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Abstract—This paper is dedicated to the optimization of the
driving strategy of a high efficiency fuel cell based power train.
This power train is developed to equip an urban-concept vehicle
that runs energetic races where the objectives are to go the
furthest with the lowest quantity of fuel (Shell Eco Marathon).
Through a comprehensive dynamical model, including the me-
chanical requirement, the thermal behavior of the fuel cell stack
and the various losses and consumption of the power train
devices. This model is then integrated into a global optimization
algorithm, to determine the best race strategy to be adopted
(velocity profile, motor current, gearbox ratio).
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I. INTRODUCTION

Given the new economic and ecological issues, car manu-
facturers should focus on alternative energy sources, such as
electric batteries or fuel cells [1]-[6]. Although still young and
hard to handle, fuel cells, and particularly Proton Exchange
Membrane Fuel Cell (PEMFC), remain a promising way.
Indeed, a hydrogen fuel cell vehicle has naturally a better
performance than a diesel car (usually 30 % against 22 %
of efficiency at the wheel). Moreover, the energy supplied
by the fuel cell is electric, which allows propulsion chains
more flexible with high performances [7]. For several years,
a prototype vehicle with extremely low energy consumption
has been developed by researchers and electrical engineering
students, to run energetic races [8]-[10]. The energy source
of this vehicle is a Proton Exchange Membrane Fuel Cell
(PEMFC). From 2010 to 2012, this vehicle has been recog-
nized by the Shell group (through the 2010 edition of the
Shell Eco-marathon competition, on the EuroSpeedway race
track, Germany) as the world most energy efficient car, with an
equivalent consumption of only 0.02 litres of unleaded gasoline
95 per 100 km, at a minimum average speed of 30 km/h.

Since 2013, a new car with extremely low energy consump-
tion is developed (see Figure 1). It comes under the urban-
concept category, which aims to promote the development of
vehicles closest to true city cars. The energy source of this
vehicle is also a PEMFC. To achieve an energy consump-
tion as low as possible, each element of the vehicle must
be optimized, from the mechanical angle (drag coefficient,
frontal area, slop, road-wheel friction, weight) to the electrical
architecture (power converter and motor efficiencies and fuel
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Fig. 1. The Urban-Concept vehicle Cityjoule.

cell accessories consumption). This optimisation has been done
in previous works, but without taking into account the driving
strategy [8]. In this paper, the optimal driving strategy that
minimizes the car energy demand is presented. It is based on a
multi-physics modeling of the power train, taking into account
the road profil and the race constraints (average speed, stop at
each turn, etc.) [11]-[13]. This model is then integrated into a
global optimization algorithm, which lead to the best velocity
profile, motor current and gearbox ratio.

The paper is organized as follows: In section II, the vehicle
specifications and the race characteristics are presented. A
focus is made on power train architecture from the fuel cell
stack to the mechanical needs. In section III, a dynamical
and multi-physics model is developed. In this section, each
part of the power train is presented. An originality of this
work is the addition of a thermal modeling of the PEMFC, in
order to take into account the auxiliary stack consumption in
energy balance, including the air feeding and cooling systems.
The optimisation results are given in Section IV, which allow
to achieve a driving strategy minimizing the final energy
consumed by the vehicle. In the final paper, simulations and
experimental results are compared to a real race, recorded
during the previous edition of the Shell eco-marathon, in
Rotterdam, Netherlands. Conclusions are given in Section V.

II. PRESENTATION OF THE RACE AND VEHICLE
CHARACTERISTICS

The urban-concept car and its associated fuel cell power
train have been both designed and built to participate to the
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Shell Eco Marathon energetic race (Rotterdam, Netherlands).
The principle of such a competition is to drive a vehicle with
one pilot the furthest with the lowest quantity of fuel at a
minimum average speed of 25 km/h. A minimum weight of
70 kg is imposed for the pilot. Each competitor will have
to travel 10 turns of the race track corresponding to 16.1
km in less than 40 minutes. In the urban-concept category,
a stop is mandatory during at each lap. To evaluate prototype
car efficiency, the fuel quantity carried on board is measured
before and after the attempt. Wide range of fuels can be
used (Unleaded gasoline; diesel; LPG; GTL; fatty acid methyl
ester; ethanol E100 and hydrogen). In our fuel cell category,
an official flow meter is used to measure the volume of
hydrogen consumed during the attempt. This amount of energy
is converted into kilometers per kWh. It is important to notice
that in the fuel cell category, battery is not allowed in the car
except for safety purposes, i.e. to power the car-horn and the
hydrogen sensor.

III. MULTI-PHYSICS MODELING OF THE POWERTRAIN

In this section, a dynamical model of the vehicle is
proposed. For a set of input parameters (e.g. motor current,
road slope, ambient temperature,...) this model calculates the
evolution of the various system states, the losses and the
consumption of each subsystem (see Figure 2). This model
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Fig. 2.

is organized around six main blocks: The mechanical part, the
propulsion motor, the power converter, the fuel cell, the stack
accessories coupled to a thermal model, and the control laws
and supervision. This dynamical model is oriented towards
the optimization and must be solved quickly. Thus, only the
velocity v and the stack temperature 7, which are the slowest
variables, are taken into account. All other dynamics are
considered fast enough to be regarded as instantaneous.

The urban-concept Cityjoule presented in this paper is
made of two identical power trains, each supplying one of
the two rear wheels. In the next sections, only one power train
is studied.

In a previous work, the modelization of the ironless DC-
motor, the power converter and the fuel cell have already been
developed [8]. Therefore, this work focuses on the other parts
of the system, i.e. the mechanical and thermal modeling, the
driving and auxiliary management laws.

A. Mechanical model

In order to obtain the dynamical behavior of the vehicle, the
mechanical equations must be solved. To run, the vehicle has to
overcome the efforts due to the aerodynamic F..,, the slope
Fope and the rolling resistance due to friction between the
wheel and the road F.,.. The fundamental law of the mechanic
gives the next equation to solve (see Figure 3) [13]:

dv(t)
_Faero_Frae 1
m—y brake (1)

where m is the mass of the vehicle, F, is the propulsion force
applied to wheel through the electrical motor and Fy,qke the
mechanical braking force.

