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OZET

OTOMOTIV POLIMER MEMBRAN ELEKTROLIT YAKIT HUCRESI

SISTEMLERININ ISIL VE SU YONETiMININ MODELENMESI

Abdulrazzak AKROOT
Yuksek Lisans, Makina Miuhendisligi Bolumu
Tez Danismani: Dr. Ozgiir EKICI

Ocak 2014

Polimer membran elektrolit (PEM) yakit hicreleri yuksek gu¢ yogunluklari, dusuk
calisma sicakliklari (60°C - 80°C arasi) ve dusuk cevresel kirlilikleri nedeniyle otomotiv
uygulamalari igin umut verici gug kaynaklarindandir. Membrani nemli tutarak yuksek
proton iletkenligini saglamak, polimer membran elektrolit yakit hicresi malzemelerinin
dayaniklihgr ve yakit hucresinin galisma sicakhginin kabul edilir sinirlar altinda

kalmasi icin uygun su ve termal yonetim gerekmektedir.

Sistemin gug ciktisi, dUretilen su ve 1s1 miktari ve sistem verimliligi ile ilgili olarak bilgi
saglamak; ve bdylece en iyi su ve termal yonetim kosullarina ulasmak amaciyla genel

bir hesaplama yontemi geligtirilmistir.

Bu tezde arag¢ hizi, galisma basinci gibi degiskenlerin sistem bilesenlerinin boyutlari,
IS1 ve su olusumu, yakit tuketimi ve verimlilik Gzerindeki etkilerini anlamak tzere 90
kW PEM yakit hicreli bir otomotiv sistemi igin sistem dizeyinde, sifir-boyutlu bir
termodinamik model gelistiriimistir. Ek olarak, gug¢ ¢ikisi ve sistemin gug kayiplari 1.5

atm ve 3 atm olarak iki farkh calisma basincinda incelenmistir. Yakit hucresi

iv



sisteminin modellenmesi MATLAB'da gergeklestiriimigtir. Sonuglar, 10km/saat ile 140
km/saat hiz aralidinda, 1.5 atm ve 3 atm calisma basinglari igin farkli sistem
yapilandirmalarinin gerekli oldugunu gostermektedir. Sonuglarin agikga gdsterdigi
Uzere katodun c¢ikisindaki su miktari galisma basinci ve hava stokiometri oranindan
etkilenmektedir. YUksek calisma basinci nemlendirme igin ihtiyag duyulan su
miktarinda azalmaya neden olmaktadir. Buna karsilik, duguk c¢alisma basincinda,
katot cikisindaki su miktari tepkiyenleri nemlendirmek igin yetersiz kalmakta ve gerekli
sIvl suyu saglamak Uzere egzozdaki su buharini yogusturmak icin katot ¢ikisinda bir
kondensator gerekmektedir. Sonugclar ayrica gostermistir ki, yiksek calisma basinci
radyatorde daha yuksek miktarda atik 1stiya neden olmakta ve dolayisiyla radyator

boyutu bayimektedir.

Anahtar Kelimeler: Polimer membran elektrolit yakit hicresi, 1sil analiz, su yonetimi.



ABSTRACT

MODELLING OF THERMAL AND WATER MANAGEMENT IN
AUTOMOTIVE POLYMER ELECTROLYTE MEMBRANE FUEL CELL
SYSTEMS

Abdulrazzak AKROOT
Master of Science in Mechanical Engineering
Supervisor: Dr. Ozgiir EKICIi

January 2014

Proton electrolyte membrane fuel cells (PEMFC) are promising power sources for
automotive applications because of their high power density, low operation
temperature (between 60°C - 80°C), and lower environmental pollution. A proper water
and thermal management are needed to keep the membrane humidified for high
proton conductivity, durability for PEMFC materials, and to ensure the operation

temperature of fuel cell stack remains under a tolerable limit.

A general calculation methodology has been developed to provide information
regarding the system power output, amount of water and heat products, and system
efficiency, thereby assisting to achieve the best water and thermal management

conditions

In this thesis, a system level zero-dimensional, steady state thermodynamics model
for an automotive 90 kW PEM fuel cell system has been developed to investigate the
effects of various operating parameters such as vehicle speed, and operating
pressure on the size of the system components, heat and water formation, fuel
consumption and efficiency. Moreover the power output and power losses of the

system are investigated at two different operating pressures: 1.5 atm and 3 atm. The

Vi



model of the fuel cell system was implemented in MATLAB. The results show that
different system configurations are needed for 1.5 atm and 3 atm operating pressures
in a speed range of 10-140 km/hr. It is clear from the results that the amount of water
at the exit of cathode is affected by the operating pressure and air stoichiometry ratio.
Higher operating pressure causes a decrease in water needed for humidification
process. On the other hand, at lower operating pressure the water at the exit of
cathode is not enough to humidify the reactants and a condenser at the exit of the
cathode is needed to condense the water vapor at the exhaust to supply the required
liquid water. The results also show that higher operating pressure causes a large

amount of heat rejected in the radiator and therefore increases the size of radiator.

Keywords: Polymer electrolyte membrane fuel cell, thermal analysis, water

management.

Vii



Dedicated to my mother, wife and sons

viii



ACKNOWLEDGMENTS

This thesis would not have been possible without the support of many people. | wish
to send my deepest appreciation to my supervisor, Dr. Ozgir EKICI. This thesis

would not be possible without his support and guidance.

| would also like to thank Assoc. Prof. Dr. Murat KOKSAL who were abundantly
helpful and provided me with the optimum guidance, support and motivation. Many
thanks also go to other faculty members at the Department of Mechanical

Engineering, Hacettepe University.

Lastly, | would like to thank Hacettepe University and especially the Department of
Mechanical Engineering for the enormous learning outcome | have gained during the

past three years.



TABLE OF CONTENTS

Page
(@ 74 = I TSP PEU PR PUPERPTPRRPRPN iv
AB ST R A CT et ennans Vi
ACKNOWLEDGMENTS ... e e e e e e e e ennans IX
TABLE OF CONTENT S ... e e e e e e eenens X
LIST OF FIGURES ...t e e e e e e e e e Xiii
LIST OF TABLES ... oot e e e e e XVi
NOMENCLATURE. ... et e e e e e et e e e eaaans XVii
CHAPTER L ettt e ettt e e e et e e e e eaba e e e e eaaa e eaaees 1
INTRODUCTION AND LITERATURE REVIEW ... 1
1.1 Main Components of a Polymer Electrolyte Membrane Fuel Cell...............cc..uee. 1
1.1.1 Membrane Electrode ASSembly (MEA) ..........uuuiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiieees 2
1.1.2 BiPOIAr PIALES.......uuuiiiiiiiiiiiiiiiiiiiieti b 4
1.2 Principle Operation of a PEM Fuel Cell ... 4
1.3 Water Management in the PEM Fuel Cell............ccciiiiii e, 6
1.3.1 Membrane Dehydration ..............ccooiiiiiiiiiiiie e 8
1.3.2 Electrodes FIOOAING .......coiiiiiiiieeiee e 8
1.4 Thermal Management in the PEM Fuel Cell ..., 9
1.5 LItErature REVIEW .......uuuuiiiiiiiiiiiiiiiii i 10
1-6 THESIS ODJECHIVES .....cieii e e e e e s 18
1-7 TRESIS STTUCTUIE ...ttt 19
CHAPTER 2 ettt e e et e e et e e e e et e e e e eaaa s 20
A 0-D STEADY-STATE SYSTEM MODEL FOR A PEM FUEL CELL SYSTEM........ 20
2.1 Fuel Cell StaCk MOAEL........ccooiiiiii e 24



2.1.1 Fuel Cell Voltage MOAEl .......ccooviieeiie e 24

22 It I =T T 1] = U o 24
2.1.1.2 NernSt POIENTIAL ........oeeiiiiiiiiiiieie e 26
2.1.1.3 Cell POLENTIAL ... 28
2.1.1.3.1 ACHVALION LOSSES.... oo iiieeeeeeeee e 29
2.1.1.3.2 ONMIC LOSSES ... ..o 30
2.1.1.3.3 CONCENIIAtION LOSSES ... .ccieiieeeeeeeeee e 32
2.1.1.4 Fuel Cell Thermal EffiCIENCY ......cooeeeeeeeeeeee e 33
2.1.2 Anode FIOW MOEL ... 33
2.1.3 Cathode FIOW MOAEL........ccoo oo 36
2.1.4 Membrane Hydration MOdel ..o 40
2.1.5 Heat Transfer MOEl...........coooiiiiiiiieee e 42
2.2 Fuel Cell SYStem MOAEL.......ccoooiiiie e 45
2-2-1 COmMPreSSOr MOAEL..........iiiie e 45
2.2.2 HUMIAIfIEr MOEI ... 46
2.2.3 RAAIAIOr MOGEI ... . 48
2.2.4 PUMP MOEI ...t 49
2.2.5 Net System Power and System Thermal EffiCiency..........cccooeveeiii, 49
2.3 VehiCle MOAEL ... 50
2.4 SUMIMBTY ..ottt et e e e e ettt et e et e e e e e e et e e eb e e e e e e e e e e es b n e e e e e 51
(O 1N = PP 52
SOLUTION METHODOLOGY ...ttt e e e eaa e e e eennns 52
3-1 PEM fuel cell Stack Model Integration in MATLAB ... 54
3-2 Automotive PEM fuel cell System Integration in MATLAB..........cccoovvvviiviiiineeeen, 57

Xi



CHAPTER 4 L. e 59

RESULTS AND DISCUSSIONS ...t e 59
4.1 Analysis of PEM Fuel Cell MOdEel..........cccooiiiriieiiiee e 59
4-2 Analysis of an Automotive PEM Fuel Cell System Model.............cccovvvvviiiiinnnnnn. 63
4.2.1 POWET OULPUL ...ttt e e e e e e e e e e e 63
4.2.2 FUEl CONSUMPLION.....coiiiiiiiiiiiiiiiieiieeee ettt e e 68
4.2.3 Fuel Cell Thermal Efficiency, and System Thermal Efficiency ........cccccccvvvveeeen. 69
4.2.4 Water ManagEMENT ........ccii ittt e e e e e e e e 70
4.2.5 Thermal Management...........coouiiiiiiiiiiiiiiiiiieieeeeeeeeeee ettt 75
CHAPTER O et e et e e e et e e e e ta e e e eana s 80
CONCLUSIONS AND RECOMMENDATIONS FOR FUTURE WORK..........cccevvune... 80
Recommendations fOr FULUIE WOIK ...........oooiiiiiiiiiiieeeeee e 81
REFERENGCES ... e e e e e e e s 83
APPENDIX e e e enaaas 88
MATLAB CODE ... et e et e et e e e e e e e e e e e enna s 88
CURRICULUM VT A ettt e et e e e e e e e e e e e e enna s 99

Xii



LIST OF FIGURES

Page
Figure 1.1. Construction of a PEM fuel cell stack (Ahn, 2011). .......cceeiiiiiiiiiiiiiiiieeeeeee, 2
Figure 1.2. Construction of a membrane electrode assembly .............ccccccoiiiiiiiiiiiinnnne 3
Figure 1.3. The transport processes for a PEM fuel cell (U.S. DOE, 2011)..................... 6
Figure 1.4. Mechanism of water transport in PEM fuel cell ...........cccccooviiiiiiiiiiiiine, 7

Figure 1.5. Schematic of a direct —hydrogen fuel cell system (Badrinarayanan, 1999).12

Figure 1.6. Direct hydrogen fuel cell system (Moore et al, 2005) ...........cccccmmimrrnnnnnnnne 13
Figure 1.7. Schematic diagrams of the water and thermal management system in a

pure-hydrogen PEM fuel cell system (Bao et al, 2006). ..........ccoevvrviiiiieeeeeriieiiicee e, 14
Figure 1.8. Fuel cell system schematic (Wishart et al, 2006) .............ccccoeeveieeeriiiiininnnnnn. 15
Figure 1.9. Schematic view of a fuel cell engine system (Mert et al, 2012) ................... 16
Figure 1.10. Schematic view of a fuel cell power system (Hosseini et al., 2012)........... 17
Figure 1.11. Schematic diagram of PEM fuel cell system (Elham et al, 2013) .............. 18

Figure 2.1. A schematic diagram of an automotive PEM fuel cell system at 1.5 atm
(o] o= = LT g I o] (=111 U = 21
Figure 2.2. A schematic diagram of an automotive PEM fuel cell system at 1.5 atm

OPEIALION PIESSUIE .. .ceeeiiiiiiii e e e e e e e ettt e e e e e e e e e ettt e e e eeeeeeeeasaaa e e eeeeeeeeessasannaaeeeaeeenenns 23
Figure 2.3. Schematic diagram of the polarization curve of a PEM fuel cell................... 29
Figure 2.4. Effect of electrolyte thickness on the cell voltage ..............ccccccuvviiiiiiininnnnnes 32
Figure 2.5. Anode mass flow DalanCe ... 34
Figure 2.6. Cathode mass flow balance ... 37
Figure 2.7. Mass flow in the membrane flow model ..............cccoooi i, 40
Figure 2.8. Energy balance of the fuel cell SyStem ............cccccciiiiiiiiiiiiiie 43
Figure 3.1. Flow Chart of the Automotive PEM Fuel Cell System ...........ccccccevviinnnnnnnne 53
Figure 3.2. PEM fuel cell model OVEIVIEW...........coouuiiiiiiii e 57

Figure 4.1. Fuel cell voltage and voltage losses as a function of cell’'s current density

for an operating pressure Of 3 @M .......coovi i 60

Xiii



Figure 4.2. Fuel cell output voltages as a function of cell’'s current density for
operating pressures Of 1.5 and 3 atm. ........ccooiiiiiiiiiiiiiii e 61
Figure 4.3.The power density of fuel cell as a function of cell’s current density for
IffEIENT PIrESSUIES. ... e 63
Figure 4.4. Power output as a function of vehicle speed for two different operating
PIrESSUIES. ..ttt teie ettt e et e et e e et r e et e e e et e e e et e e e e e e e e e e e e e et e e e e e e e e ea e e ae 64
Figure 4.5. Propulsion power required as a function of vehicle speed.................cc....... 65
Figure 4.6. Auxiliary powers as a function of vehicle speed for two different operating
IS SUIES. ..ttt ettt e et et e et e et e e et r e e et e e e et e e e e b e e e e e et e e e e et e e e e e e e e e e e e e et e e e aes 66
Figure 4.7. Auxiliary powers as a function of vehicle speed for 3 atm operating
T ST U] PP 67
Figure 4.8. Auxiliary powers as a function of vehicle speed for 1.5 atm operating
OS] <SP 68
Figure 4.9. Hydrogen consumption as a function of vehicle speed for two different
OPETALING PIESSUIES. ...t 69
Figure 4.10. Efficiencies as a function of vehicle speed at two different pressures ....... 70
Figure 4.11. The amount of water at the exit of stack and injected water required for
humidification process as a function of vehicle speed for 3 atm operation pressure. ....71
Figure 4.12. The amount of water at the exit of stack and injected water required for
humidification process as a function of vehicle’s speed for 1.5 atm operation pressure.72
Figure 4.13. The water needed for humidification process as a function of vehicle
speed for two different operating PreSSUIES. ........covvvviiiiiiiii e 73
Figure 4.14. The amount of liquid water at the exit of cathode and injected water
required for humidification process at constant vehicle speed at 120 km/hr with
variable air stoichiometric ratio at two different operating pressures. .........cccceeeeeevvnnnnnn. 74
Figure 4.15. Heat balance of fuel cell stack as a function of vehicle speed for two
different OPErating PrESSUIES. .....ccoiiii e 76
Figure 4.16. Heat rejected in radiator as a function of vehicle speed for two different
OPEIALING PIESSUIES. .. iiiiteee ettt e e ettt e e et e e e e et e e e e e et e e e e e ea e e e eeta e e e eesaa e eeeesaaeeeeesaans 77
Figure 4.17. Required heat exchanger areas as a function of vehicle speed at two

different OPEratioN PrESSUIES. .....ccoiiiiiiiiiiiiie et e e e e e e e e e e e e 78

Xiv



Figure 4.18. The amount of coolant flow rate as a function of vehicle speed for

QI EIENT PrESSUIES. ... ettt e e e e e e e e ettt e e e e e e e e e e e ataa s e eeeeeeennnes 79

XV



LIST OF TABLES

—Page
Table 3.1.The Fuel Cell Stack Parameters..........ccccccvvviiiiiiiiiiiiiiiiiiiiiiieeeeeeeeeeeeeeee 55
Table 3.2. PEMFC Model CONSLANTS .......oiiiiiiiiiiiiiiiiiiiee et 56
Table 3.3. PEMFC Model OUIPULS .......cooviiiiiiiiiiiiiiieiieeeeeeeeeeeeeeeee ettt 56
Table 3.4. TOYOTA Vehicle Specifications .............ceiiiiiiiiiiiiiiiiie e 58
Table 3.5. Thermal System CharacteriStiCS ..........uuuuiiiiiiieiiiiieiee e 58
Table 3.6. PEM Fuel Cell System Model OULPULS..........cccovviiiiiiiiiiiiiiiiiiiiiiieiieeeeeeeee 58

XVi



NOMENCLATURE

a vehicle acceleration due to gravity (m.sec™?)

