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ABSTRACT

This thesis presents the study on the effect of hydrogen purging period on
the performance of proton exchange membrane fuel cell (PEMFC) system. It aims to
improve PEMFC performance to be a reliable power source for power supply unit.
The membrane electrode assembly of a PEMFC has to be wet for the fuel cells to
work efficiently. Despite many factors causing cell degradation and jeopardize the
stack performance and attenuate the electrochemical reaction, this thesis only
focuses on an arrangement of hydrogen purging period to remove water droplets
and residue of inert gas from the anode side of the fuel cell. Experiment at 100 W
and 400 W loads results that the higher purging rate can improve the system

operating reliability of the power source while it can cause the hydrogen waste.
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\WWaalyatwa UL USUantlagulusnau
(Proton Exchange Membrane Fuel Cells: PEM)

2.1 Waaawmasuuuuuusunanilagulusaay (Proton Exchange

Membrane Fuel Cells: PEM)
I's d’l‘ a o =Y =4 s du a a Qs
LEAALIBLN AL UULNNLUSULANUABUIUSABU Y38 PEM tUUlsaa ot waINAANAI9TU
W nszwanse (DC Current) WasAuau srunszulunsiadiwdludundssu
. . . v a
Tnansi(Electrochemical energy conversion device) lasldluuiusulunisuanideu
1Usmau

2.1.1. Tassairevaavadidomas

Tnssadongadiiomas  PEMEC Usznavsas 5 lasedadna sannd 2.1
Tnssadausazduiintifiuasauddunnmiaiusd

1. deuandsulusneu (proton exchange membrane): Wudaudieaul
Tsneululelasiauannsonaruantavenlualudaualnals

2. FudeUjisen (catalyst layers). iudwiiaglddamdafnuiiselutunen
nsusnfassnsuedusneulardidnnseudulugasldunaritiundundn

3. Funsrauivetiewds (gas diffusion layers): Wudwiiteliidamaslua
rugwsuiieusndidnaseu

4. Ynifiu (gaskets): Wilatosuililliidomadhnasdmasnszasuseiiinenis
Usynaufiuraagas vnunnndaneu iwasy

5. uuUsznuEn (end plates): Womgaduadinsuiududun Tandulugvin
wInaLawad wnstiy Wi



LOAD J
2

Heat,Water | H20, N3, O,
Hydrogen Air (O;)
Negative Electrode —T I T—'F‘ositivta- Electrode
Proton Exchange
Membrane

_ 4 ; = (3]
MW 2.1 sadUsEneuresmadLama

2.1.2 WwadidamaamuuLan
waadomAuuun Jumsiusadidamamaowaduidedadeiy tielils
wsadulnihadents Fnmit 22 wadidewmdsasitsnelavzurfdudai i ey n
yuden FrslumsamimiinuazUinasvonsad dumsuszneumadidndefuasldTandu
Hdumasluwanainuioss wu Iwdrmiveiualnddalviu waslnddiietielnaussougnis
ﬁmu.q&ﬁ'u
suutgliihneadidomds PEM Iiaundussuunbuwadidamasiinga
uialél (Regenerative Fuel Cells, RFC) Sagniluldnulusemeaiu uavausgening
dmiulszwalneidu vidn Meft 10 uvawu Aesslusimimslnasuuvludiuinalnalag
Twaduaserinsuannszudliiuasiulilaslduunmeinetinia
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Anode flow field pattern
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Cathode flow field pattern
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wagdaundsiiniinswmuregideilowasiluldausdraundnae Wy
T duuudsralwirlugruwinug w’%aamuﬁﬁfwﬂ Fanaigadidemadudmuiuges
Aflfsnudnunsuasannsmaiautsadiowausaztiln esaniwadidomaadl
vangvile uagdmuavnzssiuinumgvesuhlUdUslend fmnsed 1.1
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A5199 2.1 LAAISNUUSURUTASLTDLWAITUAG1I

PEMFC DEMFC AFC PAFC MCFC SOFC
1. Mslgau Automotive Portable Space vehicles Stationary Stationary Vehicle
and stationary power and drinking power power auxiliary
power water power
2. Bidnlnslad uWulndiues uHulwdiues 30-50% nsaneanesn | Arsuslummadly | Baviseuiatesiu
(waahin) (wanadin) Tnunaidoy LWNTU 100% WwslnvewdBen | waslaluula
lansonlan oailiun panlun
3. ‘li’NQﬂJMQfJﬂ'\‘i 50 -100°C 0 - 60°C 50 - 200°C 150 - 220°C 600 - 700°C 700 - 1000°C
U
4. fuaniUAeulsyy H' H' OH H' o5~ 0"
5. Prime cell Carbon-based Carbon-based Carbon-based whslua AuAuLaa dfa L51HN
components
6. SrLsaURATeN UWaniu Pt-Pt/Ru wnaniidu uwahidu Una Perovskites
7. WonEman lalasiau Wnuea lalasiau lalasiau lalasiau, lalasiay,
Asuouteuanles, | MmiusispuBnlon,
iy finu




M990 2.1 (f0)

PEMFC DEMFC AFC PAFC MCFC SOFC
8. ansuduns 1 W 1 3u - 1 2l 1 Falug 1 F3lus
¥Nau
9. AIURUIUY 38-65 -0.6 -1 0.8-1.9 15-26 01-15
WA
(kW/m’)
10. Usgansnimues 50 - 60% 30 - 40% (no 50 - 60% 55% 55 -65% 55 - 65%
NISAdL oINS combined

cycle)




P 11 sndiuldinwadidomdednarssids Wi wadidemduuummusy
wanasulusnou (Proton Exchange Membrane Fuel Cells: PEMFC, PEM), L%aéL%yaLWE\‘l
wuudouarsiumuealaenss (Direct Methanal Fuel Cells: DMFQ), \WARLEBINE MUY
senlaraaude (Solid Oxide Fuel Cells: SOFC), iwadiaiwdiuunianeanasn
(Phosphoric Acid Fuel Cells: PAFC), wazigadidaimdsuuuinioniuaiunvasy (Molten
Carbonate Fuel Cells: MCFC) LLazgﬂﬁﬂU“l%‘lué’nwmmmﬁLLmﬂsiwﬁ'u wiilefinrsanead
Hoindwuy PEM ﬁuwuiwﬁqmé’wmxﬁwmwﬁm%umsﬁﬂlﬂi"&mulé’ﬁﬂiwLszjaél,?}/amﬁa
iinduy LLazﬁﬂss?ﬁm%qumdm‘%‘aaau@ﬁ?‘iﬁmiLmlmﬁmaﬁl’ﬂﬂ warldnsliiiauanizso
dawandeu waiidadrdnlumsidnuiiuandrnuunmed wadidomasannsaviewldiiad
mstfoudeainaadgaruusiniy®

aaa & a [71
2.2 Ufnsensluswasidainds

221 UjAsBuafinugu
Ufasemnlniuaiifaiunislugadisomnduiuujaiseiaend lneitda
SudnlnsnvenadiwihivdadlddndsufAtounadide (P uaztididnlnglanld
wuwileau (Nafion  (R) duidedsntiuyszy laedarsufisondunfalalngiau uas
oendiau (01nm) Inefelalasauuanduuiiuindusejiseisuselun Tilsmeu uay
Sidnnseu nuUfRsesendvndy uiluwadidondilduuniivoududedendwseauii
UarguanwiiuTeagshulls
UgRsemliiefiintulnelusneundouiluditueing diudidnnsouay
wdeufivoninadiwiuedludidiuelng Tnasiuasevaliih visluan (Load) andy
fiufinaseu Tanou uavufasendiauagsauifunataidui warANUITBUMILUHATES
findiu faaunis uagnmi 2.3

Uﬁﬁ%ﬂﬂﬁ%ﬁLL@Ium: Hy —> 2H+ + 2e- (2.1)
Uﬁﬁ%mﬁ%’mﬂim: %0, + 2e-+ 2H+ — H,O0 ) (2.2)
Ujisensiu: H, + 140, — H,0 (1) (2.3)
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2e
——p Load

Fuel in —

*_ Oxidant in

1/20,
Positive ion
Negative ion *
H,0 H,0

Depleted Oxidant and ‘J

I_> Depleted Oxidant and
Product gases out

Product gases out

Anode Cathode

Electrolyte

(ion conductor)

d a o & ¥ = [B
nwil 2.3 Uiisolntitiaiinislusmaddamasiuy PEMFC

aas i
2.2.2 Ufisuiaufou’”
Ui (Flaaumsi 2.3) WuuFAsemswntuilelasiou Fadunszuauniaien
IwiiRaduneusmiumneauiEinslandeswdnusanindatnisi 2.4
Hy + %0, — H,O + Heat (2.4)

o
=1

ANTou (Faleuniall) Miiedutuwanaiunaiujise mtivewindue uay
aca o —
#13ufnTe1 AsaunIIn 2.5

AH = (hf)Hzo - (hr)Hz - 1/2(hf)02 (2.5)

YR NP § 5 a ar 1 = -
AUIDUNLARYUITINUNANINY -286 kJ mol Vgl 25 paAeaLted way
Y oda & oo -
AMUIDUNNATUNANIISTITUER

AH = (hf)Hzo = (h{)Hz = 1/2(hf)02 = -286 k_J/g -0-0 = -286 kI/ l."ﬁOL-1 (26)

=y @ ac = <t bd o ' o aa L
wumatvealjisenail mneis Anuseungnuasddesluliserniuiouaunse
» o X
Bewduaunisaai

H, + %20, — H,0 () + 286 kJ/ mol (2.7)
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2.23 Amuiaugs - mvedlalasiau

eumatveslfizenswnlndilalasiau endn Aanuseuveslelasiouilunis
UsaidiudnarudouiiAstuanmsunlmifanysaveslslasiou 1 Tua mavsziduiag
SouiliAntuannisunlwilumsoiuming win lelasiou 1 ua wlnilumsesumindgsae
pondiau v Wafigamgiiiindt 25 ssmieadua Aruduusseina ldininnisen
ndf Fanwdl 28 Fermrudouanasain 286  Alaga dumingauiiAInImiouTes
‘laimmuq&%u stnslsfimuinswnindlslasiaunniiunediseeandiau (iseinia) i
gamaiinnndt 25 ssreaidiva S iAstudueglusUlonauduufizeandiou vialulnsioy
yhlsfanufeuanamud iy warAmanufeuandias

H, + %0, — H,0 () + 241 k)/ mol’  (2.8)

H,0(llq.)

il 2.4 mawnlugiues Hs + %0, Tumsesiuying (Wumsussiiuaanuiaugs

- ) ' ™ a - - - a ¢d
n e 2.5 mswnlusiaeslalasiausiuduesndiauiiiunadluaiseswumingitunis
UseiuAIAUS UM



12

| I | ° 1 v k4 = a
ATAIILTBUTENTEUAZA Wuarrusaurssnsnanaulevasun (Ngaumgil
25 a9Awalded) Aeaunisi 2.9

Hfe = 286 - 241 = 45 kJ kJ/ mol (2.9)

2.2.4 ngufaruniinia (theoretical electrical work)

Arausoureslalasiaugnidlunisnisussifiaudmdsnundugadisoinis
Y d v ¢ & a < 2 aaa = a o
wasuninguadiomasaunsaasuluiduluih Tunng Ujiseelasiinuiseunial
{ ’ 1Y ) 1 o Y] o Y jaan
WesanAranuiauveslalasiauundubiansaasundululdusslevdls U§aseeu
= ' = 1 U = 1 < v [
malund (Msearnnuisuvedlalasiaungeiu) ansadsunduiundsaulnilaly
Wwaaands wilsuivaunswasudasyaasiud (Gibbs free energy )

AG = AH-TAS (2.10)

WULREIAUAY AH 283UFAT81 ANTauninTuanUJiTenatdulandiaain
¥ i a a A | 1 i o = s
ANNFAUMLANIINATINGS WAz reactant, AS  NUANAITENIBUNMATNARIINNEN A udt
wazasUiTen deaunsn 2.11

AH = (Sf)HZO i (Sf)HZ - 1/2(Sf)02 (211)

= a =~ v o -1 -1

Tgaunndl 25 saraidea lanaaau 286.02 kJ mol , 237.34 kJ mol~ @1u1in
o U @ o U 14 als 2/ i a dy g =
AunduunBundronuliih uazdunduiluaiuieu 48.68 ki mol avwioudiiintuaining
’ 1 e 14 = = 24 = = zg P a
ANNINY -286 kJ Mol gVl 25 BIALTAWIEE LasAINUTBUMINATUNTN TILTITUY6

2.2.5 wqwﬁﬁneﬂﬂﬁwaawaéw&&lmwﬁa (theoretical fuel cell potentail)

Tngvirldarumalaii Ao nsudaussgluiiuagdndlnin (electrical work is
product of charge and potentail)

We = gk (2.12)

Toei
Wy A unelniia electrical work

q fe Usslili (Coulombs mol )
E fe Andlwih (aw)
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P IS S P aaa a [ s (3 ,&' =
A19190 2.2 euvaluasieulnsUiiAnanansuiiseuarudnfuviuoagaaidonas

Formation for fuel cell reactants and product

he () mol™) Se (k) mol 'K )
lalasiay, H, 0 0.13066
gangiay, O, 0 0.20517
i (woumal), HO () -286.02 0.06996
i (loth), H,0 (9) 24198 0.18884

& o4 a & aan ¢ & a = 1
Yszaliiwianuaiiinduainufiseantelugadifomads (Rnnnns1en 1.2) seluares
lolasiau deaunisn 2.13

=

10g

N AVG

Cet

g = NNayg Gel

Qo a

A
A
= o
fl

(2.13)

8 SnuBldrnsounsluanavedlalasiau whiu 2 Hidanseuselana

a8 Twluanasslua Fwiueeseilanilea) Avogadro’s number

Wiy 6.022x10” Taana/lua

Ao Usaluih 1 Sifanseu vy 1.602x10° Coulomb/Bidansay

nandnvatiavenlinils uazdsyyliih 1 Bilanseu Wurnsveahsing

F = 96,485 Coulomb/3ldrasau- lua

aunisauveind fa

Wel = nFE

(2.14)

wuReiumwdsenliihgegalugadiwamaduaimswisnudasyresivd, Ac

aiunquidndlwihmesvadiamdadund

Wel = - AG

14

-AG
E =

nF

(2.15)

(2.16)

o o o/ s &, o
Wean aG, n waz Fiushudslunguiifndluiweseadiomdeslalasiau/
gandau aunsoAuInlanl
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-1
g -Ac 237340 Jmol = 1.23 Volts  (2.17)

Y= 256,485 ASmol

=

4 = 1% L4 4’) =3 a
Vgumail 25 swriaadsanguidndliihvsssad@eamdwedlalasaweandiau
a1 1.23 1an

a

2.2.6 Havsdgnni

g

noufindluihvasyssalwindugamal dsaunisi 2.18

B NS AG - TAS (2.18)

nF nF

wiuladaindiegunniiwadiiuduadndlifazana an AH uaz AS fiadnay
3919197 1.3 V19 AH Uag AS Hgamgiinavitnusall

hr = h298.15 + f98-15 deT (219)

N
S = Saoe1s + CpdT (2.20)
298.1

mNTauTnIzTawfaioum)iinsinay i 2.6) Auduiusvesannis
8713lg
2
Cp = a+bT+cT (2.21)

]
=€

107 a, b waz ¢ Wurduussansdunnniaannifanuandunisiain 2.6

@151 2.3 Uiy, Bulnsy wasAINaNIUaTYYaINUAYBINTEUIUNTBONTLATUTEY
lalasiau

AH (Kmol ™) AS (mol k) AG (Kmol ™)

Hy + %0, — H,0 () -286.02 -0.1633 -237.34

H, + %0, — H,0 -241.98 -0.0444 -228.74
(9




45.00 -
<
B 40.00 -
2 0.00
~
3
B 3500 -
L
&)
=
S 30.00
Q.
w
25.00
273

= 3 o -
AMN 2.6 ANUTIUINWIE Cp gt

¥
473

HUMNMIN

u

673 873

Temperature (K)

a

1uveelalasiau sanday wazua (o)

15

flgauunfiaingt 100 ssriwaidea Avwss Cp, AH way AS dmsidsundasiion
sn Andlitihveswadezanainugumnd lunisvhnuidluvensedidomaade suvni
wadasiuazdsnalidndlnihgmulude dudumaeinsgadsussiuliilunmshoy
vousadiemaiiiguvaianas uaslumswnsenisaydedmiunising i fiunnwe &
AT 2.5 uBEATWA 2.7

< @ = £ = St
#1399 2.4 duisvansuesguunil Cp Umol K7)

a b C
H, 28.91404 -0.00084 2.01E-06
O, 25.84512 0.012987 -3.9E-06
H,O (g) 30.62644 0.009621 1.18E-06

A15199 2.5 AmsdsunUateuniall, newudaseyeinud waseulnstvadlalasiau/
=Y aaa L3 4" o ‘1 -1 kv a Y
gandlauinuiseveneadiliomas (mol K ) fugamail uavnadnsves

Andlvivi
T(K) AH AG AS ElV)
298.15 -286.02 -237.34 -0.16328 1.230
333.15 -284.85 -231.63 -0.15975 1.200
353.15 -284.18 -228.42 -0.15791 1.184
373.15 -283.52 -225.24 -0.15617 1.167
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350

300

250

150

dH or dG (kJ/mol)

100
s 1(})
L X €10)]
H(g)
G(g)

50

f f ] I
0 200 400 600 800 1000 1200

Temperature (C)

< =y L @ = s ¢ & (3 L)
Al 2.7 oumall uaendiudaszresiudvenvadwamaslalasiau/eendiay
Tunsinungumginieg

&8R! h A B R E RS ) |
I & = TN N R
xRN E IR ER &SR] B

cin R R Fout

FENENNEN BN s &N
LEELE & LALE LN t ¥ 1

-
R
e s
)
s
-
o

Eout < Ein

Eout
NS n=—-
Edeg Ein

AN 2.8 UsEANSnaenszuiunsiuasuLUaIna ey

2 g o
2.2.7 vgufjussansnnysudaniyainds

Uszansamassnisiudsundamndsny Wusastdiusewinawdanunintntay
wasungnudegaen (Fenmn 2.7) wasundudy fAs waa Ul RNERTU warwdeun
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' « - ) I o S o -
gnudesoan Ae tounalueslalasiau viemanuieunigduvedlslasiau Ganwi 2.8)
waudasyrasivdannsadunautlundsaulnidle

AG 237.34

= = =83% (2.22)
7 AH 286.02

s LY 4 o o t 1 a = g [ o [y v
AN 2.9 ‘WaN’lu‘ViU']L“U?LLaSQﬂUaﬂUaBU‘O’mL‘ﬁaaL’UaLWﬂQ%QLUUWﬁNWN‘V]NUﬂa‘Ulﬂ

A15lANSpUNA AU ARLTRLNAY waznisi indaieluazyildas ey duly
ASYUIUNTT AOUAIAIULANAINIEVINANHTOUAWAZAT WNITIYAIAINTBUNATIUETT
o F VN LY} o 1 &% = a [l 1 ’oj 24 {,’ c:}
yARAUdUaY mwmw;mimiuﬂ 1990 RRnYsAUBKUYu lunt e Ussna
wasiiu insnldamudausluead netmaliussuituliaiuisosisaiuatauiay
AunbiAanseukdulunisiiadala

N AG uay AH luaunis 2.10 Usyansnwaessadiiswatarasndudnsidiu
299 2 Andinda

-AG
-AG aF 1.23 (2.23)
n- — = = = 0.83
-AH -AH 1.482
nF
Tagil
A = 123V dunquindliihvead
nF
-AH = 1482 V Wudndlwihmesimmmieuiigeiuvestalasiau viaoni
oF thermoneutral potential

123101
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2.2.8 Carnot Efficiency Myth

LY

Camot Efficiency urnusz@vSamgegavasriainuiousewing 2 gumgll i
<
MW 2.10

Te
BENREREERECEREIT) Wy
TH ___________ Wout < an
Wout Tc
Qdeg rl = =1—-—
Q, T,

Al 2.10 Carnot process efficiency

1.0
0.9 - Max. Efficiency = 1-T/T,

0.8 -

e\
o~
1 1

0.5 -
0.4 -
0.3 -
0.2 -+ c

0.1 - ‘ max. power = 1— [-<

O || 1 I L) 1 i
0 20 40 60 80 100
Power

Efficiency

Efficiency at

A C=3 @) 174 ¥ o/ o .
M 2.11 Usgansnn AudulAsndsnueesauysigiu Camot engine

. ] el a d.! =Y ' a =
Camot  efficiency 1 JurfitAnTuaie uasiiAUsz@nsnmgedaluauyiigiu
. M 1o Y a W s o o a
Cammot  engine udlivinlfiAandsy (Fenmil 2.11) nMsviheursseadifomdeny
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auyfgrudsednsnmldvinliiAnnszual wasliviilildiies practical  UszAnSaw
WAUGEAYeY Carnot engine Fig

Te

n=1-+ (2.24)

Ty

. 1 o &‘ = ¥ c‘ -g (=3

Carnot efficiency liannsauszgnaldivigadigeindald Wesneaditomas

t 1ed o . v as o o ¢ ¢ dee o al s

UuliifiAn heat engine usldlatundsuluiiaiivesreuiesines diaduvanaiiaas

&’ a -] VA o 5 . . é‘ £ A a 5

wamdwhnulangumgiian theoretical efficiency el wadl¥aINGINUNAgI019w6N

' . . A ' ad 1w Lo o

n11 theoretical (Carnot) efficiency 484 heat engine 32111 2 YEUMHYUNYINNY (AIAINWA
2.12)

2.2.9 HNawaIAUAU

o

L3 g =Y 3 as IJ & @
wadiauwitenvssinuldlunateninudu Ngaumagiiusseinia 6-7 u1s Aauand
|
Tuaunisn 2.25
dG = V,dP (2.25)

o
e
3 -1
V,, fia molar volume, m mol
P f®AuAY, Pa

1.0
0.9 |
0; Y Carnot

0.7 - Fuel cell
0.6 -
0.5 -
0.4 -
0.3 -
0.2 1
0.1 -

0

imi

Efficiency |

1 T

0 200 400 600 800 1000 1200
Temperature (C)

d . . 03 b J o d o= 1
il 2.12 Theoretical effidency 84 Camot engine WaemMvitnuweseas BNAVIgEMNU AN



20

WIzagTY
dp
dG = RT_ (2.26)
P
WAIIINBUNNTA
P
G = Gy+RTIn| __ (2.27)

Py
&, 1 ) = a ea a as o o
G, WuAmdsnudaszresiudnanmgiivaraiiuduinnsgiu (1 25 ssrwaldsa
waz 1 UssEINIA) waz Py 1Wumdneds wisausunnsgiu (1 usseinie) duufasen
WAL A9ANNNT 2.28
jA+kB ~——> mC+nD (2.28)
nsasunlasAimdsnudaszeesdvailiunisasunlaiseninandadusinazas
Unsen
AG = mGC + IlGD —'jGA = kGB (229)

Tondlu

s g (=
Pc Pp
. PO _J \_ PO »,
AG = AGy+RTIr : X (2.30)
- = Mo =~
PA PB
\_ PO _J \_ PO _J
\_ J

naunisveiisud P umiusiurewansufiser visvdnvesansnansu uaz
Po umiausugneds (1 mnusuusTetnid wis 101.25 kPa) dwiuuiisenlelasiou/
sondlaurenvadidemdduaunsveailsud fo
PHZO
AG = AG,+RT In (2.31)
Py P
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HaTuanunIn 2.16 Widvauns 2.31 ol

PH2P0502
E=E+ RT in

(2.32)

Pino

2/ 24 ey v a g (3 aaa ' 5 ) a 4

naunstsuduaunisaldtuansudaduaiuazarsufizenvindu drunisuded

@ g a’{ € r:gl’ a :Jl 1w 2 s aaa &

Wnhduluwaaidowndany  Puo windu 1 luaunts 2.31 disanuduvesansufisenadiy

Andlrifvsamaanganaluie winarsufizegnitosnluiiedn wagldeandiauuians

° 2 o LY LYY ¢ 5 & = = [

wivena inlianusududadruiudndluihvegadias unsalnisgedsuseiuli
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1.0
—m— 30 psi (308 kPa) 60C
0.9 - —@— 20 psi (239 kPa) H,/Air
—&— 10 psi (170 kPa) 1.5/2.0
0.8 %
0.7 .