:Fw_FrT_Fslope

L / z(t)dt

Fig. 3. Dynamical model of the mechanical part of the vehicle.

The aerodynamic force Fj.,., is computed from the me-
chanical parameters of the vehicle and the wind speed vying :

1
Faero = ipairs Cm (’U(t) + Uwind)2 (2)

with pg; the mass density of air, C; the drag coefficient, .S the
frontal area, v(t) and v,;,q respectively the vehicle and wind
velocities (in m.s~'). The forces due to the rolling resistance
and the road inclination are calculated from the mass m of the
vehicle and the slope 7j0pe given in % :

Frr -
Fslope =

m g fr cos (arctan (Tsiope)) 3)
m g sin (arctan (rsiope)) 4)

The total drive Force F,, applied through both rear wheels is
calculated from the motor torque I',,, such as:

r

F, = Mg g;iar | I &)
where R is the wheel radius, 74cq, the gearbox ratio of the
transmission and 7, its efficiency.

B. Thermal model of the fuel cell stack

The typical nominal power of a powertrain for an urban-
concept car is below 1 kW. For such relatively low power
need, the auxiliary devices of the system play a crucial role
in the total energy consumption. It is well known that fuel
cell stack auxiliaries cause a drop in system efficiency at low
power. It is therefore necessary to take their consumption into
account [11], [14]-[16]. For this vehicle, the accessories of
the fuel cell are limited to a air blower and a cooling fan.
The operation and the consumption of these accessories are
presented in this section. The thermal source P, s due to the



irreversibilities of the electrochemical reaction, is evacuated
through many different paths. In this work, it is considered
that thermal evacuation is achieved by the air flow rate in fuel
cell channels Py, 45, the liquid-vapor phase change Pip, st Of
the water produced by the electrochemical reaction of the fuel
cell, the natural convection Py, ¢ and the forced convection
assured by the cooling blower P .. Thus, a dynamical
thermal model can be expressed by next equation [17], [18]:

det

dt
The thermal source Py, s is calculated from the total power
supplied by the PEMFC and its polarization curve:

Py sre = (ncells Enernst — Ust) I @)

mfccp :Pthsrcfpthabfpthstm7Pthnat7Pthcb (6)

where Enernst 1S the reversible voltage of a cell, calculated
from the Nernst equation [19], [20] and n.e;;s the number of
cells.

The air flow in the air channel, produced by the air blower,
permits to evacuate a part of the heat by forced convection.
The air flow Q, 45 (in l.min 1), for given Stoechiometric-ratio
S. and stack current I, is given by next equation:

5R. (273,15 + Tyy)
AP, F

Qv ab = 60000 Ist Necells Sc (8)

with R, the ideal gas constant (8.31 J.mol~'.K~!, T},) the
stack temperature (in °C) and P, the atmospheric pressure
(101300 Pa). By assuming a perfect exchange between the air
channel and the stack, the output of air temperature is equal
to the mean stack temperature T,;. Moreover, the input air
temperature is equal to the ambient T},,;. Then the evacuated
thermal power is:

1
=~ Pair Qv air pazr (Tst - Tamb) (9)

60

where pg; is the air density (1.2 kg.m™3), Cp qir its specific
heat (1000 J. K~ 'kg™1).

Pipap =

The water produced during the electrochemical reaction in
liquid form [20], [21]. Assuming that this water is completely
drained through the air channel in vapor form, the power
drained by the liquid-vapor phase change is given by:

Pip stm = 20 Lu20 (10)
where 1h oo is the water mass flow-rate (g.s~!) evacuated
through the air channel and L0 the latent heat of vaporiza-
tion (2500 kJ.kg~!). The amount of water produced by the
reaction depends only on the stack current I, provided by the
fuel cell. The flow-rate 120 is then given by the following
equation:

, R, (273.15 + Ty;)
MH20 = Necells AP F Ist

(1)

The natural convection exchange coefficient is deduced
from experimental measurements and expressed as :
T(Mnb)

Pthnat — knat ( st — (12)

The last term of the equation (6) is the forced convection by
the cooling blower. For the studied fuel cell stack, each cell is
separated from the other by a corrugated iron sheet. Knowing
the air flow-rate 1, and considering a perfect exchange with
the fuel cell, the thermal power evacuated by the cooling
blower is given by:

- Tamb)

Now that each part of the thermal model was described, its
coupling with the electrical model of the fuel cell stack and
accessories must been done. From the stack current I,; and
temperature T;, equations (9), (10) and (12) can be directly
calculated. For equation (13), the air flow rate is an input
parameter for the model. In this work, it is considered that
the cooling blower is controlled through its voltage U.,. The
same assumption is made for the control of the air blower
(Uab)~

The air flow rate of the cooling blower and air feeding fan
are measured on a fuel-cell stack made of 28 cells (31 cm? of
active area) manufactured by the society MES. The cooling
system is a 12 V radial blower, Micronel U97 and the air
feeding fan is a 12 V axial blower, Micronel D484.

Pth cb = Pair Qv cb Cp air(Tst (13)

Measurements on this fuel cell assembly allow to deduce
the airflow and power consumption of the auxiliaries, as shown
in Figure 4.
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Fig. 4. Characteristics of the cooling and air blowers.



For both blower, a least squares regression is used to fit
the experimental datas:

Quap =0.75U,, and P, =4.0U3, (14)
Quey =4.00Uy and Py =T7.5U3 (15)

C. Driving and auxiliary management laws

The last part of the model to be detailed is the supervision
with the control laws. These functions are performed by a
microcontroller ATMEGA 128. This system receives and pro-
cesses various information such as the setting motor current,
stack temperature, fuel cell current, vehicle velocity, etc.