Stack exposed surface area (m?)

aw Water activity

Acen Active area of the fuel cell (cm?)

Acond Cross-sectional area of the conductor (cm?)

Agsr Effective area of radiator

Atrontal Frontal area of vehicle (m?)

Arag Frontal area of the radiator

C Concentration

CH,,an Concentration of hydrogen at the anode

Co,ca Concentration of oxygen at the cathode

Cq Aerodynamic drag coefficient

Cpw Specific heat of water at constant pressure (kg=*K~%
Crr Rolling resistance coefficient

Cy lonomer water concentration

Dag Diffusion coefficient (cm s™) (cm.sec™1)

Dy Diffusion coefficient (cm. sec™)

E potential (V)

E° Standard reversible potential (V)

EW Equivalent molecular weight of the ionomer material
E°rp Equilibrium potential for a give temperature and pressure (V)
F Faraday constant (Cmol™)

H Enthalpy of formation (W)

hair Natural convection heat transfer coefficient of air( W.m=2.K™1)
H?g Enthalpy of evaporative (W)

HHVy, Higher heating value of hydrogen (W)

i Current density (A. m?)

10 Exchange current density (A. m?)

XVii



r.nOz,reacted
r.ncool
IilHz,an ,in
thz,an ,out
thz,reacted
thz,in

mH2 0O,an,in

mHZO in ,an,outliqid

My, 0,an,out

mH2 O,ca,in

mHz O,ca,outliqgid

thz O,ca,out
mHz O,gen
rhNz,ca ,in
IhNz,ca ,out
rhOz,ca ,in
rhOz,ca ,out
Ihair,in

Myiff mem

Limiting current density (A. m?)

Thermal conductivity of coolant ( W. m™2)

Thickness of the electrolyte (cm)

Length of the conductor (cm)

Total vehicle mass (kg)

Mass flow of water vapor (g.sec™1)

Molecular weight of hydrogen (kg. kmol™1)

Molecular weight of water (kg. kmol™1)

Molecular weight nitrogen

Molecular weight of oxygen

Mass flow rate of oxygen reacted (g.sec™1)

Mass flow rate of the coolant water

Mass flow rate of hydrogen gas entering the anode (g.sec™?)
Mass flow rate of hydrogen gas leaving the anode (g.sec™)
Mass flow rate of hydrogen reacted (g.sec™?)

Mass flow rate of hydrogen (g.sec™1)

Mass flow rate of water vapor entering the anode (g.sec™1)
Mass flow rate of liquid water leaving the anode (g.sec™)
Mass flow rate of water leaving the anode (g.sec™1!)

Mass flow rate of water vapor leaving the cathode (g.sec™1)
Mass flow rate of liquid water leaving the cathode (g.sec™?)
Mass flow rate of water vapor leaving the cathode (g.sec™1)
Mass flow rate of water generated in fuel cell reaction (g.sec™1)
Mass flow rate of nitrogen gas entering the cathode (g.sec™)
Mass flow rate of nitrogen gas leaving the cathode (g.sec™)
Mass flow rate of oxygen gas entering the cathode (g.sec™1)
Mass flow rate of oxygen gas leaving the cathode (g.sec™?)
Mass flow rate of inlet air (g.sec™1)

Mass flow rate of water transfer by back diffusion (g.sec™)

Xviii



mosm,mem

Neel)

Qiin
Qiout
Qconv
Qcool
Qenv
Orad
Qradiator

R

Mass flow rate of water transfer by electro osmotic drag (g.sec™)

Number of moles of electrons transferred
Number of cells

Electro-osmotic drag coefficient
Hydrogen pressure (Pa)

Pressure of the water vapor (Pa)

Oxygen pressure (Pa)

Nitrogen partial pressure

Oxygen partial pressure at the cathode
Pressure of anode (Pa)

Parasitic loads by all auxiliary system equipment
Pressure of cathode

Compressor power (w)

Electric power consumption for the fan
Theoretical power of incoming fuel

Pump work rate consumption

Road load power (w)

Water vapor saturated pressure (Pa)
Water vapor pressure at anode (Pa)
Cathode water vapor pressure

Air volume flow delivered by the fan (m3.sec™?)
Charge (C.mol™1)

Heat of reactant gases (W)

Heat of unused and produced by the product reactant gases (W)

Heat loss due to convection (W)

Heat carried from the fuel cell to the coolant (W)
Heat dissipated to the environment (W)

Heat loss due to radiation (W)

Heat transfer dissipated through radiator

Universal gas constant (J.mol~1. K1)

XiX



Welc
V'vcom
YHZ,an,in
YHZ,an,un used
YN 2,€a,in
¥Y0,,an,used
¥0,,anode,in
Yv,an,in

Yv.ca,in

Oxygen volume fraction

Electrical resistance (Q)

lonic resistance ()

Ohmic resistance ()

Entropy

Absolute temperature (K)

Thickness of the membrane (cm)
Temperature of water which enters the fuel cell (K)
Stack temperature (K)

Overall heat transfer coefficient

Average velocity of air (m.s™1)

Voltage loss due to activation polarization (V)
Voltage loss due to concentration polarization (V)
Voltage loss due to ohmic polarization (V)
Stack voltage (V)

Cell potential (V)

Vehicle speed (m.s™1)

Electrical power output (W)

Electricity generated (W)

Compressor work done (W)

Mole fraction of hydrogen at the inlet flow
Mole fraction of hydrogen unused

Mole fraction of nitrogen at the inlet of cathode
Mole fraction of unused oxygen

Mole fraction of oxygen at the inlet of cathode
Molar fraction of inlet water vapor

Molar fraction of inlet water vapor at the inlet of cathode

XX



Greek Letters

Dan Relative humidity inside the anode (%)
Dea Relative humidity inside the cathode
As® Change in standard-state entropy

ATy m Mean temperature difference

AP, Pressure drop on the cathode side
€stack Emissivity of stack surface

Ncomp Compressor efficiency

urs Actual fuel cell efficiency

Nsys System efficiency

Ntheo Theoretical efficiency of fuel cell

Ay, Stoichiometric ratio of hydrogen (g.sec™1)
Ao, Stoichiometric ratio of oxygen

Am Membrane water content

Pair Ambient air density ( Kg. m™3)

Pdry Density of dry ionomer ( Kg. m™3)

N Humidity ratio at the inlet of humidifier
a Charge transfer coefficient

S Thickness (cm)

AG Gibbs free energy (W)

Ap Total pressure increase in the fan (Pa)
o Electrical conductivity (2 ™' cm™)

o Stefan-Boltzmann constant (W.m™2.K™%)

XXi






CHAPTER 1
INTRODUCTION AND LITERATURE REVIEW

Fuel cell systems, which recently have been emerged, are one of the most promising
power-generation technologies for the future. They convert the chemical energy of the
fuel directly to useful electricity at very high efficiencies. Fuel cells were invented in
1839 by Sir. William Grove. Fuel cells offer many advantages which make them best
suited to the production of energy. The most important one is the combination of

relatively high efficiency and reduction in atmospheric pollution at the same time.

Fuel cells are commonly classified by the type of electrolyte used in the cells: Polymer
electrolyte membrane (PEMFC), alkaline (AFC), phosphoric acid (PAFC), molten
carbonate (MCFC) and solid oxide (SOFC). PEM Fuel cell appears to be the most

attractive option for automotive applications because of its low operating temperature.

1.1 Main Components of a Polymer Electrolyte Membrane Fuel Cell

Polymer electrolyte membrane fuel cell (also known as proton exchange membrane
fuel cell) typically consists of the following components as seen in Figure 1.1 These
include a membrane electrode assembly (MEA), and two bipolar plates (BPs) at the
cathode and anode sides.



Current collector

Fuel cell stack

T,

Unit cell

=N

End plate

Bipolarplate GDL \I\/IEA

Figure 1.1. Construction of a PEM fuel cell stack (Ahn, 2011).

1.1.1 Membrane Electrode Assembly (MEA)

The key part of a PEM fuel cell is a membrane. It is made of a polymer electrolyte
membrane sandwiched between the two electrodes doped with catalysts particles.
Therefore, a membrane electrode assembly is composed of an electrolyte, two gas
diffusion layers (electrodes) and two catalyst layers as seen in Figure 1.2.

The most commonly used type of membrane material is Nafion™, a member of the
peruorosulfuric acid (PFSA) family of polymer membranes. The main functions of the
membrane are to conduct the protons from anode side to cathode side while
preventing the transport of electrons through it, and to separate the gases in the
adjacent cells (Barbir, 2005).

According to Spiegel (2008), a PEM fuel cell electrolyte must meet the following

requirements in order for the fuel cell to work properly:

e Must have high ionic conductivity.



Must present an adequate barrier to the reactants.

Must be stable chemically and mechanically.

Must have low electronic conductivity.

Must have ASE of manufacturability.

Must have preferably low cost.

electrode
>

< MEA -

Bipolar plate -«—— —>» Bipolar plate
Gas diffusion layer €—— —» Gas diffusion layer
Catalyst layer €—— —> Catalyst layer
\ /
Electrolyte

Figure 1.2. Construction of a membrane electrode assembly

The catalyst layer is a complex structure in the PEM fuel cell because it is where the
half electrochemical reactions take layers for both cathode and anode promoting the
half electrochemical reactions. The anode is the negative side of the fuel cell,
conducts the electrons that are liberated from the hydrogen oxidation reaction so that
they can be used to produce power in an external circuit. The cathode is the positive

side of the fuel cell, conducts the electrons back from the external circuit to the



catalyst, where they are consumed and combined with the hydrogen ions and oxygen
to produce water (Zhang, 2008). They are usually made of carbon black particles
supporting platinum or platinum alloys particles. These layers are porous. The
thickness of these layers is in the range of 5 to 30 ym (Mench, 2008).

The gas diffusion layer is the layer between the catalyst layer and bipolar plates. It is
made of porous media such as carbon fiber or carbon cloth. It has a thickness in the
range of 200 to 400 um (Mench, 2008). The gas diffusion layer in a PEM fuel cell
plays multiple roles: provides electronic connection between the bipolar plate with
channel-land structure, provides a pathway for reactant transport and heat/water
removal, prevents the membrane electrode assembly (MEA) from sagging into the
flow field channels, and protects the catalyst layer from corrosion or erosion caused

by flows or other factors (Barbir, 2005).

1.1.2 Bipolar Plates

The bipolar plates in a fuel cell are traditionally made of a highly conductive material
such as graphite because of it has good mechanical, electronic and thermal
properties. Bipolar plates are a significant part of the PEM fuel cell stack, which
account for about 80% of total weight and 45% of stack cost (Hermann, 2005). The
bipolar plates have multifunctional character in a PEM fuel cell. They connect and
transport electrons from the cell to an external electrical circuit, separate the reactant
gas in adjacent cell, conduct heat from active cell to the environment and to the
cooling section of a stack, and provide structural support for the stack (Barbir et al,
1999).

1.2 Principle Operation of a PEM Fuel Cell

The basic electrochemical reaction cell consists of an anode and a cathode electrode
where on their surfaces the electrochemical reactions occur, electrolyte to conduct
ions from one electrode to the other, and the external circuit between electrodes for

current flow. During the fuel cell operation, hydrogen is supplied at the anode side of
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fuel cell and the reaction in the anode catalyst layer cause the hydrogen to be
converted into protons (H') and electrons (e). The protons diffuse through the
membrane to the cathode side. The electrons flow from the anode side to the cathode
side through an external circuit to power the load. Oxygen is supplied as reactant gas
at the cathode side of fuel cell. At the cathode, the electrons and protons combine
with oxygen molecules to produce water, which flows out of the cell. The transport
processes for a PEM fuel cell are shown in Figure 1.3.

The electrochemical reactions that take place within PEM fuel cell are given below.
The reaction occurring at the anode side is:

Hy— > 2H +2¢e (1.1)
The reaction occurring at the cathode side is:

1%0,+ 2 +2H —> H,0 (1.2)
The overall cell reaction by combining the anode and cathode reactions is:

H,+ %0, —> H,0 (1.3)
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Figure 1.3. The transport processes for a PEM fuel cell (U.S. DOE, 2011)

1.3 Water Management in the PEM Fuel Cell

Water management is an important problem in PEM fuel cells. For high ionic
conductivity through the electrolyte, membrane must be kept hydrated. However,
liquid water formation can restrict the flow channels and degrade the performance
(also known as flooding) if the excess water is not removed. A well designed fuel cell

system must operate with a well humidified electrolyte without any flooding.

In a PEM fuel cell operation, water is formed due to the oxidation reduction reaction
(ORR) at the cathode side (Eqg. 1.2). Water is also supplied by an external
humidification system to the anode and the cathode since both the fuel and air
streams are humidified. Water gets transported through the electrolyte via various
mechanisms. Figure 1.4 shows a schematic diagram for the mechanism of water
transport in a PEM fuel cell. It can be seen from this figure that the water transported
across the membrane occurs under three different transport mechanisms: the electro-
osmotic drag (water transport from anode to cathode) which is related to the transfer
of protons through the membrane, back diffusion due to the water concentration

gradients from the cathode to the anode, and convective transfer due to pressure



gradients in the fuel cell (Yan et al., 2004). Water may be transferred from one side of

the membrane to the other if there is a pressure difference between the cathode and

the anode.
Inlet : H, and H,O (v) Inlet : O,, N, and H,0 (v)
Electron (¢")
A 4 A4
tion
H, —» 2H"+2e” Anode Cathode 140, +2¢ +2H' — 3 H,0
Diffusion
Outlet : Unreacted H, and H,O (v) Outlet : O, , N;, HO (v) and H,O (I)

Figure 1.4. Mechanism of water transport in PEM fuel cell

Electro-osmotic drag (EOD) is one of the main water transport forces in the proton
exchange membrane. It is occurs due to the motion of the protons across the
membrane from the anode to cathode carrying water molecules with them. The rate
of water transport due to electro-osmotic drag is important because it directly affects
the water balance in the PEM fuel cell and it is proportional to current density. It has
been suggested that the number of water molecules dragged is relatively dependent
on the nature of the polymer and the operating temperature but not on the thickness
of membrane. (Zawodzinski et al, 1993). The number of water molecules carried by

each proton is normally between 0.5 and 1.5 molecules per proton.

Back diffusion means the transfer of water through the membrane from the cathode to
the anode as a result of concentration gradient of water across the membrane. Water

transport in the membrane by back diffusion is usually affected by the fuel cell



temperature, the current density, the humidity of the feed gases and the membrane

water content (Yan et al, 2004).

In the convective transfer (hydraulic permeation), the water transports in PEM fuel cell
between the anode and the cathode due to the pressure gradient. The hydraulic
permeation is generally negligible compared to the effects of electro-osmotic drag and

the back diffusion, due to very low membrane hydraulic permeability (Dai et al, 2009)

1.3.1 Membrane Dehydration

Insufficient water causes dehydration of membrane that decreases proton
conductivity and increases ohmic resistance for proton transport, which leads to a
reduction in output power, degraded of fuel cell performance, and the membrane may
be permanently exposed to drying conditions (Canut et al., 2006). Membrane
dehydration may be caused due to the following reasons: the reactants are fed to the
cell with low humidified or dry gas streams; water generation at the cathode alone is
not able to compensate the lack of water, especially at higher cell operating
temperatures; and electro-osmotic drag can also cause to dehydrated condition at the
anode because at high current densities the water replenishment by back-diffusion is
not sufficient to keep the anode side of the membrane hydrated (Schmittinger and
Vahidi, 2008).

Dehydration can be mitigated by humidifying the reactant gases at a large value to
ensure that the membrane remains fully hydrated, by decreasing the flow rates of the

reactants or by decreasing the operating temperature of the fuel cell.

1.3.2 Electrodes Flooding

Floods occur in both the anode and the cathode of the membrane due to the
accumulation of excess water at high current densities. When the water generated is
greater than the water removal, the flooding occurs at the pores of the catalyst layer
(CL), the gas diffusion layer (GDL), and the gas flow channels (Li et al, 2008). This
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water flooding increases the internal resistance of the cell, prevents the reactants
from reaching the catalysts’ active sites, and reducing the PEM fuel cell performance
dramatically (Jiao & Li, 2011).