A\ §§$\.
0.5 >N

0.4

Average cell potential (V)

0 02 04 06 08 1.0 21.2 1.4
Current density (A/cm
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Nwv 2,17 ammuzmimmwaqLmaéﬁamewizmummﬂumqq



27

Compressor or blower

Pin / flow controller Pin /
l L] T

bottle
back-pressure back-pressure
(2 »

regulator regulator

o=

out

a) b)
< ar o ar & é’ a ! 1 (23
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a) MNUNAITILIIANUAUZ b) AnnunasTnggunTalidana laTeedneniA vizetinax

Snvgniiiaursswaddendnielfeamgiifisneurediefunishaunield
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Qgcn + Qrcact‘in = Qdis-‘ Qrcact.out + Qcoul (2 36)

msinudeuluwadidomdnintuanuiaiige neflufadiseanansaduay
sruuhauduiniduaudeuiiianead wazusnuseuq gunginelulgadideinas
p1vTruAnAfuTuegiudamadasdeaesn vistaualnauazuelun guuaiives
wadovrUssiiulfingumgdiiiuia guugiivesennmiafivenainisad uazgungiives
guuvdaLfuiioananivad esnnifian1irgumgiiuandieiu miudenislunisvuds
anusouluwadtssunnmisiumie
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Npp = —
2F
1

Noz = ——
4F
1

Nio = —
2F

o

N = consumption rate (mols )
current (A)
Faraday's constant (Cmol )

-
il

(%

@ v - -1 g
gn3115Ia848N5AU (in g s ) Al

My =___

N y M & Piny,
MIIN1sIaveilARRY (n g s ) Fail

I
my, =___ My
2F

(2.37)

(2.38)

(2.39)

(2.40)

(2.41)

(2.42)

gildnsnisluavesuianzegn 1 dns/undl (stpm) loenialddas Aeusunsves
wianusinguiinanseduinasgiu wuieifufinnuduusseinia 101.3 kPa ¥ 15 83

walgya Ailawaziissuniidiunnninetian 25 ssrealvanseiunnigiu v3esnda

gaunil widiudayan193vIn1snnu Fuid Machanics guMaiiNszAuUNIRTEIU AD 15 B3
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waidea  Tudsziveglsulaenaluld 8ms wie normal m” Fslgmungiund Ao 0 e
e

dmsunquiuialugaund Tuauasuiuesian1iswiniu
PV = NRT (2.43)
Uinmstuans fe

\Y
T —— (2.44)
N

=i & A o o ¢ &
Vlam’gz’,mmgm RIDNANUAUUTITYINA Lay1h aﬂﬂTquaL‘?jﬂa Uilﬂﬂ‘ﬂﬂa’ﬁ 0]

_ RT_ 8314x288.15
Vs — = 101,300

p
=23.651 mol'  =23,650 cm’ mol’

= 0.02365 m’ mol’

U311059951M1511avesansninu (NszauninIgIu 8ns/undl vse stpm) fe

VHQ = 23.65x60x pARA

(2.45)
2F
I
VHZ = 23.65x60x _JIg (246)
4F

nasnvasasssnulalasiaunaresndiay wasnmninuiluadisnassaanslunisied 1.2

A15199 2.6 #5571 eETARULlASIIULAZPINTLIY WALATISIANUR (RaNTELE LaZRBLYA])

wavawedlalasion | naseeeenday | nsdinu (Ug)
mols ' 5.18x10° 2.59x10° 5.18x10°
g5’ 10.4x10° 82.9x10° 93.3x10"
cm’s” 0.1225 0.06125 93.3x10°
slpm 0.00735 0.003675 N/A
Nm’h 0.418 x10° 0.209 x10° N/A
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pressure regulator \ flow controller \ pressure regulator \
P i P Pin

bottle
pump or

l - I N I l
compressor
back-pressure

regulator
rr—— . . 4_-‘ > I

Normally closed - ."\\*‘ Normally closed

a) b) c)
d ar a al 1] 0‘:’ v
AN 2.19 anUENISNIEIUYDIATLEITAIAU

a) Dead-end mode  b) flow-through mode ) recirculation mode

at 1 1 - z {7 J 1 i 2 ad x L2
RNIAIUTER "I\?ﬂ'!'ﬂ,“a VIIVDIATTAIAUNTRIN UL E DRI ﬂqilﬁaijﬂﬂaQﬁqim\"mu
138037 9M91d7U stoichiometric

Ll Nact V. My o Vst (2.47)

NCGHS rnCOHS VC(‘J[IS

lelnsiauazgnintefednaiiuiusunioSunil Dead-end mode (Fan1wil 2.18a) &1
lalasiaufinnuduas daetradugniiuliluuiisdainusiugs Dead-end mode 9xliianunsn
uAile Dead-end mode S = 1 dlelasiaugadsluiesannisunsn wienszuanielu
Husalidasimsinaveslalanaulutemmadessadidomdsginiidnmnisivasniu
ualvinszudlviihiliAaty

S — Ncons 71N Nlnss o | (248)

NCOHS

»v J - 5 ar at 1 = . .
nslgUselerivausadianairanisdaunduvreIdns1dIu stoichiometric

1
nfn = (2.49)

S

7n15v91u Dead-end mode lelasiauggniunineiluszezq Weswniimsavauvesuiia
d ) g o ' et 1 ar = £ L ar
eyl AnuduaysrarsEimswlviituagfuauuigvsvedlslasiaume nsinis
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wisnvesiAdlulasiauluauus wasnsvudaidiuasiusy TunisAwadsedniamees
wadigends nsgadelslasiautuegiunisunlvsiveieinds

nfn _ Ncons (249)

Ncons + Nloss + Npurg + Tpurg + fpurg

e

Nioss = $nsnsgadevastslasiau (mols )
Nourg - asnsuwnivivadlelasiau (mols’)
Toue = szazanvaan1sludilalasiau (S)
Fourg = pnudvesnsunivsllelasiau ()

Tughswasmsunlniilalnsiauainuveada S>1 Band flow-throush mode (Fanwii 2.18b)
mmmﬁauﬁu’wm%gmﬁwvﬁﬂé flow-through mode w¥aufiu Stoichiometry 71 S =2 w3a

snnd lunsdmasludfansiesiu (elasau vie sandiaw) wdrglmmszuunismuiou
(Reculation mode) itelduselend (Fanmil 2.18¢) %ﬂuﬂizﬁﬁuﬁaa3Qﬂﬂ'mﬂ°t’ﬂmjé1"m%lm

videwnan wiounemiervvzihudily 1wy e (%uagiﬁ’usﬁaa Venturi) @sunsalszuy
msmyuisuil wadaghawiidnsadiu Stoichiometric Hiwinndi 1

2.4.4 ANUIUVBIAITAIAY

4' LY {,’ - o ) & o & 5 E2 5 1 3

Wasnnusuiesmsunialdlunmsiilusaseuy Jaufanduansasiuviag iy
1 .&' 1 o/ 1 [ =4 = 1 ad v nay é’j
saen1IANNTUneuiigas Tuunnsaidesnslen wivnnsilinesnisuatulutiuelun
aulu wazdesnisWentasniitiwaineniulu

s 1 ¥ [ L9 1 ' g v v v

das1arumnuTuludardiuseuinela lundanaslundaluan euna
SR31dIUYDINIaAIINTUY (nFuvadlaur/nSuvadnAaluanIIzLA) Av

Gy
X = (2.50)
G,
snsduluarsaudy (uavesletr/luavewia) Ao
X = N
B (2.51)
N,

AUFUNUSTE M NakaraRs1dulua1IAILTY AD
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M
X = _"x
(2.52)
M,
amswmuiumwaqLmamﬁam‘uamwmu“uaammmu
P p
X = Voo v (2.53)

Pa P'PV

Toe# P idupnuausi wag Py Laz Pa Ae Ausule uasuha
2.5 MUABNLNEITD9

Bulk J.  (2006) lsvianismaasmsaretetausznaviutusid s fATereausous
uazAudnWLzUsNTAdaMAY PEM Fufidwiitemensadifomas PEM fidaunavnas
WoAlas A1SUBY Lazlwaditll Anwalyail U IMAIAYADENTIAULAIIVIIIUYD S
wadilawmauy PEM Taglunsinmadiilfinnsantsfusasdaeldnismaasuuy CCD
Taeil 2 sy A wuniloou uay carbon loading Taefiuiiiavesiaiunadiiuasi dmsy
Fusnssdug Wullnatlsdasuanstanssaurnisiauiianiazaisg Electrochemical
Impedance Spectroscopy (EIS), and Cyclic Voltammetry (CV) esnspaiunelaaeaiing
vosnsiasuLUaiiinasoaussourrensaditowds audumuleviuuasiuiifiswes
wadwendddannsaiieuiuussans nnuetuiaige uarainnsdannAnsasuulas
Tumaud e nead agiiuivheuwssiuslifidedfydediudseneutusiise

Chen D.and Peng H. (2004) lavin1sAnyinisasnawuuiiaiaznisinaasssuy
mummmégwuaqL%aév‘??amaq PEM Imamwu,a%Jﬂmmm%umaammmuiﬁmm auy
drudfyfisinadayse amamwaaamaamaamat,waa dmTunisldausasud uay
anndeufiudsuwlainasaiia) muuﬂfnmumammwsmWLUumawmimmmamq
gnee lusewinnisnaasd ssuuanusugadddledrlumsuanudsuamnusuiiuauusass
warlumsisendsll fuuusasdiuszneudie 4 Jumewhufuwadidomdnas Junay
FBarvaunindn wazsanifunsiauneliwadidomddnvuinuiludetugean
meldlasiiiiliviay

Galvita, V. way Sundmacher, K. (2007) ladnw Cyclic water gas shift reactor
(CWGS)  dwdunsiminansusunsuenledanuialelasiouiivdesidisadidomnauuy
PEM 1asRansanannasiidudy 31nnsAnwIwUIY @uisaminmnsusussuenlasatnuia
lalasiauiivdesidsadifomadldds 10-50 ppm  kiimaiu visangumgiluniaiia
CWGS ﬁ”’uwLﬁulﬂmumsaaﬂ%Lﬂ%’umaqm%uauuauaﬂlsum‘ﬁaeﬂumaéﬁmwﬁa 3



33

ArsusueuenlefinnUfizen CWGS tuvzanadasiusgiuuiisesaendusaniniues .
Tuseninaumsuisndunfanausznitwialalasiauiazasususausntonazadn Cr203-
Fe304-Ce02-2r02 anlusynintunaunisasndwiuasiinvanuazlalasiau

Taudl Cro03-Fe304-Ce02-7:02 aziiniuluszninanisnanuialalasiauas
arfupuleusnled uarieandindudiotiiwasuianiueulneanlas Tnedl Cr203-Fe304-
Ce02-7r02 fndanuguasiadosiflonainujioidndu/sendiadudr 100 afs
adusussuanlesudnlusialalasmudulothssdtuneuisendndudimsiadule
thuesanueulivegfuiuiiiiveandn nisdesvasnifusuausadudsidlansnuny
ufigeanBaulvieylugy Cr203-Fe304-Ce02-2r02 FanszurIuNIIEInaaTLUsEA WL
lelasiausnersuausausnledifiaududusdaion 10 ppm

Haile S. M. (2003) §Anwimnmiululivessadifomddunisidaliiuands
ndanuedrasadelnailifinadoantizuinden IneAnvusadiiamdnuy SOFC uay
PEM 1t szuudidnlnsladuvuudsiifasussqanstnndounar uastinimuimarosinl
Amdrdryiuranueanlad, nsadeaviain wieladideidauuunifusiun MaUFuls
auvuturasiidsiuilussuuedifomasiuy SOFC wag PEM fenisanaanumun
yosdianinsladuaznisaiuaulasiasiedidninslad Tullagduilinguszaslunisandunu
wadWamduuy SOFC Tngliguuniinisiieusiii 500-800 °C uazanmimdudounes
svuumadloindnuy PEM TneWauimsiusuwuul i dsaunsavhauldfigumg i
Uszaas 100 °C

Hao L. etal. (2008) ldvhn1sAnuwginssudansavesmsidmilursdidomduuy
PEM Tagitnansznurasmsifiniisdeaussausnmsvhaurswsadidowmauwuy PEM Taeld
38n13 periodical linear sweep method ATMLANAIIN 3 vBaduld 1V Gazasieuniny
wanas A luwadidemas mﬂﬁﬂfﬂuﬂ‘%mmﬁmmﬁummmaqmw’uﬂu
\waditounds waznaiin Hystersis

Tunsinwndsillihnisnaassniungud lunshnssidalinalunsind way
Uﬂngmizﬁmswdaﬁw nasinnrsvaassandliiiuintiinsifiieulueadiiemas
meldanmsiviag Ae 27.837 mg cm-2 Fsnsnevaussiirsivemudiumumsly fe
mmﬁlqd (HFR) a1 AssnseuaiaUssanm 20 Ui wansenuvssnssuaunswlnduu
P UTsLad TemEmui wadivihwinfledareiies 8 wiit lunssurumswlvgl
mmsnﬁwmulﬁsiaLﬁadLLasaQIuamwuﬁa

Kirubakaran A. etal (2009) ld@nwiszuuntasdunsywansadunssuansevanaad
Wawnds PEM Tasnisesnuuunisaianuusiaousadifomas NexaTM aum 1.2 kW §ae
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Flow in — 5

——p» Flow out

(M) VUTUUUUAILAY
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N7 3.5 anwouetaanisivagewiaYia () VULLUUASAY way () wuuUszaiutinile

AT AT dastudhvaIsgeInnsInareeu AU ULLUUAIRY LasLuuUsEauiiile
TueAnantdunisaiuuuseemeademansiuy 1 way 2 7 lneuuudiaes 2 67 [35]
Huwuusaeaiientsdnwiaussaugnmsiinusstaadingl ddaensivavesutanuudai
wAkuusaesiililaisaeiunedvinavesnnuniuwsstetnisinaiiiisenisnsyaissuas
ASeiale

dmdunuiseiisaruwiumirasuulssauiiiie Tafimsasawuusiasediiamnun
PNUUUTIRB 2 R dilesueanwaznsinauasnisaslauinaveLsa Sauuusaswuy 2
1t Wlawsoesurenisasuidasdulssnevuanianiuaine1ivasdoanisivald
Uiy

souladuuusiasindad1ans 3 fieva WelSeuliivudnwaznsnssansiiveia
wazdnvairn e ndadiamalanisuiisudnvaizdenisiva 2 wuu e wuu
YUIULUURLAN K0 i 3.5 (1) waswuuUszanuinile (u) aillssavsnmitaniuuuauny
qumzuﬁuﬁu%ncummwmuﬂuﬂsmaqqf] Lﬁaamnﬁmwwmuﬂugm Ussdndnmuousad
gvanas insznsldvin jiseveiasendiauanat dudnvazreasunisivasuy
Usvanuinile finsaeleuinaveufain wseiinsaeleuuunsm @auuuusuuLuy
S seinnsunditesethaien winkumalwawuuuszauingle xilfeids fe axiinns
gudsanuduiigluuinutudidnine
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3.6.1 daulsznaudidninsammusunaziianlnga

ﬁauﬂixﬂawaaL%aéL%aLwaaﬁﬁwﬁzgﬁﬂisnauaaﬂiiwnfm LLGJU%’J@: (bipolar plate)
@ Ao diuusznauddninsaumiusy (membrane electrode assembly, MEA) WA
Aassunuazysenu MEA ag MEA Aa %uahuﬁl,ﬁn‘[wsmﬁummusu Feusznausheduream
LUiummmLiaUgnsmmaauma‘*] aguuTasLLIUTURIAs Y waziduunsuiasznuag
maaqmuummmmumﬂﬂivmawuuanamanwm muu‘uummwgﬂimmaasvmN‘au
TonsUTIasTuLILRE nMiaufieneenfindu-SRnturensadidemaniy axisan
naAatann dafudusefAonnsindusnnmaint§izetu Teeilulaveuwadiv
anduissufpsendildldednilvszaniam nsldunaiiuluviinaiduiuasinlisns
nafaufAzeliiadigadu uwiuwaddudulansifsaum vlddumadualdtigues
Uy venndnuIdn N aAnuiizeiandudiunalnaazdindiduielua 100 wh 1
ThFATeduunlnadudadifavesanssouzssaraditomas fadusudufosmdaids
UFATNBuY vie Wiamnismslmin Tunisada MEA Weliudnsnaisufitennelusad
druitnnanedjuilunsiuuneadidemds wu AnwnsanUiuiaunaii
amm"lﬁmwwmuﬁuﬁ’lé’wzjaa’L??aLwaaqa Anwanalnmsiinufiseruualnauaznalnues
oyneunaitunglusuilesy Anviniswisuasararoviindeasssourveagadidoinds
uazdnudnuazmamenuesiusniuiadnaedalsroaussouzsventadiiomas il
antlamamiigeetuwaivl wasinuaussausvaseaddomds vildlasmiase fizen
Suq uiesrvaranvuinayaAvesinaiitias Tegludisiluans FuiliAuiuiiaalie
mafauzenld uenmilennTimssnaiotsagiaundinslduwaiita (Pt utilization) 1
offsgvihausuIIUTULAs UHUTUUNILRA Tnonisaanuuulasiadnues MEA Timuvay
UszAnduanislifiiaufisen (catalyst utilization) lunisvsuendndiuvesituiiinnes
Fswinsenihrontnfnufieretiuiaaduisiiseiomn nsfiunsl dunaiity
ldlasAva e dwoifianmsmiisney Wy wuilesuasiuluturesindsw{asen vh
Tidszansnmnislduwadidudiuduliinnnit 20% sdrslsimunsduasidiudinisld
uwwaiity Adsiesdilsdwaiiddontsinadiureanfa wagnisdilusnau n1aiduassedll
dwareaussaurvanvadidoimdedag 3insuileiivilinislivssleniunaituliasie
w3snansavaneniinudredevuuamusuldlaense unsuiiutuneuiiddyuasiinase
Amstuwadity uenaniluvarfeadidomdsion wuwsuasiauaisadanaiin
niuld esnanannsvenumusuiAsunlainaanan visERLIUTUZIT W
UndsanusuIsue Snedalimsinavesfaiiusae nsUsenuduiassiiseuasty
wwsiliuuuainfunniignasviilvianausumunsgadanstwiuazananaion
danafiAadulusmusuld
Tutagtuiinisaunisnisiedeudusel§Aseuuuiiauui (thinfilm method)

[]

YULNULUTY ?z'N%m‘lﬁ’lﬁamsmuv%amaéﬁaLwaagjqLLaz’Lﬁﬂ%mmuwaﬁﬁuﬁw 33 unns

Lma:JWauwﬂﬁﬁ"angﬂisanUL%aur"fumWaauImﬁuuWWaau (Nafion) inefinagaly

'
a

Brswenanasiuiuiitaiihreuiizenan 229 du 45% Bnshtudisafazanuneg
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vuswsy YL 2 38 Ao Busnidunisaenlou (decal transfer) vildlaain3osdusaite
Uijiseruuusiu PTFE ﬂ'aummfuaan%y'u@hL%aﬂﬁﬁ%m'ﬁmuummmu Wiiaosfe uay
asezasuuNTiony FswfAfendiweses wasliduiaiity wdniwedeuuy
wausuldlaensedaususuazegluguuesluioulossu eldanufeunislianiag
uamatigumnd 160 ssmisalda awtilidihazaignszmely mntuhasiusuid

27
as as 1

Fuvesiusefisentludusmensadainseuiteliumuiusgluguveslelasieilossy

uanaNiinIUFUY 5N siARaunuuRduuIeg Snldunadiiiluuiinules
At Beiaeliduiiazaesunsdaly 3%'mi€f<1ﬂa'nﬁ%‘lﬁauﬁauz@dﬂiw Wlesannns
Jssnusswrinsduisai sulazdussuiiseazuuvaivned viliniandoufivesTusmeus
fe FBUFUUTINN BRIV Tadliaussousgauaslfunadidudes Fufesandu 0.0s
fadnfuremaeuiung dafesunng dewSsudisuiuiouy

fududsufAsemisiuualnave e ditouwdseneufdiunauiunilooy
sunAATSUBY warvauuwadily Sruureaulududuswitseniutusilin sndeud
votlusnauldauivrantositandunaldnisindouiivatsendiauldd wavdru3unw
wafidiniiuduszyilidasniniaufazeluiiedigedu udfesilifua lddosuiy
frfulSinasuniloounarUSaunaitiiuvnzauriiuiiagil figadidewmddaussous
auan Fournier et al. ldvimsdouifisuaussausvenvadifomdsszninnislfunadidy
Winseghadien Aunisléuwafitufifinnsuou wisuaslmduisessu Samuinsldunadivu
fiflensueu wiawnslnddumressuasiilildunaituanawarldilfaussouzvaurad
\WowAanawng Passalacqua et al. Fnwwavadlastadiuaransustnauyeddildninsaii
uansnsiueaNssauTTeTad Il aAwarnuIUsEavs nmasiinduiioldturesniueud
fngAnssliveuidlusswiheiuresias fiseuaznssamsanivou Jitudananazi
wihirdefutuunsuia SefannsasranUSinamswnaiiildsniuildite nanulelely
wasrlauuvifseuadluluasazareniindassUfizen (catalyst ink)

nansAnvesLuiiessufiiineaussauzvad@ningn wuitlaeran luusuna

wriloouiimnzauagluraa 27 s 40% Tnermtn ﬁaﬁﬁuagﬁummLmnciwuaaﬂ‘%mm
Wit Anuuanssuetaueuildsessuunaiit warmuumnaetesisn1swisy
asazaundn

3.6.2 \UAALIDINAILAN

v ¥ a 2/ L @ A &
nsaaradiremdunldinmeassuasnageuvangdnuuy lnsawiyianily

a%’mu:iu%g';@j frmnuddnsensaydelaniluuinnduiatu MEA Tnaanzeddeian S
316 93l passive fitm ARwhlHA MG UM dawdag SS 310 axdl passive film UIsn
waziinsgapdeleumnitmelasiinusunusenisinnsoud engldnu 1,400 Falusli
unARIeAY

nsaatminuavauniuinsueseaditawmaun sesildlasidlansiun wu

Innflesldvindrudsznauidudnilnih Tudrudsznauiildifuiilwih sadeine Tag
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woslunanadn wWu Tndansusiun Tnddaluy uazindslin Fefudrumaniauisusznay
\Huwadidonasaussauzgald
mstiunnuduveRaluadidemdastierliaussausity Tnolawzegads
maduualnadadeunaninufitoreondiau lasfieuduiiuduagdiodiudnnns
Lﬁmﬂﬁﬁ%mﬁ&éﬂiwwﬁgﬁam ’LumtﬁwuﬁmsaaﬂLLUULsuaa‘LG??aLW?NLLmLﬁugﬂmqmwaﬂ%
wrldirnuudusadiady
’Lums‘mmaaumiﬂs“ﬂauLsdaél,%yaLw?mLLmIma‘h?LLciu%"’mu'%amﬁ gunuASLaLEY

mmmau (pseudo bnpokar) LazwHUTALR Y (monopolar) WU LLmummmmulmm uaReLdl
mMssanst awdeu Wewnds uax awmﬂwmmuau memsdaaimmaauuuaalﬂ SRR
Lsziaavuat,waam‘qmluwmu muwmmuuwum@mw Surhaldsnuiy uidedidiutou
ud wazorniaundy duwdutietualdtensivatin mawadladelarlddmade
ausTnurTRNsaaRaINn wnedmunuidsiuashavgunsgganusuniunelugs

nsUsEnevdnlsznauwasidismeiuasivafudaduiidumesTunaradin wie
o719 Tne MEA 2zdadiofldumeslunarafin uazszning MEA agdafoenaitlilign MEA 7

gaantunisusgnauduunn

dwfuszuusnglihanmadidomas PEM (PEM fuel cell, PEMFC) Tdwanuniy
syuumbeLradiiomainanuidls (Recenerate Fuel Cells, RFC, w3alddain Unitised
Regenerate Fuel Cells, URFC) Tnedoulniindwadtandsdwivtiueniae i le
uhalalasiauuazoandiau uirusuiuaniudailddudamdloundudneadiv
wriindalvdn ixuuﬁl%'l,ﬁaﬁlw%mﬁaLLa::ﬁwmLﬁuvl,ﬁugﬂuﬁamemst,ﬁuﬁammmma%i
mnl¥aufumaduasorindlufivinslnaszduniiefedlddonuies lngndnwiaiiled
Lasunn uazadaluiniouatunavunuds Ussineawuldvadeussuy URFC  dfussuy
Insmeuwazlénad linmsmedeusyuuiinaanedids Tnofinsihfianduaniugde
uarldnamauiy szulsenaudie waduasefindldteulniihdusunisusnui i PEM &
flihanuasefinduwanutalalasiauanii fdiufuudalelasiauiinusiust uazil
wadiamdsdiunds Wndalwidleliindunaening findesnassdruaziudiu
fannsmnudou wazdumuay uennildfiiunnaeuuazaisanisldnuiuduniaonty
Tuansgalusniey