For the cooling regulation, an hysteresis controller is used.
The cooling blower is turned on with a given voltage value,
if the temperature exceed a threshold value 7;,,, and while it
remains greater than a lower value 7,,;,. Even if this control
law is not optimal, it has the advantage of being extremely
robust with respect to changes in operating conditions (stack
losses, ambient temperature, ...). Further, to smooth the power
supplied by the stack, the cooling blower is supplied only
during the free-wheel phase (i.e. deceleration phase), when
the electrical motor is turn off and the vehicle consumption is
minimum (see Figure 5).

For the driving strategy, each lap of the race can be de-
composed in three sequences. The first one is a starting phase
from O km/h to an intermediate velocity v;,;,, With a constant
motor current /;4,.. During this phase, the acceleration should
be high enough so as not to lose too much time for the rest of
the lap. In contrast, for a too high torque applied to the wheel,
the power train efficiency could be greatly reduced.

The second phase is a constant speed strategy. The objec-
tive is to maintain an average speed as constant as possible,
with the greatest possible efficiency. In ref. [8], it is shown
that the optimum efficiency is obtained by performing a
series of acceleration and free wheel. The acceleration phases
are carried out with the optimum torque, which maximizing
the energy efficiency of the power chain. The parameters to
be optimized are the motor current I,.. applied during the
acceleration phases and speed hysteresis thresholds v,,;, and
Umaz- The optimization of these parameters must improve the
global energetic performance of the vehicle.

D. Formulation of the optimization problem

For the optimization of this problem, a standard formula-
tion is used. The objective function can be expressed has the
minimization of the fuel consumption on a full race (10 laps),
under constraint of a minimum average speed of 25 km/h: The
tank-to-wheel model illustrated by Figure 2 is implemented in
Matlab. The state-space variables taken into account are the
velocity v(t) and the stack temperature Ty, according to
equations (1) and (6). Both equations are computed using a
4th order Runge-Kutta ODE solver.

A particle swarm algorithm is used with five input param-
eters (see Figure 5), which are the motor currents Ig,,+ and
Iy, the maximum and minimum speeds vy, and vy,q,, and
the gearbox ratio 7g.q- between the electric motor and the
wheel. The tuning of the particle swarm algorithm is classical,
with a population of 50 particles and a maximum number of
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Fig. 5. Typical speed, current and temperature profiles for each lap.

iterations of 200 [22]. To sum up, the optimization problem
can be formulated such as:

Minimize : f(x) = (fuel consumption)

Wlth X = {Istart; Iacc§ Umins Umax; rgear}

Umin < Umag

subject to : mean (v(t)) > 25 km/h

IV. RESULTS

The optimization results for the runs of the shell eco
marathon in Rotterdam is summarized by Table I. This optimi-
sation takes into account the slope of the road and is obtained
for an ambient temperature of 25°C. The list of the vehicle
parameters, used for the optimization, is given by Table II.
As shown in Figure 6, the vehicle is launch in 30 secondes
(0-25km/h). An average speed of 27km/h is then maintained
with a small velocity ripple of 1.6km/h, due to the successions
of acceleration and free wheel phases. At the end the vehicle
is able to brake very quickly and efficiently. During the lap,
and by considering an initial temperature of 41°C, the cooling
system is activated during the free wheel phases to maintain a
stack temperature between 41 and 44°C.

With this set of parameters, the global tank-to-wheel ef-
ficiency for one lap of the race is greater than 45 % and
an energy performance of about 500 Wh/100km (i.e. an
equivalent consumption of 1 Lgpgs for 1800 km) is achieved.
This simulation result is obtained for ideal climatic conditions
without wind. This performance can thus be viewed as being
the maximum value to be reached by the vehicle.

Considering the thermal behavior of the fuel cell, the pro-
posed dynamical model permits to estimate the repartition of
the heat through the various possible paths (natural convection,
air feeding, liquid to vapor phase, cooling system). Figure 7
gives the thermal power repartition in steady state, to maintain
an average temperature of 43 degrees, as shown on Figure 6.
Heat is thus mainly evacuated by the cooling system and the



TABLE 1. OPTIMIZATION RESULT.
Parameter Value
1, start 10.8 A
Tace 3.1A
VUmazx 27.8 km/h
Tgear 200/14
Average velocity 25.0 km/h
Fuel cell losses 3.04 Wh/lap
Motor losses 0.39 Wh/lap
DC-DC converter losses 0.23 Wh/lap
Mechanical transmission losses 0.11 Wh/lap
Supervision system consumption  0.37 Wh/lap
Mechanical energy 3.7 Wh/lap
Hydrogen consumption 7.96 Wh/lap
Tank-to-wheel efficiency 46.20 %
Performance 4.94 Wh/km
1855.75 km/L s pgs
AV=1.6 km/h,
30 F Umar=27.8 km/h
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Fig. 6. Optimal profils for one lap of the Cityjoule vehicle, on the Rotterdam
race.

liquid to steam phase change of the water produced by the
reaction. It must be noted that the assumption of a complete
conversion to steam of the water produced in liquid form is
still debating by the scientific community [21], [23]-[25]. That
is why in future works, experimental measurements must be
done to confirm this hypothesis.

cooling,
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natural convection,
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Fig. 7. Heat evacuation paths for an average temperature of 43°C.

Figure 8 presents the Sankey diagram of the powertrain
for a lap. This energy diagram reveals that the main source of
energy loss is the PEMFC stack: 38% of the primary hydrogen
energy is lost in the electrochemical process. A total of 4.6%
of the primary energy is consumed by the fuel cell stack
auxiliaries, constituted by the air blower and the cooling fan.
Finally, 46% of the primary hydrogen energy is available to
the wheel.

Tank
7.96 [Wh/lap]

Stack losses
38.2 [%]

Motor: 6.3 [%]
Stack aux.: 4.6 [%)]

Power converter: 2.8 [%]
Transmission: 1.4 [%]
Supervision: 0.4 [%]

Wheel
3.68 [Wh/lap] 46.2 [%)]

Fig. 8. Sankey diagram for one lap.

