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Optimization of Fuel Cell System Operating Conditions

for Fuel Cell Vehicles

Hengbing Zhao* and Andrew F. Burke

Institute of Transportation Studies, UniversityGdlifornia, Davis CA 95616 USA

Abstract

Proton Exchange Membrane fuel cell (PEMFC) techapfor use in fuel cell vehicles

and other applications has been intensively deeelap recent decades. Besides the fuel
cell stack, air and fuel control and thermal andewananagement are major challenges in
the development of the fuel cell for vehicle apgiions. The air supply system can have
a major impact on overall system efficiency. Irsthaper a fuel cell system model for
optimizing system operating conditions was devedophich includes the transient
dynamics of the air system with varying back pressGompared to the conventional
fixed back pressure operation, the optimal opematiscussed in this paper can achieve
higher system efficiency over the full load rangmally, the model is applied as part of a
dynamic forward-looking vehicle model of a loadkeling direct hydrogen fuel cell

vehicle to explore the energy economy optimizapotential of fuel cell vehicles.
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1 Introduction

In recent decades the hydrogen Proton Exchange kéeralbuel cell (PEMFC)
technology for use in fuel cell vehicles has begarisively developed by major auto
companies. However, the use of fuel cells in vesic$ still far from the mass production
subject to further technical development such aallity and cost [1]. Fuel cell
applications in automobiles are particularly difficbecause of the rapidly varying
driving conditions in these applications. The foell system consisting of the stack, air
and fuel subsystem and water and thermal managesubsystem is often designed to
achieve a specified maximum power and the operadioptimized around the nominal
operating point in order to maximize the overa#itsyn efficiency. In automotive
applications, the fuel cell systems have to be abapt to a wide range of operating
conditions such as frequent start-up and stop,esutithd changes, and varying power
levels. Improper system design and control canecairguel starvation, flooding,
membrane drying, and pressure imbalance acrosag¢h#brane, which will damage the
fuel cell stack. Therefore, there is a need to kigva tool to optimize the fuel cell system
operation over the full load range to achieve stalgstem operation and maximum fuel

economy.

Much work has been done in the past to model feiésgstems, optimize the operating
conditions, and simulate the fuel cell vehicleselFaell models at the cell level are
presented in [2-4]. Studies concerned with optinmp@rating conditions are discussed in
[5-12]. The characteristics of the low pressure laigth pressure fuel cell systems are

addressed with regard to the system efficiencytearsient response in [7,13,14].
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Lumped filling/emptying dynamic fuel cell modelseegiresented in [15-17]. Air supply
control strategies and analyses based on dynaragi-gteady fuel cell operation are
described in [15,18-23]. These studies establishgalod foundation for understanding
fuel cell systems and fuel cell vehicles. Howetee, above models were developed for a
specific fuel cell system or without considering tesign of the stack, sizing of the
system, or optimization of operating conditionsattdition, the models did not treat the
transient dynamics of the system and its effecymtem efficiency. A fuel cell system
optimization model which treats on a controls b#sgstransient dynamics of the system
and is applicable to a generic fuel cell desigmalgdade to fuel cells of arbitrary power) is
needed for evaluating the fuel cell system in veliof various classes and for exploring
the energy economy of those vehicles. The developared application of such a model

are the subjects of this paper.

The fuel cell system and its integration into d ftedl vehicle are presented in section 2.
The quasi-steady optimization model and optimunhésg efficiency operation including
transient dynamic effects are described in se@idimulation results of fuel cell-
powered vehicles with optimum operating conditionsvarious driving cycles are

presented in section 4. The conclusions are sumathin section 5.

2 Fuel Cell System for Vehicles

2.1 Fuel Cell System

The fuel cell stack is the heart of a fuel celltegs. However, without auxiliary

components such as the air compressor, humidifiépaessure and flow regulators, the
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stack itself would not work. Fuel cell system cguafiations vary considerably in

different applications. A direct hydrogen fuel cgjstem, as shown in Fig.1, typically
involves the following four major auxiliary subsgsts: air supply and control, fuel
supply and control, water management, and thermaalagement subsystems. The air
supply subsystem includes interacting componeisety, air compressor and expander,
supply manifold, cathode side of the fuel cell ktaeturn manifold, and back pressure
control valve. The fuel supply subsystem consistslugh pressure fuel tank, pressure
regulator, supply manifold, the anode side of thed €ell stack, and purge control valve.
Water management subsystem includes air/fuel h@ienslior vapor injector and vapor
condenser. The thermal management consists obthieag loop for the stack and
temperature control for humidifiers and a radialdre four subsystems interact and have

a large effect on the performance and efficienctheffuel cell stack.