Tasiluudnrnduduresufauasgamgiivussuve sadidninsaliminanely
wad Aeluunsduvensad tenamiadureunmmuuluedifinvesdusiaisfite
Fuunsuia wisludesnisiva viliiadgmilunisarsleumnawiadeuluwad [usu wle
weddauadlugiiu axiinsgydeussavsnmuazanumuuuidsinillunisvesuun
wihdiuiivesdidnnsauarmaiuinugedlueddamdu anuaiiddysunis Ao
defuisidnTngn videsauwadluwaivesvadilemaniiniy seilanuenunnduluns
fans frde wazmuahuarloanelusadideinas

nsUszneuLaviumisuradidewmdesiimududou nsthdudiuadidoumnad
%ammnmqﬂsumﬂmmmaaaﬂimad% nmlua'mmmumiaﬂﬁlmﬂmiauumwiuiﬂu

v a

LYaNNUA GNUUﬂﬂiﬂﬂﬂ’\ﬂ\iaﬂﬁwa‘ﬂaﬂﬂﬂﬂ’luG\'N"'| 'vmmaammus‘uawzjaafoummmmﬂmm

o
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uaﬂmﬂﬁmsa%ﬁammﬂﬁﬁ’uqﬂmniLLasﬁﬂ’?%’ﬂuUisLwﬂﬁqLi‘Ju?dﬁi’WLﬂuG\'anﬁaamLUULLas
dueTedliiivssaninmineyszneutudausneg Tuesiniagiu

dvulutsemeiu uSenitledt $1dn uvwu WeAasslnsdwinidlnasuunluiy
valnaldwaduasenfindudnluiiuasiuiilnglduunmainets suaddalnia 350 Sad lu
Sneaigdaziiuinumdsnulnihlduniu maldaudueadiomas PEM  awideiised
humnedadulumsiauissuunasliiiraditomamuin 500 Sndtunou Fsananseld
Wuaussouzvomdsiiluszuuinsdninidlnasuun Tnglanigluwnasiivinslnaain
wisten1seglitih uazeraldiuthudeuudasudsldmeuiy nduiaiaunsuia 1
Ala¥ad wae 3 Aladed dealdludhudeuwnlulduniy lussezsely

o o g =
3.7 WUUAIABINNANAAIEATYDLYAALYDINE

2
2 a

WUUIIEBIMIIREAAANTYBUFAALYBINA NI UsEanA LY UUa19833 1 uITelRY
grfuuuuTaaminausres Haluk Gorun wazanie Uiegluigaditoindseiin PEMFC 1
Winnufjisersenindlelasinuuazeendiaulagiiifiadu diunieazgnmihwluduuian
aan vdwazwnsnaulldnuuswislnlvsuanhnwsmewazwelnung uasdndiuas
wnsandauelnsludidauelun Walviinsaesdauduvindy didudinisidrdyronis

[ ) v & | [ e s '
wnsHruvellsaauantanaluatudlaualve tnsuineglussusuidudmilusaousiu
winausy laendanelun (Anode) \inujisensendindy wialalasiauuandalilusaau

a o 2 ‘s'
LAYALANMTDUANANNIN 3.1

%@LL’OIUW H, — 2H+ + 2e- 3.1

uAlnA (Cathode) UiaaaNTauarTIHlUTHBUNLNSHUUNIUTUNNRIN
Tnelunuazdidnasou Waufsedantulinatedui Fsneliinnsivavedidnaseuds
qUNIIN 3.2

F1ualne 720, +2e-+2H+ — H0 () (3.2)

2/ 1%
s @

snTnsiasullasmanudugopaslalasiaundinelua (PH,) Lazaandlaunt’
wAlna (PO, @mnsaeduslaanaunis

d RT 1 P 1 P nl 3.3
P, = H2 F, - H2 F,_ - (3.3)
dt VOI& MZ!I Paln Ma() Pd 2F
d RT 1 P, 1 P nl
P, = F,, - 2 E,- (3.4)

dt Vol

Cin Co
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Tnei

Pz, PO = ANURugasvaslalasiauLareandLau

Vol,, Volc = USUIATATULDIUALAZLAINA

P, , Pc = anusuauefignuweuauasualne

Peon s Poom = ANNAUERBURILElATLIULALERNTLAUYLIN

Pan , Pen = AUAUTIHV TP ULBLIUALAZLALNA

S = Sarmsivadananmuaiidisulslunazualng

Fuo , Foo = sasnnslvalananwusiivenannaunelunuasualne
My, Mc, = JmﬁfniuLaqamﬁwaauﬁaﬁvﬁ'wﬁmudumLLazLLﬂimm
Myo , Mco = ﬂ;wﬂ’nimaQamé‘a‘uaqLLﬁ”ﬁﬁaaﬂﬁmehmLLazLLﬂImm

AIALRudasTaY PH, Lag PO, axilnadardndludivasvadiainas Tumamguiad
Andlwihansamuialaainaunis

H2 1 02

- Ag°f = ANMstURgULUaEINTUN1IABAANANAUNNTEIY, Po AT -

Agf axilAogndnaud
R = AAsTivasuia
F = Aadiivisad
T \ gunnivouTadiiainds
" = mnusudesadsvaslalasauiituriussuindauelunuazualne
0 = AUt peladuveeendauiithuiussnieiauelunuazualnn

A1 P, wag Py, TulAanAsUsSEUNUAIRAETEMINAIAINNALE DBV WAL ATAI LAY
goaidn vestlalualasualng feaunns (3.7)

Pasz = Pyp * Py, PMOZ = poz + PO2|n (3.6)
2 2

A1ALANANETBUBRA T DINEINTTIUITIREUANANINAIAILA AN Mg ¥ dedan
Ainnsgepdeanusndndiunslugadiiemddeinsouiansgadusentoidu 3 dwu
Gk
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. . a2 d’( 4‘ aaa dd! o a 1 & &V Aa
- The activation losses, V, : {finuiiisaninufjiseiatidanfiuldegatng vuituniives

Bidnivan lasundiuvesmiunndnddgnnantuszgadaluiumsfuinbeut jizems
dA 1 oy K=Y 1 ¥
wiinfinsanewmdidnasouddidninge lneen v, awnsamléanaunis

v - i o I_- b= (3.7)
20F o
Tned
a = HuusyAvinisdielouvseg
i = AU UUIBINSEIE (Current Density)
[ = mwwumﬂuﬁumﬂml,aﬁméfu (i =0) ﬁﬁwmmmmﬂ Polarization

curve
ArAuukdUnszRaa L Iamlannanseialnihanimsseiuivesmusy (A,) f
aunns

i =

|
i (3.8)

- The mass transport losses, Vi ATULasa1nn15iUasullasesn i uy 09ansng
v a a d aa & a 9] ° 1% v v | ' '
suuuEBEnnTalunsitiewmAaldgnitluly ansduduresansagaieazdmaneninumig
Fng WMBAT Ve @3NSO AGLATS

dess U _B ln 1 = '—- I < ihm (3.9)

'I\m

- The ohmic losses, Vom: MinduLilasannanudiuniusenisivavasdidnaseuludibninge
wazluusnaderanie Mallsiufmnuduniudenisivavedlessunudidninslandwmsu
\WaABLWAIIIUIU N LWad axnsamaAuaNANdans (V) nialsnnwadtainds Ae

Vg = n(E -Va - Votm - Vmass) (3.10)

AanuAAILANAng gy duInAIIUNIY AuIaddaen

st

n

Vohm = (E _Va - Vmass) b

(3.11)
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ANUANRUTIEVTNAIAINARANSNGAIINAUAIUNNIY UaAIAINAUNILYBAUY
WU5U (Membrane resistant, R,,) @3150AU30INANATT

R =~ (3.12)
|
Rm = AUAUNIUTDALULLUTY
r = NATIUANAINAIUNIUDUY NAINANTENUABIIAATONEY WU AIUATUNIY

mswilsniWinassigadiawnads ANUAIUNIUANNNNTaURE (Contact Resistant) way
ANURIUMIUBLAN TN

ArAUIUUTastLUsutuwUsiuUTInanneglumuy Felanulaednindiu
goaUTinaluanatidosiuveeiisyy Tnaulunanh (N) fegluwadidendsaxil
HANTYVUABLULLUTUAIEUNTT

/- T % SR\ NGE W 4

A _(0.00154 A -0.00326) T 303 (3.13)

To = AUV UIVDINLLUTY (The membrane thickness)
A = Fuflueaiusu (Are of membrane) windufiuiintinge fusus
A = Usinanhdsleulesualianavesihsednnuluavesnsadalnia [19]
PEANNTS

A Ew

pdwCHzo (3.14)

EW = dndnusssnusuuisiesuiuluavasngudaliiun (1.1 kg/mol’)
Py = anaviLuLugesInaLeTutt (2,020 ke/mol )
Cruo = armiiue s luaLUTY (mol /m’)

3.7.1 State Observe Design

nsaanLuUm&unnn13al (State Observe Design) Wumafinnisuseunmuas
wUsaem (State Variable) #ldannsameaildluwuusiasvnendinmans Fautsooniu 2
UszLm wén< A Open loop Observe way Close- loop Observe TagdiaduaztoLdeuaue
asdatuuanslunsuddlunmii 3.6

Tusidonsail Nonlinear closed-loop observe %Qﬂﬂﬁmﬂizqﬂﬁw fleswn
ToRnamITarSaAIALLANAUNSERAINIANAINTININN ATEUIUNITHALLUUT A0S
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Y o a o
Ing19duneiian198enluy closed-loop reduced-order observer fiiaualaeg Soroush et

al. Uszenndufiuds Extended Luenberger

State Observer Design

r

Open-loop Observer

Closed-loop Observer

| 1 [ ]
2 e £ = ¥V 2/ ]
Van UsLae VDM YaLe
. . \ n 3\ ) o o 4 l
aunni W iEdunas LA RAIRINARIA AWTNAR Error A ‘ .
. v " =i B, 2 Z o x 3 glaendidau
rsnaiazaerzunlfing wasuiiaTuluszun 18 Aatuluszuu s
o ot 3/ % a A £ 1 A 74
Tdgfaendudau - Wldanzunnsaesnanysnd TAnnlrsuungnsies
uuy (Perfect Model) uazATALIARNNIN
o -=' LY o
. uunAsedn iiaanss

(Stable)

AR 3.6 WNURISZUY State Observer Design

3.7.1.1 Closed-loop Reduced-order Observer

nMsUszaANsIasuwamstsEyUYey N Neglussuurasaunis

o

auNus (Differential equations) Aeduns

A

ﬁ = Fn ﬁ,y,u + L ‘ y-Fy[ ﬁ,y,u (315)

oy L 1u Observer Gain fudufrmsinazdasyhmsusulimnsaniu
2y, | As AUssuresswUsssuugas dusun19vin Closed-loop reduced-order

observer azAMuUA Observer Tniilviagluguves z-dynamics lay z

Observer Tusiazidusiaunis

z = Fplz+Ly,y,u) -LFy(z+Ly,y,u)

Utug? Observer-error dynamics %agmlugﬂ

¢ = Fple+N,y.v) - Fp(N,y,w) -L{Fy(e+N,y,w) - Fy(N,y, w;

= f - Ly fdu

(3.16)
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if

. ] da 4
& Humanuaaadsy (Eror) naduluszuy (3.17)

3.7.1.2 Extended Luenburger Observer

I a @ a ¢ a a0

Wuwmeiianmseanuuusadunansainieuldlunssuiunismaniinluiiu
a v . oS5 Y o« a . )
B3Ldunse (Nonlinear  system) lnalusid aze1sfiavaiinuey Vallui  uas Soroush @9
nsEUIuMsUL Suuudassndemansidulumuaums

x = f(x)+gxn, x(0) =x, (3.18)
y = h
Taegn 4 LAMBIYIILUSELAN (state variable) Tnedldwiu n dauus
Y P Y [ o 2
= fuwUsnausainaila wedsnuau m saus
u = mdaudininele taedidiuiu m suds
hyg = WedduvesdinaalTIaTIe (Scalar vector function) fifiaiu
falilaq

lmeauN15U8Y Extended Luenburger Observer aguamaUauiusnIaunng

x = R+ gRu+L Iy- &, 20) =%, (3.19)
o T « ) K% < v

Wefi L, = [L,. L, @8 Observer Gain fadumidsudsnlivanyay

3.7.1.3 Mseanuuuiidunnnisalussmiusudayradlalasiauwasaandiay
(Partial Pressure Estimator) b tunisuseuamiswys

Tunissanuuumdnnanisaiililunisdssuainanhiusreguy
auu?xgmﬁiw ATMILUITDIAIIUAUTINI UL WALAINAUT I UL LUALaLUALNA (P, P,
P, PO 805105 snas it uazuiaanmuwelunlaswalng (P, Fa, Foo, Fo 810050
¥ansesaaiald fatu msUssinamnnududesvesnveslelnsiaunazeanday B, Poy)
gnsofuialaanaunns

FaO - T (320)

a”
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R (3.21)
dt VOL.| M, P, Mo P 4F
A‘ ~ ~
laafiAes My, M o 811500520 210
A ﬁHZ P - ’P‘
Mao = MHZ + a H2 6a
P, P (3.22)
Y ﬁo p -P
M, = 2 M| (/4 02 60
P P
R 5 (3.23)
My, = dmidnluanaveslalagiau
Moz = dmtnlanavaesndiau
5 @ 4 o o Y
S, [F dndnluanandevsuiauy 1esnvemiulelun
Y E dwinlanaadsvauiaaus 1eanvesniuualun

2/
2/

Tosldatrrusugo8adsva9lalaSauLaLBBNTIUNT A IALAT WO LUAE N TAA W IRLA
INAUNS

p g o= A2 ~ Mo p — V2 . ozn (3.24)

WeRazuATymAmURANAIAY 89 TUTEINMATAINAINAUE DEBULLBNN
ATLLANANTENINLULANABILAENTZUIUNS ATIAYEY Closed-loop reduced order
observer Jagmibunld lnenmiseanuuy z-dynamic annsaesuielalagaunts

~

dP,, _RT 1 P Py nl

@ ve, | et W e | 6
A "~ Fal

Po R P o P ] (g
dt VOL | M,P,, Mo P 4F
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Tnei
e, = Vi - Ve
Lk, = Tuning gain
Z, = A1 observer vasmMRuEasvasLidlalaTiau
Z, = AT observer YBIAIUAULRYYRILAFDBNTIU

fpeuAUsTnnspIsutasasuAdlalaTauLareandaun tndnisua Ay
o -
AATALAADU asag‘tugﬂmaaaumi

B

It

z, + Llel (3.27)
(3.28)

H2

Pe = 2z, tLpe

Aanumsugasftivinsuiladeaunis (3-27, 3-28) wgnilUldlunaduammen
@ € o W o Vo Y
Andmangues (Ea) 3ndnsiniaaesuuwdasesmdndlndhdaannis (3-29)

~

-

Q

)
2

9z (3.29)

o

av py
P At

-

TUAANIYNNSNARBIVBUTARTONAT A1 V o, V s, V o ITIINISWABUL AR T4
gnanuAlidudad msduamimanusuYs LTy (R, annsaduamng
grfeAdIRuSTaIRANEeARg (V) uasainszudlnii () i3als Tnefinnuduiudss
auN1S

Vs‘ = n(E- Va- VOhrn h Vmass d1) (330)

vV
VmaSS = (E - Va - Vmass) - _._j. (Rm + r) l (3.31)

n
R, - Vo . (3.32)

|

t 1 1

o Y “exp) 1268) —"— (3.33)

A _(0.00154 N_ -0.00326) T 308
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AUSInaveu luaatiands (Cpo) & BugIala s dmsavuaInA1US e
v v o
inlusanusu (A, Wadsauntsi (3.34)

(3.34)
Cuo = l\——mﬁ Par
EW

TRgnann1sIsANTAINMAYS TN IA NS Ut pavadlalaslauLa e anFaUu A
v P
wanlesanIng 3.7

1 '
! Process d1 '
; !
}
1 ! \
a a i
v E _ Psz onz PHz'POZ Ea - Vd‘ : »
1 L ~ "" Lg8 | ot
: i
1 ¥
1 1
oy Al e  SAT L SO RAW, AW s, Al R 1
evvi
Estiraty 3 3 ° V
X X, & Pio ' Poo ¥ E. o
> [t > »

AT 3.7 uHuRInnsAun Closed-loop observer (error at voltage)

3.8 STUUIANISLTAALTDINAS

YV as

TummAdessuvvsagadidomdsannsauudli duaudnlngq amnnd 3.8 ladsll
Ao Lazuuwadiomas 2.5vuumuny 3. ssuuniatvii
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d &v a
LITUBAATOINGY 2. STULATUGN 3. szuumdlvlih
_______ e

: l: 11y

{ y
| { | Control board

! { DC-DC Electronines
| | PEMFC 5« i -
| :| Environment : } Converter gads
: ! %
e e e o e —— e o o - - —— |

DC-AC

AC loads

Converter

L
I

:‘ =3 s & tg{l a
AN 3.8 Uﬁ@ﬂlﬂE)5LLﬂi3J°UaﬂiSUUﬂﬂﬂﬂﬁLﬁlfaaL?ﬁaLwaﬂ
3.8.1 sTUUadldaIwde (PEM Fuel Cells system)

drudsznavressyulwaalamdwaraunsainowisiitaulwazn 13 uaan

3.7 Feleazisennall
v y . A[16]
3.8.1.1 gamruRuAIAU (operating pressure control unit)

muduilflusadidamdsasinandilelasauiiviulisnwssduogi
03-0.8 visistinszdmnunnirdagilfisadidenieldidominaiudugs sevinld
Unifiu (gaskets) vouwadidameuazdunailidomacoonanwadld  Tuseuulald
gunsalngiaduAnudy  (pressure  sensor) tladsAnludeuainruauLazwaninatiny
souanina Lilofigligldldmuauanuiurssszuudunsuiuldiumendinugy
(pressure regulator) Ingfmnauslussuusnii 0.3 m%axﬁt?{mﬁaﬂﬁcﬂﬁﬁummﬁu
vadlalnnauitelifsmerenislimumazungadidomas

3.8.1.2 yariuANBuRAHvina (operating temperature control unit)

=Y

< ° @ @ = & o v o o w o
saumafinsvhanuidudndwdsniinedirud Ay lnemldgumnniives

Y
1

waditemasszulsiumunisineivan L’éaulsumiv'mm"uaqwaa‘ﬁamﬁqﬁuqmmﬁﬁmiu
Fu 50 ssmneadualaslussuuayldiesiames (thermisten) o¥nguupifiynead
Hawds Tnsazdadayalusiuainmuny minAfundifidmunssuufasuganisyhan way
dudsaifiou (waming) wslsifldananasisaeuteliananaassyuunsly
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3.8.1.3 szuuldihesnainszuu (pureing system)

esmnmevhuiiteduszuidlelasisuduesndiaussliwdselwihuas
i FufuTsdesiinusndufisedeaheananiualnaveneaddionisldszuulad
(purging system) Fedoulovesszuuiesiidasinislah (purging perlod) it 6 'JU’WI
dosmmmnsdannisldheenanszuuuntt 6 Junildussuressvunfiazanasninz
fiatuluszuvaglunmsivavadalassuilinmafnaujasemdliilelin

3.8.1.4.gamuRumsivavatesndiau (oxidation air flow)

Uimeandaufii wiinguawadtulfunannsliWaaugaeendiauain
panenausndn thugansasenmuasdnniulifusendudisraadienutiuugiss
Inadnduadidownds Sannislnavaseondiautiuiuagiumiuiinesinaugaoinia as
arndavasiaufrusiumuuiinanissevanueusaddemda Ssuasanuauaniy
fnsUiusaresinauinuUSnusadven

3.8.1.5. ?;@a%'wamm%ulﬁﬁulaimmu (hydrogen humidifier or bubbling system)

mdurduliiulalasmuesioureuduszuusidudunansedu
wadliwdoufiazdrslnannisviiude Wswnmsdddiledusedndafidengiugaia
rrdunudailalnnaufasnadluluyadiuauidububbling system) ndsainiy
svuufinglamnutuuasihlusruveendiednsnislad (purdne period) 71 1 Sundiuty
Uszanas 20 3unit Tasdlaifumnduliiussuuiadoudaselussuufgrinaudensldsn
mslavi (purging period) 7 6 Twiianadyl
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LS UUEBaAYOING 3 szumalilih

OOy e SN —————— 1

iy
r"1+ DC

Water Valve

-

M)
Ll |

Water Valve

Chk.Valve |” ~ ]

— A
H.Aux. Valve Water Pump

s

Manual Yalv | Pressure ngulamg:; o
(—

L

iuy w Chkf—\r_r;q—{yi /hyi

L |
Flow Controller |I

|
[
AY fatpcant s 1

Hydrogen Tank

d J = 1 L]
awil 3.9 ssuuwedidfamaazgunsalitlédaviag
3.8.2 55UUAIUAN (control system)

szvupuaniimiilunissu-deyavindruiepdundseinanauayaiunul

- v « o Uy 1% ool .
WulUldmuteulanasl fvesymeadlnessuumuatazusznaulunegunsalserianiaig
0 9 v & = v = a < aoar qy A v
Sudulunsiligawadiomdsansaviraulanuvsz@ngam - lnenauidsgudly
dsPIC30F6010A  wesus¥wlulasin iudvssuanauazaiuaulngagiutayaniiagain
gunsainsav I NaYsEaIans wagdirnauluniunu (feedback control) wag/wie
1 . . ¥ Lo oA 2 o | <
LanaNan1un1I9aRanswalmonitoring) NTusgiviauluveswisiinesuuduteyad
wanawa Uil gaumgldl aududuivng audunediulelasiauridt winiiwmeinig

]

J - - L4 L& = L4
IWHhvesgadiamds wisidwainielniivesdd-Adnauiadiwes wagwisiiwmasnialni
= & o o 4 1 1 : vas ] £ .4 L4 = ar é’
Y998unesneT dmiugunsainnowinlydu-dedygraluivednniunuiinad

3.8.2.1 Waaugae1NA (sucker fans)

wiiindnuasinaugaeiniafe gresndaudimniiisedulelasau
szunemnufeudainvusigadinnu inauiligrainiadediniuusimeiivzgneendiay
duterinvengadld lnsauideiuildwaauiiininudau 3000 souseuiiuasdninis
Ivail 105 gnunarviadeunit Tawausivesinauavuysdunsaiulvan
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3.8.2.2 YAAINAUTUNIANBBNEAU (Oxygen humidifier)

Uy ﬁsqmwaéﬁwmumm%auﬁLﬁm%ua%ﬂﬁ%aéuﬁalﬁ FaduSeiiBnaiiy
AuTuliiad d0eidne WinaruTudussndsutasdulslasiay msfiuaududy
aanszjwumimsJmﬂwwaiwmwmumqmuaaﬂmauimamLUEJIsaaLaﬂmﬂ (piezo electric)
Dusadranuiy Imaamwmﬁﬂaumwmuawmun‘uaaimamwmaaaﬂusumezraammmfau
Fuimifrudnluduradesinsnsmsaoulay  wuwesTarwdudusivg  ieldiiy
AUszam 70 %RH SunAanutuduimsgslufginlieadidoniuly fiansrananis
TnavaslalasiauAuswiunarUsy s ameesssuuaziat mnaudunnnludsudioviinis
amﬂ'wLLauwagmaumﬁuﬁﬂaﬂﬁﬁuLTJ&IG&SLaﬂw%ﬂ (piezo electric ) FArwTufiazilan

3125N
3.8.2.3 ?m‘liﬁmmmma% (battery charger)

Tumadunsihnuresaradidemduadlindiny vnuummeiiiedy
widatelvituuefaruaulumsdumliyaeadidemasiudiedunisinmsyduuseiy
vosuameitdldynussuuameiuuin 12 Tavi 2.8 woud S1wu 3 gn Ussgnazua 280
feduouuUilivssquuametifioltiduiadiseslniviiuuesanuay

3.8.2.6 Juth (water pump)

uwumlumﬁfjumwwa°vmaswmmmu’lwnulaimwu (Hydrogen
Humidifier) n19viuay Euuaanusmumma’l,uwaiwmmmumdmsﬂmmmaﬂaaaLﬂum
WATEAY mnizﬁuﬁ%mmmmwummwmuLUaauamuzuaummmmuam PUALiDAs
Ty

3.8.2.5 lgduasni1d (solenoid valve)
[ ¢ o v o v o d < & o a YD '
dudrunldvimhiduaindda-Ualalasauldunn wazaruaunisldes

lelasiauivihujiseudrfiudieennisilaeving (purging system) Tnafiledusennneiig
Sumdnnuasaniuay muReulrveslusunsuiilanaly



