM
and throughplane morphology changeg&rosssections of theMEAwere prepared bycutting
out arectangle measuringpproximatelyl cm x 32 cm The samplavas immersed in liquid
nitrogento rapidly freezeghe sample The frozen MEA sectiamasthen snapped into two pieces
with two tweezers A frozen sample is easy to cleanly fracture pralidesa level image for the

microscope to capture
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Figure0-24: SEM arfaceneara pinhole

Figure0-24 shows an enlarged view of a pinhole. The tape used to adhere the sampleecan
seen in the lower centrdilackarea.Some piecesriginally from the GDMhat have been left as

a result of fusingind/or burnsto the MEA appear near th@inhole that may have resulted from
higher temperature exposurdvactures in the Ckorm nearthe pinhole, while evidence oL

lifting or bubblingdue tofrost heave formation andelaminationappear further away
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A fresh urused sample of th® h w9 u t veri@asMEAris shown ifrigure0-25. The MEA
has several characteristics of noteis composed of five layers and is symmetriddie layers
include an outer catalyst layeranionomer layer and the central reinforcementheionomer
layers and the reinforcement rake up the membrane of the PEBId combine witithe anode
and cathode CL definés make up theCCM
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Flgue0—25. SM msssection offreshD h w9 u

Figure0-26 shows the msssectionof the MEA inCell 15. The cross section shoesidenceof
delaminationbetween the CL and the electrolyt€racks inthe catalyst layemappearwhere
water may poolduringoperationand freeze cyclingrhis areanaybe alikely location for an ice
lensto form. A large crackblack arrow in figurejunsthrough both the CL and thelectrolyte
into the e-PTFE reinforcementn Figure0-26 A) a region in which expansidmetween the CL
and electrolytehas occurred is noted with a circleigure0-26 B) shows the area of interegh
higher magnification This expansion could be the result of frost head@mation. If this

expansion occurs between twdifferent layers, then it leads todelamination. A frost heave
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increasea the pressurein the through-plane and lateral positions dhe membraneforcing an

expansion The increase in pressure along the membrane may lcangpressedhe ionomer

and e-PTFEand causedhe cracking of the CL, delamination and the woniformity in the e-
PFTE layer.

Width = 1365 10 um Ma < 0 a 0K X 9:3
— EHT =10.00 k¥ m=3 H EHT =1000 kv = si 106 mbar

r—2rosssectionimaCeII 1A)agn|f|cat|ont00x showing orall deca
present,B)increased magnification 5000x centred alelamination and frost heave formation
Figure0-27 below shows grepared cosssectionfrom Cell 16. The image showsahthe CL @
the left has delaminated andeparatedfrom the membraneThee-PTFE reinforcement of the
membraneappears tohave expandednto and through the electrolyte.The expansion could
result from a frost heave expansion inside the PTFE strands. PTFE has low wetting contact angles
and is classified as a nevetting substanceThis should facilitateemoval of water butit will
not prevent any remaining water from freezing in the sture. Lower temperatures can also
cause water to be expelled by thesultingcontraction of the polymerThis water may lead to a
frost heave between the electrolyte layer@ycling may atlw for the continual occurrence of

these phenomena and lead to the structures such dsgure0-27.
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FigureO— mctioncelowing expansion of €TFE throh L catalyst
layer delamination
Figure0-28 below showssimilar characteristics ahe above figurethe loss of CL around an
area where the expansiodue toa frost heave has caused delamination of the surrounding area
and expansion of the pores in the Clhe expansion appears to have expanded the pores in the
CL and caused it to expand into the electrolyte layldre nonuniform thickness ofe-PTFE

reinforcement electrolyte and CL (on lefday occur as a result ttfie forced expansion causing

deformationof the membrane
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Figure0-28: SEM msssection ofcell 16 with hole through catalyst layer
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