The fuel cell system operation is complex due &dbupling of the subsystems - the
stack, air and fuel supply, and the water and thémanagement. In modeling the
system, care must be taken to include the levelafel complexity needed to adequately
account for the impact of the different componeamtghe overall system. The effect of
transient phenomena on the electrochemical pros@sske stack can be ignored due to
their fast response. The response of the watethemthal management subsystems is
relatively slow. Hence, the stack and humidifienperature change slowly and can be
considered as constants. Compared to the air/@mgtying dynamics, hydrogen supply
from a high pressure tank is fast and its dynamacsbe ignored. Therefore, only the

transient dynamics related to the air supply subsysan have a large impact on the
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system performance and it is considered in the indtie parasitic loss from the air
supply system accounts for about 80 percent ofdta losses. Therefore, the air supply
has a dominant impact on the system efficiency.@drasitic the losses from the water
and thermal management subsystems used in theipgtiom model are scaled from the

guasi-steady model [6] of those systems.

A dynamic air supply model including the fuel cgtihck manifold and channels and the
compressor was developed and then integratedhettuel cell system/vehicle model
developed by the UCD fuel cell vehicle modelingup¢5,11,21]. The system shown in

Fig.2 contains component models for each of theflselycell system components.

The stack current is used to calculate the hydrogguired. The optimum operating
conditions such as mass flow, back pressure, atel wad thermal management data,
obtained from the quasi-steady fuel cell systenmupation model, are used in the
dynamic model. The optimal air mass flow is achietreough a combination of feed-
back and feed-forward control of the compressoe B&ck pressure of the stack is
controlled by adjusting the opening area of thettle through a feed-back and feed-
forward controller. Therefore, the fuel cell systencontrolled to operate around its

optimum conditions. The details of the transiemtaiyic model are given in [24].

2.2 Fuel Cell Vehicle Model

The dynamic fuel cell system model was integratéd @ forward-looking vehicle model
of a load-following direct hydrogen fuel cell veleaDHFC). The fuel cell vehicle was

not hybridized with a battery. The driver end d# thel cell vehicle model shown in
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Fig.3 consists of three main blocks: drive cyclkevet, and vehicle. The detailed vehicle
model can be seen in [21,22]. The block of driveleylefines the driving profile as
velocity vs. time. The driver block representsdniger properties, generating the
acceleration and brake commands to the vehicl&klaocording to the driving cycle and
the actual vehicle velocity. The block of vehialeludes vehicle body, traction motor
and transmission, and fuel cell system. The matdrteansmission subroutines generate
the fuel cell current command for the fuel cellteys model. Simulations are performed

for various drive cycles such as FUDS, US06, HIWAP1015, ECE, and NEDC.

In a fuel cell vehicle, the hydrogen fuel may netfolly utilized. For closed end
hydrogen fuel cell systems, frequent purging igluseremove the accumulated water
vapor and nitrogen diffused through the membrahe. durging parasitic loss is
neglected in this model. For an open-end hydrogehdell, a pump is employed to
circulate the unused hydrogen. This loss can befgignt, but compared to the air
supply system and cooling system, the power consampf the fuel supply system is

small and is neglected in the model.

3 Optimization of Operating Conditions

3.1 Optimization Model

The fuel cell stack delivers electricity at higi@éncy. However, the operation of the
on-board auxiliaries significantly affects the perhance and efficiency of fuel cell
system. The fuel cell system optimization model firz$ developed by the UCD fuel

cell vehicle modeling group in 2002 to analyze @asi air supply configurations and
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their tradeoffs and to search for the optimum ojggaconditions to maximize the net
system power and system efficiency. The optimizatimdel in this paper was developed
based on the former model with additional consitlenagiven to the flow field channel
design in the fuel cell stack, sizing of the aipgly system, and the impact of the

humidification and oxygen consumption on the pressoss.