Flooding of the cathode is more common than flooding of the anode because of the
water generation as a result of oxidation reduction reaction, water transfer across the
membrane due to the influence of electro-osmotic drag phenomena, and water supply
with oxygen/air and hydrogen flows. Nevertheless, the anode may be exposed to
flooding at lower current densities, lower cell temperatures, and water back-diffusion
from the cathode together with a low hydration state of the fuel gas stream
(Schmittinger&Vahidi, 2008). The flooding of the cathode and the anode can be
alleviated by increasing the operating temperature resulting in a higher vapor
pressure of water (Ji & Wei, 2009; Jiao & Li, 2011)

1.4 Thermal Management in the PEM Fuel Cell

In a PEM fuel cell, although the operating temperature is low, there is significant
amount of heat dissipated during operation. This energy will lead to an increase in the
operating temperature of the fuel cell drying the electrolyte and decreasing the proton
transfer across, if it is not adequately removed from the stack. Engineering design

and sizing of the stack cooling system is an important issue in a fuel cell system.

At the fuel cell stack, the chemical energy of hydrogen is converted to electricity and
heat. The stack is the main source of heat generation in the fuel cell system. The heat
generation in a PEM fuel cell stack includes entropic heat due to change of the
entropy of the electrochemical reaction, irreversibility’s of the electrochemical
reactions inside a fuel cell, and ohmic heat that results from both the proton current
and the electron current (Kandlikar and Lu, 2009). This heat has to be removed from

the cell by the cooling system to avoid overheating.



The performance of the heat management of the fuel cell depends strongly on the
temperature. The operating temperature has a significant influence on PEM fuel cell
performance. The increase in the operating temperature affects cell performance
since it decreases the reversible open circuit voltage (Nernst equation), increases the
reaction rate and decreases the activation over potential, and increases the rate of
mass transport (Peng and Lee, 2006). However, in a PEM fuel cell, the operating
temperature also affects the water management components because the
temperature inside the cell affects the water balance through the vapor pressure of
water (Zaffou et al, 2006). Moreover, the most critical challenges from the water
management point of view are membrane dehydration and cathode flooding which
are affected by the operating temperature of a PEM fuel cell (Kandlikar and Lu, 2009).

The PEM fuel cells are usually developed to operate in a temperature range of 60 to
80°C. If the PEM fuel cell is working at a lower temperature, water condensation can
be accelerated and water flooding occurs which causes low proton conductivity and
low electrochemical reaction rates. On the other hand, if the PEM fuel cell is working
at higher temperature, water removal increases from both the cathode and anode. As
a result, the membrane may be exposed to dehydration that causes high ohmic
resistance of the membrane which leads to low conductivity of protons. Therefore,
proper thermal management is necessary in order to ensure that a stack operates

within the specific range of temperatures (Ahn, 2011).

1.5 Literature Review

Most of the research efforts for automotive applications focus on PEM fuel cells due
to their capability of higher power density and faster start-up compared to other fuel
cell types. Water and thermal management for PEM fuel cells has become one of the
key technical challenges that must be resolved in order to be used in automotive
applications. Proper water and thermal management is important for optimizing the

performance of a fuel cell stack.
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Water and heat management in automotive fuel cell systems can be categorized and
analyzed at cell and systems levels. The cell level studies investigate the effects of
parameters such as pressure, flow rate, temperature, humidity, and membrane
thickness on the performance of the fuel cell stack (Freire and Gonzalez, 2001;
Amirinejad et al, 2006; Yuan et al.,2010; Yu and Jung, 2008; Yan et al, 2008;
Guvelioglu and Stenger, 2007).

The system level studies investigate the performance of the overall system including
the air and hydrogen supply systems, pumps, compressors, fans and other auxiliary
equipments. There are numerous system level studies PEM fuel cell systems. Some
of these systems are directly for automotive applications whereas others are more

generic.

Badrinarayanan (1999) studied a direct hydrogen fuel cell system model as presented
in Figure 1.5. The model investigated the impacts of various parameters on the water
and thermal management of the fuel cell system. The results showed that an increase
in cathode pressure or decrease in cathode stoichiometry can decrease the water
and thermal management parasitic loads. The results also showed that the size of the
radiator and condenser should be taken into account in a full optimization of system

performance.
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Figure 1.5. Schematic of a direct —hydrogen fuel cell system (Badrinarayanan, 1999)

Maxoulis et al. (2004) studied numerically the effects of various design and operation
variables of the fuel cell stack, such as maximum stack power, catalyst activity and
water concentration in the channels, in the fuel consumption of a vehicle equipped
with a specific stack. The results showed that the cathode reaction kinetic rates have
a higher impact on stack temperature and fuel consumption than the kinetics of the
anode, and the cathode water concentration significantly affects the fuel consumption,

while the anode water concentration has a negligible effect.

Moore et al. (2004) studied a direct hydrogen fuel cell system model as shown in
Figure 1.6. There are four major subsystems in this model: fuel cell stack, air supply
system, water and thermal management system, and hydrogen supply. The air supply
at high pressure is provided by a compressor. In this system no humidifier is included
for controlling the air humidity entering the cathode. The water and thermal
management (WTM) system includes the primary heat transfer component (radiator)
and primary water recovery unit (condenser) within the fuel cell system. The hydrogen
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supply subsystem consists of a high-pressure hydrogen tank for the hydrogen
storage, and a recirculation loop to add the unused hydrogen in the stack exhaust into
the flow of fresh hydrogen from the storage tank. The results showed that the WTM
system is strongly affected by the operating parameters (cathode pressure and

cathode stoichiometry).
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Figure 1.6. Direct hydrogen fuel cell system (Moore et al, 2005)

Bao et al. (2006) simulated a steady-state, one-dimensional, isothermal PEM fuel cell
system model as seen in Figure 1.7. The model was developed to investigate the
effects of air stoichiometric ratio and the cathode outlet pressure on the thermal loads
of different components, including fuel cell stack, radiator, condenser, and membrane
humidifier. The decrease of air stoichiometric ratio or the increase of cathode outlet
pressure decreases the parasitic load of condenser because the moisture content in

the cathode exhaust mixture decreases.

13



Recycling/Injection pump

il

L

Hydrogen < Pump
Humidifier » Anode

1 i —’O_Jj
-

Stack

L 4

. Water Reservior

-

Air |
il Humidifier > Cathode

y Condenser

ek
Radiator

k4

( ) Water ¢
Reservior

Pump

Figure 1.7. Schematic diagrams of the water and thermal management system in a
pure-hydrogen PEM fuel cell system (Bao et al, 2006).

Wishart et al. (2008) studied numerically a zero-dimensional, steady-state
electrochemical model of fuel cell system as seen in Figure 1.8. The model
investigated the optimal operating conditions applied to a fuel cell system designed to
operate in automotive and stationary applications. The system model is developed to
provide the time-independent polarization curves, power curves and system
efficiencies at various operating conditions. The results showed that the reduction in
the air stoichiometric ratio and operating pressure causing an increase in net power is
due to a decrease in the necessary power of the auxiliary devices (compressor and
cooling system). It is also showed that the system efficiency increases with a

decrease in operating pressure and stoichiometric ratio.
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Figure 1.8. Fuel cell system schematic (Wishart et al, 2006)

Mert et al. (2012) analyzed a PEM fuel cell engine system as seen in Figure 1.9
which is used in transportation applications. This system consists of components
such as a compressor, humidifiers, pressure regulator, hydrogen storage tank,
cooling system, heat exchanger and the fuel cell stack. The system performance was
investigated through parametric studies of energy, exergy and work output values by
changing operating conditions and system parameters. The results showed that the
system efficiency increases with the increase of temperature and pressure and it is
also showed that an increase in relative humidity of the system has a positive effect
on the efficiency and power production values. In addition, the results showed that the

efficiency increases with the decrease of membrane thickness, anode stoichiometry,

and cathode stoichiometry.
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Hosseini et al. (2012) simulated a fuel cell power system as seen in Figure 1.10. They
studied the effects of current densities, membrane humidity, and pressure difference
between anode and cathode on the generated power. It is shown that if the pressure
difference between anode and cathode arises, hydrogen ions flow throw the
membrane is disturbed. This disturbance will decrease the terminal voltage of fuel cell
system. The results also showed that the amount of injected water into the flow is a
critical parameter of power generated by the system. As the humidity of inlet air
increases the terminal stack voltage increases too. They also indicated that the best
range for current density to have efficient and powerful system is between 0.6 to 0.9
Alcm?. At high current densities electrochemical reaction rate increases therefore
terminal voltage of the system increases. On the other hand, the fuel cell stack losses
increases while the current increases and fuel cell efficiency drops down rapidly due

to these losses.
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Hosseinzadeh et al. (2013) recently presented a general zero-dimensional PEM fuel
cell model for a truck application as seen in Figure 1.11. The model was developed to
study the water and thermal management and balance of the fuel cell stack. The
results showed that the decrease of air humidity increases the ionic resistance
eventually and it causes a significant drop in the voltage. In addition, the air
stoichiometric ratio must be greater than one to remove produced water from the
stack to prevent cathode from flooding. Furthermore, the operating temperature of the
cell significantly affects the fuel cell performance. Higher the temperature increases
the need for humidicaftion and water production cannot meet the corresponding

demand.
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1-6 Thesis Objectives

As can be seen from the literature review of previous system level studies, a PEM
fuel cell system model that directly links the performance parameters of a typical
passenger car to its fuel cell system is not available in the literature. While designing
a sedan size car, it is very important to be able to predict the typical sizes of the fuel
cell system components (fuel cell and the radiator), water and heat balance during

operation, fuel consumption and efficiency based on the speed of the vehicle.

Therefore, the first objective of this thesis is to develop a system level (0-D) steady-

state thermodynamics model for an automotive PEM fuel cell system.

The second objective of this thesis is to investigate the effects of various operating
parameters such as vehicle speed, and operating pressure on the size of the system

components, heat and water formation, fuel consumption and efficiency.
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1-7 Thesis Structure

This work presents an analytical model of an automotive PEM fuel cell system with a
maximum power of 90 kW. The first chapter provides an overview of main
components and operation principles of PEM fuel cells. A literature review on PEM

fuel cell system modeling was included.

The development of a thermodynamic model is explained in Chapter 2. The PEM fuel
cell system model is composed of three interacting sub- models, namely fuel cell
stack, auxiliary components, and a vehicle model. The fuel cell stack model consists
of the following sub- models: fuel cell voltage model, anode flow model, cathode flow
model, membrane hydration model, and a heat transfer model. Models of the auxiliary

components include the compressor, humidifier, radiator, and pumps.

The solution methodology of the PEM fuel cell system model is presented in Chapter
3. The system was modeled in MATLAB.

Results and discussions are given in Chapter 4. Results are composed of the
following parts: the analysis of the PEM fuel cell stack model to obtain the stack gross
power and cell voltage and analysis of the system power output, fuel consumption,

system efficiency, and water and heat management.

The conclusions and recommendations for future work are given in Chapter 5.
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CHAPTER 2

A 0-D STEADY-STATE SYSTEM MODEL FOR A PEM FUEL CELL
SYSTEM

In this chapter, a general zero-dimensional Proton Exchange Membrane (PEM) fuel
cell model is presented for automotive applications. The first step in the development
of such a model is design the system layout including the fuell cell stack and all
auxillary equipments. As explained in the forthcoming chapters, as the operation
pressure is increased the layout of the system changes due to the cooling
requirement of the compressed air. In this thesis, system simulations are carried at

two different operating pressures 3 atm and 1.5 atm.

Figure 2.1 shows the schematic diagram of an automotive PEM fuel cell system
proposed for 3 atmosphere operating pressure. This diagram is similar to existing
commercial PEM fuel cell automotive systems available in the market and consists of
components necessary to supply reactants, remove the heat generated, and manage
the water produced. The fuel cell stack requires three flow systems that interact with
each other: air supply system, hydrogen supply system, and water and thermal

management systems.
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Figure 2.1. A schematic diagram of an automotive PEM fuel cell system at 3 atm
operation pressure

The air supply system consists of a compressor, air cooler (intercooler), humidifier,
and a heater. The air supply at high pressure is provided by the compressor. The
compression process causes a temperature rise in the air supplied. To lower the
temperature of the incoming air to the humidifier, the air passes through an
intercooler. Air is humidified by the humidifier before entering the cathode side of fuel
cell stack to ensure an adequate hydration level of the membrane. The unused air
leaving the stack can be heated by the heater and used to increase the hydrogen
temperature through a heat exchanger in the hydrogen supply line.

The hydrogen supply system consists of a hydrogen tank, pressure regulator valve,
heat exchanger, humidifier, and the unused hydrogen recycle line. The hydrogen is
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stored in a tank at high pressure. A pressure regulator valve is used to adjust the flow
rate of hydrogen. The heat exchanger helps warm the incoming hydrogen which is
then fed to the humidifier. Like air flow, hydrogen is humidified by the humidifier
before entering the anode side of fuel cell stack. The recycling system for hydrogen is
used to collect the hydrogen that is not reacted inside the stack and sent back to mix

with the incoming anode stream after the humidifier.

The water and thermal management systems consist of a radiator, a fan, pumps, and
a water tank. The main function of the radiator is to maintain the fuel cell stack at its
operating temperature by dissipating heat to the coolant. The fan increases the
effectiveness of heat convection at lower vehicle speeds. The pumps recirculate the
water and the coolant through the system and the water tank is used to restore and
save the generated water. The generated water is used to humidify the reactant

gases through the humidifier.

Figure 2.2 shows the schematic diagram of an automotive PEM fuel cell system at 1.5
atmosphere. This figure is different from the previous figure only in the air supply
system. The intercooler is replaced by a heater to increase the air temperature before
entering the humidifier and a condenser is used at the exhaust of air to condense the
water vapor (mixed with air at exit of cathode) to be used in humidification of the
reactants. The exhaust temperature after the condenser is expected low, the cathode
stream is directly rejected to atmosphere.
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Figure 2.2. A schematic diagram of an automotive PEM fuel cell system at 1.5 atm
operation pressure

The stack used throughout this research is chosen to be a 230 cell stack with
composite bipolar plates and an active area of 625 cm?. The maximum power of the
system is 90 kW at 3 atm. This system is typical of those found in automotive
applications and is similar to the particular system found in Toyota Motor Corporation
FC vehicle. The design of the fuel cell stack is further detailed in the Chapter 4.
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2.1 Fuel Cell Stack Model

The fuel cell stack model consists of the following sub-models: fuel cell voltage
model, anode flow model, cathode flow model, membrane hydration model, and heat
transfer model. In the voltage model, an equation (based on Nernst equation) is used
to calculate the stack voltage as a function of the operating conditions: pressure,
temperature, and membrane humidity. The cathode and anode flow models represent
the reactants gas flow behavior inside the stack flow channels. The membrane
hydration model represents the water content in the membrane and the rate of mass
flow of water across the membrane. The heat transfer model is based on the total

thermal power produced by the electrochemical reactions.

2.1.1 Fuel Cell Voltage Model
2.1.1.1 Thermodynamics

The fuel cell directly converts chemical energy into electrochemical energy. The
chemical energy released from the fuel cell can be calculated from the change in the
Gibbs free energy (AG). At a given temperature and pressure, the maximum amount
of energy that can be used to do electrical work, W, is given by the change in Gibbs

free energy (Spiegel, 2008):

W, = —AG (2.1)

AG which is the difference between the Gibbs free energy of the products and the
Gibbs free energy of the inputs or reactants at a given temperature and pressure
(Spiegel, 2008):

AG = Gproducts —Greactants (2-2)

where Gproducts 1S the Gibbs free energy of the products and Greacrants 1S the Gibbs

free energy of the reactants. The Gibbs free energy (G) can be defined as the net

energy required to create a system and making room for it minus the energy received
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from the environment due to heat transfer. The Gibbs free energy of a system is

related to the enthalpy and entropy by (Spiegel, 2008):

G=H- TS (2.3)

where H is the enthalpy for a substance, T is the absolute temperature, and S is the

entropy. Thus, W, , the maximum electrical power output is given as (Spiegel, 2008):

W, = AG = AH — T- AS (2-4)

In general, the electrical work is a product of charge and potential:

W,=Q- E (2.5)

where Q is charge (Coulombs mol %), E is potential (Volts). If the charge is assumed

to be carried out by electrons:

Q=n-F (2.6)

where n is the number of moles of electrons transferred per mole of fuel consumed
and F is the Faraday’s constant (96,485 coulombs per mole of electrons), one can
combine the equations 2.4, 2.5, and 2.6 to give us the maximum reversible voltage
(or standard reversible potential) provided by the cell:

o — _ AG
E° = -2 2.7)

The reaction occurring at the anode side is:

+ f—
H, = 2H +2e (2.8)
The reaction occurring at the cathode side is:
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- +
%0, +2e +2H —> 2H,0 (2.9)

The Gibbs free energy for the fuel cell reaction at the standard reference temperature

and pressure, and the corresponding reversible cell potential can be calculated as

follows:
AG = AH — T- AS (2.10.a)
1 1

86 = |(r0n) = [ +3 oo =T+ [swaom = s +3 502|210

AG = [—285,826 L _ [0+1*0] T« l69.92 L _ [130.68 L 421
moly,0 2 moly,0 moly, 2

J

205.14 moloz]” (2.10.c)

AG = [—285,826 L _ 298K+ —163.25——| = —237.177 KJ/mole (2.10.d)
moly, o mol K

o_ —237.177 KJ/mole = 1.229V (2 11)

2 mole*96,485 C/mole

At standard temperature and pressure, this is the highest voltage obtainable from a
hydrogen—oxygen fuel cell. It also shows that for a hydrogen fuel cell reaction the

reversible cell voltage decreases with temperature and increases with pressure.