V. CONCLUSIONS

In this paper, an analytical tank-to-wheel model of an
Urban-Concept fuel cell vehicle is presented. It takes into
account the mechanical needs, the losses of each stage of the
power train (fuel cell and auxiliaries, power converter, motor,
transmission) and the dynamical thermal behavior of the fuel
cell to account accurately the consumption of the fuel cell stack
auxiliaries consumption. Using a set of five driving parameters
(speed thresholds, gear ratio and motor currents), an optimal



driving strategy is obtained using a global optimisation algo-
rithm. This multi-physics and dynamic model is based on the
consumption and the main interactions between the various
elements of the car. Therefore, the optimal driving strategy is
obtained using a global optimisation algorithm which accounts

for

race constraints. This optimization leads to a maximum

performance of S00Wh/100km for this urban vehicle, with an
average speed of 25km/h. During the 2014 Shell-eco Marathon,

the

Polyjoule team was ranked in first place in the fuel cell

category, with a performance of 660Wh/100km. In 2015, with

the
the

same vehicle and driving strategy, the team still obtained
first place, but with a performance of 800Wh/100km. This

difference between these two results is mainly explained by

the

meteorological conditions, and especially wind, ambiant

temperature and relative humidity. Then, futur works will be
focus on the influence of these parameters to the vehicle

performances.
TABLE II. PARAMETERS OF THE VEHICLE.
Parameter Symbol  Value
masse m 150kg
drag coefficient Cy 0.1
frontal area S 0.88m?
air density Pair 1.2kg.m™—3
rolling resistance coefficient fr 2.1073
transmission efficiency Mg 0.95
number of cells Neells 28
mass of the fuel cell My 1kg
heat capacity of the fuel cell  C) 750 Tkg— LK1
heat capacity of the air Cp air 1000 J.kg=1 K~1
latent heat of vaporization Lis0o 2500 kJ kg1
natural convection coefficient  kyqt 0.25 WK1
ambiant temperature Tamb 25°C
high threshold temperature Trmaz 44°C
low threshold temperature Tin 41°C
oxygen stoechiometric-ratio Se 5
ACKNOWLEDGMENT

The research leading to these results has received funding

from the European Union’s Seventh Framework Programme
(FP7/2007-2013) under grant agreement ETRERA 2020
num. [609543] .

(1]

(2]

(3]

[4]

[3]

(6]

REFERENCES

G. Squadrito, L. Andaloro, M. Ferraro, and V. Antonucci, Hydrogen
fuel cells technology. Woodhead Publishing Limited, 2014, ch. 16 in
A. Basile and A. Tulianelli, ”Advances in Hydrogen Production, Storage
and Distribution”.

R. von Helmolt and U. Eberle, “Fuel cell vehicles: Status 2007,” Journal
of Power Sources, vol. 165, no. 2, pp. 833-843, 2007.

P. Thounthong, S. Rael, and B. Davat, “Energy management of fuel
cell/battery/supercapacitor hybrid power source for vehicle applica-
tions,” Journal of Power Sources, vol. 193, no. 1, pp. 376-385, 2009.

E. Uherek, T. Halenka, J. Borken-Kleefeld, Y. Balkanski, T. Berntsen,
C. Borrego, M. Gauss, P. Hoor, K. Juda-Rezler, J. Lelieveld er al.,
“Transport impacts on atmosphere and climate: Land transport,” Atmo-
spheric Environment, vol. 44, no. 37, pp. 47724816, 2010.

S. Trieste, S. Hmam, J.-C. Olivier, S.
L. Loron, “Techno-economic optimization of a supercapacitor-
based energy storage unit chain: Application on the first
quick charge plug-in ferry,” Applied Energy, vol. 153, no. 0,
pp- 3 - 14, 2015, supercapacitors. [Online]. Available:
http://www.sciencedirect.com/science/article/pii/S0306261915005164

J.-C. Olivier, N. Bernard, S. Bourguet, and L. M. Aranguren, “Techno-
economic optimization of flywheel storage system in transportation,” in
Symposium de Génie Electrique 2014, 2013.

Bourguet, and

(7]

[8]

[9]

(10]

(11]

[12]

[13]

[14]

(15]

[16]

(17]

[18]

[19]

[20]

[21]

[22]

(23]

(24]

(25]

A. Veziroglu and R. Macario, “Fuel cell vehicles: state of the art
with economic and environmental concerns,” International Journal of
Hydrogen Energy, vol. 36, no. 1, pp. 25-43, 2011.

D. Trichet, S. Chevalier, G. Wasselynck, J. Olivier, B. Auvity, C. Josset,
and M. Machmoum, “Global energy optimization of a light-duty fuel-
cell vehicle,” in Vehicle Power and Propulsion Conference (VPPC),
2011 IEEE. 1EEE, 2011, pp. 1-6.

G. Wasselynck, B. Auvity, J.-C. Olivier, D. Trichet, C. Josset, and
P. Maindru, “Design and testing of a fuel cell powertrain with energy
constraints,” Energy, vol. 38, no. 1, pp. 414-424, 2012.

J.-C. Olivier, G. Wasselynck, D. Ireena, B. Auvity, C. Josset, C. Le-
Bozec, and P. Maindru, “Power source to wheel model of a high
efficiency fuel cell based vehicle,” in Vehicle Power and Propulsion
Conference (VPPC), 2010 IEEE, Sept 2010, pp. 1-6.

C.-J. Brodrick, T. E. Lipman, M. Farshchi, N. P. Lutsey, H. A.
Dwyer, D. Sperling, S. W. Gouse lii, D. B. Harris, and F. G. King,
“Evaluation of fuel cell auxiliary power units for heavy-duty diesel
trucks,” Transportation Research Part D: Transport and Environment,
vol. 7, no. 4, pp. 303-315, 2002.

L. Boulon, D. Hissel, A. Bouscayrol, M.-C. Pera, and P. Delarue, “Multi
physics modelling and representation of power and energy sources for
hybrid electric vehicles,” in Vehicle Power and Propulsion Conference,
2008. VPPC’08. IEEE. IEEE, 2008, pp. 1-6.