The GUI of the quasi-steady fuel cell system optation model is shown in Fig.4. The
interface gives some key factors which affect tystesn optimization results. The fuel
cell performance is sensitive to the mass flowhefreactants, which depends on the fuel
cell stack design. The following are the key paramse the number of cells, the active
area of the cell, and flow field design includig tthannel shape, dimensions and
spacing. In this optimization model, only rectarmgulow channels are considered. A
Vairex twinscrew compressor of 17.2 kW and a Sa@dbduction motor and controller
combination of 21 kW are employed for scaling thiesapply system in the optimization
model. Usually a compressor has best efficiencyraddhe nominal operating point and
lower efficiency in the lower load range. The radgfccompressor power to the maximum

stack power is introduced to scale the air compyass/stem.

Temperature, relative humidity, operating pressune the air mass flow are the four key
external variables that have a major impact omptdréormance of the fuel cell stack.
Assuming the stack temperature and the relativaditynare well controlled, the
operating pressure and the air mass flow will adetee the oxygen partial pressure at the

cathode catalyst layer, which determines the rastuttathode overpotential for stack
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current. In the optimization model, the averagesguee in the stack is used to calculate
the effect of the water vapor on the mass flow.rékeermal and water management for
fuel cells are challenging issues in automotiveliappons. Fuel cell operation at
relatively low temperature requires a large radgiadocondenser is needed for recovering
water for humidifying the inlet reactant gases. Tdeses from the coolant pump, radiator
fan and condenser are small compared to the losstfie air compression subsystem.
The water and thermal management components dezldzzsed results in [6] and the

maximum stack power.

The saturated water vapor pressure is the fundfiamly temperature and is 0.46733 atm.
at 80 °C. The change of the air mass flow causdtlbyidification is significant and
should be considered for calculating the presstop dn the flow channels of the stack.
The dry air mass flow in the stack decreases dtigetoxygen consumption in
electrochemical reaction. The effect of the consioeygen on the change of the dry air
mass flow should not be neglected when the stoatho (SR) is less than 2.0. The
oxygen, nitrogen and hydrogen diffusion throughrttembrane is small and its impact
on the mass flow is neglected. The mole mass o#xhaust dry air depends on SR.
However, the effect of the oxygen consumption atdaithode on the air mole mass is
less than 2 percent and can be neglected in thedlisystem optimization model when
the SR is less than 2. The vapor mass flow conggsignificantly on the stack pressure
loss and is related to the dry air mass flow, presdrop, and the back pressure

according to the ideal gas law. The average pressuhe stack is used to calculate the
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water vapor mass flow. The average mass flow irsthek is used to calculate the

pressure loss in the optimization model.

The actual pressure drop across the stack is deiatine humid air mass flow, stack back
pressure, and channel flow field plate design. Jitessure loss can be obtained using the
Darcy-Weisbach Law. In the optimization model, thaximum allowable pressure drop
across the stack and the assumed flow path nurabaniiel number) are known. First,
the humid air flow rate is calculated with the bac&ssure, the dry air mass flow rate,
and the interpolated pressure drop from the maxirallonvable pressure drop. The

actual pressure drop across the stack is thenlatddu The model calculates for every

triplet (the current densityd , the dry air mass flowgh and the back pressurB,) the
net output power oP,, (J,m P, .)Then it scans among those which have
P« (J,m P )>0 and are within the safe operational region efdbmpressor, to find the
one with max@,, (J,mP, ).

P (3 Mo+ Pr i) = Max[Pog (3,10, P,)]
In other words, the optimal mass flaw,,, ., and back pressur@ .., will yield the

maximum net power for certaid values.

In the last part of the calculation, the maximurtuatpressure drop is obtained from the
optimal results and compared with the input alloleaiyessure drop. If the maximum
actual pressure drop on the stack matches thealewpressure drop, the selected
channel number is acceptable and the optimum apgrednditions are also acceptable.

Otherwise, the channel number is varied and theafriedun until the maximum
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optimum pressure drop on the stack is acceptadds (han the allowable pressure drop).

The optimization process is given in Fig.5.

3.2 Optimum Operating Conditions

The number of cells in the stack is determinedhgyrequired voltage. The active cell
area is obtained from the current needed at maximauver. The width/length ratio of a
cell can be varied without changing the cell poatea given voltage. The channel
dimensions are given according to the MEA mechéapicgperties. For optimal operation
with varying SR and back pressure, the maximumuallde pressure drop across the
stack is set to 0.4 atm. The flow path number (remalb channels) is related to the
maximum pressure drop in the cell. An initial chanmumber is assumed. The channel
number is adjusted until the pressure drop fomogitioperation approaches the allowable
pressure drop. In the following analysis the regatiumidity in the stack is set to 1.0 and

the stack temperature is 80°C.