61

STULIARIBLNAS sruvlnih
DC-DC El t -
PEMEC N converter j’) ectronics
Vv E L oad
T —__Eo;trols—ys;m—-—“—_—:
|
f |
! |
PSuU
| Magnetic, L= DC-AC
L Fan Contro} Board v Solenoids| ¢%=> =) AC loads
—_'l:> 38-40 W + 18-20 W Converter
| Display, Sensor ‘ |
| 24-30 W |
| Oxygen AJ i l-g Water | N
| Humidifier Battery Pump (lECUUAIUAN
| 18-20 W | |
| |

i 3.10 aunsalirsagiuszuualIvaY

3.8.3 szuumsluin (electrical system)

Wiesvnadidenddiuswuaninadulvinszuansaiigusadudeudianiig
nsnavauswanisnglnantdwazdanuliiaies Auiuiewidgmdinanislald AZ-Ad
Asutsasiiu ity misindiadisiiuuvasinaluiiinssuanss uonaanddalaun
a 'S ¢ viw s & a & 4 W\ Y Py
suneimetunldreduynadidaindsieiluundsdrelwihnszuaadululdiuivanlv
v oo v <% ' & - M o & o 1Y v ¢
nvkaRduBngiY Faindrulsenauiugiunazsounlanmusui lausiuuuuve utead
Woudidmivuramiandanulni duamit 3.11 uag 3.12




Water tank PEM Fuel Cells stack 1kW

Control board

Hydrogen tank Sucker fans

Purging valve

Display board

o v w v 1 a g [ W
A 3.11 nweumihve LU URwad demEasdmiuras 1ewdsa i

DC-DC

DC-AC

Converter Converter

Pressure

regulator

Oxygen Humidifier

system

Water Pump

Hydrogen

humidifier system

d. v s L4 3 4” - s 1 1 al
AN 3.12 m‘wmwammmmu‘qmmaawaLwaqe?m‘immaamawaamulﬂﬂw
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4.2.1 ﬁﬂmu'i}umﬂuﬁu (Pressure control unit)

(1)

cad o
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¢ & o o o <l @ a o ) Y]
c.iEUUL%aﬁL°UE3LWaéﬂﬂma\iwqﬂjumﬂj'}uﬂuLLaxE‘)ﬂJV@lMﬂ']'llW]ﬂ"lLVil.l'lSaﬂJ FEAULLTIAU
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dosfimsinwsyiuanuduluszudlniianumnzay deduluanuidedalminsinwsediu
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Weavnansnuasi fleadidavigla navpsmuiugeenailityemwmé@izesnain

waald Ingluswiseilldihengunsaingntuanudu (pressure sensor) wnldidmiuin
puduiadrTlUgigauszanana AvAukazuaasa lunsifinududinds 03 viivie
aindr 0.8 uiveidynadouligliuivanuduveslelasiauliaglusgdunumand
AIUAY (pressure regulator) WiamniiAuiRuagseiuiidnimissnnirfiesnuuulum
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4.2.2 ¥aAIUANMUNININNU (operating temperature control unit)

'
=2 1

gouniduni fnesanf I NANAAEN1IMINIUTRLTAR L TRINRINsB9EINIT

a

(3

pauny Inadnfudianmpifeadiagefasinlissduussauaecigadganin g wo
atinalsimunIseaNLLLIE LI AR L%@Lwaq@"mmumsmumulus"muamunmmmvzw

Tngvlugmmniinenwadidoindsulsduassaiunsdnainan 'Luaw?)%’ﬂﬁ%
aamwm“wmnwuammnuimalmwaﬁuama‘i (Thermister) Jngamaiiiadtain 3 90 o
AW 4.7 Iﬁl‘éjﬂ’]’iﬁ]ﬂﬁ}dma‘mam@a*U“’GIﬂ‘t’lﬂiu"«J’EEJ‘VI‘UﬂL‘dBaL?IBL‘WGQLLﬁuﬁdﬂﬂl‘U‘dd‘E}m
Jsvananatayauall Wemuana i naulnginauyatandugaieriuyagaoinie
(eanBrutndwad lusitevihmsinwaaumgiivatsanomdshilviiu 50 °C Tagvinay

a o = - 3 = - a o 5 a ot 5
uisuvUgmall 30 °C wazavildya e ugumuniiaei 45 °C wingungiiia 50 °C
TEUUAYUEAVY
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4.2.3 ¥AAUANNTSIMAYaI9aNELau (oxidation air flow)
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4.2.4 qma%’wmw%u’lﬁﬁu‘laimwu (hydrogen humidifier or bubbling system)
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P S i
4.2.5 YAE39AMUIUNIIAUBANTLAU (oxygen humidifier)
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4.2.6 yaUszuUALAa3 (battery charger)
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Abstract—This paper concerns with the study on the effect of
hydrogen Purging period on the performance of PEMFC
system. It is aimed to improve PEMFC performance to be a
reliable power source for power supply unit. The membrane
electrode assembly of a PEMFC (Proton Exchange Membrane
Fuel Cell) has to be wet for the fuel cells to work efficiently.
Despite many factors causing cell degradation and jeopardize
the stack performance and attenuate the electrochemical
reaction, this paper only focuses on an arrangement  of
hydrogen purging period to remove water droplets and residue
of inert gas from the anode side of the fuel cell. Experiments
show the stack performance as well as its efficiency at various
purging periods at 100 W and 400 W loads.

Key words— Purging period, Purging pulse, Purging cycle,
Dead-end mode, Flow-through mode, Recirculation mode,
PEMFC

I. INTRODUCTION

Fuel cells have a great potential for development as a
renewable power sources. In particular, the Proton Exchange
Membrane Fuel Cell (PEMFC) technology is the best candidate
among other fuel cell technologies including Solid Oxide Fuel
Cell (SOFC), Molten Carbonate Fuel Cell (MCFC), Phosphoric
Acid Fuel Cell (PAFC), and Alkaline Fuel cell (AFC) [1],
because of its low operating temperature, high-power density,
and relatively short startup time.

In order to improve the system efficiency, it is necessary to
estimate the influence of a change in the operating conditions
on the performance and the life time of the PEMFC. A
hydrogen purging period is one significant parameters of the
operating condition. We therefore propose to determine the
effect of different purging period of hydrogen gas on the
behavior of fuel cell stacks, especially voltage regulation and
efficiency. This purging is essential for this stack configuration
as it helps removing water droplets and inert gas blankets from
the fuel cell channel[5-15].

1. BASIC FUEL CELL OPERATION
Fuel cell consists of a negatively charged electrode
(anode), a positively charged electrode (cathode), and an
electrolyte membrane. Hydrogen is oxidized on the anode and
oxygen is reduced on the cathode. Protons are transported from
the anode to the cathode through the electrolyte membrane, and
the electrons are carried to the cathode over the external circuit,

as shown in Figure 1. A typical PEM fuel cell has the
following reactions [2-4, 16]:

Anode: H2 (g) — 2H+ (aq) + 2e—

Cathode: 1/202 (g) + 2H+ (aq) + 2e— — H20 (1)

Overall: H2 (g) + 1/202 (g) — H20 () + electric energy +
waste heat

Reactants are transported by diffusion and/or convection to
the catalyzed electrode surfaces where the electrochemical
reactions take place. The water and waste heat generated by the
fuel cell must be continuously removed and this present critical
issues for PEM fuel cells[1].
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Fig. I, A single PEM fucl cell configuration[4].

Some advantages of fuel cell systems are as follows:

« Fuel cells have the potential for a high operating
efficiency.

* There are many types of fuel sources, and methods of
supplying fuel to a fuel cell.

* Fuel cells have a highly scalable design.

* Fuel cells produce no pollutants.

* Fuel cells are low maintenance because they have no
moving parts.

* Fuel cells do not need to be recharged, and they provide
power instantly when supplied with fuel.

Some limitations common to all fuel cell systems include the
following:

» Fuel cells are currently costly due to the need for
materials with specific properties. There is an issue with
finding low-cost replacements. This includes the need for
replacement of platinum and Nafion material.

* Fuel reformation technology can be costly and heavy and
needs power in order to run.



« If another fuel besides hydrogen is fed into the fuel cell,
the performance gradually decreases over time due to catalyst
degradation and electrolyte poisoning.

Fuel cell operating condition are as follows [2, 3]:

1. Operating Pressure
A fuel cell may be operated at ambient pressure or it may be
pressurized. A fuel cell gains some potential when the pressure
is increased. The issue of pressurization is also related to the
issue of water management, and therefore must be addressed
from a system respective.
2. Operating Temperature

The cell temperature is another operating parameter that
may be selected and preset. In general, a higher operating
temperature results in higher cell potential, however, for cach
fuel cell design there is an optimal temperature.
3. Reactants Flow Rates

The reactants flow rate at the inlet of a fuel cell must be
equal to or higher than the rate reactants are consumed in the
cell. They must be supplied in access of consumption. The
rates at which hydrogen and oxygen are consumed and water is
generated are determined [2, 3]. For example, this is always
necessary on the cathode side where water is produced and
must be carried out from the cell with excess flow. The ratio
between the actual flow rate of reactant at the cell inlet and the
consumption rate of that reactant should be pre-determined.
Hydrogen may be supplied at the exact rate at which it is being
consumed, in so-called dead-end mode (Figure 2) [2, 10]. If
hydrogen is available at elevated pressure, such as in a high-
pressure storage tank, the dead-end mode does not require any
controls, that is, hydrogen is being supplied as it is being
consumed. If hydrogen loss due to crossover permeation or
internal currents is taken into account then the hydrogen flow
rate at the fuel cell inlet is slightly higher than the consumption
rate corresponding to the electrical current being generated.
Even in dead-end mode, hydrogen has to be periodically
purged, because of accumulation of inserts or water [13]. The
period (frequency) and pulse of purges depends on purity of
hydrogen rate of permeation through membrane [12], and
water through the membrane. In calculating the fuel cell
efficiency, the loss of hydrogen due to purging must be taken
into account through fuel utilization. Instead of purging,
hydrogen may be supplied in excess in so-called flow-through
mode (Figure 2). Air is almost always supplied in a flow-
through mode. In case of pure reactants, a recirculation mode
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may be utilized (Figure 2). In this case the unused gas is
returned to the inlet by a pump or compressor, or sometimes a
passive device may be employed. Note that in case of
recirculation, a cell may operate because unused reactant is not
wasted but returned for consumption back to the cell inlet. Fuel
utilization in various modes of operation is summarized below.
In dead-end mode and recirculation mode: In general, higher
flow rates results in better fuel cell performance. Although pure
hydrogen may be supplied in a dead-end mode, hydrogen in
mixture of gases must be supplied with flow- through mode (in
this present study). The exact flow is actually a design variable.
If the flow rate is too high the efficiency will be low (because
hydrogen would be wasted), and if the flow rate is too low the
fuel cell performance may suffer from cell damage.

pressure
flow controller” regulator 0
Ty | Pin T . Pm
H; % H:
Tank Tank
pump or
back-pressure compressor
regulator  F
: { -
normally P O Normally
closed closed
a) b) c)

Fig. 2 Model of reactant supply: a) dead-¢nd mode. b) flow-through
maode, ¢) recirculation mode.

IlI. FUEL CELLS SYSTEM DESIGN

The fuel cell system which was used to determine the
specific model parameters of a PEMFC stack is presented in
Figure 3. The stack under consideration has 70 cells, with
maximum capacity of 1 kW, 14.45 W/Cell, Nominal voltage is
42 V. The stack contains an active area of 85 cm?. The inlet gas
flows are humidified by a bubbler; the humidifier can be
optionally bypassed. The gas flow is controlled by manual
mass flow controller, and the stack is actively cooled by
humidified air drawn through the stack air channel by a fan
circuit. The data logger records the data to EEPROM located
on the controller boards. The control strategy is implemented in
a DSCs of Microchip Inc. and interfaced with a PC via RS-232
port. The temperatures, relative humidity, pressures of the
hydrogen inlet, the stack voltage and stack current, Battery
voltage, DC-DC voltage, current, power, DC-AC(Inverter)
voltage, current and frequency (f) Real power(P), Apparent
power(S), Reactive power (QQ) as well as timing operation were
recorded to EEPROM on the control boards.
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Fig. 4. A structure of proposed | kW fuel cell power supply unit.

- o : L
IV. RESULTS AND DISCUSSION v = measured hydrogen flow rate (=)
y o i , So
The stack efficiency is defined as [1,3] p Y
T_] - {llJlELll - L\UlEll
LHV T m(LHV )
n _ Poupur  _ Poutpu (N _ _Pourput
LHY B m(LHV) ol (LHY )
where : s Poutput
Poutput = System output power from measurement L= l120 M)
LHV = hydrogen lower heating value [3] — Poutput
— 120.™ 335(v)
= -(kg)
m = mass flow rate ('2_3) The system usually has the efficiency less than 100 due to

energy loss or consumed within the system, as seen in figure 5.

= hydrogen density 20 °C and | atm. [3
P i e : i [l The data of parasitic load are given in table | below.

= 0.08375 kg/m?
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Fig. 5.: System block diagram for consideration.
Table 1, Operating power consumption.

No. System Device Power consumption (W)

1 Fan 38-40
2 Humidifier 20-22
3 Solenoid valve 12-14
4 Battery charger 18-20
5 Water pump 5-7

6 Magnetic contactor 40

7 Control board 24-30
8 DC-DC loss(eliciency 90 %) 10-40

In table 1, the average consumption for device 1-7 is about 130 W. This
power is used for the PEMFC self-operation.

The definition of purging periods a re shown on figure 6 to clarify the
period of 6 s, 12 s and 18 s, where the purging pulse are fixed

Detinition Purging period and purging pulse

i g b
- -

A
s
- -
OSSN |
§L1_--.
a2 - -
g Tt ——
o
18 =
el L

Fig. 6.: Definition of purging period and purging pulse.
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Fig. 7.: V, | waveforms when purging period is 6 s a) purging frequency b) fuel
cells stack voltage and current ¢) purging period d) purging pulse
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Fig. 8, Fuel cells stack voltage and Fuel cells stack temperature at various
purging cycle on load 100 W
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Fig. 10, Fuel cells stack ﬁnwer graph

The result of PEMFC voltage measurement versus purging
period at loading of 100 W and 400 W is given in figure 9.

The stack parameters and corresponding condition at
loading of 100 W are as follows:

Pressure 0.35 bar, Relative Humidity 64-66 % RH,
Ambient temperature 27-29°C, Fan speed is 3000 RPM, Air
flow rate 105 CFM.

From figure 7, the purging period is 6 sec. operating on
electrical loading of 100 W and 400 W the Vdc link or PEMFC
voltage is 51.67 V,43.66 V, S.D. is 0.13 and 1.71 respectively.

1.  When purging period increases from 6 to 12 and 18 s,
PEMFC voltage decreases due to water accumulation,
suggesting that the voltage per cell has decreased, see figures 9
and 10. The average stack cells voltages at purging periods of
6,12 and 18 s are 51.67 V, 51.02 V and 50.34 V respectively.

For the case with electronic loading of 400 W: the average
stack voltages at purging periods of 6, 12 and 18 sec are 43.66
V,41.99 V and 40.41 V respectively,



2. The stack temperature increases from the start up
stage. The unit is left at the testing condition for 8 minutes,
after which the temperature variation is about 1 °C on load
carrying of 100 W. The temperature difference affected by the
variation of purging period is very low.
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Fig. 11, Fuel cells stack voltage and Fuel cells stack temperature at various
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Fig. 13, Fuel cells stack power at various purging cyclcrun load 400 W

V. CONCLUSIONS

The short purging period results in higher PEMFC voltage
level, which means desirable stability but can attenuate the
system efficiency due to energy loss by parasitic load of
control and monitoring system and hydrogen loss. Longer
purging period (low frequency) can attenuate the PEMFC
voltage due to accumulation of water and inert gas in the fuel
stream inside the call channel. The system can vary the period
of purging based on different electrical loading. Therefore long
purging period should be selected to reduce the average power
consumption from purging device and hydrogen loss. So the
efficiency is greater than that operating with short purging
period. On the other hand, when system supply medium or
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heavy electronic loading, short purging period should be
selected for regulation stability.

SUGGESTION

When design PEMFC system power supply ones should
design a purging system control or feedback control to
maintain voltage and/or power to increase system efficiency.
The purging period must be adaptively controlled according to
load for achieving the system stability and low system loss..
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Abstract

This paper proposes a Proton Exchange Membrane fuel
cell (PEMFC) system management for power supply unit. The
designed structure, auxiliary components, and controlling conditions
of the 1 kW PEMFC system are presented. The controlling conditions:
operating temperature, pressure, air flow, humidity and purging system
are monitored and/or controlled using a microcontroller. From the

experimental results show 100 W and 400 W load conditions.

Keywords: PEM Fuel Cells, Oxygen Humidifier, Hydrogen
Humidifier, Purging
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Modeling and Simulation of a PEM Fuel Cell
Humidification System

Dongmei Chen Huei Peng'
Department of Mechanical Engineering
University of Michigan, Ann Arbor, MI 48109-2125

Abstract—Maintaining  proper fuel cell membrane
humidification is a key challenge in achieving optimal fuel cell
performance. For automotive applications, the load and
environment conditions are constantly changing. Therefore,
the membrane humidity needs to be properly controlled
during transient. A humidifier system using water vapor
exchange membrane is modeled and analyzed in this paper.
The 4-state humidifier model is integrated with a fuel cell
stack. Feedback and feed-forward control algorithms are
developed so that the fuel cell maintains its highest membrane
water content under a wide range of operation conditions
without flooding.

I. INTRODUCTION

Polymer electrolyte membrane fuel cells (PEMFC) have
drawn much attention in recent years. They offer a highly
efficient and environmentally friendly option for energy
conversion [1]. They are actively studied for commercial
stationary power generation, residential applications and
transportation technologies, especially in ground vehicle
applications. PEMFCs commonly employ hydrated Nafion
films or other hydrated perfluorinated ionomeric materials
as the electrolyte membrane [2]. These membranes need to
be properly hydrated in order to achieve maximum
performance and extended life. Partial dehydration of the
membrane decreases the protonic conductivity and lead to
increased resistive loss, decreased net power, and local hot
spots that may dramatically reduce the life of the
membrane, On the other hand, if excessive water is present
in the membrane and/or the gas diffusion layer, a situation
that generally referred as flooding, the fuel cell
performance will also be adversely affected due to the
water blockage of the flow channels, porous electrodes and
backing layers {2]. Therefore, water management was
recognized as a critical issue for PEMFCs’ performance. In
addition, PEMFCs for automotive applications operate in a
dynamic environment, where the power required from the
fuel cells is constantly changing because of the road
conditions and the drivers” behavior. The membrane
humidity has to be controlled during transient.

There were many papers in the literature discussing the
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936-0352, hpeng@umich.edu
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fuel cell water management issues. A number of
experimental studies were conducted to understand the
water transport phenomena and to characterize the factors
that affect the membrane water content [3-6]. Innovative
channel designs have been proposed to better maintain the
humidity [7, 8]. A number of mathematic models have been
developed to optimize the fuel cell design to maintain high
humidity {2, 9-14]. In addition, several types of humidifiers
have been designed and analyzed to enhance the stack
humidity [15-18]. All of these works aimed to maintain
praper membrane water content for improved performance.
However, the main purpose of these works is either to
understand the system or to size the components. Few
dynamic models that are suitable for control purposes exist.
Furthermore, the component and channel sizing analysis
results in a design optimized around one stack current
value, or the average of the whole fuel cell current range.
This type of steady state analysis enables the fuel cell to
achieve its peak performance when it operates around the
points where the design is optimized. It does guarantee a
good performance, however, under other operation
conditions or during transients.

Previous research has found that the membrane humidity
is a function of water diffusion coefficient, electro-osmotic
drag coefficient, water sorption isotherms, membrane
conductivity and thickness [3, 12, 13, 19]. The membrane
humidity is also affected by the fuel cell current, the
temperature rise inside the fuel cell, and the inlet gas
humidity condition [2, 9, 12, 20, 21]. When the fuel cell is
running, the fuel cell current and steady-state temperature
are determined by the stack power and the operation of
auxiliary devices (e.g., cooling system). In addition, stack
temperature significantly influences the efficiency of the
membrane and thus should be tightly regulated. The most
feasible parameter that can be used to control the
membrane humidity is the inlet gas relative humidity,
which can be manipulated through an inlet gas humidifier.

This paper is focused on the development of a dynamic
humidifier model, and the application of which for fuel cell
humidity control. The model presented in this paper
captures the fluid flow dynamics, water exchange through
the membrane, and the temperature dynamics of the
humidifier. Unlike conventional humidifier analysis that
assumes steady state condition, this model includes the time
varying aspect of gas flow, temperature, pressure and
gaseous and membrane RH. Simulations of the humidifier
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are conducted to predict the behavior of the humidifier
under transient conditions, especially when there is a
sudden change in air flow, corresponding to variation of
fuel cell stack current. A feedback control algorithm is
developed to reject the effect of the disturbance. The
humidifier model is subsequently integrated with a fuel cell
system model. A feed-forward control algorithm is
developed to compensate the current variation. Simulation
results of the integrated humidifier and fuel cell system
show that a properly controlled humidifier could help the
fuel cell to achieve the best membrane humidity with
minimum flooding.

II. ANALYSIS OF HUMIDIFICATION SYSTEM

There exist several humidification mechanisms for
PEMFC applications. A simple method that has been
widely adopted involves using a spray nozzle to atomize
coolant water that leaves the power production section of
the stack. The droplets are sprayed uniformly onto a cloth
or wire mesh substrate. As the inlet air passes through these
wet surfaces, it becomes more humid. If the air is not
preheated, however, the amount of water absorbed is inlet
temperature dependent. Due to the fact that the air
temperature decreases as the water droplet vaporizes into
the air, the effectiveness of subsequent layers decreases.
Therefore, the RH drops as the air enters the fuel cell stack
and reaches the stack operating temperature. Another
simple technique commonly used for smaller stacks is to
bubble the reactant gas streams through heated bottles of
water. Again, the RH achieved is temperature dependent.
Furthermore, a considerable pressure drop across the
humidifier is common, which requires higher inlet pressure.
Therefore, this technique may not be suitable for low
pressure fuel cells. In addition, both of the above
humidifiers are burdens in the fuel cell system with respect
to weight, complexity, cost and parasitic loss [18]. Their
existence lowers the overall vehicle efficiency. This is
especially a big concern for ground transportation
applications. In the effort to overcome the above shortages,
An “Enthalpy Wheel” concept was developed [22]. It
reuses the fuel cell exhaust gas to humidify the dry inlet
gas. Another humidification mechanism also recycles the
exhaust energy is the membrane humidification. This
humidification method was studied in several previous
works [16-18].

This paper will use fuel cell cooling water to humidify
and increase the temperature of the dry gas. In this
approach, water diffuses from one side of the membrane to
the other side, where the gases flow in parallel to the wet
membrane. The water transfer is predominately determined
by the water and gases flow rates (convective driving
force), membrane pressure differential (diffusive driving
force), membrane thickness, and the fluid temperatures. A
humidifier cell is shown in Fig. 1. There are three channels
in each humidifier unit: the humidification channel marked
with “A’, a heat transfer channel marked with ‘B’, and a
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water channel marked with *C’, where the fuel cell cooling
water passes through. The dry inlet gas can be directed to
go through either channel A’ or channel ‘B’. When the
inlet gas passes through channel ‘A’, both heat and water
vapor exchanges with channel ‘C’ will occur. On the
contrary, when the gas passes through channel ‘B’, only
heat exchange will happen. Depending on the position of
the sliding plate, the gas will be directed to go through
either channel ‘A’ to be humidified, or channel ‘B’ to be

heated only.

Fuel cell
cooling water

Graphite

e Graphite wall

Water
molecule

Control
volume 2

Sliding plate
Dry gas

Fig. 1: Structure of a humidifier cell

Based on the size and load of a fuel cell stack, the size
and number of humidifier units can be calculated.
Assuming there are N humidifier units, the number of units
designated as type ‘A’ can be any number between 0 and
N, depending on the desired relative humidity of the exiting
air. For example, if the desired humidifier outlet air relative
humidity is 100%, the sliding plates are moved so that all
the gas goes through the A’ channels. Similarly, if the
desired relative humidity is 0%, all the “A’ channels will be
closed. In general, the number of channel A’ will be
0<n< N, and is calculated based on the fuel cell stack
current, the desired relative humidity and the inlet air
relative humidity and temperature. [t should be noted that
the authority of the humidifier in reducing humidity is
limited (or non-existent, if heat exchange effect is ignores).
For example, when the inlet air has a non-zero relative
humidity, we will not be able to get 0% relative humidity at
the outlet even through no channel *A” is used.