G. Souffran, L. Miegeville, and P. Guérin, “Simulation of real-world ve-
hicle missions using a stochastic markov model for optimal powertrain
sizing,” Vehicular Technology, IEEE Transactions on, vol. 61, no. 8, pp.
3454-3465, 2012.

S. G. Kandlikar and Z. Lu, “Thermal management issues in a pemfc
stack—a brief review of current status,” Applied Thermal Engineering,
vol. 29, no. 7, pp. 1276-1280, 2009.

C. Bao, M. Ouyang, and B. Yi, “Modeling and optimization of the air
system in polymer exchange membrane fuel cell systems,” Journal of
Power Sources, vol. 156, no. 2, pp. 232-243, 2006.

L. Boulon, K. Agbossou, D. Hissel, P. Sicard, A. Bouscayrol, and M.-C.
Péra, “A macroscopic pem fuel cell model including water phenomena
for vehicle simulation,” Renewable Energy, vol. 46, pp. 81-91, 2012.

X. Li, Z.-H. Deng, D. Wei, C.-S. Xu, and G.-Y. Cao, “Parameter opti-
mization of thermal-model-oriented control law for pem fuel cell stack
via novel genetic algorithm,” Energy Conversion and Management,
vol. 52, no. 11, pp. 3290-3300, 2011.

Y. Li, S. Xu, Z. Yang, and Y. Li, “Control strategy and thermal
management system research of fuel cell engine in sub-freezing,” in
Mechanic Automation and Control Engineering (MACE), 2011 Second
International Conference on. IEEE, 2011, pp. 4830-4833.

R. F. Mann, J. C. Amphlett, M. A. Hooper, H. M. Jensen, B. A. Peppley,
and P. R. Roberge, “Development and application of a generalised
steady-state electrochemical model for a pem fuel cell,” Journal of
Power Sources, vol. 86, no. 1, pp. 173-180, 2000.

T. V. Nguyen and R. E. White, “A water and heat management model for
proton-exchange-membrane fuel cells,” Journal of the Electrochemical
Society, vol. 140, no. 8, pp. 2178-2186, 1993.

Y. Lee, B. Kim, and Y. Kim, “An experimental study on water transport
through the membrane of a pefc operating in the dead-end mode,”
International journal of hydrogen energy, vol. 34, no. 18, pp. 7768—
7779, 2009.

R. C. Eberhart and J. Kennedy, “A new optimizer using particle swarm
theory,” in Proceedings of the sixth international symposium on micro
machine and human science, vol. 1. New York, NY, 1995, pp. 39-43.

I. Manke, C. Hartnig, M. Griinerbel, W. Lehnert, N. Kardjilov,
A. Haibel, A. Hilger, J. Banhart, and H. Riesemeier, “Investigation
of water evolution and transport in fuel cells with high resolution
synchrotron x-ray radiography,” Applied Physics Letters, vol. 90, no. 17,
p. 174105, 2007.

C. Hartnig, I. Manke, R. Kuhn, N. Kardjilov, J. Banhart, and W. Lehnert,
“Cross-sectional insight in the water evolution and transport in polymer
electrolyte fuel cells,” Applied Physics Letters, vol. 92, no. 13, p.
134106, 2008.