It is of interest to compare fixed and varying gree operation of the system. Hence the
optimization model was modified to optimize the f8Rfixed back pressure operation.
For that analysis, the channel number from thenmoth case with varying SR and back
pressure is used and the allowable pressure danfjusted to match the maximum actual
pressure drop in the stack. The modified optimarathodel was run with fixed back
pressures of 2.0, 1.5, and 1.1 atm. The simulgtgsameters are listed in Table 1. A plot

of system efficiency vs. system net power is showiig. 6. The optimal polarization
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curves, the compressor responses, and the pressyracross the stack for different

operating modes are shown in Fig.7, Fig.8 and Frg$pectively.

The comparisons of the results for the differergrapng modes indicate the following:

» The fuel cell system with optimal varying back m@&® can achieve higher system
efficiency over the full load range (Fig.6) and ganduce more power than the fuel
cell system operating at constant back pressures.

* For the same fuel cell system with different opegatnodes, lower constant back
pressure operation has higher pressure drop atr®ssack than other operating
modes due to higher ratio of water vapor partiaspure to dry air partial pressure
(Fig.9).

» At low power demand, the fuel cell system operaéihfpw pressure and at optimal
back pressure has higher system efficiency thafuidecell system operating at high
pressure because of relatively low parasitic lasses

» At high power demand, the high pressure operatiaderand the optimal varying
back pressure operation mode can achieve hightmnsyefficiency compared to the
low pressure operation due to the high oxygen glgstessure at the catalyst layer
and low pressure loss on the stack.

* At medium load demand, there is no apparent difieen the system efficiency for
the different operation modes. However, low pressyreration requires a much
larger humidifier than high pressure operation.

* The optimal operation can achieve higher efficieoegr wide load change. However,

coordinated control of the compressor and the pae&sure valve can be complicated
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and is needed to avoid large transient voltageddoping rapid changes in power

demand.

4 Simulation Results for Fuel Cell Vehicles

The optimum model of fuel cell operation was applie the load-following DHFC
vehicle [8] with an updated traction motor conteoldnd a scalable dynamic fuel cell
system model. The simulation results shown in Bigntlicate that the speed of the
vehicle operating at the optimum conditions follaWs drive profile seamlessly.
However, the vehicle model with the dynamic fudl sgstem has high voltage
fluctuations. The high voltage drops that occuiryfast accelerations can be avoided
by hybridization of a fuel cell system with electénergy storage (batteries or
ultracapacitors). Fig.11 shows the fuel cell sysparformance in a DHFC vehicle on the
FUDS cycle. The system performance with the origipeasi-steady fuel cell model [22]
is also shown in Fig.11. It can be seen that theimmam power required during the
FUDS drive cycle was approximated 40 kW. Most & tiime the vehicle operates in low
power range. Note that the fuel cell system efficies from the original quasi-steady and

the new transient dynamic fuel cell vehicle caltioles are consistent.

The fuel economy of fuel cell vehicles on variouwel cycles was calculated using the
new fuel cell system model. The vehicle and fudllssesstem parameters used in the
calculations are given in Table 2 (Case 1) andd 8K{Case 2). The DHFC vehicle
model with the fuel cell system operating at theéropm operating conditions was
compared with the DHFC vehicle with the fuel cgtem operating at the fixed back

pressures of 2.0 atm., 1.5 atm. and 1.1 atm. Télesfronomies (Fig.12) for the various

12
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driving cycles indicate that optimal varying backgsure operation can achieve a higher
vehicle fuel economy compared to fixed high baaspure operation. The vehicle with
the fuel cell system operating at the fixed lowsstge has almost the same fuel economy
as that of the vehicle with optimal varying backgsure operation. However, the low
constant back pressure operation has lower maximetrfuel cell output power which

will affect the vehicle acceleration performancheTow back pressure operation needs a

larger humidifier and creates a higher stack presdrop.

Simulations were also run for the DHFC vehicle vatemaller fuel cell system (Case 2)
to assess the effect of the size of the fuel gsliesn on vehicle fuel economy. The
vehicle and fuel cell system parameters are gineérable 3. The simulated vehicle fuel
economies for the various driving cycles are preskm Fig.13. The vehicle fuel
economy in Fig.13 (case 2) was normalized witheespo the corresponding fuel
economy of Case 1 for the each drive cycle andgdah Fig. 14. It can be seen that
employing a smaller fuel cell system in a DHFC e#hhas a little impact on the vehicle
fuel economy for the optimal varying back pressyveration and low back pressure
operation, but can significantly improve the fuebeomy for the fixed high back

pressure operation.