2.1.1.2 Nernst Potential

When the PEM fuel cell is not connected to an external load, there is no current flow
outside of the cell and the operating voltage is equal to the open-circuit voltage
(OCV). Furthermore, in a practical fuel cell operation, hydrogen and oxygen streams
are not pure. Hydrogen is mixed with water vapor for humidification purposes and
oxygen is supplied with humidified air. Therefore, the concentrations of the hydrogen
and oxygen (or the partial pressures) affect the OCV according to the well-known

Nernst potential equation.
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The OCV is typically assumed to be the equilibrium Nernst potential for the overall

electrochemical reaction (Larminie and Dicks , 2003):

. . RT
ENernst(T, Pi) = E°(T, P) + oF

PHzO

by, B2
2 0; (2.12)

Where E° the reversible OCV, R is the universal gas constant, Py, and Py, are the

hydrogen and oxygen partial pressures at the surface of the catalyst at the anode and

cathode, respectively, and Py,o is the vapor pressure at the cathode catalyst

generated from the electrochemical reaction. In the case of liquid water product, it is a

reasonable to assume that Py, o=1.

The maximum reversible OCV, E°,.x , has a value of 1.229 V at standard
temperature and pressure. The reversible OCV will vary with temperature according
to (Mench, 2008):

E° (T,P) = E°,,(298K,1atm) — (T — T,) [AniF (2.13)

where As® is the change in standard-state entropy, which for the reaction of equation
(2.9) can be calculated by (Mench , 2008):

As® = ASOHZO - %ASOOZ — ASOH2 (214)

The entropy change for the fuel cell reaction at the standard reference temperature
and pressure, As®, can be assumed to have a constant value of -163.303 J-mol™*-K™
(it will actually change with temperature, but only marginally.) The equation for the

reversible OCV is thus:

E°(T,P)=1.229 — 0.83* 103 (T — 298.15) (2.15)

Combining Eq. 2.12 and 2.15 gives:

27



1
ENernst = 1.229 - 0.83 * 1073 (T - 298.15) + g[m Py, +51n Poz] (2.16)

2.1.1.3 Cell Potential

The cell potential v, is obtained by subtracting all potential losses from the

equilibrium potential:

—_ [e]
Veell = E Nernst — Vact™ Vohmic — Vcon (2-17)

where E°yernst 1S the Nernst potential for a given temperature and pressure calculated
from EqQ. 2.16, v, IS the voltage loss due to activation polarization, vopmic 1S the
voltage loss due to ohmic polarization and v, Iis the voltage loss due to
concentration polarization. These losses are shown in the polarization curve as a plot
of cell potential versus current density. Figure 2.3 shows a typical polarization curve
for a single PEM fuel cell. The polarization curve illustrates the voltage-current
relationship based upon operating conditions such as temperature, humidity, applied
load, and fuel/oxidant flow rates. The polarization curve can be divided into three
regions: the region of the activation polarization is due to the slowness of the
reactions taking place on the catalyst surface of the electrode, region of the ohmic
polarization is due to the resistance of the transport of charged species in the polymer
electrolyte membrane, catalyst and gas diffusion layers and bipolar plates, and region

of the concentration polarization is due to mass transport limitations.
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Figure 2.3. Schematic diagram of the polarization curve of a PEM fuel cell

The stack voltage is simply the cell voltage multiplied by the number of cells (Larminie
and Dicks, 2003):

Vstack = Vcell " Ncell (2.18)

The power output of the fuel cell stack (W) is given by (Larminie and Dicks , 2003):

Pe =14 * Veey " Neel =4 Egtack (2-19)

2.1.1.3.1 Activation Losses

The activation loss is the energy required to initiate the chemical reactions and it is
considered one of the characteristic of the fuel cell reaction kinetics. These are
caused by the slowness of the reactions taking place on the surface of the electrodes.
Activation polarization depends on the type of the electrodes, ionic interactions, ion-
solvent interactions and the electrode-electrolyte interface (Shivhare, 2012). The
exchange current density 4o is the critical factor in reducing the activation losses. An

increase of exchange current density leads to minimize the activation losses.
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Exchange current density can be increased in the following ways: raising the cell
temperature; increasing the roughness of the electrodes by increasing electrodes
active cell area; using more effective catalysts; increasing reactant concentration; and

increasing operation pressure (Larminie and Dicks, 2003).

The activation losses in fuel cell voltage can be calculated using the well-known

Butler- Volmer equation (O’Hayre et al, 2006):

Vact = Vactanode + Vact,cathode (2-20 a)
RT [ 1 ] RT [ 1

\% = In— + —— [In— 2.20b

act N0anodeF 10 Ianode NOcathodeF 10 Icathode ( )

where 4 is the current density, and 4o is the reaction exchange current density, n is
the number of exchange protons per mole of reactant, F is Faraday’s constant, and a
is the charge transfer coefficient (Barbir, 2005). The exchange current density for the
oxygen reduction reaction at the cathode is much smaller than that for the hydrogen
oxidation reaction at the anode, which it may be up to 10° times smaller. Therefore,
the activation polarization at the anode is negligible compared to that of the cathode
(Larminie and Dicks, 2003).

2.1.1.3.2 Ohmic Losses

Ohmic losses are usually dominated by ionic resistance in the electrolyte and the
electrical resistance of the electrodes. These losses can be reduced by using
electrolytes with high ionic conductivity, electrodes with high electronic conductivity

and by reducing /minimizing the electrolyte thickness (Larminie and Dicks, 2003).

The total cell ohmic-resistance can be calculated as the sum of the electrical and

ionic resistances (O’Hayre et al, 2006):

VOohmic = 1 ROhmic =1 (Relec + Rionic) (2-21)
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where vonmic represents the Ohmic loss, 4 is the current density, and Ropmic
represents the effective resistance, R includes the total electrical resistance of all
other conductive components, including the bipolar plates, cell interconnects, and

contacts, and R;,,ic represents the ionic resistance of the electrolyte.

Resistance is characteristic of the size, shape and properties of the material, as

expressed by the following equation (O’Hayre et al, 2006):

R = —cond (2.22)

0Acond

where L.nq, IS the length or thickness (cm) of the conductor, A.,qiS the cross-
sectional area (cm?) of the conductor, and o is the electrical conductivity (ohm™
cm™). The current density, 4, (A/lcm?), can be defined as the current (of electrons or

ions) per unit area of the surface (O’Hayre et al, 2006):

i = (2.23)

The total fuel cell ohmic losses can be written as (O’Hayre et al, 2006):

L

EOhmic = A Z R=1A [(GA>anode * (i)electrolyte + (i)cathode ] (2.24)

where L the thickness of the electrolyte layer, and ¢ is the conductivity, and A is the
active area of the fuel cell. As can be seen from Equation 2.24 and Figure 2.4, the cell

voltage can be reduced by using a thicker electrolyte layer.
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Figure 2.4. Effect of electrolyte thickness on the cell voltage

2.1.1.3.3 Concentration Losses

Concentration loss occurs due to a decrease in the concentration of the reactants at
the electrode-electrolyte interface. These losses can be minimized by the following:
increasing reactant concentration; increasing reactant flow rate and/or pressure; and

improving gas diffusion layer structure and optimizing its porosity.

The concentration losses can be calculated using the following equation (Barbir,
2005):

RT [
Veon = 7 In /Lz__L/L (2.25)
where 4 ; the limiting current density. The limiting current density of the fuel cell is the
point where the current density becomes large and the reactant concentration falls to
zero so the fuel cell will not be able to produce a higher current density than its
limiting current density. The limiting current density (i) of the fuel cell can be

calculated as follows:
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_ DFDaB (¢;-¢p) (2.26)

1L 5

where D4g is the diffusion coefficient of the reacting species, C is the concentration,
and & is the thickness of membrane. The limiting current density can be increased by

ensuring that D, is large and & is small.

2.1.1.4 Fuel Cell Thermal Efficiency

General the thermodynamic fuel cell efficiency is the relation between the electrical

power produced and the total rate of fuel energy entering the fuel cell;

LV e Nee
Nther = #:Hvl;z (2.27)
2,1n -
where nyer is the thermodynamic efficiency of fuel cell, my, ;,is the the mass flow
rate of hydrogen gas entering the fuel cell, and HHV is the higher heating value of

hydrogen.

2.1.2 Anode Flow Model

In the anode flow model, hydrogen is supplied to the anode of the fuel cell stack by a
hydrogen tank at high pressure. The gases inside are assumed to be ideal. The
temperature of the flow is equal to the stack temperature, and is therefore assumed
constant. Anode mass balance requires that the sum of all mass inputs must be
equal to the sum of all mass outputs. The inputs are the flows of hydrogen and the
water vapor present in those gases. The outputs are the flows of unused fuel and
water vapor, plus any liquid water present in the exhaust. Generally, the anode mass

balance can be expressed as:

2(My)in =Xy out (2.28)

33



where m; is the mass flow rate going into and out of the anode, and can be any
species, including hydrogen and water vapor. Figure 2.5 illustrates mass flow balance

for the anode.

Mosm,mem M gitf,mem

mHz,an, in T i mHz,an, out

MHy20,an, in M2 reacted

Mp20,an ,qut
e _MHz0.an ap

Figure 2.5. Anode mass flow balance

The steady state mass flow rate balance of hydrogen on the anode side can be

described as:

mHz,an jin — mHz,an ,out + mHz,reacted (2-29)

where My, an,in IS the mass flow rate of hydrogen gas entering the
anode, y, an oyt IS the mass flow rate of hydrogen gas leaving the anode, and
My, reacted 1S the rate of hydrogen reacted. The mass flow rate of hydrogen entering

the anode can be calculated from as:

Af, My, d-Acell Neell (2 30)

My, anjin = oF

where Ay,is the ratio between the actual rate of fuel delivered to anode and the
theoretical rate of fuel required (stoichiometric ratio of hydrogen), and My, is the

molecular weight of hydrogen. The molar mass of hydrogen is 2.02 x 1072 kg mole™.
The mass flow rate of hydrogen consumed in the electrochemical reaction is a

function of stack current:
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. _ 1.Acell’ Neell
My, reacted = MHZ ) oF (2-31)

The mass flow rate of water in the anode exhaust is equal to the mass flow rate of
water vapor entering the anode minus the net water transport across the membrane.

The outlet water vapor mass flow rate is:

My,0,an0ut — MH,0,anin — Mosmmem T Mdiffmem (2.32)

where my, o anout IS the mass flow rate of water leaving the anode, thy,o anin IS the
mass flow rate of water vapor entering the anode, mygy mem IS the mass flow rate of
water transfer to the membrane by electro osmotic drag force, and mgjgmem IS the
mass flow rate of water transfer from the membrane by back diffusion. The mass flow
rate of water vapor entering the anode is the amount of water injected to fully humidify
the hydrogen and will be explained at the humidifier model.

Relative humidity is defined as the ratio between the water vapor partial pressure,

P, an, @nd saturation water vapor pressure, P,

— 1:’v,an
@an - l)sat (Tan) (233)

where @,, is the relative humidity inside the anode. The water vapor saturation

pressure is a function of temperature and has been calculated from this equation:

P...(T)=—2846.4 + 411.24(T) — 10.554 (T)? + 0.16636(T)3 (2.34)

Water at anode exhaust may be present as vapor only, or liquid water may be present
with water vapor depending on the hydrogen flow rate, stoichiometry, and
temperature and pressure at the outlet. The water vapor content at the anode outlet is

the smaller of the total water flux (Barbir, 2005):

35



. . MH20 Psat (Tan)
m = min |A
Hz0,an,outy [ Hz oF Pan — APan— Psat (Tan)

1. Acell * Neells r.nHZO,an,out ] (2-35)

where AP,, is the pressure drop on the anode side, that is, the difference in pressure

between the inlet and outlet.

The amount of liquid water is the difference between the total water present at the

exhaust of anode and water vapor content at the anode outlet (Barbir, 2005):

My, 0,an,0utligid = MH,0,an,out — MH,0,an,out,v (2.36)

The mass flow rate of water liquid transfer across fuel cell membrane will be
explained at the membrane hydration model and the amount of water injected to fully

humidify the hydrogen will be explained at the humidifier model section.

2.1.3 Cathode Flow Model

In the cathode flow model, air is supplied to the cathode of the fuel cell stack by a
compressor. The gases inside are assumed to be ideal. The temperature of the flow
is equal to the stack temperature, and is therefore assumed constant. Cathode mass
balance requires that the sum of all mass inputs must be equal to the sum of all mass
outputs. The inputs are the flows of air and water vapor. The outputs are the flows of
unused air and water vapor present in those gases, plus any liquid water present in

the exhaust. Figure 2.6 illustrates mass flow balance in the cathode model.
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Figure 2.6. Cathode mass flow balance

The cathode mass flow model represents the air flow behavior inside the cathode of
the fuel cell stack. The steady state mass flow rate of oxygen on the cathode side can

be described as:

Mo, ca,in = Mo, ca,out + Mo, reacted (2-37)

where Mo, ca,in IS the mass flow rate of oxygen gas entering the cathode,
Mo, ca out IS the mass flow rate of oxygen gas leaving the cathode, and mg, reacted IS

the rate of oxygen reacted. The mass flow rates of oxygen entering the cathode can
be calculated as (Barbir, 2005):

Mo

Moz 1. pyy (2.38)

Mo, cajin = 7\02 IF

where Mg is the molecular weight of oxygen, and 2, is the ratio between the actual

rate of oxidizer delivered to cathode and theoretical rate of oxidizer required (air
stoichiometric ratio) of oxygen. The molar mass of oxygen is 32 x 10~ kg mole™ . The
mass flow rate of oxygen consumed in the electrochemical reaction is a function of
stack current (Barbir, 2005):

. _ i.Acell Neell
Mo, reacted = MOZ ) 4F (2-39)

The outlet oxygen and nitrogen can be calculated by the following equations:
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. Mo, .
Mo, ca,out = (}\02 - 1) % 4. Acer " Neell (2.40)

The steady state mass flow rate of nitrogen on the anode side can be described as:

My, ca,in = MN,,ca,out (2.41)

where ry, . in IS the mass flow rate of nitrogen gas entering the cathode, and
My, ca out IS the mass flow rate of nitrogen gas leaving the cathode. The mass flow
rates of nitrogen entering the cathode can be calculated as:

Mn,

. 1-T0,in .
MN, cain = )\02 4F  to,imn 4. Acell * Neell (2.42)

where My, the molecular weight of nitrogen, and rg,;, is oxygen volume fraction

= (.21. The molar mass of nitrogen is 28 x 10~ kg mole™ . The mass flow rate of inlet

air can be calculated as (Barbir, 2005):

. }‘-02 Mair .
Myjrin = - 1. Acell' Neeln (243)
rozlm 4F

And the air flow rate at the exit is then simply a sum of oxygen and nitrogen flow rates
(Barbir, 2005):

Mairout = [(7\02 — 1) Mo, + Ao, 1;(:12“1“ MNZ] W (2.44)
The mass flow rate of water in the cathode exhaust is equal to the mass flow rate of
water injected to humidify the air before it enters to cathode side, plus water
generated in the cell and plus the net water transport across the membrane. The net
water transport across the membrane is the difference between electro osmotic drag

and water back diffusion. The outlet water mass flow rate becomes:
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rnHZO,ca,out = mHZO,ca,in + mHZO,gen + Mosm,mem™ Mdiff,mem (2-45)

where my,ocaout 1S the mass flow rate of water leaving the cathode, my, g cain iS the
mass flow rate of water vapor entering the cathode, and my, o gen is the mass flow

rate of vapor generated in fuel cell reaction. The mass flow rate of water vapor
entering the cathode consists of the mass flow rate of water injected to fully humidify
the air and the amount of water vapor in the air inlet to the compressor. The mass
flow rate of water injected to fully humidify the air will be explained at the humidifier
model. The mass flow rate of water vapor in the air inlet to the compressor can be
calculated as (Barbir, 2005):

}‘02 MHZO Damb*Psat (Tamb)
ro,,in 4F  patm ~Pamb*Psat (Tamp)

My, 0 in airin = 1. Acell- Nell (2.46)
where My, Is the molecular weight of water, @,y is the relative humidity in the
ambient, P, (Tamp) IS the the water vapor saturated pressure at ambient
temperature, and p,,, iS the ambient pressure. The mass flow rate of water
generated from the fuel cell reaction can be calculated by the following equation
(Mench, 2008):

. _ 1.Acell’ Neell
My,0,gen = MHZO ’ 4F (247)

Water at cathode exhaust may be present as liquid water with water vapor depending
on the air flow rate, stoichiometry, and temperature and pressure at the outlet. The
water vapor content at the cathode outlet is the smaller of the total water flux (Barbir,
2005):

A0, ro,,in MH,0 Psat (Tstack)
T0,,in 4F  pca —APca—Psat (Tstack)

rnHZO ,ca,outy — min [ i Acell *Neells rnHZO in air out] (2-48)

where AP, is the difference in pressure between the inlet and outlet on the cathode
side. The amount of liquid water is the difference between the total water present at
the exhaust of cathode and water vapor content at the cathode outlet (Barbir, 2005):
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My, 0 ,ca,outliq — MH,0 ,caout — MH,0 caoutv (2-49)

The mass flow rate of water liquid transfer across fuel cell membrane will be
explained at the next section and the amount of water injected to fully humidify the air
will be explained at the humidifier model.