III. CoNTROL VOLUMES DEFINITION AND MODELING

ASSUMPTIONS

To derive the governing thermodynamic equations, we
first need to define the control volumes of the humidifier
system. For the humidifier design presented above, two
control volumes are defined as shown in Fig. 2. Control
Volume 1 includes either Channel *A” or Channel ‘B’.
Control Volume 2 includes Channel ‘C’. For Control
Volume 1, the dry gas inlet mass flow rate, pressure,
temperature, and relative humidity (RH) are denoted as
M, Piins T1ine and @, respectively. The gas outlet mass
flow rate, pressure, temperature, and RH are denoted as
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Miows Pirows Tiows and @, respectively. If Control
Volume 1 includes Channel ‘A’, both vapor transfer M, ,,
and heat transfer Q; occur. If Control Volume 1 includes
Channel ‘B’, only heat transfer O, occurs. For Control
Volume 2, the water inlet mass flow rate, pressure, and
temperature are denoted as M;,, Pin and Ts,
respectively. The water outlet mass flow rate, pressure, and
temperature are denoted as M, Prows and T,
respectively.
M, P, T, ® M., P T.

Water
molecule

Control |
volume 1 i

Fig. 2: Control volumes of one unit humidificr

The model assumptions are: 1) The flows in both control
volumes are fully developed laminar flows; 2) All gases
follow the ideal gas law; 3) The humidifier units are well
insulated from its surroundings thus heat transfer only
occurs across the membrane, between channel ‘A’ and *C’
or ‘B* and ‘C’ (which are assumed to have the same heat
conductivity); 4) The kinetic and potential energies of the
gas molecules are neglected; 5) No external work is done to
the system; 6) The flow specific heats are constant; 7) The
overall convection heat transfer coefficient is constant; 8)
The membrane water transfer is a function of water
concentration and temperature gradients; 9) The nominal
fuel cell cooling water temperature is assumed to be 80°C;
10) Water is incompressible; 11) The following inlet gas
properties are the inputs to the dynamic system: M, ,, P} i,
TI.Jm d5I.m's P.?Jn, P.?JHI:" and Tz.m.-

[V. HUMIDIFIER MODELING

Apply the 1* law of thermodynamics to Control Volume
1, the energy equation is [23]

. L] - . . .
Mal Uy, + My Uy + Mg Ua, + my g Uy = Q;"‘ Man hu,m

. (1
= M ont hu

- L]
+ My r h,, = My ot h

nem

.
+ v in hw.m Lol v, ol

U\ =_‘-C"u Trow Mg =ICPHT|‘“ by =ICP.- T mem

where Cv,, Cv,, Cp,, Cp, are the specific heats of the air
and vapor. Subscript kI = a or v, represents air or vapor, /
represents Control Volume 1, f represents membrane
transfer, k2=in or out, representing inlet and outlet,

respectively. It is also assumed that 7}, equals 7.
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Apply the I* law of thermodynamics to Control Volume
2, the energy equation is

Ll - - L]
m,..‘g(wp,.‘ T20m = '-Q| +mz2n hu'.m —mM2.om hw‘(,,,, =My, hmvm (2)

where h,,,=[Cp, T, . . Cpyis the specific heat of water.

2,42
Subscript w represents water, and 2 represents Control

Volume 2. ma1 and m,,are calculated from the mass
continuity equation as

Mgt = Main— Ma,on (3)
Wil = Mivin - Mhvar= Mo )
."..m k2 = r:n,\k:+ r;h-,kz (5)
M, B2
R Mg Pu,kZ (6)
T iz )
W 2

Assuming the flow restriction between the humidifier
outlet and the fuel cell inlet is described by a nozzle

equation, n.« can be calculated from

mi.on = C"‘I \j Pt.our k4 Rfi.'.r'ﬂ (8)

where 8 oin is the fuel cell inlet pressure, and Cr is a

constant which changes with orifice size and the gas

density and can be obtained through experiments. m. xcan
be calculated as

. . . .

M2 =M in=— My or=— M2 0m (9)

A vapor mass transfer #i7,, occurs between the two

v ir

control volumes and is calculated from [ 14, 20]

[24!b(|—

|
<)X
A‘{l.A Du‘ = [’)ie 303 Tw

y (‘2 _CI

My.r = Du

(10)

where D,, is the membrane coefficient of diffusion. ¢,
and ¢, are water concentrations in Control Volume 2 and
Control Volume 1, and are defined in Eq. (12). 1, is the
membrane thickness. 7,, is the membrane temperature in
Kelvin, M, is the vapor molar mass. A4 is the mass
transfer area (i.e., the membrane area). The coefficient D

is determined empirically and has a piecewise-linear form
[14,20]

-6
10 A<2

10°01+24-2) 2s4s3

1003 -1.674-3)) 3<A<45
6 A245

D;=

(1
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The water concentrations in the water channel and the gas
channel are

Pm
M

C3 = A3 (12)

m.dry

where Pudry is the membrane dry density and »,, dry is
the membrane dry equivalent weight. The subscript £3 is
either 1 or 2, which represent Control Volume 1 and 2.
Water content 4;and 4, are calculated from [14, 20]

P
+360a}) ap =1

& sat,1

Ay =(0.043+17.81ay —39.8547

(13)
Ay =14

where P, is the vapor partial pressure of Control Volume
1. Py is the saturation pressure of Control Volume 1, and
is determined by [14, 20]

10810 Pygr1) = 29510 2T gy ~9.18-107572

Ta,out (14)
+144-107772 218

The vapor partial pressure of Control Volume 1 is
obtained from the ideal gas law.

Py Ve1 = Rylymy |

Pa,lVCl = RaTlma,l (15'17)

Pra=HF k2t Fak2

where R, and R, are the air and vapor gas constant, V,; is

the volume of Control Volume 1, £, =P, 55 P, 1 =Py o -

The heat transfer rate between the two control volumes
can be calculated as [24]

O, =h AAT, 1y (18)
where 4 is the heat transfer area, 7, is the heat transfer

efficiency, h is the heat transfer coefficient defined as
kN uD

=D, 19
D, (19)
where & is the membrane thermal conductivity, W, is

Nusselt number and Dj, is the channel hydraulic diameter.
AT, is the temperature difference between the water and
the gas. For counter flow,

(Tw,in - Tg,out) - (Tw,out - Tg,in)

ATy (20)

Ty, in = Tg,out) \Tw,out =~ Tg jny))

The model, based on the equations listed above, is
summarized as follows. The states are:

r .
x=[ma’l my 1 Tiout TZ,ouI] Possible measurements
T
include: y=[Ql My Miow Promw Drom mz_oul] . The Contl'ol

input is: u=%[n]. The performance variable is: z=[r;zw],
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and the external disturbances include:

T
.
W=[”“-"' Tiw Piw Pun P Prou Tz.m]

V. SIMULATION RESULTS AND ANALYSIS

Simulations are performed with the assumption that all
the air goes through ‘A’ channels. The results of changing
the inlet air condition are shown in Fig. 3 and Fig. 4. Fig. 3
shows that when there is a step increase in the airflow rate,
in order to compensate the air flow increase, the membrane
vapor transfer rate and the heat transfer rate both increase
with some transient fluctuations. This transient effect adds
more water to the inlet, and may cause flooding in the fuel
cell. Fig. 4 shows that when there is a step decrease of the
inlet air temperature, the heat transfer rate increases and the
membrane vapor transfer rate decreases. The decrease and
the transient fluctuations may cause the fuel cell to become
dehydrated. These issues need to be addressed to maintain
fuel cell performance and life.
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Fig. 3: System responses under step increase of the inlet airflow rate
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Fig. 4: System responses under step decrease of the inlet air temperature

A simple proportional feedback control strategy is used
here to control ‘n’, the number of humidifying cells, and
the results are shown in Fig. 5 and Fig. 6. Fig. 5 shows that
the large transient deviation in vapor transfer rate is
eliminated by the feedback control strategy. Fig. 6 confirms
that the temperature disturbance does not affect the output
variable under the feedback control.
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VI. HUMIDIFIER AND FUEL CELL INTEGRATION

The humidifier model is integrated with the dynamic fuel
cell model developed in [12], which was based on the Ford
P2000 experimental vehicle. The fuel cell membrane water
content is described by the following equation {14, 20]

0.043 + 17.81ay, - 39.8542 +360a3, 0<ay <1

Am= 2n
14+1.4(a, -1) l<ay,<3

_Gcq *agn

wherea,, = , dcq and ag, are cathode and anode

RH respectively. Since the membrane water content is a
function of the RH of the anode and cathode gases, their
relationship is studied. Fig. 7 shows that there is a
significant improvement in membrane water content if
cathode is amply humidified. The improvement is small if
anode inlet gas is also completely humidified. In addition,
it is known that anode humidifier is not easy to implement
because change in hydrogen temperature creates large
variation in RH. Therefore, this paper is focused on adding
a humidifier at the fuel cell cathode inlet. Fig. 8 shows the
result of the fuel cell with 100% RH at the cathode inlet,
under varying fuel cell stack current. The fuel cell
membrane water content increases from 10A to 60A, then
decreases after 60A despite the fact more water is
generated at the cathode. This is caused by decreasing
anode RH after 60A, due to proton osmotic drag. From Eq.
(21), one can see that the membrane water content is
proportional to the anode and cathode RH. When the anode
RH decreased, the membrane water content reduces
accordingly. Another observation is that the cathode
flooding is increased after 60A. This is mainly due to the
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fact more water is generated at cathode at higher stack
current, while the cathode inlet gas is (improperly)
maintained at 100% RH. Obviously, proper contro! of the
RH of cathode inlet gas is necessary to prevent flooding.
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Fig. 7. Membrane water content under 4 inlet humidification conditions

14
B 12} 4
2 10
3 ] O VU OO A O ]
2
10 1] 10 160 210 p.cil 310
1 -
S ———
M""—ﬁ—a__“__‘
-] R e
~—— anode
o === cathods
10 21) 110 160 218 260 310
2)°2 L 3
L i e
2 e
g M } s
82 g ___,...-—-—"" — anods
iz o T e at ~== cathods
0 60 110 180 210 60 310
current (A}

Fig. 8: Membrane water content, anode and cathode RH and water liquid
collected at anode and cathode under 100% cathode inlet RH

An optimization search is conducted to find the desired
cathode inlet gas RH to maintain high fuel cell membrane
water content with minimum flooding. The result is shown
in Fig. 9. Since more water is generated when current
increases, the fuel cell requires less water from its inlet gas.
The desired cathode inlet gas RH will be the desired output
of the humidifier.

A
160 250 20 310

Fig. 9: Desired cathode inlet air RH vs. PEMFC current

Based on this result, a feed-forward control map is
developed and implemented in the integrated system. The
integrated system block diagram is shown in Fig. 10. The
simulation result of this integrated system is shown in Fig.
11, which reveals that a properly controlled cathode inlet
RH will maintain the highest fuel cell membrane water
content with minimum flooding.
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A membrane humidifier for automotive fuel cell systems is
modeled and analyzed in this paper based on basic
thermodynamic laws. This lumped model describes the transient
behavior of the humidification phenomena and captures the time
varying aspect of the flow rate, temperature, pressure and relative
humidity. The humidifier model is subsequently integrated with a
fuel cell model. By controlling the number of humidification cell
units, we can actively control the fuel cell inlet air to maintain
proper membrane humidification for the fuel cell stack. A simple
proportional feedback control algorithm is developed to regulate
the inlet air relative humidity. The humidifier simulation results
show that the feed back control algorithm works well under many
uncertainties, such as inlet air flow rate change and the inlet air
temperature variation. A feed forward algorithm is developed to
compensate the fuel cell current change. Simulation results on the
integrated humidifier and fuel cell system show that the fuel cell
membrane water content is humidified with minimum flooding.

CONCLUSIONS
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Abstract

Reduction of the carbon monoxide content in a hydrogen-rich reformate feed gas for fuel cell applications down to a level of 10-50 ppm
normally involves high and fow temperature water gas shift reactors followed by selective oxidation of residual carbon monoxide. In this
contribution it is shown that the carbon monoxide content can be reduced in one single reactor, namely by a cyclic water gas shift reaction
process (CWGS) which is based on an iron redox cycle. During the reduction phase of the cycle, the raw gas mixture of H, and CO reduces
a Cr,03-Fe;04,—Ce0,-ZrO, sample, while during the oxidation phase steam re-oxidizes the iron and simultaneously hydrogen is being pro-
duced. The activity of Cr;03-Fe;04—Ce0,-ZrO, was investigated during the reduction by H, and CO, and the re-oxidation by H,O and CO,.
The Cr,03-Fe;0,~Ce0,-Zr0, showed high activity and stability during 100 repeated reduction/oxidation cycles. Some carbon monoxide in
the hydrogen product stream was observed during the re-oxidation phase which was formed by steam gasification of carbon deposited on the
iron surface. The carbon formation can be suppressed by controlled oxygen conversion in the Cr,03-Fe;04,~Ce0,~ZrO,. The investigated cyclic

process generated hydrogen with a CO content less than 10 ppm.
© 2007 Elsevier B.V. All rights reserved.

Keywords: Water gas shift reaction; Iron oxide; Hydrogen production; Carbon monoxide reduction; PEM fuel cell

1. Introduction

Fuel cell technology allows the highly efficient conversion
of chemical energy into electrical energy without emissions of
environmental pollutants, thereby making fuel cells one of the
most promising sources for future power generation.

High-purity hydrogen is required for the operation of the low
temperature polymer electrolyte membrane fuel cell (PEMFC).
Hydrogen can be produced from hydrocarbon fuels or alco-
hols by reforming processes. The product streams of reforming
processes typically contain mixtures of hydrogen, carbon
monoxide, carbon dioxide and steam. The carbon monoxide
level in the gas has to be reduced to a level below 20 ppm in order
to avoid poisoning of the catalyst at the fuel cell electrodes { 1-3].
Conventionally, this is accomplished by a multi-step purifica-
tion train including high and low temperature water gas shift
(WGS) reactors and a preferential oxidation reactor (PROX) or
a methanation unit for CO removal [1,2].

* Corresponding author.
E-mail address: galvita@mpi-magdeburg.mpg.de (V. Galvita).

1385-8947/$ - see front matter © 2007 Elsevier B.V. All rights reserved.
doi: 10.1016/j.cej.2007.03.046

The homogeneous WGS reaction, i.e. CO+HyO=CO; + Hj,
has been employed for 40 years in industrial processes for H
production [4,5]. The role of the WGS reaction is to increase the
Hj; yield and to decrease the CO concentration [5~7]. The WGS
reaction is traditionally carried out in two fixed bed adiabatic
reactors, connected in series with a cooler between them [5].
The first reactor operates at temperatures ranging from 300 to
500 °C and employs a Fe/Cr catalyst. The second reactor with a
Cu/Zn/Al catalyst operates at lower temperatures (180-300 °C)
in order to increase the possible equilibrium conversion of CO,
since the WGS reaction is exothermic.

A final reactor for CO preferential oxidation (CO-PROX:
CO+0.507 — COy) is capable to completely remove the CO
down to a limit of 20 ppm [2]. During the PROX process the
desired CO oxidation reaction is accompanied by undesired Hp
oxidation which — by consuming hydrogen — leads to a loss of
fuel efficiency.

As an alternative to the described conventional technology,
hydrogen purification from CO can be achieved by a novel cyclic
water gas shift reactor which is based on the iron redox cycle
[8—12]. This process can be carried out in one single reactor with-
out any additional post-processing steps for the gas. The process
is based on repeated reduction/re-oxidation cycles of iron oxides.
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During the reduction phase of each cycle, CO reduces the iron
oxide Fe30y4 to iron in lower oxidation state, FeQ,, according
to Eq. (1). During the re-oxidation phase, steam oxidizes FeO,
and simultaneously hydrogen is being produced according to
Eq. (2). The product gas contains also steam and can be sup-
plied directly to a PEMFC. The overall reaction of the process
is the water gas shift reaction according to Eq. (3):

Phasel : (4 —3x)CO + Fe304 ¢ (4 —3x)CO1 + 3FeO,

(exothermic reaction) (nH

PhaseIl : (4 —3x)H,0 + 3FeO, < (4 — 3x)Hs + Fe30;4

(endothermic reaction) (2)

Overall : CO + H-O <« CO:; +H»>
(exothermic reaction) (3)

Overall, this scheme can be seen as a mediated WGS reac-
tion where the CO reducing phase and Hy production phase
are decoupled in time, using iron oxide material as a mediator
which can store oxygen. This enables the simple and complete
removal of carbon monoxide from any syngas feed.

Fig. | illustrates the described novel process concept for CO-
and COs-free hydrogen production by the WGS reaction, The
concepl is based on amulti-tubular reactor system which consists
ol a bundle ol simultancously operated fixed bed reactors (here
only two tubes shown for illustration), some of them being in
the reduction phase of iron oxide (Fe303 — FeO, ) and some of
them being in the oxidation phase (FeO, — Fe30y). The operat-
ing temperature ranges between 650 and 750 "C. While the first
tubes are fed with CO/Hy gas which reduces the iron oxide, the
latter are fed with steam for hydrogen production whereby the
iron metal is taking up oxygen intoits lattice. When the reduction
phase of the iron oxides is completed, the first reactor ubes are
switched to the re-oxidation mode, i.e. they are fed with water
vapour for hydrogen production. Simultaneously, the other reac-
tor tubes are switched from steam feed to CO/H» feed. In this
manner, aredox cycle is established by switching the feed valves
at discrete times. In principle, the proposed one step hydrogen
purification process has three major advantages:

(i) Saving of investment costs by cyclic operation of one single
process instead of a sequential train of purification units.

(i1) Saving of investment and operational costs by using iron
oxides as inexpensive material having oxygen-storage
properties.

(iii) In situ separation of the two WGS reaction products CO»
and H, whereby high-purity hydrogen gas is produced
which will give a high Nernstian voltage of the PEM fuel
cell.

The objective of the present work is to report and discuss
experimental performance data for this cyclic hydrogen produc-
tion process being based on the iron redox cycle. In particular, it
will be shown that this process is able to decrease the CO content
of syngas down to a level of 10-20 ppm which is an acceptable
level for PEM f[uel cell operation. In order to identify suitable
operating conditions for the process cycle, first the reduction
phase and the oxidation phase were investigated separately, and
then the behaviour of several subsequent cycles was elucidated.

2. Materials and set-up
2.1. Preparation of oxide materials

The principle of carbon oxide elimination by an iron redox
cycle is analogous to the traditional steam iron technology
[ 15.16] for the production of hydrogen-rich gases by reduction of
iron ores. Reduction of iron oxides was studied by a great num-
ber of research groups. see e.g. [ 17]. The reduction of hematite
(Fe203) to metallic iron at temperatures higher than 570 “C can
be expressed by the following consecutive reaction scheme:

Fe;0Oz(hematite) — Fe3O4(magnetite) — FeO,(wuestite)

—» Fe(iron)

During the re-oxidation of metallic iron by steam at high
temperatures, iron can be oxidized to magnetite (Fe30y4) [8,12]:

Fe — FeO, — Fe;0;4

Packed beds filled with
C r20;-Fi 0304-COZI‘01
Fei0, — FeO,
Feed Gas: — Main Product Gas
CO, H;, Phase I: Reduction for PEMFC:
€O, H:0, N; '\ Hz, H:0
1
gSwiu:h-owr
Valve
Soaans: Exhaust Gas:
HO : COz, H:0, N

Phase II: Re-Oxidation

Fig. 1. Flow scheme of the periodically operated water gas shift reactor based on iron oxide, illustrated with two parallel packed beds.
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The further oxidation of Fe3O4 to Fe; O3 can be only achieved by
application of gaseous oxygen. Therefore, once the freshly pre-
pared material underwent a reduction—re-oxidation cycle, the
iron oxide with highest attainable oxygen content is Fe3Oj4.
Already used Fe3O4 can be recycled many times. But the
reduction/re-oxidation kinetics and the activity of iron oxide
over several cycles are significantly affected by fast sintering.
We found that the addition of Ce—~ZrO, and Cr cations to iron
oxides essentially decreases the sintering rate of metallic iron
and/or iron oxides during the redox cycles [20].

Therefore, in the present study, 5wt.% Cry0:-40wt.%
Fe,03—Ce0,~ZrO; was applied as material for the proposed
cyclic redox process. The samples were prepared via urea
hydrolysis according to recipes given in [13,14]. Fe-Ce-Zr
mixed oxides were synthesized from Fe(NO3)3-9H>0 (99.0%,
Fluka), Ce(NO3)3-6Hp0 (99.0%, Fluka) and ZrO(NO3)3-6H,O
(99.0%, Fluka). The starting metal salts were dissolved in dis-
tilled water in the desired concentration (0.1 M). The ratio
between the metal salts can be altered depending on the desired
concentration. Here, 40 wt.% Fe; O3 in Fe; O3-Ce0,-ZrO; was
chosen. The mixed metal salt solution was added to a 0.4 M
solution of urea (99.0%, Fluka) with a salt to urea solution ratio
of 2:1 (v/v). This mixture was kept at 100 °C for 24 h. Subse-
quently, the sample was allowed to cool to room temperature
prior to being centrifuged in order to separate a gel product
from the solution. The gel product was then washed with ethanol
and dried overnight in an oven at 110 °C. Finally, the materials
were calcined at 850 °C for 4 h. The amount of Cr,O3 added by
impregnation to the FepO3-CeQy—ZrO» was adjusted to 5 wt.%.

2.2. Experimental set-up

The activity tests for the reduction and re-oxidation of the pre-
pared Cr203—Fe;03—-CeO,-Zr0O; were carried out in a packed
bed quartz tube reactor (inner diameter 10 mm). Typically,
0.05-5 g of oxygen-storage materials were packed between lay-
ers of quartz wool. The reactor was placed in an electrical furnace
equipped with K-type thermocouples. The temperature of the
sample bed was measured by thermocouples fixed to the inside
and outside of the reactor tube at the position of the sample bed.

The reduction phase of the cycle was performed by gas mix-
tures containing carbon monoxide in helium, hydrogen in helium
or CO/H3 in helium. All experiments presented in this work were
performed at 740 °C because at temperatures below 720 °C car-
bon was predicted as stable component from thermodynamic
calculations [9].

Before the re-oxidation phase was started, the mixture of
rest-hydrogen and carbon monoxide in the lines was removed
by helium purging for 10 min. Subsequently, the re-oxidation of
the reduced sample by steam (phase II of the process cycle) was
performed at a flow rate of 120 ml/min. The concentration of the
reagents and products was monitored using an MS Agilent 5973
Network Mass Selective Detector.

The oxygen conversion by sample reduction, Xo,, was cal-
culated as the ratio of the moles of oxygen being released as
gaseous products HyO and CO», to the molar amount of oxygen
which theoretically can be stored in the Fe304 and CeO;. The

latter compound also participates in the redoc cycle via Egs. (4)
and (5):

Phasel: CO + CeO; & CO;y 4+ Cer03 %)
PhaseIl : H;O + Cey03 4 Hjy + CeO2 (5

The freshly prepared sample contains Fe; O3 which is not sta-
ble under the here applied process conditions, but in fact Fe304
is the iron oxide of highest iron oxidation state being present in
this process. Moreover, it is reasonable to assume that the oxy-
gen molecules bound in Cr;O3 and ZrO; do not participate in
the redox cycle. Therefore, X0, is defined as

Nu,0 + 2Nco,
XO'; H»0 COy

= x 100% (6)
“ 4NFe3O4 + 0.5Nce0,

where N; stands for the number of moles of component i.
3. Results and discussion
3.1. Reduction and re-oxidation experiments
First, experiments were carried out using hydrogen or carbon
monoxide as reducing gas. The formation rates of HyO and CO»

during the reduction step were measured on-line as a function of
time by use of mass spectrometry. Fig. 2 presents the formation

(a) 2500
Cr,0,-Fe,0,-CeZrO,
mca! =006 9
__, 20001 T=740°C
- yzo =40vol % F =120 mimin
Jg >
o= 1500 :
o E 1
® = 1 ,CO tum off
£ © 1000 - /
s E
&= E
O ;_8 500 :
0 1 — L
0,00 025 0,50 075 1,00
Reduction time, t/ [min]
(b) 900
800 |- Cr,0,Fe.0-CeZrO,
m_=006g
700+ T=740°C
F = 120 mlfmin

y: 1140 vol %

H,0 formation rate,
H,0 ! [umol /min/g__ ]

400 }
300 fi
20043'
100 K :
0 S
00 05 10 15 20 25 30 35 40 45 50

Reduction time, t / [min]

Fig. 2. (a) Formation rate of CO; during the reduction phase with CO/He feed;
(b) formation rate of HyO during the reduction phase with Hj/He feed (reaction
conditions are given in the legends).
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rates obtained with the fixed bed reactor tilled with 6 mg of
Cr203-Fe>03—Ce0,-Zr0; being fed with a mixture of 40 vol.%
CO in helium (Fig. 2a) or 40 vol.% Hj in helium (Fig. 2b). It
can be seen that the formation rates pass over sharp maxima in
the initial phase of the reaction and then decrease because of the
decreasing amount of movable rest-oxygen being stored in the
iron oxide sample. The formation rate of H,O is considerably
lower than that for CO,. This means that, at the same reduction
time, with CO one is able to reduce the sample substantially more
deeply than with Hy. In both cases, the rate peak is followed by
a long tailing which is due to diffusion resistances of iron ion
transport within the material [21].