J. Lee, J. Hinebaugh, and A. Bazylak, “Synchrotron x-ray radiographic

investigations of liquid water transport behavior in a pemfc with mpl-
coated gdls,” Journal of Power Sources, vol. 227, pp. 123-130, 2013.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.7
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo false
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /AbadiMT-CondensedLight
    /ACaslon-Italic
    /ACaslon-Regular
    /ACaslon-Semibold
    /ACaslon-SemiboldItalic
    /AdobeArabic-Bold
    /AdobeArabic-BoldItalic
    /AdobeArabic-Italic
    /AdobeArabic-Regular
    /AdobeHebrew-Bold
    /AdobeHebrew-BoldItalic
    /AdobeHebrew-Italic
    /AdobeHebrew-Regular
    /AdobeHeitiStd-Regular
    /AdobeMingStd-Light
    /AdobeMyungjoStd-Medium
    /AdobePiStd
    /AdobeSansMM
    /AdobeSerifMM
    /AdobeSongStd-Light
    /AdobeThai-Bold
    /AdobeThai-BoldItalic
    /AdobeThai-Italic
    /AdobeThai-Regular
    /AGaramond-Bold
    /AGaramond-BoldItalic
    /AGaramond-Italic
    /AGaramond-Regular
    /AGaramond-Semibold
    /AGaramond-SemiboldItalic
    /AgencyFB-Bold
    /AgencyFB-Reg
    /AGOldFace-Outline
    /AharoniBold
    /Algerian
    /Americana
    /Americana-ExtraBold
    /AndaleMono
    /AndaleMonoIPA
    /AngsanaNew
    /AngsanaNew-Bold
    /AngsanaNew-BoldItalic
    /AngsanaNew-Italic
    /AngsanaUPC
    /AngsanaUPC-Bold
    /AngsanaUPC-BoldItalic
    /AngsanaUPC-Italic
    /Anna
    /ArialAlternative
    /ArialAlternativeSymbol
    /Arial-Black
    /Arial-BlackItalic
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialMT-Black
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialRoundedMTBold
    /ArialUnicodeMS
    /ArrusBT-Bold
    /ArrusBT-BoldItalic
    /ArrusBT-Italic
    /ArrusBT-Roman
    /AvantGarde-Book
    /AvantGarde-BookOblique
    /AvantGarde-Demi
    /AvantGarde-DemiOblique
    /AvantGardeITCbyBT-Book
    /AvantGardeITCbyBT-BookOblique
    /BakerSignet
    /BankGothicBT-Medium
    /Barmeno-Bold
    /Barmeno-ExtraBold
    /Barmeno-Medium
    /Barmeno-Regular
    /Baskerville
    /BaskervilleBE-Italic
    /BaskervilleBE-Medium
    /BaskervilleBE-MediumItalic
    /BaskervilleBE-Regular
    /Baskerville-Bold
    /Baskerville-BoldItalic
    /Baskerville-Italic
    /BaskOldFace
    /Batang
    /BatangChe
    /Bauhaus93
    /Bellevue
    /BellGothicStd-Black
    /BellGothicStd-Bold
    /BellGothicStd-Light
    /BellMT
    /BellMTBold
    /BellMTItalic
    /BerlingAntiqua-Bold
    /BerlingAntiqua-BoldItalic
    /BerlingAntiqua-Italic
    /BerlingAntiqua-Roman
    /BerlinSansFB-Bold
    /BerlinSansFBDemi-Bold
    /BerlinSansFB-Reg
    /BernardMT-Condensed
    /BernhardModernBT-Bold
    /BernhardModernBT-BoldItalic
    /BernhardModernBT-Italic
    /BernhardModernBT-Roman
    /BiffoMT
    /BinnerD
    /BinnerGothic
    /BlackadderITC-Regular
    /Blackoak
    /blex
    /blsy
    /Bodoni
    /Bodoni-Bold
    /Bodoni-BoldItalic
    /Bodoni-Italic
    /BodoniMT
    /BodoniMTBlack
    /BodoniMTBlack-Italic
    /BodoniMT-Bold
    /BodoniMT-BoldItalic
    /BodoniMTCondensed
    /BodoniMTCondensed-Bold
    /BodoniMTCondensed-BoldItalic
    /BodoniMTCondensed-Italic
    /BodoniMT-Italic
    /BodoniMTPosterCompressed
    /Bodoni-Poster
    /Bodoni-PosterCompressed
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /Bookman-Demi
    /Bookman-DemiItalic
    /Bookman-Light
    /Bookman-LightItalic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolOne-Regular
    /BookshelfSymbolSeven
    /BookshelfSymbolThree-Regular
    /BookshelfSymbolTwo-Regular
    /Botanical
    /Boton-Italic
    /Boton-Medium
    /Boton-MediumItalic
    /Boton-Regular
    /Boulevard
    /BradleyHandITC
    /Braggadocio
    /BritannicBold
    /Broadway
    /BrowalliaNew
    /BrowalliaNew-Bold
    /BrowalliaNew-BoldItalic
    /BrowalliaNew-Italic
    /BrowalliaUPC
    /BrowalliaUPC-Bold
    /BrowalliaUPC-BoldItalic
    /BrowalliaUPC-Italic
    /BrushScript
    /BrushScriptMT
    /CaflischScript-Bold
    /CaflischScript-Regular
    /Calibri
    /Calibri-Bold
    /Calibri-BoldItalic
    /Calibri-Italic
    /CalifornianFB-Bold
    /CalifornianFB-Italic
    /CalifornianFB-Reg
    /CalisMTBol
    /CalistoMT
    /CalistoMT-BoldItalic
    /CalistoMT-Italic
    /Cambria
    /Cambria-Bold
    /Cambria-BoldItalic
    /Cambria-Italic
    /CambriaMath
    /Candara
    /Candara-Bold
    /Candara-BoldItalic
    /Candara-Italic
    /Carta
    /CaslonOpenfaceBT-Regular
    /Castellar
    /CastellarMT
    /Centaur
    /Centaur-Italic
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchL-Bold
    /CenturySchL-BoldItal
    /CenturySchL-Ital
    /CenturySchL-Roma
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /CGTimes-Bold
    /CGTimes-BoldItalic
    /CGTimes-Italic
    /CGTimes-Regular
    /CharterBT-Bold