2.1.4 Membrane Hydration Model

Transport of water content inside the membrane of fuel cell takes place by the
electro-osmotic drag and the back-diffusion of water. Electro-osmotic drag means the
transport of water molecules from the anode to the cathode by the hydrogen protons
flowing through the membrane. Back diffusion occurs in the PEM fuel cell due to
gradient of water concentration across the membrane. The concentration of water on
the cathode side is higher than that on the anode side which causes diffusion of water
from the cathode to the anode side. Figure 2.7 illustrates mass flow rates in the

membrane flow model.

mosm,mem

'

mdiff,mem

Anode Membrane Cathode

Figure 2.7. Mass flow in the membrane flow model

The mass flow rate of water content on the membrane can be described as (Ahn ,
2011):

InHZO,mem = mosm,mem - rndiff,mem (2-50)
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where mysmmem IS the mass flow rate of water transfer to the membrane by electro
osmotic drag force, and mgj¢me IS the mass flow rate of water transfer to the

membrane by back diffusion.

The amount of water drag is proportional to the current density (I). The flux of water

by electro-osmotic drag is calculated by the following equation (Mench, 2008):

. _ i.Acell’ Neell
Mosmmem = MWh,0 *1gq - F (2.51)

where ng is the electro-osmotic drag coefficient in units of water molecules per
proton. The electro- osmotic drag coefficient, ng, can be calculated from the

membrane water content, A, (Mench, 2008):

ng = 0.0029A% + 0.05A,, — 3.4 x 10719 (2.52)

The water content in the membrane, A,,, defined as the ratio of water molecules to
the number of sulfonic acid groups within the ionomer, is calculated from the water
activities ay (Mench, 2008).

Am = 0.043 + 17.8ay — 39.85 a?, + 36.0a3y (2.53)

The water activity, ayy, needed to solve for A, is defined as (Mench, 2008):

v P
aw = ;-5 = RH (2.54)
where P is the pressure of anode or cathode. The amount of water concentration
across the membrane that is caused by back diffusion is calculated by the following
equation (Mench, 2008):

Cw

Mgiftmem = — Wh,0 * Acell- Dw - r (2.55)
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In this thesis, the amount of water transfer by back diffusion assumed equal to 0.9 of

water transfer by electro osmotic drag.

2.1.5 Heat Transfer Model

The energy released in the electrochemical reaction must be taken away from the
stack to maintain it at the constant the desired temperature. The thermodynamic

steady state energy balance of the fuel cell is given as:

Z Qi,in = 2 Qi,out + W + Qcool + Qenv (2-56)

where Q;;, is the rate of energy entering with the reactant gases, Q;ou: is the rate of
energy leaving with the unused reactant gases, W, is the electrical power generated,
O.001 IS the rate of heat carried from the fuel cell to the coolant, and 0., the rate of
heat dissipated by the exposed stack surface to the environment. Figure 2.8

illustrates mass and energy flow of the fuel cell stack.
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Figure 2.8. Energy balance of the fuel cell Stack

The inlet and outlet energy flow rates by reactant flows entering the fuel cell can be

calculated from the following equations:

Qin = Z r'ni,in : Cpi- (Tin - Tref) (257)

Qout =2 r'ni,out . Cpi- (Tstack — Tref ) (2.58)

where m;;, , Mo, are the mass flow rates of gas in the inlet and outlet of fuel
cell, kgs™1 ; Cp, is the constant pressure specific heat, J - g 1K™1; and T, is the inlet

temperature of the reactants, K. The enthalpy of water vapor can be calculated as:

H= thZO(g) (Cp,HZO(g)- (T — Tper) + H?g) (2-59)

where H?g is the enthalpy of evaporation which is equal to 2500 J g* at 0°C. The
enthalpy of liquid water can be calculated as:
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H= thZO(l) -Cp,HZO(l)- (T — Trer) (2.60)

If the gas has a higher heating value, that is, it combustible, its enthalpy is then:

H=m (cp. (T — Trer ) + Hiuv) (2.61)

where Hfyy is the higher heating value of that gas (J/g) at 0 °C. The heating values
are reported at 25 °C. Therefore, the higher heating value may need to be calculated

at the chosen temperature. For hydrogen it is (Barbir, 2005):

LMo ¢ TH20 ¢ o |- 25 (2.62)

0  _ 25 _ 1 _
Hyunv = Highy Cp.H2+2MH2 PO2 " Ty,

where HZ%y is the higher heating value of that hydrogen (J g*) at 25 °C. The

generated electrical power output is given by the following equation:

Weie = 4. Acen * - Veell Neell (263)

where [ is the cell current; v.. IS the voltage of the cell; and n.) is the number of
cells in the stack. The rate of heat absorbed by the cooling fluid and carried out of the

fuel cell stack can be calculated from the following equation:

Qcool = Mcyol- CP,W(Tstack - Tcool) (2-64)

where Mg, iS the mass flow rate of the coolant water ; Cp,, is the specific heat of

water at constant pressure; and T, IS the temperature of water which enters the

fuel cell, K .
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The rate of heat is dissipated by the exposed stack surface to the environment can be

calculated from the following equation (Yangjun et al, 2003):

Qenv = Qconv + Qrad (2.65)

Qenv = (h- A)air- (Tstack - Tamb) + o. Estack- A. (Tstack4 - Tamb4) (2-66)

where Q..v IS the heat loss due to convection; Q,,4is the heat loss due to radiation:;
h,; is the convective heat transfer coefficient of air, W.m™2.K™! A is the stack
exposed surface area, m?; ¢ is Stefan-Boltzmann constant, 5.67 x 1078 W.m™2. K™*;

and &g,k 1S the emissivity of stack surface taken to be equal to 0.75 .

2.2 Fuel Cell System Model

In this section, the fuel cell system model is presented. The fuel cell system
components include: a compressor to bring the reactant air to the required pressure,
humidifier to ensure an adequate hydration level of the membrane, a cooling system
(consisting of a water pump and radiator fan) to maintain the required operating
temperature, and an air cooling condenser to recover liquid water from the exhaust air

and provides any additional liquid water that is needed by the system.

2-2-1 Compressor Model

The primary objective of the use of the compressor in fuel cells is to increase the
pressure of the air before it enters into the stack in order to improve the reaction rate
and increase the specific power. The thermodynamic behavior of an air compressor
consists of temperature rise of a gas as its compressed and the required compressor
power. The compression process is assumed to be reversible and adiabatic, i.e.;
isentropic, and the gas is an ideal gas. The inputs to the compressor module are the
atmospheric pressure and ambient temperature, and the voltage input to the
compressor from the fuel cell stack. Power required simply the change in enthalpy of

the gas:
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P=m,-C, [Ta,out - Tamb] (2.67)

where m, is the mass flow rate of air compressed, and C, is the constant pressure

specific heat of air. The mass flow rate of air used is calculated as:

. Mg * A %P
m, =———
0.21*4xF*v ey

(2.68)

where A is stoichiometric ratio of air, M, is the molecular weight of air, P is the total

power output from fuel cell, and v is the cell voltage.

The temperature of the air leaving the compressor is calculated from the following

equation:

Ncomp P1

vy-1
Tam v
Ta,out = Tamp + —amb. [(&) V- 1] (2-69)

where nemp is the isentropic efficiency of compressor, y is the ratio of the specific

heat capacities of the gas, y = 2—" = 1.4 : and Cy is the constant volume specific heat.
\'A

The isentropic efficiencies of a compressor is defined as the ratio between the actual
performance of a device and the performance that would be achieved under idealized
conditions for the same inlet state and the same exit pressure. If we substitute the
value of T, o, from equation (2.74), the power needed for adiabatic compression of

air is:

y-1
=, C. - —2 [(R2) ¥ _
Peomp = My * Cp nco;p l(pi) Y 1] (2.70)

2.2.2 Humidifier Model

Air flow from the intercooler is humidified before entering the stack by injecting water
into the air stream in the humidifier, also the hydrogen flow from the heater is

humidified before it enters the fuel cell to prevent drying of the membrane near the
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cell inlet. The temperature of flow is assumed to be constant. The water injected is
assumed to be in the liquid form at ambient temperature. The humidity ratio is defined

as the rate of moisture mass flow per dry mass flow:

m My PH,0sat
W= —- =2 222 (2.71)
mdry MHZ PH2

where my,, is the dry mixture includes everything except the water vapor, and m, is

the mass flow of water vapor. If the dry mixture is hydrogen, the molecular mass of
hydrogen = 2.02 kg kmole™ and the molecular mass of water = 18 kg kmole™, the

humidity ratio in a pure hydrogen humidified stream defined as:

18 Py, 0,5at PH,0,sat
W= ——2258 — g9 2252 (2.72)
2 Py, Py,

where Py,osac iS the saturated pressure of water vapor (partial pressure) at stack
temperature, and Py, is the partial pressure of hydrogen. The amount of injected

water to fully humidify the hydrogen is calculated as:

rhinj,w = 891 % . Ith,in (273)
2

where my, ;, is the rate of hydrogen entering the anode. Also the molecular mass of

air is 28.85 kg kmole™ and the humidity ratio defined as:

18 PH,0sat PH,0,sat
W = ———2258 _ () g 22205 (2.74)
28.85 Py, Py,

The amount of injected water to humidify the air is calculated as:

w = 0.622 “Ha0sat (2.75)

air
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2.2.3 Radiator Model

The main function of radiator is to dissipate waste heat from the coolant to the
environment by forced convection. It is used to keep a constant cell operating
temperature of the fuel cell. The radiator model covers the steady-state heat transfer
between the air and the coolant as a function of ambient temperature, air mass flow,
coolant flow and coolant inlet temperature. The heat transfer equation for the radiator
may be expressed as:

Qradiator = My;. CPair (Trad,out - Tamb) (2-76)

where Tiaq0ut Tamp are the inlet and output temperatures of the air flow stream. The

energy balance for the radiator may be written as:

Q = M. CPair(Trad,out - Tamb) = Mool CP,w(Tstack - Tcool) (2.77)

The mass flow rate of air is calculated by the following equation:

r'nair =V. P Arad (278)

where V is the average velocity of air, pis the air density. A..q IS the frontal area of
the radiator which is assumed to be 0.25m?. It is assumed that the air velocity equals
half the value of the vehicle speed in this thesis. The temperature at the exit of

radiator can be expressed as:

rhcool-CP,W(Tstack_Tcool) (2 79)

T =T + -
rad,out amb Mair* Cp iy

The total surface area of radiator can be calculated from the following equation:

Qra iator
At = U_AthM (2.80)
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where A is the effective area of radiator, Q,.qgiator IS the rate of heat transfer, U is
mean overall heat transfer coefficient, and ATy is the log-mean temperature
difference. For air cooled heat exchanger a value of overall heat transfer coefficient
(U) ranges from 300-450 W/m?K. We assume it to be equal to 350 W/ m?K. The log-

mean temperature difference for a compact heat exchanger can be calculated as:

(Tstack_Tamb)_(Tcool_Trad out)
ATy = ' 2.81
LM In((Tstack—Tamb)/(Tcool—Trad,out)) ( )

The electric power for the fan can be calculated as:

Pan = dp.q (2.82)

where Py, is electric power consumption for the fan (W), dp is total pressure increase

in the fan (Pa), and q is the air volume flow delivered by the fan (m?/s)

2.2.4 Pump Model

The pumps are used in this model to recirculate water through the system from the

heat exchanger to the fuel cell stack. The corresponding mass and energy balances

are given by:
r.ncoolant,in,pump = rillcoolant,out,pump (2-83)
Poump = %.dp. (2.84)

where megolantinpump 1S the mass flow rate entering the pump, mcgolantoutpump 1S the
mass flow rate exiting the pump, P, mp is the pump power consumption, dp is total

pressure increase in the pump (Pa), and p is the density of water.

2.2.5 Net System Power and System Thermal Efficiency

The efficiency of the fuel cell power system is the relation between the net electric
power output and the total rate of fuel energy entering the fuel cell;
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POu
Nsys = Pint (2.85)

where output electrical energy P, is:

Pout = Pe — Payx (2-86)

where the gross output power, P, was calculated in Eg. 2.19 and the parasitic loads

by all auxiliary system equipment, P,,, iS the sum of all parasitic loads, commonly

l:)aux = Pcomp + Ppump + Pfan + l:)heater (2-87)

where P.opmp is the power of compressor, P,,mp is the power of hydrogen recirculation

and cooling circuit pumps, Py, is the power of cooling circuit fan, and Pyeater IS the
electrical power of heater. P, is the rate of chemical energy entering with the

incoming fuel,

Pin = thz,in . HHVHZ (288)

2.3 Vehicle Model

The power required to drive a vehicle on a level road at a steady speed is founded
upon a parametric description of the well-known road load equation (Heywood.,
1988):

Proad = (Faero + Fron + Faccel + Fgrade)V (2.89.a)

1
= (E paierAfrontalV2 + CRRmvehg + Myepad + mveth)V (289b)

where P.,,4 IS the road load power (w), V is the vehicle speed (m/s), a is the vehicle
acceleration (m/s?), p.;, is the ambient air density (~1.2kg/m?), C4 is the aerodynamic

drag coefficient, Aqonea iS the frontal area of vehicle (m?), Cgy is the rolling resistance
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coefficient, m., IS the total vehicle mass (kg), g is the gravitational acceleration
(9.81m/s?), Z is the road gradient (%).

The road load equation consists of four components as shown in Equation 2.89.a.
These components are the aerodynamic drag of the vehicle, the rolling resistance
which arises from the friction of the tires, power for vehicle acceleration, and energy

storage in the vehicle inertia. It can be assumed that the terms P,.c; and Pypaqein

equation 2.89.a equal to zero at steady state and zero elevation, the road load

equation becomes:

1
Proad = (E paierAfrontalV2 + CRanvehg) \Y% (2-90)

2.4 Summary

This chapter presented the fundamental equations of thermodynamics, chemical
reactions, and flow charts necessary for the PEM fuel cell system model. The flow of
hydrogen and air through the system was modeled using steady-state mass and
energy balance equations and the model of auxiliary components and vehicle model
was integrated into the overall PEM fuel cell system model. Chapter 3 presents the
solution methodology.

51



CHAPTER 3
SOLUTION METHODOLOGY

This chapter presents the development of a thermodynamic zero dimensional model
for the simulation and analysis of an automotive PEMFC system model. The
mathematical model was developed using the MATLAB program, and output data are
exported and analyzed in Excel. For this research, a model was implemented by
using fundamental equations of thermodynamics, chemical reactions, and
electrochemistry. The model proposed in this study consists of two main parts; the
PEMFC stack model and the system model with various components. The system
model includes all necessary system components such as compressor, heat
exchangers, humidifier, pumps and the fuel cell stack which are linked together with

mass and energy streams.

The vehicle speed and the efficiency of the system are dependent on the PEM fuel
cell work output which in turn depends on various model input parameters as shown
in Figure 3-2. Flow chart of an automotive PEMFC system model is given in Figure
3.1. Iteration procedure is used to calculate the power of fuel cell by the following
steps:

1- Input the vehicle speed and calculate the propulsion power required to drive
the vehicle.