By averaging of the CO; or H2O formation rates over a cer-
tain period of time (here: 205s), effective formation rates were
determined. The results at different feed mole fractions of carbon
monoxide and hydrogen in helium, y507 and yf‘z, respectively,
are depicted in a logarithmic diagram in Fig. 3. Obviously,
increasing the feed concentrations of both species leads to a
significant increase of average formation rates and thereby also
of the oxygen conversion degree. The effective reaction orders
w.r.t. carbon monoxide and hydrogen were m =0.54 and n = 0.60.
respectively. This indicates a significant influence of internal
diffusion resistances [21].

By contacting the reduced sample with steam, hydrogen was
produced and thereby Fe;O4 and CeO; were formed for the
reduction phase period of the next cycle. The observed rate of
hydrogen production as a function of time of re-oxidation is
shown in Fig. 4 for two samples of same mass. The difference
between these two samples was their oxygen uptake capacity,
i.e. the oxygen conversion degree during the preceding reduction
phase. Due to the fact that the hydrogen-reduced sample lead had
a lower initial oxygen content, more hydrogen was produced
than in case of the CO-reduced sample.

Thus, the obtained results from single-phase experiments
indicate that Hp/CO gas mixtures can be purified from
CO by use of an iron redox cycle over the prepared
Cr203-Fe304-Ce0,-ZrO; sample. During the reduction phase,
carbon monoxide is consumed and during the subsequent oxi-
dation phase, CO-free hydrogen is produced from water vapour.

= 48

~s Q’u i Cr,0,Fe,0,-CeZro, m=0 54

Ooe m_, =006

- g - s Reduction by CO

c = 4.4%T=74OC o

g £ F = 120 miimin

® 3 42} 1,=20s

§ %. 40+

® =

E c 38} n=0.60

£ = Reduction by H,

O, §36¢

=

5 € 34

8N E 32, 1 1 1 1 1 L
= 22 24 26 28 30 32 34 36 38 40

CO or H, concentration in feed, In (y7 ), In (y[:2 )

Fig.3. Average formation rates of CO; and H>O during the reduction phase with
CO/He or H,/He, respectively, vs. the mole fraction of the reducing species in
the feed (reaction conditions are given in the legend).

9000
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Fig. 4. Formation rates of H, during the re-oxidation phase with H,O/He for
two samples after initial sample reduction using Ha or CO (reaction conditions
are given in the legend).

3.2. Redox cycle experiments

Fig. 5 shows the amount of produced hydrogen over 15 subse-
quent redox cycles with a reducing feed gas mixture of 20 vol.%
H and 10 vol.% of CO with helium as carrier gas. (In the real
process N will act as carrier gas. But for analytical reasons, Np
was replaced by He.) Obviously, a stable operation of the cyclic
water gas shift reactor was feasible. Because a typical reformate
gas mixtare usually contains CHy, CO7, and HO besides Hp
and CO, during the cycles 6-10, 4 vol.% of CO> and 8 vol.%
of H>O were mixed into the reducing feed gas. As can be seen,
the presence of water and carbon dioxide lead to a substan-
tial decrease of the hydrogen production. This is a result of the
lower “‘reducing power” of the CO,/H,O-containing feed gas.
Thereby, a lower degree of oxygen conversion of the sample is
attained and less hydrogen is formed in the re-oxidation phase
of the process cycle.

More detailed single-phase experiments were performed in
order to elucidate the influence of the oxidizing components CO,
and HO in the reducing gas on the amount of hydrogen being
generated in the re-oxidation phase. Fig. 6a shows the depen-
dency of the hydrogen amount on the molar CO,/CO ratio, and
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£ £ M : V' Voo™ 7501 %
8 =~ 800+ H _WReducing gas
& ZI 600} ! "—“ y',\=20voi%:'
<= o0l ! : ¥io= 10 Vol % :
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Fig. 5. Amount of hydrogen being produced during 15 subsequent redox cycles
using a Ho/CO feed gas mixture in the absence (cycles 1-5 and 11~15) and in
presence of H,0 and CO; (cycles 6-10) in the feed (reaction conditions are
given in the legend).
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(a) reduction by CO2/CO mixtures; (b) reduction by H O/H> mixtures (reaction
conditions are given in the legend).

Fig. 6bpresents the analogous dependency for the molar HoO/H>
ratio. In these experiments, the sample was reduced always by
40 vol.% CO in helium, while in the re-oxidation phase the water
content in the HyO/He gas was always 75 vol.%. The reduc-
tion time span was the same for all experiments. Obviously,
the hydrogen production rate decreases strongly with increasing
H,0 or CO; content in the feed. This is due to fact that the driv-
ing force for the desired conversion direction is lowered by the
following reverse reactions which take place during the reduc-
tion phase if some H>O and/or CO; are present in the reducing
gas:

(4 —3x)CO; +3FeOy — (4 —3x)CO + Fe304 (8)
(4 —3x)H20 + 3FeO; — (4 —3x)H; + Fe304 )
CO2+Ce203 — CO + CeO, (10)
Hy0 + Cey03 — Hz + CeO; (11

As aconfirmation for Egs. (8) and (10), Fig. 7 shows that CO can
be formed from CO; at the reduced CryO3-Fe;03-CeOr-Zr0O;
sample. In other words: the cyclic water gas shift process can also
be used to generate CO-rich gas mixtures from carbon dioxide
sources.

_ 30 Cr,0,Fe,0,-CeZrO,
3 m_,=006g
T 25f T=740°C
= F =100 mi/min
_ . _
:: 20} Yeor™ 3 vOl. %
2
£ 15}
c
g
g 10
5
3 05
o Dynamucs disturbed by valve switching
0 0 i 1 1
0 5 10 15 20

Time, t/ [min]

Fig. 7. CO formation during re-oxidation with CO,/He mixture of a sample
being previously reduced by H;/He feed gas (reaction conditions are given in
the legend).

3.3. Carbon deposition

As mentioned above, for PEM fuel cell applications, the CO
content in the hydrogen feed gas has to be below 20 ppm. The
re-oxidation reactions, Egs. (2) and (5), do not produce any
carbon monoxide. But carbon oxides can be released from the
process due to steam gasification of carbon deposits which were
formed during the preceding Cr O3—Fe304—Ce02—ZrO; reduc-
tion phase by CO. Carbon can be produced on the sample surface
by the Boudouard reaction, Eq. (12):

2C0 & C + COy (12)
or via the formation of iron carbide according to Eq. (13):
Fe304 4+ 6CO — Fe3C + 5CO, (13)

Both reactions are thermodynamically feasibly at tempera-
tures lower than 750 °C if the oxygen conversion of the iron
oxide material is higher than 80% [9,18]. We detected the for-
mation of carbon oxides during the re-oxidation phase in all our
experiments in which CO was used in the preceding reduction
phase. Table | compares the amount of carbon on the sample
surface with the oxygen conversion degree in iron oxide materi-
als. It can be seen that the formation of carbon oxides could be
minimized by keeping the oxygen conversion below a certain
degree.

Table |

Amount of carbon formed in dependence on the oxygen conversion degree dur-
ing the reduction of the Cry03-Fe304—-CeZrO; sample by carbon monoxide
and hydrogen

Oxygen conversion degree (%) Amount of carbon (umol)

30 0.026
60 0.028
80 0.052
100 0.143

Reaction conditions: T=740°C; )‘go =40vol.%; yf,’ =40 vol.%.
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Fig. 8. Amount of hydrogen being produced and CO outlet concentration during
100 subsequent redox cycles using a H,/CO/He feed gas mixture yﬁ’ =20 vol.%;

."(F‘O =10vol.%.

3.4. Long-term stability of process cycle

Fig. 8 illustrates the amount of produced hydrogen during
100 redox cycles with 0.3 g of the Cro03-Fe304-Ce0,;-Zr0O;
sample. The reduction time for each cycle was 1.2 min, while
the re-oxidation time was 2.5 min. The formation rate of hydro-
gen remained nearly constant over time which confirmed clearly
the stability of the material activity. The concentration of car-
bon monoxide arising from carbon deposits, being formed via
Eqgs. (12) and (13), was around 10 ppm as long as the oxygen
conversion degree of the material was kept below 20%.

Fig.9aprovides is more detailed view on the sample reduction
phase of the sixth redox cycle. The stability of the re-oxidation
phase is confirmed by Fig. 9b where hydrogen production rate
data of three selected cycles are plotted together. The shape
of the rate curves of both phases reveal qualitative differences
to the single-phase experiments given in Figs. 2 and 4. These
differences are due to the fact that a higher amount of sample
was applied in the long-term cycle experiments, i.e. the sample-
mass-to-feed-flow-ratio and also the sample distribution along
the space coordinate will change the curve shapes.

However, the obtained data support the feasibility of the pro-
posed iron redox process and the appropriateness of the prepared
mixed-oxide sample. The cyclic water gas shift process is a suit-
able downstream process for CO removal from syngas down to
an acceptable level of 10-20 ppm directly after the conversion
of the hydrocarbon fuel to syngas, e.g. by partial oxidation.

In order to ensure reliable operation of the iron oxide sam-
ple, we define a characteristic ratio R which indicates the gas
composition being required for the reduction of the sample:

yEO + yll-:lg

= Yo h (14)
YCo, =+ YH,0

A reactor with R > 4 operates with a high rate of iron oxide reduc-
tion. A reactor with 1 <R <2 also reduces the sample but the
reduction rate is low. At values R < 1 the application of this type
of reactor is not reasonable. These rough criteria were derived
using thermodynamic data for the chemical equilibria of the
main redox reactions, Eqgs. (1) and (2), given in [19].

— 1400
0’8 Cr,0,-Fe,0,-CeZrO,
= 1200 m,=03g
£ T=740°C
-~ 1000 p- F =120 mi/min
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5 F = 120 mifmin
"g 400 - Oxidizing gas
e > = 0,
8 200} szo 75 vol. %
&
IN 0 i y i
0,0 0,5 1,0 1,5 2,0 2,5

Time, t/ [min]

Fig. 9. (a) Formation rates of CO; and H,O during reduction phase of one
selected redox cycle vs. time: (b) formation rates of H; during the re-oxidation
phase of three selected cycles vs. time (reaction conditions are given in the
fegends).

4. Conclusions

It was possible to demonstrate via systematic experi-
ments that the carbon monoxide content in hydrogen stream
for low temperature fuel cells can be effectively decreased
with a cyclic water gas shift (CWGS) process. The process
is based on a periodic reduction/re-oxidation cycle of iron
oxides. The applied, self-prepared iron oxide material, 5 wt.%
Cry03-40 wt.% Fe;03—-Ce03-Zr0;, showed high activity and
stability during 100 repeated reduction/re-oxidation cycles. In
the product hydrogen stream of the process, some carbon
monoxide was observed which was formed during the re-
oxidation phase of the sample by steam gasification of deposited
carbon on the sample surface. The carbon formation rate on the
sample surface can be controlled by restricted oxygen conver-
sion of the material.

Under technical conditions the proposed process will be per-
formed in a bundle of parallel fixed bed reactor tubes which
are fed alternately with syngas and steam. For optimization of a
technical scale CWGS process, it is reasonable to describe the
obtained rate data be means of an appropriate gas—solid reac-
tion model. As demonstrated in [21], the shrinking core model
(SCM) with combined reaction and diffusion control is a suitable
basis for description of the reaction of Fe304 with CO to FeO
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and subsequently to Fe, and also for the re-oxidation reaction of
Fe with steam to FeO and Fe;O4.
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Abstract

Water removal from proton exchange membrane fuel cells (PEMFC) is of great importance to improve start-up ability and mitigate cell degradation
when the fuel cell operates at subfreezing temperatures. In this study, we report water removal characteristics under various shut down conditions
including a dry gas-purging step. In order to estimate the dehydration level of the electrolyte membrane, the high frequency resistance of the fuel!
cell stack was observed. Also, a novel method for measuring the amount of residual water in the fuel cell was developed to determine the amount
of water removal. The method used the phase change of liquid water and was successfully applied to examine the water removal characteristics.
Based on these works, the effects of several parameters such as purging time. flow rate of purging gas, operation current, and stack temperature on

the amount of residual water were investigated.
© 2008 Elsevier B.V. All rights reserved.

Keywords: Cold start-up; Dry gas purging; Freeze-thaw cycles; Proton exchange membrane fuel cell (PEMFC)

1. Introduction

There are several technical barriers to be overcome
before commercializing proton exchange membrane fuel cells
(PEMFC) as power sources in automobiles, even though they
have advantages such as cleanliness and high efticiency. One of
the emerging problems is their operation in cold climates. PEM-
FCs are mainly operated in the temperature range of 60-80 °C,
but it is common for them to shut down and start-up fuel cells
under subfreezing temperatures. Several studies revealed that
the residual water in the fuel cell hinders cold start-up and
causes irreversible degradation of PEMFCs when they are kept
in subfreezing temperatures [1-8].

* Corresponding author. Tel.: +82 2 95835273; fax: +82 2 9585199,
E-mail address: thlim@Xkist.re kr (T.-H. Lim).

0378-7753/$ - see front matter © 2008 Elsevier B.V. All rights reserved.
doi: 10.1016/j.jpowsour.2008.01.009

The main cause of cell degradation, which occurs under sub-
freezing temperatures, is ice formation. It physically damages
the cell components, such as gas diffusion media (GDM), the
catalyst layer, and the electrolyte membrane. First, when vol-
ume expansion due to the ice formation occurs in the GDM, the
hydrophobic material coated on carbon fibers is delaminated
and the pore structure is destructed. Oszcipok et al. showed by
using contact angle measurements that the hydrophobicity of the
GDM was appreciably reduced along flow patterns after oper-
ation at temperatures below 0 "C [5]. They reported that water
droplets agglomerated along flow patterns in the GDM of the
cathode side, which indicates that the hydrophobic treatment was
degraded. In addition to the contact angle measurements, SEM
evaluations confirming damage of the GDM were performed by
Yan et al. [6]. Second, the interface between a membrane and
catalyst layers is also deteriorated by ice lens formation. Sev-
eral studies have shown that a catalyst layer was delaminated
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from the membrane because of the frost heave mechanism due
to ice lens formation [1,6-9]. Cho et al. carried out two different
kinds of freeze-thaw cycles: one contained a water-removal step
in the shut down procedure and the other did not. When water
was not removed from fuel cell, the ohmic and charge transfer
resistance increased significantly after four freeze-thaw cycles
whereas no performance degradation was observed when the
water removal step was adopted [3]. Third, ice formation also
degrades the membrane. Yan et al. observed pin holes in the
membrane near cathode outlet regions after operation at —15°C
[6]. Considering these several studies, there seem little doubt
that water removal is essential in order to mitigate the physical
deterioration of fuel cell components.

Water removal in the shut down process is essential not only
to prevent cell degradation but also to improve the start-up abil-
ity under cold conditions. Oszcipok et al. examined the relation
between the start-up ability and operating conditions using sta-
tistical methods [5]. They concluded that a drier membrane is
extremely advantageous to start-up PEMFCs at subfreezing tem-
peratures since heat generation originating from ohmic losses is
large when the membrane is dry. Moreover, in the same article,
the authors observed, with pressure drop measurements, that
gas channels were blocked with ice, resulting in start-up failure
and electrode deterioration due to localized fuel starvation. The
water removal at shut down could reduce the channel blockage
in a cold start-up. In addition, if there is a significant amount
of water in the fuel cell stack, the water acts as a thermal mass,
resulting in an obstacle for cold start-up.

Purging dry gas in the shut down step is one of the simplest
and most effective ways to remove water from the fuel cell stack
[3,10-12]. It was reported that the purging method is able to
prevent cell degradation due to ice formation [3]. In addition,
the purging method has a distinct advantage in that the power
systems do not need to adopt extra devices. Even though it is
most beneficial to completely remove water, this requires much
energy and time. In order to reduce parasitic energy losses and
enhance the user’s convenience, a purging method that consumes
less energy and requires less time should be developed. There-
fore, the characteristics of water removal by dry gas purging
must be investigated. In this report, the ohmic resistance and the
total amount of residual water were measured to investigate the
effects of purging time, the flow rate of purging gas, the operation
current, and the stack temperature on the water removal.

2. Experimental
2.1. Stack fabrication and operating conditions

A PEMEFC short stack consisting of three cells was fabricated.
The cells consisted of commercially available MEA (250 cm?),
gas diffusion media (GDM), and bipolar plates. The assembled
stack was activated for 24 h with fully humidified hydrogen and
air.

Prior to the shut down process, the PEMFC stack was oper-
ated at 65 °C for 90 min to generate and distribute water in the
stack. The reactant gases were fully humidified in a bubbler
type humidifier whose temperature was 65 “C. After the oper-

ation, we executed the shut down process, which consisted of
disconnecting the load and purging dry nitrogen with these two
operations being carried out simultaneously. The electronic load
was decreased to zero, and dry nitrogen was supplied to the stack
to discharge water.

2.2. Measurement of residual water

The dehydration level of the electrolyte membrane and the
total amount of residual water were measured to examine the
water removal characteristics. First, a milliohm meter (Hioki
3560) was employed to observe the resistance of the membrane.
The measured resistance can be converted to the hydration level
of the membrane by applying an empirical correlation between
proton conductivity and water content [13].

In order to measure the total amount of residual water in the
stack, a novel method using the phase change of liquid water
to gas was developed. The main idea of the method is that the
amount of water can be estimated by considering the change
of internal pressure in the stack after all of the water in the
stack evaporates. However, it is difficult to completely vaporize
liquid water under moderate temperatures. As liquid water is
changed to vapor, the pressure in the stack rises exceedingly so
that the boiling point of water rises above 100 °C. Therefore, the
temperature of the stack should be maintained much higher than
100 °C to vaporize all of the liquid water even though keeping the
cell above 200 °C causes deterioration of sulfonic acid groups
in the polymer electrolyte.

To solve this problem, it was considered that the boiling point
decreases consistently with pressure. Fig. | represents the prin-
ciples of the method. Two vacuum tanks with internal volumes of
40 L each were employed to depressurize the stack: one was used
for the anode, and the other was used for the cathode. The tanks
were purged with dry nitrogen with a flow rate of 10 L min™!
for an hour in a climate chamber at 100 °C to completely elim-
inate water. Then, the nitrogen was evacuated from the tanks

(a) Stack Vapor Vacuum Tank

0 kPa
Liquid water
(b) Stack Vacuum Tank a0
OM e
[ J
L4 [
. b ~0 kPa
Liquid water
(© Stack Vacuum Tank Vapor

.j_r.

N I A e

Fig. 1. Principles of the method using the phase change of water for the mea-
surement of residual water: (a) before connecting the stack to vacuum tanks, (b)
immediately after connecting, and (c) equilibrium state.
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Fig. 2. Schematic sketch of experimental devices for measuring the amount of
residual water.

by a diaphragm pump. After the fuel cell stack was operated
under specific conditions. it was transferred and connected to
the two tanks, which were kept under reduced pressure in the
climate chamber (Fig. 1(b)). The stack and tanks were main-
tained at 95 °C for a few hours in the climate chamber to attain
an equilibrium state (Fig. 1(c)). Fig. 2 shows the entire set of
devices used for the measurement. The climate chamber was
used to constantly maintain the temperature of the stack and
tanks. Pressure difference transmitters and a reference pressure
tank were applied to observe the internal pressure change in the
stack.

3. Results and discussion

3.1. Estimation of water content in the electrolyte
membrane by measuring the resistance of the stack

The proton conductivity ol perfluorosulfonated polymers
such as Nafion depends on the amount of water in the poly-
mer. Springer et al. provided an empirical correlation between
the number of water molecules in each sulfonic acid group (1)
and proton conductivity (k) [13]. They reported that proton con-
ductivity has a linear dependency on A

1 1 S

k = (0.5139A1 — 0.326) exp [l268(303 T)} [m} (1)
where 7 is the temperature. Using this relationship, the mem-
brane dehydration level can be estimated by measuring the
resistance.

However, the measured resistance is attributed not only to
the electrolyte as discussed previously but also to the contact
resistance. Thus,

Measured resistance = membrane resistance
+ contact resistance )

Therefore, to accurately calculate the membrane dehydration
level, it is required to subtract the contact resistance from the
measured resistance. The contact resistance occurs at interfaces
between a bipolar plate and GDM as well as between GDM

and the catalyst layer. Measurement of the contact resistance
between a bipolar plate and GDM is comparatively easy and has
already been performed in many studies [14-16]. On the con-
trary, it is not simple to directly measure the contact resistance
between GDM and a catalyst layer.

We measured the high frequency resistance (HFR) of the
fuel cell stack under different humidity conditions to estimate
the contact resistance and validate Eq. (1). Humidified nitrogen
was fed to the fuel cell stack with flow rates of SLmin~' for
the anode and cathode, while the temperature of the stack was
maintained at 65 “C. The relative humidity of the nitrogen gas
was varied using values of 63, 70, 80, 88, and 100% at 65 °C.
Under the condition that membrane reaches equilibrium with
humid nitrogen, these humidity conditions can be converted to
A values by the correlations below [13]:

»=0.043 + 17.18¢ — 39.8542 + 36.04°

if 0 <a<l,
3)
A=14414(a—1)

if l<a<3,

where a is the water activity, which is defined as water vapor
pressure divided by the saturated water vapor pressure. By using
Eq. (3), the relative humidities of 63, 70, 80, 88, and 100% result
in A values for the electrolyte membrane of 4.05,4.87,6.64, 8.83,
and 13.37, respectively.

A plot of A versus measured resistance (M) is presented in
Fig. 3. The resistance values calculated by Eq. (1) (O) and
the differences between the total and the electrolyte membrane
resistances (A) are also shown in Fig. 3. Firstly, the calculated
membrane resistances show a similar tendency to the measured
ones. In addition, the differences between the measured stack
resistances and the predicted electrolyte membrane resistances
varied only slightly by changing the gas humidity. The aver-
age value was 0.7140 mQ with a standard deviation of only
0.030 mQ2. Therefore, it can be concluded that Eq. (1) agrees
well with the experimental results and the contact resistance of
the stack is estimated as 0.7140 m€2.

Based on the measured contact resistance and Eq. (1), an
empirical correlation between the water content in the membrane

25 — —a— Total Resistance (Measured, A)
—o0— PEM Resistance (Calculated, B)
[ —a— Contact Resistance (A-B)
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Fig. 3. Comparison of the measured stack resistance, the electrolyte membrane
resistance predicted by Eq. (1), and the estimated contact resistance as a function
of A.
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tanks.
() and the stack resistance (r) was derived as follows:

4.32
0.79261 — 0.5028°

rm2) = 0.7140 + @)

3.2. Measurement of the amount of residual water

The stack was operated at a constant current load of 175 A for
90 min and purged for a minute with dry nitrogen at flow rates
of 3.1 and 9.9 L min~" for the anode and cathode, respectively.
Then, the stack was transferred and connected to two vacuum
tanks, which were described in Section 2, in the climate cham-
ber at 95 °C. Fig. 4 displays the internal pressure change of the
stack after it was connected to the tanks in the climate cham-
ber. The internal pressure was almost zero immediately after the
connection because the overall internal volume of the vacuum
tanks was much bigger than that of the stack. The overall volume
of the vacuum tanks was 80 L while that of the stack was only
141 mL. After 400 min, the pressure did not increase further,
which means the system reached equilibrium. The fully devel-
oped pressure was 50.4 kPa, which is smaller than 84.55kPa,
which is the saturated vapor pressure at the temperature in the
climate chamber (95 °C) {17]. Therefore, we can conclude that
all of the liquid water in the stack evaporated into vapor.

Using the ideal gas equation, the amount of residual water can
be calculated from the changes in vapor pressure. To examine the
accuracy of the ideal gas equation, comparisons between values
calculated by the equation and those obtained from experiment
were carried out. The results are presented in Table 1. From the
table, the differences between the calculated and experimental
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Fig. 5. Water removal by dry nitrogen purging with different execution times.

values are so small that the ideal gas equation is suitable for
calculating the amount of water from the vapor pressure.

3.3. Effect of purging time

Water removal was examined using different purging times
in order to investigate the effect of purging time on the amount
of residual water. As described in Section 2, prior to shut down,
the stack was operated at 65 °C with fully humidified hydro-
gen and air (operation current: 175 A). After the operations, dry
nitrogen was purged for the following durations: no purge, 30,
60, 120. 300, and 1200s. The flow rates of nitrogen were 3.3
and 9.9 L min~! for the anode and cathode, respectively.