5 Conclusions and Discussion

A scalable fuel cell system model was developeafitimizing the operation of the fuel
cell system. The design parameters of the stackhansizing of the air supply and the
water and thermal management subsystems wereexkleanaximize the system

efficiency. The conditions for different operatimgpdes were optimized by using the
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system optimization model. The effects of optimigthe fuel cell system operation and
the sizing of the fuel cell system on the vehiclel feconomy were studied for various
drive cycles for a load following direct hydrogeref cell vehicle using the new transient

dynamic fuel cell system model.

The results of the study are summarized below:

e Compared to fixed back pressure operation, thedelekystem with the optimal
varying back pressure operation can achieve higysem efficiency over the full
operating range and can maximize the net systenepow

» For optimal varying back pressure operation anddibow back pressure operation,
the size of the fuel cell system has a little dffatthe fuel economy of the vehicle.
However, reducing the size of the fuel cell systeithbenefit the fuel economy of
a DHFC vehicle with a fuel cell system operatinghat fixed high back pressure.

* The vehicle with the fuel cell system operatindetd low pressure has almost the
same fuel economy as that of the vehicle with opkiwarying back pressure
operation. However, the low constant back presspegation has lower maximum
net output power which will affect the vehicle decation performance. The low
back pressure operation needs a larger humidifiérceeates a higher pressure drop

across the stack.

The optimal operation of fuel cell system varies biack pressure and air supply SR
according to the change of the power demand. Titzgse changes in the operating

conditions of the fuel cell stack can have a majgract on the lifetime of the fuel cell
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stack due to the mechanical stresses on the MEAhenstack accessory components.
Coordinative control of the mass flow and pressidrine cathode and anode sides of the
stack is required. This is the main drawback ofdpemal operation of the fuel cell
system for automotive applications. These variationoperating conditions can be
reduced by hybridizing the fuel cell system by &ldelition of electrical energy storage
with batteries or ultracapacitors. In addition éducing the sudden changes in operating
conditions, the energy storage permits the capturegenerative braking energy, which
should improve the fuel economy by 10-15%. The &a#l— battery hybrid vehicle and

its control strategy and the effect of the transiesponse of the fuel cell system on the

hybridization will be addressed in the future work.
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Fig. 2
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Fig. 4
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Fig. 5
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Fig. 6
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Fig. 7
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Fig. 9
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Fig. 10
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Fig. 11
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Fig. 12
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Fig. 13

100.00
90.00 —
80.00
70.00 ~ M ) — =
60.00 - I
50.00 ~ I
40.00 ~ I
30.00 ~ I
20.00 - —
10.00 - —

0.00 - T T T T T

FUDS Uso6 HIWAY JP1015 ECE NEDC
D OptPrm Pr=2.0 oPr=1.50Pr=1.1

Fuel Economy / mpgge
|

33
Page 33 of 37



Fig. 14
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Table 1

Fuel cell stack and system parameters

No. of Cells 440| Width of Flow Path (mm) 1.2

Active Area (cm)) | 510 | Depth of Flow Path (mm) 0.4

No. of Flow Paths| 15 Width of Landing Area (mm) 046

Thickness of GDL| 0.15| Power Ratio of Twin Screw| 0.2

(mm) Compressor to Stack
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Table 2

Vehicle and fuel cell system parameters (Case 1)

Vehicle and System Parameters

Drag Coefficient 0.3
Frontal Area (m2) 2.2
Vehicle Hotel Load (kW) 0.3
Vehicle Mass (kg) 1500.0
Electric Motor (kW) 75.0

Fuel Cell Stack and Auxiliaries

Max. Net Power (kW) 87.6
Gross Power (kW) 106.2
Number of Cells 440
Cell Area (cm2) 510.0
Compressor (kW) 17.2
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Table 3

Vehicle and fuel cell system parameters (Case 2)

Vehicle and System Parameters

Drag Coefficient 0.3
Frontal Area (m2) 2.2
Vehicle Hotel Load (kW) 0.3
Vehicle Mass (kg) 1500.0
Electric Motor (kW) 50.0

Fuel Cell Stack and Auxiliaries

Max. Net Power (kW) 58.4
Gross Power (kW) 70.8
Number of Cells 440
Cell Area (cm2) 340
Compressor (kW) 11.4
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