2- Start with initial value of current density and calculate the fuel cell power.

3- Depending on the fuel cell power, the auxiliary power of the components
(compressor power, fan power, pump power, and heater power) can be
calculated.

4- The total power needed from the fuel cell is equal to the sum of the propulsion
vehicle power and auxiliary components power. If the fuel cell power is lower
than the total power, the current density is increased and the algorithm returns
to step 2, repeating the process until the fuel cell power is equal to the total

power.
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Figure 3.1. Flow Chart of the Automotive PEM Fuel Cell System
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3-1 PEM fuel cell Stack Model Integration in MATLAB

The fuel cell stack model is composed of four sub models which are the stack
voltage, the cathode flow, the anode flow, and the membrane models. The stack
voltage is the difference between the open circuit voltage and over-potentials that
include the ohmic losses in the membrane, the activation losses in the catalyst on the
cathode and anode sides, and the concentration losses. The open circuit voltage of
the fuel cell is calculated from the energy balance between electrical energy and
chemical energy in the reactants. The anode flow model describe the hydrogen
partial pressure and anode flow humidity by using conservation of mass and the
characteristic properties of the fluids, separately considering the mass flow rates of
hydrogen, and water on the anode side. The cathode mass flow model represents the
air flow behavior inside the cathode of the fuel cell stack. The model describe the
flow of air and reaction products through the cathode using conservation of mass,
separately considering the mass flow rates of oxygen, nitrogen, and water on the
cathode side. The membrane hydration model calculates the mass flow rate of water
across the membrane which is functions of stack current and relative humidity of the
flow inside the anode and cathode flow channels. The general assumptions made for

the fuel cell stack model are as follows:

e All gases in the model obey the ideal gas law.

e Fuel flow rate is fixed, and consists of pure Ha.

e Composition of air is 21% O, and 79% No.

e The temperatures at the anode and cathode sides in the fuel cell stack are
equal to the fuel cell stack temperature (uniform temperature).

e The product water generated at the cathode side is assumed to be in the liquid
phase.

e The environmental state is at standard temperature and pressure conditions,
i.e., 298 K and 1 atm.

e The pressure drop in the fuel cell is 0.15 atm (Gurski, 2002).

¢ Cathode and anode pressures are equal to each other.
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Based on the above assumptions, the model needs several input parameters to

specify the operating condition of the PEMFC stack.

For the stand-alone execution of the PEMFC stack model, the flow rates of the fuel
and air, the operating temperature and pressure, and the relative humidity of the
PEMFC must be specified. When the stack model is executed within system model,
the flow rates of air and fuel entering PEMFC is calculated in MATLAB based on the
required power output from PEMFC model. It is also important to input several
thermodynamics, electrochemical parameters and constants needed to complete the
calculations of the PEMFC model. All the input parameters are listed in Table 3-1.

Table 3.1.The Fuel Cell Stack Parameters

Parameter Value Unit Reference
Thickness of gas diffusion layer 0.0254 cm Gurau et al., (1998)
Thickness of catalyst layer 0.00287 cm Gurau et al., (1998)
Membrane thickness 0.023 cm Gurau et al., (1998)
Anode exchange current density 0.6 A.cm™? Berning et al.,(2002)
Cathode exchange current density 4.4x 1077 A.cm™2 Berning et al., (2002)
Anodic transfer coefficient 0.5 - Siegel et al., (2004)
Cathodic transfer coefficient 0.55 - Siegel et al., (2004)
lonomer equivalent of anode 0.55 - -

catalyst layer

lonomer equivalent of cathode 0.4 - -

catalyst layer

Expanission constant for 0.05 \% -

concentration polarization

Electrode porosity 0.6 - Guvelioglu et al., (2005)
Membrane ionic conductivity 0.1 - Meyers et al., (2002)
H, diffusion coefficient at reference 0.0376 - Hu et al., (2004)
state

0, diffusion coefficient at reference 0.0522 - Hu et al., (2004
state

The inputs to the PEMFC models also need several constants during the calculation

of results, and these are listed in Table 3.2.
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Table 3.2. PEMFC Model Constants

Parameter Value Unit
Faraday constant, F 96485 C

Universal gas constant, R 8.3146 J.mol 1. K1
Reference temperature, Tef 298.15 K
Reference pressure, Pt 101.325 atm

The PEMFC model outputs are calculated by using MATLAB, and these are listed in
Table 3-3.

Table 3.3. PEMFC Model Outputs

Parameter Unit

Nernst voltage, Exernst (EQ.2-16) \%
Cell potential v..;;, (Eq.2-17) \%
Power output of the fuel cell stack, P (Eq.2-19) w
Overall activation losses, v,.; (Eg.2-20) \%
Overall ohmic losses, vonmic (Eq.2-22) \%
Overall concentration losses, v.,, (EQ.2-25) \%

8.

Water generated from the fuel cell reaction, my, o gen (EQ.2-47) 1

sec”

An algorithm of the fuel cell stack calculation can be seen in Figure 3.1. The primary
inputs into the cell model are the operating current density, the anode and cathode
operating conditions and the cell temperature. The model outputs are the cell voltage,

work and heat output from stack, and the PEMFC exhaust composition.
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Input fuel and air operation condition (pressure,
temperature, stoichiometric ratio and relative
humidity), current density and active cell area.

Calculation the Nernst voltage and losses across
PEMFC by using eq.(2.16)

Calculation of the power output of PEM fuel cell by
using eq.(2.19)

Calculation of the heat output from the stack by using
ed.(2.56)

Calculation of the PEMFC exhaust composition by
using mass balances of both anode and cathode

Figure 3.2. PEM fuel cell model overview

3-2 Automotive PEM fuel cell System Integration in MATLAB

In this section an automotive PEMFC system is simulated by using MATLAB program.
To operate the PEM fuel cell system at the required condition, thermodynamic models
for the compressor, pumps, humidifier, and heat exchanger are needed. These
components are described in Chapter 2. An automotive PEM fuel cell system
operating parameters is presented in this section. The corresponding vehicle
parameters used in the analysis of an automotive PEMFC system model are
presented in Table 3.4 and the thermal system characteristics which are used in

steady state model calculation are shown in Table 3.5.
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Table 3.4. TOYOTA Vehicle Specifications

Parameter Value Unit
Vehicle weight 1880 Kg
Frontal area 2.67 m?
Aerodynamic drag coefficient 0.65 -
Rolling resistance coefficient 0.012 -

Table 3.5. Thermal System Characteristics

Parameter Value Unit

Heat transfer coefficient 5.4 W.m 2. K1
Overall heat transfer coefficient 150 W.m 2. K1
Emissivity of stack surface 0.75 -

Stefan Boltzman constant 5.7x107®  W.m2.K™*
Constant pressure specific heat of water 4182 J.Kg~t. K1
Constant pressure specific heat of air 1008 J.Kg~t. K1

The PEM fuel cell system model outputs are calculated by using MATLAB, and these
are summarized in Table 3.6.

Table 3.6. PEM Fuel Cell System Model Outputs

Parameter Unit

Net power output, P,,; (Eq.2-86) kW
System efficiency, ngys(EQ.2-85) -
Thermal efficiency, NMwer (EQ.2-27) -

Mass flow rate of air entering to the system, m,; i, (EQ.2-43) g.sec™!
Compressor power, Peomp (EQ.2-70) kW
Pump power, P,ymp (EQ.2-84) kW
Fan power, Pg,, (EQ.2-82) kW
Mass flow rate of hydrogen consumption, my, reactea (EQ.2-31) g.sec™!
Radiator load (Eq.2-76) kW
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CHAPTER 4
RESULTS AND DISCUSSIONS

In this chapter, first, the analysis of PEMFC stack model is studied in order to obtain
the stack gross power and cell voltage (also known as the polarization curve) Then,
the analysis of the system power output of a selected PEMFC system will be carried
out by focusing on fuel consumption, system efficiency, water management, and heat

management at steady state operation.

4.1 Analysis of PEM Fuel Cell Model

The polarization curve (voltage-current relationships) is the most general indicator of
fuel cell performance. It shows the voltage output V. of a fuel cell for a given current
density I (A/cm?). Voltage-current relationship plays an important role in determining

the power output and stack efficiency, and overall system efficiency.

Figure 4.1 shows a typical polarization curve that represents the performance of a
fuel cell for an operating pressure of 3 atm and illustrates the different cell losses as a
function of current density. The current density is defined as the current in the
external circuit per unit cell area. The fuel cell stack parameters are used in the
calculation of polarization curve are given in the Table 3.1. It can be seen from Figure
4.1 that the irreversible losses increase as more current is drawn from the fuel cell.
The voltage corresponding to zero current case is known as the open circuit voltage.
As the current (or the load) increases irreversible losses occur. These irreversible
losses are classified as activation polarization, ohmic polarization and concentration
polarization. The words “loss” and “polarization” are used interchangeably in fuel cell
literature. The polarization curve can be divided into three distinct zones based on the
dominance of respective polarization effects. The activation zone (low current
densities) is the rapid initial fall in voltage at low current densities. It occurs due to the

energy required to initiate the reactions and it is directly related to the nature of the
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electrochemical reaction. Ohmic losses are the linear portion of the voltage-current
density curve (middle current densities). In this zone the voltage drop is proportional
to the current density. The ohmic loss comes from the resistance of the materials to
the flow of electrons and protons. The last zone in Figure 4.1 is the concentration
polarization zone (high current densities). It is associated with a steep slope and high

current densities. It occurs due to mass transport limitations.

=
>
J

—— Cell voltage

-
N
1

- - = Activation losses

Ohmic losses

[any
1

— - - Concentration losses

Voltage and voltage losses (v)

o o wmm— o
— o wm— e o —
— ¢ o Gmmmm o o wmmmm o

0 0,2 0,4 0,6 0,8 1 1,2 1,4 16
Current density, | (A/lcm?)

Figure 4.1. Fuel cell voltage and voltage losses as a function of cell’s current density
for operating pressure of 3 atm

Fuel cell’s voltage output as a function of current density at two different operating
pressures is shown in Figure 4.2. This simulation was performed in the MATLAB
using fuel cell’'s standard operating conditions; fuel cell operating temperature of
353.15K, membrane humidity of 100%, fuel and air stoichiometric flow ratios are 1.5
and 2, respectively, and reactants partial pressures are 1.5 and 3 atmosphere. It can
see from this figure that an increase of fuel cell’'s operating pressure will cause an
increase in cell’'s output voltage which is typical in fuel cell literature. It is also
observed from this figure that the limiting regions of the current density are obtained

at 1.184 Alcm? and 1.453 A/cm? for 1.5 atm and 3 atm operation pressure,
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respectively. At the limiting current density, the concentration at the surface falls to

zero, a further increase in current is impossible.

1,4 -
1,2 -
— - 1.5atm
1 -
3 atm
)
=
Z 08 -
]
>O
0 ti for 1.5 at
m_ 0,6 - perating range for atm
o .
9 Operating range for 3 atm
= 0,4 -
o ’
>
0,2 -
O T T T T T T T
0 0,2 0,4 0,6 0,8 1 1,2 1,4

Current density, | (A/lcm?)

Figure 4.2. Fuel cell output voltages as a function of cell’s current density for
operating pressures of 1.5 and 3 atm.

It should be noted that the current (or current density) depends on the amount of fuel
consumed (each mole of fuel produces n electrons based on Faraday’s law).
Therefore, for the same amount of fuel, a higher voltage indicates a higher power
output and a higher thermal efficiency. It can be concluded that voltage can also be
interpreted as the thermal efficiency.

The power density of the fuel cell as a function of current density at two different
pressures is shown in Figure 4.3. The power density as a performance parameter is a
direct indicator of the size of the fuel cell for a given power. It also seen from Figure
4.3 that an increase in fuel cell’'s operating pressure causes an increase in power
density especially at higher current densities. A large increase in the net output power
can be observed, with a maximum of 0.629W for higher operating pressure and with a

maximum of 0.564W for lower operating pressure, corresponding to a significant
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increase of 12.5%. It is also seen from the figure that the fuel cell power density
increases with increasing current density, reaches a maximum, and then falls as the
current density further increases. It should be noted that for a given pressure, the
voltage output of a fuel cell (hence the thermal efficiency) steadily decreases with
current density whereas the power density shows a non-monotonic behavior.
Therefore, the question of choosing a suitable current density often arises in the
design process of fuel cell systems. From the literature, it can be inferred that fuel
cells are designed to operate at the maximum power density (Vielstich et al., 2009).
Therefore, in this thesis, the fuel cell system is designed to supply the required
maximum power at a current density corresponding to the maximum power density as

outlined below.

The automotive fuel cell system is typical of those found in automotive applications
and is similar to the system found in Toyota Motor Corporation FC vehicle. The
maximum power of the fuel cell is assumed to be 90 kW. The active cell area is
chosen as 625 cm? (25 cm x 25 cm). For 3 atm pressure, it is required that the fuel
cell delivers 90 kW of maximum power at a current density corresponding to the peak
power density (in Figure 4.3 it is 0.63 W/cm? at 1.13 A/cm?). At this point, the fuel cell
delivers around 0.43 V as can be seen from Figure 4.2. For a cell area of 625 cm?,
230 cells are needed to produce the required maximum power of 90 kW. Therefore,
the number of cells for the fuel cell system is set as 230. If the fuel cell is required to
produce less power than 90 kW (based on vehicle operating conditions), the current
density (hence the amount of fuel) is reduced. The operating range for this pressure
is shown in Figure 4.2. If the same fuel cell (230 cells with 625 cm? active cell area) is
operated at a lower pressure of 1.5 atm, at its peak power density point as seen in
Figure 4.3 (0.56 W/cm? at 0.967 A/lcm?), the fuel cell will deliver less power (around
81 kW). Again, if less power is required at 1.5 atm, the current density is reduced as
seen in Figure 4.2. Overall, the fuel cell will deliver a maximum power of 90 kW at 3

atm and 81 kW at 1.5 atm, respectively.
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Figure 4.3. The power density of fuel cell as a function of cell's current density for
different pressures.

4-2 Analysis of an Automotive PEM Fuel Cell System Model
4.2.1 Power Output

A PEM fuel cell system requires the use of components such as compressor, pumps,
fans and heaters that require power input. As a result, the auxiliary power consumed
by these devices must be subtracted from the overall gross power generated by the
fuel cell stack to calculate the total power required to drive the vehicle. The power
generated by the fuel cell stack can be determined from the voltage, current density
and the number of cells. The vehicle speed can be calculated from the road load

equation which is discussed in the Section 2.3.

Figure 4.4 shows the required power output as a function of vehicle speed for two
different operating pressures. We can see from this figure that the PEMFC system
model can be operated at low or high pressure. Slightly higher power output from

stack is obtained at 3 atm operating pressure but the net system power must be
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checked by calculating auxiliary power requirements for other components such as

air-supply and cooling systems.
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Figure 4.4. Required power output as a function of vehicle speed for two different
operating pressures.

Figure 4.5 shows the vehicle power as a function of vehicle speed. It is clear from the

figure that when the speed of the vehicle increases, the vehicle power increases too.
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Figure 4.5. Propulsion power required as a function of vehicle speed

Figure 4.6 shows the auxiliary power requirement as a function of vehicle speed at
two different operating pressures. We can see from this figure that an increase of
system operating pressure causes a slight increase in the power needed for auxiliary
components. If the system operates at 3 atm operating pressure, a relatively large
portion of the total power output from PEM fuel cell is used to operate air compressor,
while an electrical heater demands the highest portion of the auxiliary power at 1.5

atm operating pressure as will be discussed below.
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Figure 4.6. Auxiliary powers as a function of vehicle speed for two different operating
pressures.

Figure 4.7 shows the breakout of the auxiliary power as a function of vehicle speed at
3 atm operating pressure. The auxiliary components include a compressor, electrical
heater, coolant pump, injection pump, radiator fan, and an intercooler fan. It is
possible to see from this figure that the electrical power consumed by compressor is
growing faster than the rate of electrical power consumed by other auxiliary
components. It is also noted that the compressed air would need to be cooled before
entry into a humidifier by using an intercooler. It is presented that the temperature of

the incoming air to the humidifier is decreased in an air cooler (Hosseini et al. 2012).
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Figure 4.7. Auxiliary powers as a function of vehicle speed for 3 atm operating
pressure.

Figure 4.8 shows the auxiliary power as a function of vehicle speed at 1.5 atm
operating pressure. In low operation pressure, the outside air from the compressor
would need to be heated before entering the humidifier. Therefore, the waste heat at
the exhaust needs to be heated and then it will be used to heat the hydrogen and air
to the required temperature. It is seen from the figure that the electric energy required
by the heater constitutes the largest portion of auxiliary power requirement of the

system.
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Figure 4.8. Auxiliary powers as a function of vehicle speed for 1.5 atm operating
pressure.