Fig. 5 shows the total amount of residual water after applying
the different nitrogen purging times. When the purge process was
not executed at all, the amount of residual water was 28.58 g.
Since the internal volume of the stack was 141 mL, about 20% of
the total volume was filled with liquid water during the operation.
While water was rapidly discharged from the stack in 60 s, the
water removal rate decreased gradually as the nitrogen purging
was extended further. Even though the stack was purged with
dry gas for 1200s, 6.42 g of water temained in the stack.

The dehydration characteristic of the electrolyte membrane
as a function of purging is given in Fig. 6, Using Eq. (4), A is
presented on the right axis of the graph (a). As purging time
increased, the resistance increased. The A of the electrolyte
membrane reached 4 in 100 s. After 120, the resistance surged
upwards drastically because proton conductivity became very
low. It was determined that the membrane was almost dehy-
drated in 300s. However, according to Fig. 5, a significant

Table 1

Comparison between values calculated by the ideal gas equation and those obtained by experiment

Temperature ( C) 40 60 80 100
Saturated vapor pressure (kPa) [17] 7.384 19.940 47.39 101.350
Specific volume of vapor from the property table (m3 kg~!) [17] 19.52 7.671 3.407 1.6729
Specific volume of vapor from the ideal gas equation (m’ kg~") 19.579 7.714 3.441 1.7000
Error (%) 0.30 0.56 0.98 1.24
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amount of liquid water still existed in the fuel cell stack after
purging for 300s. This means that liquid water in GDM, chan-
nels, or manifolds was barely removed while the membrane was
dehydrated.

Although the electrolyte membrane seemed to be dehydrated
while purging was executed, the resistance decreased immedi-
ately after purging was stopped (Fig. 6). The rapid decrease of
resistance may be attributed to the remaining water as shown
in Fig. 5. After purging was stopped, the residual water may be
well dispersed so that the membrane was hydrated again.

3.4. Effect of flow rate of purge gas and purging time

We investigated which is the more influential parameter on
water removal between the flow rate of the purge gas and the
purging time. To study the effects of these parameters, four
different purging methods were carried out. We fixed the total
amount of purging gases by changing the flow rate of the purge
gas and the purging time. As the flow rate increased, the purg-
ing time was shortened to keep the total amount of purging
gas constant. The purging cases are presented in Fig. 7. The
1Q represents flow rates of 1.6 and 5.0L min~" for the anode
and cathode, respectively. As mentioned in the previous section,
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Fig. 6. The electrolyte membrane dehydration by dry nitrogen purging: (a)
magnified and (b) original figures.
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Fig 7. Effect of the purge gas flow rate and purge t1me on the amount of residual
water.

purging was carried out after the stack had been operated at
175 A for 90 min. The residual water amounts for the four cases
are presented in Fig. 7. It was found that increasing the flow rate
is extremely advantageous compared to extending the purging
time to remove the water in the stack if the same amount of purg-
ing gas was used. The reason why water removal is more efficient
at higher flow rates might be the gas speed in the gas channels
of the stack. There are two mechanisms by which the dry nitro-
gen stream removes water from the fuel cell stack: vaporization
and physically pushing liquid water droplets. In the case of the
latter, stagnation pressure built up by the gas stream should be
larger than the retention force between water droplets and the
channel walls to remove the droplets in the gas channels. Since
the stagnation pressure is directly proportional to the square of
gas velocity, the flow rate is a primary {actor affecting water
removal.

Fig. 8 shows changes in ohmic resistance. The increasing rate
of resistance was significantly larger with high flow rates than
with low flow rates. However, as shown in Fig. 6, the electrolyte
membrane was hydrated again after purging was completed.
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Fig. 8. Effect of purge gas flow rate and purge time on the electrolyte membrane
dehydration.
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3.5. Effect of operation current

The amount of residual water may be affected by the
operation current since the water production rate is directly pro-
portional to current. To investigate the effects of the operation
current on the amount of residual water, the stack was operated
at 30, 100, 175, 240, and 300 A. Fully humidified hydrogen and
air with stoichiometries of 1.5 and 2.0 for the anode and cath-
ode, respectively, were used for the operation. After operation,
dry nitrogen was supplied for 5 min with flow rates of 3.3 and
9.9 Lmin"} for the anode and cathode, respectively.

Fig. 9 shows the amount of residual water in the purged and
non-purged fuel cell stacks. First, when the purging was not exe-
cuted, it is observed that the amount of residual water decreased
with an increasing operation current. This might seem to be
contradictory since the rate of water generation is disectly pro-
portional to current. However, it should be noticed that hydrogen
and air flow rates are also directly proportional to current because
the stoichiometries were fixed at 1.5 and 2.0 for the anode and
cathode, respectively. The ratio of the amount of gas supplied
to water generation was constant regardless of current. The high
flow rate in the case of high current operation might be advanta-
geous in water removal during stack operation. As mentioned in
Section 3.4, gas streams with high speeds in the channels might
be able to effectively push liquid water droplets to the outlet.
Also, the amounts of residual water after purging decreased as
the operation current increased. It was observed that 40.5% of
the initial residual water was removed after the purging with
operation at 30 A.

Fig. 10 presents the effects of varying the operation current
on membrane dehydration. The electrolyte membrane dehy-
dration occurred rapidly when the operation current was high.
This phenomenon is considered to be caused by differences
of residual water right before the purging step. However, the
membrane hydration occurred again just after purging was fin-
ished. In conclusion, in the case of low current operation such
as the parking mode of automobiles, the amount of residual
water is so large that a rigorous water removal process should be
adopted.

Y

—8&~— No Purge
—A— 3 3/9.9 Ipm, 5min,

25 -

20F R

A______.’—"\

15 \ .
3 ‘\

Residual Water (g)

A
10 . 1 NS S i —d N i —
[¢] 50 100 150 200 250 300

Current (A)

Fig. 9. Effect of operation current on the amount of residual water.

S —

40 |

20t

Resistance (mQ)

10

Time (sec.)

Fig. 10. Effect of operation current on electrolyte membrane dehydration.

3.6. Effect of cell temperature

In order to examine the effect of stack temperature on the
amount of residual water remaining after the purging process,
a series of purging tests was catried out at four different tem-
peratures. First, the fuel cell stack was operated with a load of
175 A for 90 min at 65 °C. After the operation, the load was dis-
connected and all of the stack inlets and outlets were closed.
Then, the temperature of the stack was adjusted to 10, 35. 65,
and 90 °C in 2 h. Finally, purging was executed with dry nitrogen
for 5 min with flow rates of 3.3 and 9.9L min~' for the anode
and cathode, respectively. The residual water remaining for each
case is presented in Fig. 11. It is observed that water removal
was much more effective at high temperatures compared to low
temperatures. Considering that the initial residual water amount
just before the purging step was about 28.58 g, as mentioned
in Section 3.5, water in the stack was barely discharged when
the temperature of the stack was 10 or 35 - C. These phenomena
may originate from the low saturated vapor pressure of water
in the low temperature cases. At 10 and 35°C, the saturated
water vapor pressure was so low that purging gas could not effi-
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Fig. 11. Effect of stack temperature on the amount of residual water.
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Fig. 12. Effect of stack temperature on electrolyte membrane dehydration.

ciently carry water by vaporization. On the contrary, at 90 °C, the
amount of water that was discharged in the form of water vapor
was largely due to the high-saturated vapor pressure, resulting
in effective water removal, as shown in Fig. 1 1.

The effect of stack temperature on membrane dehydration is
presented in Fig. 12. For temperatures of 10 and 35 °C, there
was little change in the water content of the membrane, even
though purging was carried out for 5 min. However, the elec-
trolyte membrane was dehydrated rapidly at 90 °C. Therefore,
for efficient water removal, it is advantageous to perform the
purging step when the stack temperature is high.

4. Summary and conclusions

In order to investigate water removal characteristics by a dry
gas purging method, the resistance of the electrolyte membrane
and the total amount of residual water in the short stack were
measured. The resistance measured by voltage excitation with
high frequency was converted to water content in the electrolyte
membrane by an empirical correlation. Also, a new method using
the phase change of liquid water was developed and successfully
adopted to measure the total amount of water in the fuel cell
stack. Using these methods, the eifects of four factors on water
removal were examined: purging time, flow rate of purge gas,
operation current, and stack temperature.

Water in the stack was not removed completely even though
purging was carried out for long durations up to 20 min. In all
cases, residual water hydrated the membrane again right after
purging was stopped. When it comes to the effects of purg-
ing time, the water removal rate was observed to decrease with
increasing purging time. In addition, water removal was more
efficient with raising flow rates than with extending purging time
when same amount of purge gas was used. The operation cur-

rent also affected the residual water amount. When hydrogen
and air were supplied with constant stoichiometry, there was a
remarkably larger amount of water remaining in the stack with
a low current than with a high current. Therefore, if the fuel cell
system in automobiles is operated with light loads such as in
the parking mode, water removal methods must be more vig-
orous. Finally, it is advantageous to perform the purging step
when the temperature of the stack is high. Once the stack had
cooled to ambient temperatures, water removal by putging was
very ineffective.
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Abstract: The membrane electrode assembly of a PEM fuel cell has to be wet for the fuel
cell to work efficiently. However too much water impedes the delivery of reactants and
impairs the electrochemical reaction. In this paper, an arrangement is presented which
uses pressure waves to remove water droplets and inert gas blankets from the fuel cell.
Experiments showed good short and long term performance of the proposed configura-

tion. Copyright © 2002 IFAC
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1. INTRODUCTION

The ever continuing rise in energy consumption and
the ongoing discussion about carbon dioxide emis-
sions has generated interest in alternative energy pro-
pulsion systems. Fuel cells are widely assumed to
play a major role in the future. Depending on the
hydrogen source, fuel cells can be operated totally
free from any emissions, including carbon dioxide.

Proton Exchange Membrane (PEM) fuel cells work
only efficiently if the membrane electrode assembly
(MEA) is wet. The membrane not only acts as the
electrolyte but also separates the reactant fluids
(hydrogen and air). If the membrane dries out, the
electrochemical reaction stops in that area. However,
if the membrane is too wet, the delivery of the reac-
tants is impeded. Therefore good humidification is
necessary and excess product water and/or excess
humidification water has to be removed from the fuel
cell. Although many studies have been done to opti-
mize the fuel cell system performance there is still lit-
tle agreement for mobile solutions. Carlstrom and
Maynard (2000) have described the usage of a pulsa-
tor to remove blankets of inert gas and excess humidi-
fication fluid from the fuel cell. This idea is also
found in Schott et.al. (2000). In both papers scant
attention has been given to the practical realization.

This study focuses on the hydrogen supply. Several
system configurations were investigated and com-
pared. A feasible solution that produced good results
was found. The voltage levels are similar to static test

bench experiments where the fuel cell is operated
under optimal conditions (favorable humidification,
favorable temperature level, excess reactants flow on
anode and cathode side).

After a short introduction and the description of the
system the latest results will be discussed. First vari-
ous arrangements of the hydrogen supply are
described and compared. Next the most favorable
solution is discussed in detail. Finally measurement
results will be given to show the advantage of the
solution found. The paper will end with a brief con-
clusion.

2. PROJECT AND SYSTEM DESCRIPTION

This work is part of an ongoing collaboration between
the Paul Scherrer Institute (PSI), the Swiss Federal
Institute of Technology (ETH) and industrial partners.
The target of this project is the development and con-
struction of a fuel cell powered electric vehicle with
supercapacitor storage. The described experiments
were conducted on a test bench which was built
within the framework of this project.

The test bench comprises a PEM fuel cell stack which
was developed at the Paul Scherrer Institut. It consists
of 100 cells, each with an active area of approxi-
mately 200 cm?. The nominal power output is 6.5 kW.
The stack is supplied with pure hydrogen and air. It is
operated at 2 bar, and at temperatures below 70°C.
The fuel cell is described in more details in Ruge and



Fig. 1: View of test bench

Biichi (2001).

For the air supply a Opcon™™ twin-screw charger OA
1040 was used. The air was humidified using a Lech-
ler™ supersonic atomizer. Because of the break
down of the humidity sensor during the tests, no data
on the actual humidity are available. Nevertheless,
with rough estimations of the amount of water that
was consumed by the humidification device, that was
produced by the fuel cell reaction and that was recol-
lected, it is assumed that the humidification was well
below satisfactory levels. The cathode was supplied
with 100% excess air.

The hydrogen is supplied from a high pressure tank at
pressures up to 200 bar. The hydrogen is humidified
by passing it through a vessel filled with liquid water.
As the hydrogen supply is the main part of this paper,
it will be discussed in detail below.

The control algorithms are centrally managed by a
dSpace™ MicroAutoBox (MABX) 1401/1504. It has
a Motorola™ PowerPC 603e running at 200MHz
with a slave processor to handle the digital VO units.
Matlab/Simulink™ is used to program the control
algorithms. Logical sequences were programmed
with the help of the Matlab toolbox Stateflow™.
Euler’s method was chosen as solver with a fixed step
size of Sms.

The MABX has only a limited number of I/O units.
Therefore, the communication between the sensors
and the MABX, as well as the communication to the
actuators is handled by a CAN-Bus. For this purpose
the highly flexible WAGO™ 750 CANopen series is
installed, which is a modular /O-system. Modules are
available for almost every type of sensor signal or
actuator output and the configuration can be
expanded easily by adding additional elements.
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3. RESULTS AND DISCUSSION

This section is divided into three parts. First, an eval-
uation of different hydrogen supply systems is per-
formed. In the second part, the most favorable supply
arrangement is described. Finally, measurement
results are presented.

3.1 Comparison of different hydrogen supply systems

The most simple arrangement to supply the fuel cell
with hydrogen is a dead-end system (arrangement A
in Figure 2). In this arrangement only the amount of
hydrogen which is needed to sustain the reaction is
fed to the entrance of the fuel cell. The exit is sealed
off by a valve which is only opened sporadically to
remove inert gases which may have accumulated
inside the fuel cell.

Since only the amount of hydrogen which is con-
sumed by the fuel cell enters the stack, the dynamics
that can be achieved are very limited. This disadvan-
tage can be overcome if excess hydrogen is available.
In this case a flow larger then required is passed
through the fuel cell by opening the exit valve. If the
excess hydrogen is released to the surrounding, the
overall system efficiency will drop to very low levels.
The hydrogen released to the environment not only
leads to a deterioration of the efficiency, but is also a
potential safety hazard, since it may react uncon-
trolled with air oxygen. A possible solution is the
recirculation of the excess hydrogen to the stack
entrance by means of a pump which compensates the
pressure drop across the fuel cell (arrangement B).
Although the pump is a parasitic power consumer, the
system efficiency increases substantially when com-
pared to the arrangement where the excess hydrogen
is not circulated.

The hydrogen can also be recirculated using an ejec-
tor (arrangement C). In this device hydrogen is fed at
high pressure and relative low velocity into a nozzle
where it changes to a low pressure and high velocity
stream. The relative low pressure attracts hydrogen to
be pumped from the exit of the fuel cell stack.
Momentum is exchanged between the fluids raising
the pressure of the hydrogen being pumped. The mix-
ture is then discharges and released to the entrance of
the fuel cell stack. The ejector is a static device, there-
fore it works well only at one point of the flow spec-
trum.

[n arrangement A the fuel cell voltage dropped slowly
but continously during two purging events when the
exit valve remained closed. Whereas the voltage
regenerated with each purging cycle. When the fre-
quency of the purging events was increased the mean
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Fig. 2: Schematics of different hydrogen supply sys-
tems

voltage also increased. At high frequencies the volt-
age could almost be stabilized at levels similar to
arrangement B where the fuel cell was operated with
excess hydrogen. Of course the increase of the purg-
ing frequency resulted in an increase of the amount of
hydrogen that was wasted to the environment.

The positive effect of the purging cannot be explained
solely by the removal of inert gases from the system.
Because of the pressure difference between both sides
of the valve and because of the fast opening of the
valve a shock wave is generated. This wave moves
through the service channel and the fuel cell flow
field at high speed. Thereby any water droplets that
may have formed inside the fuel cell are dispersed.
The wave is followed by a temporary increase in flow
velocity. Consequently, the liquid water particles are
blown out from the fuel cell, allowing for the delivery
of additional hydrogen and thus preventing the reac-
tant starvation of part of the fuel cell.

Further the diffusion layer which situated between the
flow channel and the membrane electrode assembly is
dynamically inflected by the pressure wave. These
recurring expansions and contractions support the
removal of unwanted liquid fluid from the membrane
electrode assembly and the supply of hydrogen to the
same. Also, blankets of inert gases (such as accumu-
lated nitrogen) that may have formed in the flow field
and/ or the diffusion layer and thus impeding the sup-
ply of hydrogen to the membrane electrode assembly
are carried away.

Arrangement D shows a system that is able to gener-
ate these pressure waves without wasting any hydro-
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gen to the environment. Using a small pump low
pressure (relative to the operating pressure of the fuel
cell) is created inside a vessel. Between the fuel cell
stack and the low pressure vessel a magnetic valve is
installed. The pressure drop across this valve is simi-
lar to the pressure drop across the purging valve.
Therefore, using the pump near-atmospheric condi-
tions are created inside the vessel and the same effect
as purging to the environment is achieved. The para-
sitic power loss by the pump is 5 to 10 times lower
than the pump used in arrangement B.

The idea to use pressure waves to clear the flow field
from any water-droplets can be enhanced even fur-
ther. In arrangement D the pressure waves resulted in
a difference in pressure between the fuel cell and the
vessel, whereas the operating pressure of the fuel cell
is higher than the one inside the vessel. Another pos-
sibility is to have a vessel where the pressure is higher
than the operating pressure of the fuel cell (arrange-
ment E). As the relative pressure difference is the
same, the effect of the pressure wave is approximately
the same as well. When using a high pressure hydro-
gen storage the pressure elevation is of course easily
achieved.

With the pressure wave originating from the low pres-
sure vessel water-droplets are pulled out, whereas the
arrangement with the high pressure vessel the drop-
lets are pushed out. A Jogical next step is the combi-
nation of both systems to maximizes the effect.

3.2 Analysis of final arrangement

Figure 3 shows the arrangement of the hydrogen sup-
ply that was realized on the test bench. Hydrogen is
fed to the fuel cell using a variety of different paths.
These paths will be discussed below.

The hydrogen is stored in two high pressure tanks,
each with a volume of 50 liters. The tanks are sepa-
rated from the rest of the system by a safety valve. A
pressure reduction valve follows, where the pressure
is reduced from a maximum value of 200 bar, to 8
bar,. This relative high pressure at the exit of the
reduction valve is needed to guarantee a proper func-
tioning of the subsequent ejector. Ahead of the ejector
the control valve A is installed in the main hydrogen
stream. This valve controls the pressure at the
entrance to the fuel cell stack using the signal from
the pressure sensor 4. In the ejector the main stream is
mixed with the excess hydrogen flow, which was not
consumed in the fuel cell reaction.

Between the pressure reduction valve and the control
valve A part of the hydrogen flow is branched off and
fed to the high pressure vessel. The pressure inside
this vessel is controlled by means of control valve B
using the signal from pressure sensor 5. With the help
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Fig. 3: Schema of hydrogen supply as realized on the test bench

from the magnetic valve | pressure waves are gener-
ated which are routed to the entrance of the fuel cell.
This secondary hydrogen flow is combined with the
main stream between the ejector and the fuel cell. Pre-
caution has to be taken to avoid a migration of the
pressure wave through the ejector. Because of the
high pressure at the entrance of the ejector there is no
risk that the pressure wave will migrate in that direc-
tion. Whereas the pressure wave is likely to take the
recirculation path and enter the fuel cell from the exit.
Since the pressure waves would collide inside the
flow field and thereby jecopardize the scavenging
effect, the magnetic valve 3 was installed in the recir-
culation path. This valve is closed (with a proper time
delay) every time valve | is opened to block the pres-
sure wave from travelling in the wrong direction. Oth-
erwise valve 3 remains open.

The hydrogen flow that leaves the fuel cell at the exit
of the stack is branched into three paths. The main
flow being recirculated to the ejector, where the pres-
sure is raised again to the level of the fuel cell
entrance. In the second branch hydrogen is released
periodically to the low pressure vessel. A diaphragm
pump is used to create a low pressure inside this ves-
sel. The pump discharges to the hydrogen feed
between the ejector and the stack entrance. Similar to
the high pressure vessel branch, the magnetic valve 2
is used to generate pressure waves. In this case the
pressure waves are routed to the exit of the fuel cell as
the pressure wave values are lower than the operating
pressure of the fuel cell. Again valve 3 is used to pre-

vent the migration of the pressure waves in the wrong
direction. Further, a third branch with a purging valve
is installed allowing the removal of inert gases which
inevitable accumulate inside the system. The opera-
tion of this purging valve is managed by open-loop
control every 30 minutes.

Consequently the hydrogen system described above
consists of five different “supply routes”. The
straightforward path from the pressurized storage
tanks is assisted by a recirculation path using an ejec-
tor. Further, two pressure wave generators are
installed, which differ in the sign of the pressure dif-
ference. Finally a purge valve enables the removal of
inert gases.

Figure 4 shows measurements conducted on the test
bench. The upper plot illustrates the progression of
the hydrogen system pressure. The dashed line indi-
cates the setpoint, the solid line the measurement. The
fuel cell voltage is given in the lower plot, normalized
with the initial value. The pressure setpoint is pro-
grammed to follow the instantaneous value of the
pressure on the air side. As a consequence the setpoint
is not a fixed value but an image of the oscillating air
pressure. The actual pressure is characterized by a
repeating sequence of two spikes. The first spike with
a positive value is closely followed by a second spike
with a negative value. After the second spike the pres-
sure slowly climbs again to the vicinity of the set-
point. These two spikes represent the pressure waves
mentioned above. The timing of the pressure waves
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Fig. 4. Measurements of hydrogen system pressure
and fuel cell voltage

was chosen to maximizes the scavenging effect. First
a wall of fresh hydrogen is pushed into the fuel cell by
the first pressure wave and than is subsequently
pulled out at the other side by the second wave,
thereby removing any water droplets and/ or inert gas
pockets. The voltage plots demonstrates that a stable
operation with only very small deviation from the
mean value is achieved. Measurements over a longer
time period verify this.
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3.3 Measurements

Polarization curves in Figure 5 show the performance
of different arrangements. The measuring points
denote the mean value taken from a time span of 15
sec after the system had settled down. Both the cur-
rent as well as the voltage are normalized by the
respective maximum value. As a reference the fuel
cell stack was run on a static test bench where the fuel
cell was operated under optimal conditions. The oper-
ating temperature was 70°C, the humidity at the
anode (hydrogen-side) 50%, respectively 70% at the
cathode (air-side), the excess flow was 100% on both
sides and the system pressure was 2 bar,. The results
are shown in Figure 5 by the solid line.

The crosses denote measurements done with arrange-
ment A. As can be seen clearly the performance is
very poor. The polarization curve has a stepper gradi-
ent and the maximum power falls short 50% of the
result from the static test. Measurements with
arrangement B are represented by diamonds. The
results have increased substantially from arrangement
A but are still well below the static test bench. In con-
trast, with arrangement E (denoted by the circles)
very good performance was achieved. At some point
even the results from the static test bench could be
topped. Unfortunately due to the limitations of the
electric load the whole power range of the fuel cell
could not be measured, but there are no indication of a
drop off in power at higher currents.

H 1
— static test bench
x arrangement A

¢ arrangement B
O arrangement E
0.9
220.8
3
(]
=]
£
g
0.7
0.6
x
x
05 I 1 L I i 1 1 1 L
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
current I/} nax

Fig. 5: Polarization curves of the different arrangements




4. CONCLUSION

In contrast to static fuel cell systems, fuel cells in
mobile application are operated under transient con-
ditions. Therefore, it is very difficult to obtain a satis-
factory humidification of the membrane. Under these
circumstances, a device by which excess water is
removed from the fuel cell is highly desirable. Two
pressure waves are used to clear the hydrogen side of
the fuel cell from water droplets. Compared to con-
ventional dead-end systems a substantial increase in
system efficiency is achieved with the described
hydrogen supply arrangement. In addition experi-
ments show good long-term stability of the arrange-
ment.

Water droplets that are formed on the air side are
more easily removed from the fuel cell because of the
much larger mass flow. Therefore the need for addi-
tional devices is less urgent. However, it is assumed
that pulses will assist the removal of water droplets
and/or nitrogen blankets. Hence further research will
focus on the expected gains of the scavenging effect
on the air side of the fuel cell.

REFERENCES

Carlstrom, C.M. and W.B. Maynard (2000). Fuel Cell
with Selective Pressure Variation and Dynamic
Inflection. US Patent 6093502.

Ruge, M. and F.N. Biichi (2001). Bipolar Elements
for PE Fuel Cell Stacks Based on the Mould to
Size Process of Carbon/Polymer Mixtures. /st
European PEFC Forum, pp. 299.