    /CharterBT-BoldItalic
    /CharterBT-Italic
    /CharterBT-Roman
    /CheltenhamITCbyBT-Bold
    /CheltenhamITCbyBT-BoldItalic
    /CheltenhamITCbyBT-Book
    /CheltenhamITCbyBT-BookItalic
    /Chiller-Regular
    /Cmb10
    /CMB10
    /Cmbsy10
    /CMBSY10
    /CMBSY5
    /CMBSY6
    /CMBSY7
    /CMBSY8
    /CMBSY9
    /Cmbx10
    /CMBX10
    /Cmbx12
    /CMBX12
    /Cmbx5
    /CMBX5
    /Cmbx6
    /CMBX6
    /Cmbx7
    /CMBX7
    /Cmbx8
    /CMBX8
    /Cmbx9
    /CMBX9
    /Cmbxsl10
    /CMBXSL10
    /Cmbxti10
    /CMBXTI10
    /Cmcsc10
    /CMCSC10
    /Cmcsc8
    /CMCSC8
    /Cmcsc9
    /CMCSC9
    /Cmdunh10
    /CMDUNH10
    /Cmex10
    /CMEX10
    /CMEX7
    /CMEX8
    /CMEX9
    /Cmff10
    /CMFF10
    /Cmfi10
    /CMFI10
    /Cmfib8
    /CMFIB8
    /Cminch
    /CMINCH
    /Cmitt10
    /CMITT10
    /Cmmi10
    /CMMI10
    /Cmmi12
    /CMMI12
    /Cmmi5
    /CMMI5
    /Cmmi6
    /CMMI6
    /Cmmi7
    /CMMI7
    /Cmmi8
    /CMMI8
    /Cmmi9
    /CMMI9
    /Cmmib10
    /CMMIB10
    /CMMIB5
    /CMMIB6
    /CMMIB7
    /CMMIB8
    /CMMIB9
    /Cmr10
    /CMR10
    /Cmr12
    /CMR12
    /Cmr17
    /CMR17
    /Cmr5
    /CMR5
    /Cmr6
    /CMR6
    /Cmr7
    /CMR7
    /Cmr8
    /CMR8
    /Cmr9
    /CMR9
    /Cmsl10
    /CMSL10
    /Cmsl12
    /CMSL12
    /Cmsl8
    /CMSL8
    /Cmsl9
    /CMSL9
    /Cmsltt10
    /CMSLTT10
    /Cmss10
    /CMSS10
    /Cmss12
    /CMSS12
    /Cmss17
    /CMSS17
    /Cmss8
    /CMSS8
    /Cmss9
    /CMSS9
    /Cmssbx10
    /CMSSBX10
    /Cmssdc10
    /CMSSDC10
    /Cmssi10
    /CMSSI10
    /Cmssi12
    /CMSSI12
    /Cmssi17
    /CMSSI17
    /Cmssi8
    /CMSSI8
    /Cmssi9
    /CMSSI9
    /Cmssq8
    /CMSSQ8
    /Cmssqi8
    /CMSSQI8
    /Cmsy10
    /CMSY10
    /Cmsy5
    /CMSY5
    /Cmsy6
    /CMSY6
    /Cmsy7
    /CMSY7
    /Cmsy8
    /CMSY8
    /Cmsy9
    /CMSY9
    /Cmtcsc10
    /CMTCSC10
    /Cmtex10
    /CMTEX10
    /Cmtex8
    /CMTEX8
    /Cmtex9
    /CMTEX9
    /Cmti10
    /CMTI10
    /Cmti12
    /CMTI12
    /Cmti7
    /CMTI7
    /Cmti8
    /CMTI8
    /Cmti9
    /CMTI9
    /Cmtt10
    /CMTT10
    /Cmtt12
    /CMTT12
    /Cmtt8
    /CMTT8
    /Cmtt9
    /CMTT9
    /Cmu10
    /CMU10
    /Cmvtt10
    /CMVTT10
    /ColonnaMT
    /Colossalis-Bold
    /ComicSansMS
    /ComicSansMS-Bold
    /Consolas
    /Consolas-Bold
    /Consolas-BoldItalic
    /Consolas-Italic
    /Constantia
    /Constantia-Bold
    /Constantia-BoldItalic
    /Constantia-Italic
    /CooperBlack
    /CopperplateGothic-Bold
    /CopperplateGothic-Light
    /Copperplate-ThirtyThreeBC
    /Corbel
    /Corbel-Bold
    /Corbel-BoldItalic
    /Corbel-Italic
    /CordiaNew
    /CordiaNew-Bold
    /CordiaNew-BoldItalic
    /CordiaNew-Italic
    /CordiaUPC
    /CordiaUPC-Bold
    /CordiaUPC-BoldItalic
    /CordiaUPC-Italic
    /Courier
    /Courier-Bold
    /Courier-BoldOblique
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /Courier-Oblique
    /CourierStd
    /CourierStd-Bold
    /CourierStd-BoldOblique
    /CourierStd-Oblique
    /CourierX-Bold
    /CourierX-BoldOblique
    /CourierX-Oblique
    /CourierX-Regular
    /CreepyRegular
    /CurlzMT
    /David-Bold
    /David-Reg
    /DavidTransparent
    /Dcb10
    /Dcbx10
    /Dcbxsl10
    /Dcbxti10
    /Dccsc10
    /Dcitt10
    /Dcr10
    /Desdemona
    /DilleniaUPC
    /DilleniaUPCBold
    /DilleniaUPCBoldItalic
    /DilleniaUPCItalic
    /Dingbats
    /DomCasual
    /Dotum
    /DotumChe
    /EdwardianScriptITC
    /Elephant-Italic
    /Elephant-Regular
    /EngraversGothicBT-Regular
    /EngraversMT
    /EraserDust
    /ErasITC-Bold
    /ErasITC-Demi
    /ErasITC-Light
    /ErasITC-Medium
    /ErieBlackPSMT
    /ErieLightPSMT
    /EriePSMT
    /EstrangeloEdessa
    /Euclid
    /Euclid-Bold
    /Euclid-BoldItalic
    /EuclidExtra
    /EuclidExtra-Bold
    /EuclidFraktur
    /EuclidFraktur-Bold
    /Euclid-Italic
    /EuclidMathOne
    /EuclidMathOne-Bold
    /EuclidMathTwo
    /EuclidMathTwo-Bold
    /EuclidSymbol
    /EuclidSymbol-Bold
    /EuclidSymbol-BoldItalic
    /EuclidSymbol-Italic
    /EucrosiaUPC
    /EucrosiaUPCBold
    /EucrosiaUPCBoldItalic
    /EucrosiaUPCItalic
    /EUEX10
    /EUEX7
    /EUEX8
    /EUEX9
    /EUFB10
    /EUFB5
    /EUFB7
    /EUFM10
    /EUFM5
    /EUFM7
    /EURB10
    /EURB5
    /EURB7
    /EURM10
    /EURM5
    /EURM7
    /EuroMono-Bold
    /EuroMono-BoldItalic
    /EuroMono-Italic
    /EuroMono-Regular
    /EuroSans-Bold
    /EuroSans-BoldItalic
    /EuroSans-Italic
    /EuroSans-Regular
    /EuroSerif-Bold
    /EuroSerif-BoldItalic
    /EuroSerif-Italic
    /EuroSerif-Regular
    /EuroSig
    /EUSB10
    /EUSB5
    /EUSB7
    /EUSM10
    /EUSM5
    /EUSM7
    /FelixTitlingMT
    /Fences
    /FencesPlain
    /FigaroMT
    /FixedMiriamTransparent
    /FootlightMTLight
    /Formata-Italic
    /Formata-Medium