4.2.2 Fuel Consumption

The electrical power produced by a fuel cell is directly proportional to the amount of
fuel consumed because each mole of fuel provides specific moles of electrons. Figure
4.9 shows the hydrogen consumption as a function of vehicle speed at two different
operating pressures. It is clear from this figure that when the speed of the vehicle
increases, it needs a larger amount of energy, accordingly more amount of fuel is

consumed.
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Figure 4.9. Hydrogen consumption as a function of vehicle speed for two different
operating pressures.

4.2.3 Fuel Cell Thermal Efficiency, and System Thermal Efficiency

Figure 4.10 shows the efficiency curves as a function of vehicle speed at two different
operating pressures. The curves in this figure show the fuel cell thermal efficiency,
and the system thermal efficiency. As can be seen, increasing the system pressure
from 1.5 to 3 atm is beneficial for the fuel cell thermal efficiency while it has a
negligible effect on the system efficiency.

The fuel cell thermal efficiency curves present the relation between the electricity
produced and the maximum available work for vehicle propulsion. It is viewed from
the curves that the fuel cell thermal efficiency decreases with increasing the vehicle
speed due to the increase of fuel consumption by the vehicle. It is also seen that an
increase in the operation pressure increases the fuel thermal efficiency due to the

increase in the power output from the fuel cell at high pressures.
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In system thermal efficiency curves, it can be seen that the increasing in vehicle
speed from 10 km/hr to 140 km/hr decreases the system thermal efficiency
significantly. This is mainly due to the electrical power consumed by compressor and
other auxiliary components which have been deducted from the power generated
from stack. By entering proper operating parameters, the model generated in this
study could do system optimization, and select the best working condition for the
system. In comparison with the values in the literature, the value for the system
thermal efficiency decreases from 38% to 22% for 3 atm operating pressure, 2.5 air
stoichiometry ratio, and 1.1 fuel stoichiometric ratio (Wishart et al. 2006). Similarly, in
this thesis the system thermal efficiency decreases from 38.2% to 25% at the same
range of current density for 3 atm operating pressure, 2.0 air stoichiometry ratio, and

1.5 fuel stoichiometry ratio.
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Figure 4.10. Efficiencies as a function of vehicle speed at two different pressures

4.2.4 Water Management

On the water balance of PEMFC system, the amount of water entering the system in

ambient air, plus water injected to humidify gases, plus water generated inside the
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cathode due to electrochemical reaction must be larger than or equal to the amount of
water leaving the system with exhaust air and hydrogen. Water at the exhaust may be
in liquid or gaseous state. The state of water depends on the operating conditions of
fuel cell (air stoichiometric ratio and operation pressure and temperature). Liquid
water is easily separated from the gaseous stream in condenser. Figure 4.13 shows
the amount of water (liquid and vapor) at the exit of stack and injected water required
for humidification process as a function of vehicle speed for 3 atm pressure. It is
viewed from the result that the average value of water at the exit of fuel cell stack
consists of 60% liquid water and 40% of water vapor. At high pressures the vapor
pressure of water is high thus the boiling point of water increases. Therefore, the
amount of liquid water increases with increasing operation pressure. It is also viewed
from the figure that the liquid water at the exit of fuel cell is greater than the injected
water and it is enough to humidify the reactants before entering to the fuel cell without

using a condenser
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Figure 4.11. The amount of water at the exit of stack and injected water required for
humidification process as a function of vehicle speed for 3 atm operating pressure.
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Figure 4.12 shows the amount of water (liquid and vapor) at the exit of stack and
injected water required for humidification process as a function of vehicle speed for
1.5 atm pressure. It can be inferred from the figure that the average value of water at
the exit of fuel cell stack consists of 32% liquid water and 68% of water vapor. Also
the amount of liquid water at the exit of fuel cell is lower than the injected water and
therefore not sufficient to humidify the reactants before entering to the fuel cell. It is
clear that lower operating pressures necessitates large amount of water recovery in
the condenser which results in a very high parasitic load for condenser fan. Bao et al.
(2006) studied the effect of different pressures on a fuel cell system and found out

that when the system operated at low pressures, a condenser would be needed.
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Figure 4.12. The amount of water at the exit of stack and injected water required for
humidification process as a function of vehicle’s speed for 1.5 atm operation
pressure.

Figure 4.13 shows the water needed for humidification processes as a function of
vehicle speed for two different operating pressures. It can be seen from the figure
that that an increase in system operating pressure causes a decrease in water

needed for humidification processes because the mole fraction of water vapor at the
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exhaust decreases with increasing the operating pressure. Therefore it can be
concluded that the water management forms a problem in systems that operate at
low pressures since they need a large amount of water for humidification and hence a

large humidifier.
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Figure 4.13.The water needed for humidification process as a function of vehicle
speed for two different operating pressures.

The air stoichiometry ratio and the operation pressure are two important operating
parameters in the water management of PEM fuel cell. Figure 4.14 shows the amount
of water at the exit of cathode and injected water required for humidification process
at constant vehicle speed at 120 km/hr with a variable air stoichiometric ratio and two
different operation pressures. It is seen that the decrease of air stoichiometry at
higher operating pressures improves the water management of system because the
water at the exit of cathode is enough to humidify the reactant gases and there is no
need to a condenser in the system. However, the amount of liquid water at the
exhaust of cathode is not enough to humidify the reactants for lower operating

pressure at any air stoichiometric ratio.
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Figure 4.14. The amount of liquid water at the exit of cathode and injected water
required for humidification process at constant vehicle speed at 120 km/hr with
variable air stoichiometric ratio at two different operating pressures.
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4.2.5 Thermal Management

Thermal management is one of the most important aspects in the development of fuel
cell stack system because the heat is generated in large quantities through an
electrochemical reaction in a PEM fuel cell. If the rate of heat generated is too high,
the fuel cell stack more overheats and the membrane may lead to dehydration. Low
temperatures decrease the rate of the chemical reaction, reduce efficiency, and may
lead to water condensation and flooding of electrodes.

As mentioned above, proper thermal management is necessary in order to maintain
the desired temperatures inside the cells which are essential for the performance and
durability of a fuel cell, and to keep the stack from heating up of the fuel cell stack
system. Heat balance of fuel cell stack as a function of vehicle speed for two different
operating pressures shows in Figure 4.15. The sum of electrical power generated, the
rate of energy leaving with the unused reactant gases, and the rate of heat removal

from the fuel cell must be equal to the rate of energy entering with the reactant gases.
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Figure 4.15. Heat balance of fuel cell stack as a function of vehicle speed for two
different operating pressures.

Figure 4.16 shows the heat rejected in the radiator as a function of vehicle speed for
different pressures. It is seen from the figure that the heat generated in the fuel cell
stack at high operating pressure greater than it at low operation pressure. It is clear
that higher operating pressures necessities a large amount of heat rejected in the
radiator which results in a very high parasitic load for radiator fan.
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Figure 4.16. Heat rejected in radiator as a function of vehicle speed for two different
operating pressures.

The size of the heat exchanger (radiator) depends on the amount of heat to be
removed from the fuel cell stack and is also affected by the operation pressure.
Figure 4.17 shows that the required heat exchanger area as a function of vehicle
speeds at two different operation pressures. It is seen that as the vehicle speed
increases the power needed from fuel cell stack also increases, and the effective area
of the radiator is increased in order to dissipate all of the waste heat to the
surroundings. It means that the radiator size is the key factor to influence the system

thermal performance.
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Figure 4.17. Required heat exchanger areas as a function of vehicle speed at two
different operation pressures.

Figure 4.18 shows the effect of vehicle speed on the amount of coolant flow rate at
different pressures. It is clear from the figure that if the vehicle speed increases, the
power needed from fuel cell stack also increases, and the amount of coolant flow rate

must be increased to match the rising waste heat output.
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Figure 4.18. The amount of coolant flow rate as a function of vehicle speed for
different pressures.
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CHAPTER 5
CONCLUSIONS AND RECOMMENDATIONS FOR FUTURE WORK

In this study, a steady state thermodynamic model for an automotive PEM fuel cell
system model was developed in MATLAB. The model consists of a PEM fuel cell
model and models for all necessary auxiliary components such as compressor,
pumps, fan, heaters and humidifiers. For the PEM fuel cell stack model standard
Nernst voltage was calculated at the given operating conditions and activation, ohmic
and concentration losses were modeled using the available theoretical and empirical
approaches in the literature. All auxiliary components are modeled using 0-D steady-
state mass and energy balance equations. The system model was used to determine
the effects of various operating parameters such as vehicle speed, and operating
pressure on the size of the system components, heat and water formation, fuel
consumption and efficiency. The PEM fuel cell stack was designed to consist of 230
cells with a maximum power of 90 kW at 3 atm operating pressure. The different
system configurations had to be adopted for two different operating pressures tested
in this thesis 1.5 atm and 3 atm to have adequate thermal and water management. If
the system operates at high pressure (3 atm), air cooler is needed to cool down the
air that exits from compressor where it has been compressed to high pressures.
However, if the system operates at low pressure (1.5 atm), air heater is needed to
raise the air temperature to the desired value where it exits from compressor. In
addition, the amount of water at the exit of fuel cell stack is not sufficient to humidify
the reactants. Thus, a condenser is attached to the system to condense the water
vapor in the cathode exhaust stream so that liquid water requirement of the system is

met.

The thesis presented has attempted to integrate component models for an automotive
PEM fuel cell system that includes a fuel cell stack, air supply system, hydrogen
supply system and a thermal circuit. The integration presents a variety of possibilities

to study design parameters of a fuel cell system, particularly to consider a realistic
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characteristic of the fuel cell system along with a thermal and water management as

well as balance of plant. Several conclusions were drawn from these analyses:

Increasing the operating pressure of the system increases the fuel cell thermal
efficiency but has no effect on the system thermal efficiency.

The system pressure has a significant positive impact on the power density
and water balance characteristics of the fuel cell.

Increasing the vehicle speed has a negative impact on the system efficiency
and stack efficiency.

The auxiliary components are necessary to operate the PEM fuel cell system
but decrease the system efficiency.

Decreasing air stoichiometry at high operating pressure improves the water
management system.

High operation pressure improves water management, since at higher
pressures less water is needed to reach the same relative humidity levels.
However, the high pressure systems use a high percentage of the fuel cell
output power in order to operate the compressor and that causes some loss in
system efficiency.

Water management is one of the problems in systems that operate at low
pressure because they need a large amount of water for humidification
processes and the sizes of the humidifier and the condenser increase.

However, this parasitic power requirement increases due to fan condenser.

As the operating pressure increases, the size of the radiator increases.

Recommendations for Future Work

Several improvements can be made to the PEM fuel cell system model by the

following:

The existing model can investigate the effects of stack geometry and fuel cell
material properties on the system performance.
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* The model can further be developed to include the transient analysis.

» The improved model can be used to simulate the vehicle performance in the

realistic driving cycles.
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APPENDIX
MATLAB CODE

%Vehicle design

v_vehicle = Variable; %Vehicle speed m/sec

m=1880; %Vehicle weight

Drag_coefficient=0.65; %Aerodynamic drag coefficient
Frontal_area=2.68;  %Frontal area of vehicle, m?
Rolling_Resistance_Coefficient= 0.012;  %Rolling Resistance Coefficient
Air_Density=1.2; %Air Density, Kg/ m®

0=9.81; % gravitational constant

P_vehicle=(0.5*Air_Density*Drag_coefficient*Frontal_area* v_vehicle

"2+m*g*Rolling_Resistance_Coefficient)* v_vehicle; % vehicle power,
wW

er=0.15;

i_cell=0.001; % Initial current density of cell, A/lcm”2

while er>0.11
i_cell=i_cell +0.00001;

%Polarization curve

SR_anode=1.5; %Fuel stoichiometric flow ratio
SR_cathode=2; %Air stoichiometric flow ratio

P_a= 303.975/2; %Pressure of anode, kpa

P_c=303.975/2; %Pressure of cathode, kpa
P_comp_out=1.5; %Pressure outlet from compressor atm
P_hydrogen= 1.5; %Hydrogen pressure, atm

T fc=353; %Cell temperature, K

R=8.314; %Universal gas constant

n_anode=2; %Number of electron transfer through anode
n_cathode=4; %Number of electron transfer through cathode
F=96485; %Faraday constant, C.mol™

T_Ref=298.15; %Reference temperature, K

P_Ref=101.325; %Reference pressure, kpa
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L_GDL=0.0254;
L_CL=0.00287;

L _M=0.023;
io_anode=0.6;
io_cathode=4.4*10.7\(-7);
lonomer_anode=0.4;

lonomer_cathode=0.3;

%Thickness of gas diffusion layer, cm

%Thickness of catalyst layer, cm

% Membrane thickness, cm

%Anode exchange current density, A/lcm2
%Cathode exchange current density, A/lcm2
%lonomer equivalent of anode catalyst layer
%lonomer equivalent of cathode catalyst layer

Beta= 0.05; % Exp. Constant for Concentration Polarization, 3
porosity= 0.6; % Electrode porosity

RH=1; %Relative humidity (both anode and cathode) RH,
(%)

Delta_ M=0.1; % Membrane ionic conductivity , S/cm
diffusion_H2 REF= 0.0376; %H, diffusion coefficient at reference state, cm?
sec™

diffusion_0O2_REF= 0.0522; %0, diffusion coefficient at reference state, cm?
sec™

P_sat= (-2846.4+411.24*(T_fc-273.15)-10.554*(T_fc-273.15).72+0.16636*(T_fc-
273.15).23)*10.1-3;

%Molar fraction of hydrogen
y_H2=1-(RH*P_sat./P_a);

y H2used=y H2./SR_anode;

%Molar fraction of oxygen
y_02=(1-(RH*P_sat./P_c))*0.21;
y_O2used=y_0O2/SR_cathode;
%Concentration of hydrogen and oxygen
C_H2=y H2used*P_a./(R*T_fc);

C_02=y O2used*P_c./(R*T_fc);
%Effective diffusity of hydrogen and oxygen
D_H2eff=porosity.N(1.5)*diffusion_H2 REF*(T_fc./T_Ref).~1.5)* (P_Ref./P_a);
%Effective diffusity of hydrogen, cm”2 s”(-1)

%Saturation pressure @353

%Concentration of hydrogen, Kmol.m™

%Concentration of oxygen, Kmol.m™
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D_O2eff=porosity.(1.5)*diffusion_0O2_ REF*(T_fc./T_Ref).~1.5)* (P_Ref./P_c);
%Effective diffusity of oxygen, cm”2 s”(-1)

%Limiting current density
IL_anode=n_anode*F*D_H2eff*C_H2*(10)."(-3)./L_GDL; %Limiting current density
of anode, A.cm™

IL_cathode=n_cathode*F*D_0O2eff*C_02*(10).7(-3)./L_GDL; % Limiting current
density of cathode, A.cm™

%Open circuit voltage

E_o=1.229 - 0.85* (10).”(-3) * (T_fc - 298.15) + 4.3085*(10).~(-5)* T_fc
*(log(y_H2used*P_a)+0.5*log(y_O2used*P_c)); % Nernst potential
%Activation losses

Act_anode = R*T_fc./(F*n_anode)*( i_cell./io_anode);

Act_cathode = R*T_fc./(F*n_cathode*(1-0.55))*log(i_cell./io_cathode);
Act_loss=Act_anode+ Act_cathode;

%Ohmic losses

ohmic =i_cell
*((L_CL./(2*lonomer_anode*Delta_M))+(L_M/Delta_M)+(L_CL./(2*lonomer_cathode*
Delta_M)));

%Concentration losses

Conc_anode=- Beta*log(1-(i_cell /IL_anode));

Conc_cathode = -Beta*log(1-( i_cell /IL_cathode));

conc_loss=- Beta*log(1-(i_cell /IL_anode))+-Beta*log(1-(i_cell /IL_cathode));
v_cell =E_o - Act_anode - Act_cathode - ohmic - Conc_anode - Conc_cathode;
A_cell=625; %Area of cell, 25cm*25¢cm

n_cell= 230; %Number of cell

P_fc=v_cell*i_cell* A _cell* n_cell;