Schott, P., J.-P. Poirot and P. Baurens (2000). Modeli-
sation et Simulation de la Source d’Energie a Pile
a Combustible du Vehicule Hydrogen. Collogue
Pa C. et Interfaces pr. le transport, Belfort.

145



144

Available online at www.sciencedirect.com

sclsncs@mnsc'rv

internatonal journal of

www.elsevier.com/locate/ijhydene

f&t:¢

LSEVIER

International Journal of Hydrogen Energy 30 (2005) 1017-1025

Study on water uptake of proton exchange membrane by using
tritiated water sorption method

Hiroki Takata®*, Masabumi Nishikawa®, Yusaku Arimura®, Takayuki Egawa?,
Satoshi Fukada®, Masaru Yoshitake®

2 Department of Advanced Energy Engineering Science, Interdisciplinary Graduate School of Engineering Sciences, Kyushu Unrversiy.
Hakozaki 6-10-1, Higashi-ku, Fukuoka-shi. Fukuoka 812-8581. Japun
bDepartmem of Applied Quantuin Physics and Nucleur Engmeering, Kyushu Unwversity, Hakozaki 0-10-1, Hrgushi-ku, Fukvoku-shu,
Fukuoha 812-8581, Japan
€ Research Center, Asalu Glass Co. Lid., 1150, Huzawa-cho, Kanagawa-ku, Yokohama-shi, Kanagawa 221-8755, Japan

Available online 18 March 2005

Abstract

It is recognized that the behavior of water in the proton exchange membrane (PEM) is to be understood to optimize the
performance of the proton exchange membrane fuel cell (PEMFC). It is considered by the present authors that a certain
amount of structural water exists besides adsorbed water in the film of PEM. The structural water represents any chemically
adsorbed water. crystal water and some chemical groups containing hydrogen which are strongly connected with the structure.
Accordingly, the amount of structural water cannot be measured by the water adsorption method because the amount of
structural water does not depend on the vapor pressure. The amount of adsorption together with the amount of structural water
is measured in this study by using the tritiated water sorption method where the isotope exchange reaction between tritium in
water vapor and hydrogen in structural water makes it possible to quantify the structural water. The observed values for the
total amount of uptake water, which includes the structural water, is 0.45-0.57 (g Hjy O/cm? PEM) at the room temperature.
This value is about 1.5 times larger than the amount reported so far from the water adsorption experiments. The permeation
behavior of hydrogen. oxygen and helium through the film of PEM is also measured in this study and change of partial
pressure of hydrogen or oxygen in PEMFC at stop of the fuel flows is estimated.
© 2005 International Association for Hydrogen Energy. Published by Elsevier Ltd. All rights reserved.

Keywords: PEMFC; Water uptake: Tritiated water vapor: Isotope exchange reaction

1. Introduction

Proton exchange membrane fuel cells (PEMFC) interest
people for the power sources of an electric vehicle because
it can be used at lower temperature and it can maintain
higher current density comparing with the other fuel cells.
One of the difficult problems for the PEMFC is the water

* Corresponding author. Tel. +8192642 37835,
fax: +81926423784.
E-mail address: takatahii@nucl kyushu-u ac jp (H. Takata)

management. If water is not enough contained in the proton
exchange membrane (PEM), the proton conductivity falls
greatly and the output power also falls greatly. In order to
saturate the PEM with water. a water bubbler humidifies
the fuel gas; however. excessive water vapor reduces the
catalyst activity and blocks the gas diffusion path. and the
fall of output power is caused as a result. Accordingly, it is
preferable to understand the water behavior in the PEM to
develop the proper water management.

It is considered that the circulation flow of water is formed
in the film of PEM resulting from the transport of water

0360-3199/$30.00 © 2005 International Association for Hydrogen Energy Pubhished by Elsevier Ltd. All rights reserved.

doi:10.1016/j.ijhydene.2005.02.006
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Nomenclature
A permeation area of the PEM, m2 Dy diffusion coetlicient of helium in the PEM,
b constant of integral, dimensionless me/s
C concentration of captured tritium, mol/m3 Do, diffusion coefficient of oxygen in the PEM.
Cy average concentration of hydrogen at the pri- m?/s
maty side, mol/m? d Py, difference of the partial pressure of hydrogen
Cy average concentration of hydrogen at the sec- between the primary side and the secondary
ondary, mol/m3 side. Pa
Camn concentration of inlet gas at the secondary side, F Faraday constant, C/mol
mol/m? i current density, A/m?
3 out concentration of outlet gas at the secondary I, diffusion flux of hydrogen in the PEM,
side. mol/m? mol/s m?
C* equilibrium value with the vapor pressure in ka mass transfer capacity coefficient, 5™
gas phase. mol/m?> ked mass transfer capacity cocfficients representing
Cc equitibrium amount of uptake water by R;. R, s}
mol/m? ks mass transfer capacity coefficients representing
Cct equilibrium amount of uptake water by Ry, Rs.s™!
mol/m? o2 gas flow rate at the secondary side, m3/s
Dy, diffusion coefficient of hydrogen in the PEM, t exposure time, s
i m?/s S thickness of the PEM, m

accompanying with proton from anode to cathode and the
diffusion of water from cathode to anode due to difference
of vapor pressure. Okada et al. [1], Fuller and Newman [2]
and Zawodzinski et al. [3] have examined the transport of
water accompanying with proton, and they have concluded
that some water molecules are transported with a proton.
These discussions indicate that quantitative understanding
of water behavior in the film of PEM is important at dis-
cussion of performances of PEMFC. Hinatsu et al. [4] and
Zawodzinski et al. {5} have measured the amount of wa-
ter sorption to PEM mainly by using the water immersing
method.

The amount of water trapped to surface of various met-
als or bulk of hydrophilic porous materials has been quan-
tified by the present authors considering that water trapped
to materials can be classified into physically adsorbed wa-
ter, chemically adsorbed water and structural water {6}
The same technique using tritium is applied to measure the
amount of structural water in PEM in this study. The amount
of structural water can be measured by using tritiated water
vapor because hydrogen in the structural water exchanges
with tritium in the tritiated water vapor by the isotope ex-
change reaction.

The permeation behavior of hydrogen and oxygen through
the film of PEM in molecular form should also be quantified
for understanding of the water behavior in the PEM because
the permeated hydrogen and oxygen react with each other
to generate water molecules. The permeation behavior of
hydrogen, oxygen and helium through the film of PEM is
also measured in this study and change of partial pressure
of hydrogen or oxygen in the flow channel of the PEMFC
at stop of the fuel flows is estimated.

2. Theoretical background
2.1, Structural water

It is well known that PEM cannot have the satisfactory
proton conductivity without water in it. However, the trans-
port phenomenon of water in PEM has not been fully clur-
ified yet. We considered in this study that the uptake water
of PEM consists of physically adsorbed water. chemically
adsorbed water and structural water, and these waters are
defined as follows.

The physical adsorption of water vapor is caused by the
van der Waal's force. Then. the amount of physically ad-
sorbed water changes reversibly with the vapor pressure in
the gas phase at the given temperature. The chemical ad-
sorption of water is caused by the chemical force between
the water molecule and the sulfonic group that exists at the
end ol side chain of the polymer. The amount of chemically
adsorbed water cannot be desorbed by the purging operation
at the same temperature as it is adsorbed. In other words,
heating is required to desorb chemically adsorbed water.

The structural water represents any chemically adsorbed
water, crystal water and some chemical groups containing
hydrogen which are strongly connected with the structure.
and tritium is exchanged with hydrogen in the structural
water through the isotope exchange reaction. Accordingly,
the amount of structural water does not change with vapor
pressure or temperature. Therefore, the amount of structural
water cannot be quantified by the adsorption method of water
vapor.

In the adsorption method of tritiated water vapor. the
amount of structural water can be quantified by measurement
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of the amount of captured tritium, because tritiated water
can be captured by the isotope exchange reaction as
HTO (gas phase) + HaO (surface phase)
<> HaO(gas phase) + HTO (surface phase). (n
I'his reaction proceeds until the H/T ratio in the surface
phase becomes equal to the /T ratio in the vapor phase.
We assumed that there is no isotope effect in this reaction

in estimation of the amount of water from the amount of

tritium trapped to PEM. The amount of structural water can
be quantified by deducting the amount of adsorption water,
which is quantified by the adsorption method of water vapor,
from the total amount of uptake water,

2.2, Permeation of hydrogen

I'he permeation process of hydrogen through a membrane
consists of adsorption, absorption, diffusion and desorption.
We assumed that the diffusion controls the permeation pro-
cess of hydrogen through the PEM in this study.

The diffusion flux of hydrogen in the PEM. Jy,
(mol/sm?). is derived from Fick's law as

(Cy = C2)

0N

Ju, = D,

where Dy, (m>/s) is the diffusion coefficient of hydrogen in
PEM. C} (mol/m?) is the average concentration of hydrogen
at the primary side. C2 (mol/m?) is the average concentration
of hydrogen at the secondary side and d (m) is the thickness
of PEM.

The mass balance equation at the secondary side is ex-
pressed as
- (C2.0u — (-Z.in'QZ, 3)

A

where 05 (m?/s) is the gas flow rate at the secondary
side and A (m?) is the permeation area of the PEM. (3 i,
(mol/m?) and € 2.out (muI/mJ) is the concentration of inlet
gas and outlet gas at the secondary side, respectively.

T'he diffusion coeflicient of hydrogen in PEM was ob-
tained by solving the Egs. (2) and (3) as

(C2.0ut — C2.in) @2 5

4
(€ -C3) A )

Dy, =

3. Experimental
3.1. Exposure of PEM to tritiated water vapor

The thickness of the membrane used in this study was
52 and 157 pm, which were measured by a dial thickness
gage. The ion-exchange capacity of the cach membrane was
1.1 meqg/g.
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Y s

Exposure to tritinted
water vapor

Immersing to distilled  Measurement of the amount
water for 24 hours of tritium using Liquid
Scintillation Counter

Fig. 1. Expenimental procedure to obtain the amount of uptake
waler.

primary side

sample gas

.

PEM

water bubbler

Ar gas

secondary side

Gas

chromatograph

water bubbler

Fig. 2. Experimental apparatus to measure the amount of
permeation.

Fig. | shows the experimental procedure. We poured a
50cm? of tritiated water of which tritium concentration was
103 < 10° Bq."t.:m3 into a sealed glass bottle of which volume
was about 900 cm’. The glass bottle with tritiated water
was left for about 24 h to obtain the saturated water vapor
condition at a given temperature. Then, a sample sheet of
PEM (1 em x 1 ¢em square) was placed in itand exposed to the
tritiated water vapor. Several similar sets were prepared at
the start of an experiment and the amount of tritium captured
at a certain ¢lapsed time was measured. In order to release
captured tritium in the sample of PEM, the membrane was
immersed in a 15 cm?® of distilled water for 24 h. The amount
of tritium released to distilled water was measured by using
a liquid scintillation counter after the proper dilution with
distilled water.

3.2. Permeation of hyvdrogen, oxygen and helium

The amount of permeation was measured by using the
experimental apparatus shown in Fig. 2. The sample gas.
hydrogen. oxygen or helium of 100 kPa, was introduced to
the primary side of the experimental cell and argon gas was
introduced to the secondary side. The change of the con-
centration of outlet gas at the secondary side was measured
with time by using a gas chromatograph. The measurement
was performed for the following three combinations: (1) Dry
sample gas and dry argon gas were introduced to the exper-
imental cell. (2) Dry sample gas and humidified argon gas
were introduced to the cell. (3) Humidified sample gas and
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Table 1
Experimental condition

Temperature (K)
Effective area (cmz)
Thickness (jim)
Flow rate (cm3/min)

Partial pressure of water varpor(Pa)

278-323

25

52

Primary side: 50
Secondary side: 100
3560

humidified argon gas were introduced to the cell. Humidifi-
cation of gas flow was done by using a water bubbler kept
at 300 K. The experimental conditions are shown in Table 1.

4. Results and discussion
4.1. The amount of uptake water

Observed amount of water trapped to a PEM sample from
vapor of tritiated water is compared in Fig. 3. As can be
seen from this figure that about 360 min is required to obtain
the equilibrium condition. The estimated amounts of water
uptake to the PEM sample from the tritium experiment are
shown in Table 2, and this table shows that 0.60-0.70 g water
is contained in a 1 cm> of PEM film which is placed in the
air with saturated vapor pressure at the room temperature,
This value suggests that 2/3 volume of the PEM is occupied
by water if the chemical form of water in the PEM film is
water.

It can be also seen from Fig. 3 that the slow trapping of
tritium occurs following the rapid trapping at the beginning.
Accordingly, it is assumed in this study that the tritium trap-
ping procedure consists of two first-order reactions with dif-
ferent reaction rates. Then, each reaction is represented as

dc .
5 =ka(€* =0, (5)

where C (mol/m?) is the concentration of captured tritium,
c* (mol/m3 ) is the equilibrium value with the vapor pressure
in gas phase, ¢ (s) is the exposure time and ka (s™") is the
mass transfer capacity coefficient. The following equation
is obtained by solving the differential equation (5) as

In(C* — C)=kat + b, (6)

where b is the constant of integral. Fig. 4 shows the com-
parison of experimental data with relationship of the Eq.
(6). The fast reaction, which controls the tritium capture at
the beginning of experiments, is defined as Ry and another
slow reaction is defined as Rs in this study. The mass trans-
fer capacity coefficient of each reaction was obtained from
the gradient of the lines representing experimental data and
they are compared in Table 3, where kra (s‘l yand ksa (s‘l )
mean the mass transfer capacity coefficients representing Re
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Fig. 3. Amount of water trapped to a PEM.

Table 2

Estimated amount of water uptake to a PEM

Temperature (K) Thickness of Water uptake
membrane (1tm) (g HZO/cm3 PEM)
283 52 0.47
157 0.52
288 52 0.45
157 0.57
B 52um
A 157um 4
~ A
&) A
z R
R ™ a -
12 & . -
R |
PRI 1 1 i N 1 " I
0 60 120 180 240 300 360
Exposed time [min]

Fig. 4. Comparison of experimental data with the relationship of
the Eq. (6).

and Rs, respectively. The equation for simulating the exper-
imental results was expressed as

C = C{1 — exp(—ksat)} — CF{1 — exp(—kgat)}, @)
Cs+Cf=C", @®

where Cg (mol/m3) and ct (mol/m3) are the equilibrium
amount of uptake water by Rs and Ry, respectively. The
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Table 3
Obtained mass transfer capacity coefficients representing Ry and
Rs

Temperature (K) Thickness of Mass transfer capacity
membrane (im)  coefficient(s™!)
283 52 kfa = 1.47 x 1073
ksa =1.10 x 10~4
157 kpa =9.20 x 10~4
ksa =1.10 x 104
288 52 kpa =1.90 x 1073

ksa=1.78 x 1074
157 kfa =991 x 10~
ksa =178 x 10~

T T L T T

5.0x107* | | ™ S2Zmicro
A 157micro

4.0x10™* ¢

R#R, (157um) 1

Re(I5Tum) T

3.0x10 |

ReHR, (52um)

2.0x107* R, (52um) R, (52um) |

1.0x10°*

Amount of estimated water [mof]

0 60 120 180 240 300
Exposed time [min]

360 420 480

Fig. 5. Estimated curve using obtained mass transfer coefficients.

estimated curve using these mass transfer capacity coeffi-
cients shows good agreement with the experimental values
as compared in Fig. 5. The mass transfer capacity coefficient
representing the fast reaction inversely changes with thick-
ness of the film though the capacity coefficient representing
slow reaction has no thickness dependency as known from
Fig. 4. It is assumed in this study that R¢ represents the pen-
etration of water into the PEM film following the adsorp-
tion of tritiated water vapor onto the film surface and Rs
represents the isotope exchange reaction, since it is gener-
ally admitted that adsorption and diffusion of water through
PEM film is fast. The values of water uptake for Rs and Re
are evaluated from Fig. 4 using the relationship shown by
Egs. (7) and (8) and compared in Table 4, This table implies
that the amount of the structural water is about half of the
adsorbed water detectable by water adsorption method in
the air with saturated water vapor at 283 K. The amount of
physically adsorbed water was also obtained by measuring
the change of weight of previously dried membrane with
time at a saturated vapor condition. The change of amount of
physically adsorbed water in a PEM with time is compared
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Table 4
Comparison of the obtained value with the values given by other
researchers
Present Zawodzinski Hinatsu
work et al. {5] et al. [4]
Temperature (K) 283 303 353
Partial pressure 1200 1200 1200
of vapor (Pa)
Water uptake Re: 8.2 2.53.0 0.1-1.0
(mol HyO/mol SO3) Rs: 5.3
Water uptake R¢: 031
(g HyO/em® PEM) Rs: 020  no data no data
T T T T v T T T 7
A 157um (10°C) )
06 || o datafrom H,0 adsorption experiment RetR, (157um)

Amount of estimated water [g/cm’]

R, (157ym)
0.0 L L 1 1 PR | N

1] 60 120 180 240 300 360 420 480
Exposed time [min]

Fig. 6. Comparison of water adsorption experiment with tritiated
water sorption experiment.

with the result of tritium experiment in Fig. 6. The change of
water amount resulted from Ry shows good agreement with
the results from water adsorption experiment. The fraction
of the structural water is supposed to increase at the higher
temperature because the amount of structural water does not
change with temperature though the amount of physically
adsorbed water in PEM decreases with temperature as can
be seen from reported values by Zawodzinski et al. or Hi-
natsu et al. shown in Table 4.

4.2. Permeability coefficients of hydrogen, oxygen and
helium in the PEM

Fig. 7 shows the observed values of the diffusion flux
of hydrogen against the difference of partial pressure of
hydrogen between the primary side and the secondary side.

We obtained the following equations by using the least-
square method as

o introduction of humidified gas to both sides

Jh, =1.26 % 10™'0(dPy,) "%, o)
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®  humidified gas (both sides)

[ |a dry gas(primary side),
humidified gas(secondary side)

m  dry gas (both sides)

s
1077 |

Diffusion flux, Jp;, |[mol/m? s

10 105
Difference of partial pressure of H,, dPy;, |Pa}

Fig. 7. Diffusion flux of hydrogen against the difference of partial
pressure of hydrogen between the primary side and secondary side.

e introduction of dry gas to primary side and humidified
gas to secondary side

Jig, = 1.58 x 10710(d Py, )92, (10)
o introduction of dry gas to both sides

Ji, =537 x 1071 (d Py, ) 1%, (1)

where d Py, (Pa) is the difference of the partial pressure of
hydrogen between the primary side and the secondary side.
It is known from above equations that Jy, is proportional
to d Py, . According to the Sievert’s law, the permeation flux
of hydrogen in metal is proportional to the difference of the
second root of the partial pressure of hydrogen between the
primary side and secondary side, because hydrogen disso-
ciate on the metal surface and diffuse in metal as an atom
of hydrogen. While in PEM, Jy, is proportional to dPy,,
and this result reveals that molecular hydrogen permeates
through PEM.

The value of C3 i in Eq. (4) is equal to zero in this study
because pure argon gas was introduced to the secondary
channel and the diffusion coeflicient of molecular hydrogen
in the PEM, Dy, is expressed as

Crom Q2
Dy, = —=——==4. 12
Ha (C;—Cy) A (12)
The concentration of hydrogen at the secondary side is
negligibly small comparing with the concentration of hydro-
gen at the primary side in this experiment. Therefore, the
approximate expression was applied as

C2.out &5
C, A

(13)

2=
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The diffusion coefficient of hydrogen observed in PEM
film is shown in Fig. 8, and obtained as

» humidified gas to both sides
Dy, =9.08 x 10710 exp(—7.95(kJ/mol)/RT),  (14)

e dry gas to primary side and humidified gas to secondary
side

Dy, = 1.74 x 107° exp(—9.85(kI/mol)/RT),  (15)
o dry gas to both sides

Dy, =6.57 x 107° exp(—13.8(ki/mol)/RT).  (16)

The diffusion coefficient of oxygen through the film of
PEM was obtained using the same procedure as the case to
estimate the diffusion of hydrogen permeation. Fig. 9 shows
the temperature dependence of the diffusion coefficients of
oxygen in PEM, and they were obtained as

e dry gas to both sides
Do, =6.95 x 107! exp(—5.73(kJ/mol)/RT),  (17)

e dry gas to primary side and humidified gas to secondary
side

Do, =648 x 107! exp(—5.20(d/moly/RT),  (18)
o humidified gas to both sides

Do, =8.57 x 107! exp(—5.53(ki/mol)/RT),  (19)

where Doz(mzls) is the diffusion coefficient of oxygen in
PEM.

The diffusion coefficient of oxygen obtained in this study
is about 1/4 of the diffusion coefficient of hydrogen though
about 1/3 is reported by Yoshida et al. [7], though perme-
ability of hydrogen and oxygen obtained by them are about
one order of magnitude larger than the values obtained in
this study.

It is found that helium also permeates through the film of
PEM and diffusion coefficient of helium is compared with
diffusion coefficient of hydrogen or oxygen in Fig. 10. The
diffusion coefficient of helium, Dye (m2/s), obtained for
the case when humidified gas is introduced to both side is
represented by

Dye =3.51 x 1078 exp(—15.4(kJ/mol)/RT). (20)

Comparison in Fig. 10 indicates that helium can permeate
through PEM about two times faster than hydrogen. Con-
sidering that helium is an inert gas and that it has a little
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Fig. 8. Diffusion coefficient of hydrogen in PEM.
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Fig. 9. Diffusion coefficient of oxygen in PEM.

smaller Van der Waal’s radius than hydrogen molecule, it
is considered that the film of PEM has some micro pores
to permit permeation of gas molecules. The effective pore
size for permeation of gas molecules becomes larger with
increase of the water content in the film because larger dif-
fusivity is observed when humidification is applied.
Hydrogen or oxygen permeates through the film of PEM
as the form of molecule generates water on the precious
metal catalyst at cathode side or anode side, respectively,
and does not give any contribution to the electricity output.

Flux of hydrogen permeation or oxygen permeation and the
equivalent current density has the following relationship.

i=2Jy,F, (21)

i=4Jo,F, (22)

where i (A/m2) is the current density and F (C/mol) is
the Faraday constant. The hydrogen permeation flux ob-
served in this study corresponds with the equivalent current
density of about 0.60mA/cm?2. The negative effect on the
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Fig. 11. Change of partial pressure of hydrogen and oxygen with time.

current density from permeation of hydrogen or oxygen is
considered to be negligibly small because the expected cur-
rent density for PEMFC in action is several hundred mil-
liampere per square centimeter in general.

When introduction of flows is stopped, hydrogen perme-
ates from cathode side to anode side to form water until
partial pressure of hydrogen in the both flow channels of

fuel cell becomes same. On the other hand, oxygen perme-
ates from cathode to anode to form water at cathode catalyst
and permeation of oxygen is continued until whole oxygen
disappears from each channel. Change of partial pressure of
hydrogen and oxygen with time in the channels of PEMFC
are shown in Fig. 11, where permeability obtained in this
study is used with supposition that reaction of hydrogen with
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Fig. 12. Amount of water formed in PEMFC after stop of flows.

oxygen on the precious metal catalyst is fast. It is assumed
in this estimation that a PEMFC consists of the 400 sheets
of PEM, which has a surface area of 400 cm2, and the total
volume of the channel space of PEMFC is 0.04 m3. It is also
assumed that pure hydrogen of which pressure is 300 kPa is
considered to be introduced to the primary side and air of
300kPa to the secondary side. Fig. 11 shows that oxygen in
the PEMFC disappears within one hour and transfer of hy-
drogen finishes within 2 h after stop of flow in the PEMFC.
The similar estimation done by using the permeability given
by Yoshida et al. [7] shows that consumption of oxygen fin-
ishes within several minutes as also compared in Fig. 11.
The amount of water formed in PEMFC after stop of the
flows was compared in Fig. 12. This estimation indicates that
the amount of water vapor becomes more than 200,000 ppm
during the stop of flow in the PEMFC for 1 h. This high vapor
pressure may decrease the activity of precious metal catalyst

and dews formed in channels may give some hindering effect
on flow through narrow channels.

5. Conclusion

The behavior of water uptake to PEM was discussed in
this study by using tritium trapping method. It is observed
that there are two tritium trapping process. The rapid pro-
cess has the film thickness dependency and has the capacity
of water uptake as 0.30-0.39(g H20/cm3 PEM). The slower
process has no film thickness dependency and has the ca-
pacity of water uptake as 0.15-0.18 (g HyO/cm3 PEM).

The diffusion coefficient of hydrogen and oxygen in PEM
were obtained in this study. Estimation using these coeffi-
cients indicates that the formed water becomes high vapor
pressure, and it may decrease the activity of precious metal
catalyst and dews formed in channels may give some hin-
dering effect on flow through narrow channels.
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