M_air=28.97; %Molecular weight of air
M_H2=2.0158; %Molecular weight of hydrogen
M_02=31.999; %Molecular weight of oxygen
M_N2=28.013; %Molecular weight of nitrogen
M_H20=18.02; %Molecular weight of water vapor
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r_ 02=0.21; %Molar fraction of oxygen

m_air_in=SR_cathode./ r_O2* M_air./(4* F) * P_fc./ v_cell; % Mass of air required,
g.sec*

m_hydrogen_in=SR_anode * M_H2./(2* F)* P_fc./v_cell ; % Mass of hydrogen
entering to the fuel cell, g.sec™

m_air_out=((SR_cathode-1)* M_02+(1-r_02)./ r_02* M_N2) * (P_fc./ v_cell)./(4* F);
% Mass of unused air, g.sec™

m_hydrogen_out=(SR_anode-1) * M_H2./(2* F)* P_fc./ v_cell ; % Mass of unused
hydrogen, g.sec™

m_H2_consumption= m_hydrogen_in- m_hydrogen_out;

%%% Compression process of air

T _amb= 25; %Ambient temperature

RH_amb=0.4; %Ambient relative humidity

T _comp_in=T_amb; %Compressor inlet temperature
RH_comp_in= RH_amb; % Compressor inlet relative humidity

P1 sat =(-2846.4+411.24* T_comp_in -10.554* T_comp_in."2+0.16636*

T _comp_in.~3)*10.7-5; %Saturation pressure @25C

>> Pvl _comp=RH_comp_in*P1_sat; %pressure of water vapor at inlet of

compressor

>>P_comp_in=1; %Pressure of cathode electrode atm

>>w_comp_in= 0.622*(Pvl_comp./(P_comp_in-Pvl_comp)); %Water content at
the inlet of compressor

%%%% Mass balance of compressor

w_comp_out=w_comp_in; %Water content at the outlet of compressor

eff comp=0.8; %Efficiency of compressor

T _comp_out=((T_comp_in+273)+( T_comp_in
+273)./eff_comp*((P_comp_out./P_comp_in).~(0.4./1.4)-1))-273; %Compressor
outlet temperature

Pv2_comp=w_comp_out*P_comp_out./(w_comp_out+0.622);  %pressure of water

vapor at outlet of compressor

91



P2 sat= (-2846.4+411.24*T _comp_out-10.554* T_comp_out.~2+0.16636*
T_comp_out.*3)*10.7-5; %Saturation pressure @162C
RH_comp_out=Pv2_comp./P2_sat; % Compressor outlet relative humidity

Cp_air =1.005; %Specific heat at constant pressure of air
h_g0=2500; %Enthalpy of saturated vapor@ 0C Kj/Kg

h_compressor_in= Cp_air * T_comp_in +w_comp_in*(h_g0+1.82* T_comp_in);
h_compressor_out= Cp_air * T_comp_out +w_comp_out*(h_g0+1.82* T_comp_out);
%%% Energy balance of compressor

eff_comp=0.8;

P_compressor= m_air_in*( h_compressor_out- h_compressor_in)/eff_comp;

%%%% Humidification process of air

w_hum_in=w_comp_out; %Water content at the inlet of humidifier Kg water/Kg
air

T _hum_out=80; % Humidifier outlet temperature

RH_hum_out=1; %Humidifier inlet relative humidity

RH_inlet_ ¢ =RH_hum_out;  %Cathode inlet relative humidity

T water_injected=25; %Temperature of water injected to humidifier
h_fg=2442; %Enthalpy of evaporative water@ 25C KJ/Kg
h_g2=2643; %Enthalpy of saturated vapor@ 80C KJ/Kg
P3_sat= (-2846.4+411.24*T _hum_out-10.554* T_hum_out.~2+0.16636*

T _hum_out."3)*10.7-5; %Saturation pressure @25C

w_hum_out= 0.622*(P3_sat./(P_comp_out-P3_sat)); %Water content at the

outlet of humidifier

%%%%Mass balance of humidifier

m_injected_air =m_air_in*(w_hum_out- w_hum_.in); %Mass flow rate of liquid
water required to humidify air

%h= Cp_air *T+w*h_g % Enthalpy of gas vapor mixture
%h_g=h_g@0C+1.82*T % Enthalpy of saturated vapor

h_g0=2501.3; %Enthalpy of saturated vapor@ 0C Kj/Kg
h_hum_out = Cp_air *T_hum_out+w_hum_out*h_g2; %Enthalpy at outlet of
humidifier
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h_evaporation= (w_hum_out-w_hum_in)*h_fg;

%h_hum_in= Cp_air *Tin_hum+w_hum_in*(h_g0+1.82*T_hum_in) %Enthapy at
inlet of humidifie

%%%%% Energy balance of humidifier

% h_hume-in+ h_evaporation =h_hum_out

T_hum_in=(h_hum_out- h_evaporation -w_hum_in*h_g0)./( Cp_air +w_hum_in*1.82);
% humidifier inlet temperature

W_hum_inlet=( Cp_air *(T_hum_out-T_hum_in)+w_hum_out*(h_g2-
h_fg))./((h_g0+1.82*T hum_in)-h_fQ);

P5_sat= (-2846.4+411.24*T_hum_in-

10.554*T _hum_in."2+0.16636*T_hum_in.~3)*10.7-5; %Saturation pressure @162C
p_v=w_hum_in*P_comp_out./(w_hum_in+0.622);
RH_heater_out=p_v./P5_sat*100;

h_hum_in= Cp_air *T_hum_in+w_hum_in*(h_g0+1.84*T _hum_in); %Enthalpy at
inlet of humidifier

%%%% Cooling process of air

T heater_air_in=T_comp_out;

T heater_air_out=T_hum_in;

w_heater_air_in =w_comp_out;

%%%%% Mass balance of electrical heater of air
w_heater_air_out=w_heater_air_in;

h_heater_air_inlet= Cp_air * T_heater_air_in + w_heater_air_in*(h_g0+1.82*

T _heater_air_in); %Enthalpy at inlet of heater air

h_heater_air_outlet = Cp_air * T_heater_air_out + w_heater_air_out*(h_g0+1.82*

T heater_air_out); %Enthalpy at outlet of heater air

%%%%% Energy balance of electrical heater of air

Q_heating_air= (m_air_in*( h_heater_air_outlet - h_heater_air_inlet));

%%%% Humidification of hydrogen

T _hum_out=80; % humidifier outlet temperature
RH_hum_out=1; %humidifier inlet relative humidity
RH_inlet_a= RH_hum_out; %Anode inlet relative humidity
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h_fg=2442; %Enthalpy of evaporative water@ 25C Kj/Kg
h_g2=2643; %Enthalpy of saturated vapour@ 80C Kj/Kg
w_hum_in2=0; %Water content at the inlet of humidifier, Kg water/Kg air
P3_sat=(-2846.4+411.24*T_hum_out-10.554* T_hum_out.~2+0.16636*

T _hum_out."3)*10.7-5; %Saturation pressure @25C

w_hum_out2= 9*(P3_sat./(P_hydrogen-P3_sat));  %Water content at the outlet of
humidifier

m_injected_hydrogen= m_hydrogen_in*( w_hum_out2- w_hum_in2); %Mass flow
rate of liquid water required to humidify hydrogen

%h=Cp_H2*T+w*h_g; % Enthalpy of gas vapor mixture

Cp_H2=14.31; %Specific heat at constant pressure of hydrogen
h_hum_out2= Cp_H2*T_hum_out+w_hum_out2*h_g2; %Enthalpy at outlet of
humidifier

h_evap=(w_hum_out2-w_hum_in2)*h_fg;

%h_hum_in=Cp_H2*T_hum _in2 % Enthalpy at inlet of humidifier

% h_hum_in+ h_evap =h_hum_out %Energy balance of humidifier

T _hum_in2=(h_hum_out2- h_evap)./ Cp_H2; % humidifier inlet temperature
w=(Cp_H2*(T_hum_out-T_hum_in2)+w_hum_out2*(h_g2-h_fg));
h_inlet_heater2=Cp_H2*T_amb; %Enthalpy at inlet of heater
h_outlet_heater2=Cp_H2 *T_hum_in2;  %Enthalpy at outlet of heater
Q_heating_H2=m_hydrogen_in*( h_outlet_heater2- h_inlet_heater2);

%%%% Mass balance of water transport through the cathode at steady state

P_cathode= P_comp_out; %Pressure of cathode
P_anode= P_hydrogen; %Pressure of anode
Pressure_drop_ca=0.15; % The pressure drop on the cathode side

m_H20_air_inlet= SR_cathode./ r_0O2* M_H20./(4* F)* RH_comp_in* P1_sat./(
P_comp_in- RH_comp_in* P1_sat)*i_cell* A _cell* n_cell; % The amount of water
vapor in the air inlet

m_H20_cathode_vapour_outlet= (SR_cathode-r_02)./r_02* M_H20./(4* F)*

P3 sat./( P_cathode - P3_sat)*i_cell* A _cell* n_cell;, % The amount of water vapor

at the cathode outlet

94



m_H20_generated=9.34*10.~-5*P_fc./v_cell; % Water produced due to
electrochemical reaction

w_activity= (RH_inlet_a + RH_inlet_c)./2; % Membrane water activity
water_content= 0.043 + 17.8*w_activity-39.85*w_activity .~2+36.0*w_activity."3; %
Water content in the membrane

EOD_ cofficient=0.0029*water_content."2+0.05*water_content-3.4* 10°(-19); %
Electro-osmotic drag coefficient
m_H20_drag=EOD_cofficient*M_H20O./F*i_cell*A_cell*n_cell; % Water transfer
due to electro osmotc drag phenomena

m_H20_diff=0.92*EOD_ cofficient*M_H20./F*i_cell*A_cell*n_cell; % Water transfer
due to back diffusion

m_H20_membrane= m_H20_drag- m_H20_diff; % Water transfer through
membrane

m_H20O _injected_air= m_injected_air; %Mass flow rate of injected water in the air,
g/sec

m_H20_cathode_outlet=m_H2O_air_inlet + m_H20_generated+

m_H20O _injected_air +m_H20_membrane;

m_H20_cathode_vapour_outlet=min( (SR_cathode-r_02)./r_0O2* M_H20./(4* F)*
P3_sat./( P_cathode - Pressure_drop_ca- P3_sat)*i_cell* A_cell* n_cell,
m_H20_cathode_outlet); % The amount of water vapor at the cathode outlet

if m_H20O_cathode_outlet > m_H20O_cathode_vapour_outlet
m_H20O_cathode_liquid_outlet= m_H2O_cathode_outlet-
m_H20_cathode_vapour_outlet; %The amount of liquid water at the cathode outlet
end

%%%% Mass balance of water transport through the anode at steady state
P_anode= P_hydrogen; %Pressure of anode

Pressure_drop_an=0.15; % The pressure drop on the anode side, atm

m_H20 _injected_hydrogen= m_injected_hydrogen; %Mass flow rate of injected
water in the anode side, g/sec

m_H20_anode_outlet=m_H20 injected_hydrogen -m_H20_membrane; %The

amount of water the anode outlet
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m_H20_anode_vapor_outlet=min( (SR_anode-1) * M_H20./(2* F)* P3_sat./(
P_anode- Pressure_drop_an - P3_sat)* i_cell* A_cell* n_cell, m_H20_anode_outlet);
% The amount of water vapor at the anode outlet

if m_H20O_anode_outlet > m_H20_anode_vapor_outlet
m_H20_anode_liquid_outlet=m_H20_ anode_outlet- m_H20O_anode_vapor_outlet;
% The amount of liquid water at the anode outlet

else

m_H20_anode_liquid_outlet=0;

end

m_H20_liquid= m_H20O_anode_liquid_outlet+ m_H20O_cathode_liquid_outlet;
m_H20_vapor = m_H20_anode_vapor_outlet+ m_H20O_cathode_vapour_outlet;
m_H20 _injected=m_H20 injected_hydrogen+ m_H2O injected_air;

%%%% Energy balance of PEMFC system at steady state

T fc_ex=76; % Temperature of coolant end exhaust gases at exit of fuel cell
stack

T_stack=80; % Temperature of fuel cell stack

Cp_02=0.913; %Specific heat at constant pressure of oxygen
Cp_HO2=4.18; %Specific heat at constant pressure of water, j/g
Cp_HO2 v=1.85; %Specific heat at constant pressure of water vapor
H_HHV_25=141900; %Hydrogen higher heating value at 25C, J/g

H_HHV_0=H_HHV_25-( Cp_H2+(0.5*M_02./ M_H2)*Cp_02-( M_H20./
M_H2)*Cp_HO2)* T_amb;

Q_H2_in=m_hydrogen_in*( Cp_H2* (T_stack -T_amb) + H_HHV_0);  %Heat of
inlet hydrogen, W

Q_air_in=m_air_in *Cp_air*( T_stack -T_amb); %Heat of inlet air , W

Q_H20 in_air_inlet= (m_H20O _air_inlet+ m_H20O _injected_air )*( Cp_HO2_v*
(T_stack -T_amb) + h_gO0); % Heat of inlet water vapor

Q_H20 _injected_H2=m_H20_injected_hydrogen * (Cp_HO2_v* (T_stack -T_amb) +
h_g0); % heat of injected water to hydrogen

Q_in=Q_H2_in+ Q_air_in+ Q_H20_in_air_inlet+ Q_H20O _injected_H2; % Total heat

at inlet
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Q_H2_out=m_hydrogen_out*( Cp_H2* (T_fc_ex- T_amb) + H_HHV_0); %Heat of
outlet hydrogen, W

Q_air_out=m_air_out *Cp_air* (T_fc_ex-25); %Heat of outlet air, W
Q_H20_liquid_air_out=m_H20 _cathode_liquid_outlet* Cp_ HO2* 0; % Heat of
outlet liquid water outlet

Q_H20 _vapor_air_out=m_H20_cathode_vapour_outlet *( Cp_HO2_v* (T_fc_ex-

T _amb) + h_g0); % Heat of water vapor outlet at air side

Q_H20 vapor H2 ouT=m_H20 anode_vapor_outlet *( Cp_HO2_v*( T_fc_ex-

T _amb) + h_g0); % Heat of water vapor outlet at hydrogen side

Q_H20 liquid_H2_out=m_H20_anode_liquid_outlet* Cp_HO2* 0; % Heat of outlet
liquid water outlet

Q_out=Q_H2 out+ Q_air_out+ Q _H20O_liquid_air_out+ Q_H2O_vapor_air_out+
Q_H20 vapor H2 ouT+ Q_ H2O_liquid_H2 out; % Total heat at outlet

W_el=v_cell* i_cell* A _cell*n_cell; %Electricity generated

A surface fc=0.355; % Surface area of fuel cell, m"2

h=5.4; %Heat transfer coefficient, W/m”2K
T_Ref=273.15;

Q_conv=h* A_surface_fc *( T_stack - T_amb); %Heat losses due to convection, W
S B =5.67*10./(-8); %Stefan. Boltzman constant, W/m”"2 K

e =0.75; %Emissivity of stack surface

Q_rad=S_B*e* A _surface fc*(( T_stack + T_Ref).™-( T_amb+ T_Ref).™); %Heat
losses due to radiation, W

T _cool_rad_out =66; %Temperature of coolant at exit of radiator

Q_coolant=Q _in- Q _out- W _el- Q _conv- Q _rad;

m_coolant= Q_coolant./ (Cp_HO2*( T_fc_ex- T_cool_rad_out));

%Pump design

dp=750; % total pressure increase in the pump, Pa
density_water=1000; % density of water, kg.m?

P_Pumpl= m_coolant* dp/ density_water; % Power of pump required to circulation

cooling water
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P_Pump2= (m_H20 injected_air + m_H20O _injected_hydrogen )* dp/ density_water;
% Power of pump required to circulation injected water

P_Pumps = P_Pumpl+ P_Pump2; %Work required to drive the pumps
%Design of radiator

A_radiator=0.5*0.5;

Air_Flow_rate= Air_Density*0.5*v_vehicle*A_radiator;

T _ex_rad=T_amb+( Q_coolant*10. *-3./( Air_Flow_rate* Cp_air));

dT1=T fc_ex- T_ex rad,

dT2=T_cool _rad_out- T_amb;

LMTD=(dT1- dT2)./log(dT1./ dT2);

U=150; % Uverall heat transfer coefficient of air

Effective_area_rad= Q_coolant./(U* LMTD);

%fan radiator design

dp=50; % total pressure increase in the fan, Pa

P_fans= 2*Air_Flow_rate* dp./ Air_Density; % Power of fans of radiator and air
cooler

P_heater= Q_heating_H2+ Q_heating_air;

P_AUX= P_compressor + P_Pumps + P_fans+ P_heater;
P_fc_t=P_vehicle+ P_AUX;

system_efficiency = (P_fc- P_AUX)./( m_hydrogen_in *H_HHV_0)*100;
thermal_efficiency = P_fc./( m_hydrogen_in *H_HHV_0)*100;

er= ((P_fc_t- P_fc)./ P_fc_t)*100;

end
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