    /Formata-MediumItalic
    /Formata-Regular
    /ForteMT
    /FranklinGothic-Book
    /FranklinGothic-BookItalic
    /FranklinGothic-Demi
    /FranklinGothic-DemiCond
    /FranklinGothic-DemiItalic
    /FranklinGothic-Heavy
    /FranklinGothic-HeavyItalic
    /FranklinGothicITCbyBT-Book
    /FranklinGothicITCbyBT-BookItal
    /FranklinGothicITCbyBT-Demi
    /FranklinGothicITCbyBT-DemiItal
    /FranklinGothic-Medium
    /FranklinGothic-MediumCond
    /FranklinGothic-MediumItalic
    /FrankRuehl
    /FreesiaUPC
    /FreesiaUPCBold
    /FreesiaUPCBoldItalic
    /FreesiaUPCItalic
    /FreestyleScript-Regular
    /FrenchScriptMT
    /Frutiger-Black
    /Frutiger-BlackCn
    /Frutiger-BlackItalic
    /Frutiger-Bold
    /Frutiger-BoldCn
    /Frutiger-BoldItalic
    /Frutiger-Cn
    /Frutiger-ExtraBlackCn
    /Frutiger-Italic
    /Frutiger-Light
    /Frutiger-LightCn
    /Frutiger-LightItalic
    /Frutiger-Roman
    /Frutiger-UltraBlack
    /Futura-Bold
    /Futura-BoldOblique
    /Futura-Book
    /Futura-BookOblique
    /FuturaBT-Bold
    /FuturaBT-BoldItalic
    /FuturaBT-Book
    /FuturaBT-BookItalic
    /FuturaBT-Medium
    /FuturaBT-MediumItalic
    /Futura-Light
    /Futura-LightOblique
    /GalliardITCbyBT-Bold
    /GalliardITCbyBT-BoldItalic
    /GalliardITCbyBT-Italic
    /GalliardITCbyBT-Roman
    /Garamond
    /Garamond-Bold
    /Garamond-BoldCondensed
    /Garamond-BoldCondensedItalic
    /Garamond-BoldItalic
    /Garamond-BookCondensed
    /Garamond-BookCondensedItalic
    /Garamond-Italic
    /Garamond-LightCondensed
    /Garamond-LightCondensedItalic
    /Gautami
    /GeometricSlab703BT-Light
    /GeometricSlab703BT-LightItalic
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /GeorgiaRef
    /Giddyup
    /Giddyup-Thangs
    /Gigi-Regular
    /GillSans
    /GillSans-Bold
    /GillSans-BoldItalic
    /GillSans-Condensed
    /GillSans-CondensedBold
    /GillSans-Italic
    /GillSans-Light
    /GillSans-LightItalic
    /GillSansMT
    /GillSansMT-Bold
    /GillSansMT-BoldItalic
    /GillSansMT-Condensed
    /GillSansMT-ExtraCondensedBold
    /GillSansMT-Italic
    /GillSans-UltraBold
    /GillSans-UltraBoldCondensed
    /GloucesterMT-ExtraCondensed
    /Gothic-Thirteen
    /GoudyOldStyleBT-Bold
    /GoudyOldStyleBT-BoldItalic
    /GoudyOldStyleBT-Italic
    /GoudyOldStyleBT-Roman
    /GoudyOldStyleT-Bold
    /GoudyOldStyleT-Italic
    /GoudyOldStyleT-Regular
    /GoudyStout
    /GoudyTextMT-LombardicCapitals
    /GSIDefaultSymbols
    /Gulim
    /GulimChe
    /Gungsuh
    /GungsuhChe
    /Haettenschweiler
    /HarlowSolid
    /Harrington
    /Helvetica
    /Helvetica-Black
    /Helvetica-BlackOblique
    /Helvetica-Bold
    /Helvetica-BoldOblique
    /Helvetica-Condensed
    /Helvetica-Condensed-Black
    /Helvetica-Condensed-BlackObl
    /Helvetica-Condensed-Bold
    /Helvetica-Condensed-BoldObl
    /Helvetica-Condensed-Light
    /Helvetica-Condensed-LightObl
    /Helvetica-Condensed-Oblique
    /Helvetica-Fraction
    /Helvetica-Narrow
    /Helvetica-Narrow-Bold
    /Helvetica-Narrow-BoldOblique
    /Helvetica-Narrow-Oblique
    /Helvetica-Oblique
    /HighTowerText-Italic
    /HighTowerText-Reg
    /Humanist521BT-BoldCondensed
    /Humanist521BT-Light
    /Humanist521BT-LightItalic
    /Humanist521BT-RomanCondensed
    /Imago-ExtraBold
    /Impact
    /ImprintMT-Shadow
    /InformalRoman-Regular
    /IrisUPC
    /IrisUPCBold
    /IrisUPCBoldItalic
    /IrisUPCItalic
    /Ironwood
    /ItcEras-Medium
    /ItcKabel-Bold
    /ItcKabel-Book
    /ItcKabel-Demi
    /ItcKabel-Medium
    /ItcKabel-Ultra
    /JasmineUPC
    /JasmineUPC-Bold
    /JasmineUPC-BoldItalic
    /JasmineUPC-Italic
    /JoannaMT
    /JoannaMT-Italic
    /Jokerman-Regular
    /JuiceITC-Regular
    /Kartika
    /Kaufmann
    /KaufmannBT-Bold
    /KaufmannBT-Regular
    /KidTYPEPaint
    /KinoMT
    /KodchiangUPC
    /KodchiangUPC-Bold
    /KodchiangUPC-BoldItalic
    /KodchiangUPC-Italic
    /KorinnaITCbyBT-Regular
    /KozGoProVI-Medium
    /KozMinProVI-Regular
    /KristenITC-Regular
    /KunstlerScript
    /Latha
    /LatinWide
    /LetterGothic
    /LetterGothic-Bold
    /LetterGothic-BoldOblique
    /LetterGothic-BoldSlanted
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LetterGothic-Slanted
    /LetterGothicStd
    /LetterGothicStd-Bold
    /LetterGothicStd-BoldSlanted
    /LetterGothicStd-Slanted
    /LevenimMT
    /LevenimMTBold
    /LilyUPC
    /LilyUPCBold
    /LilyUPCBoldItalic
    /LilyUPCItalic
    /Lithos-Black
    /Lithos-Regular
    /LotusWPBox-Roman
    /LotusWPIcon-Roman
    /LotusWPIntA-Roman
    /LotusWPIntB-Roman
    /LotusWPType-Roman
    /LucidaBright
    /LucidaBright-Demi
    /LucidaBright-DemiItalic
    /LucidaBright-Italic
    /LucidaCalligraphy-Italic
    /LucidaConsole
    /LucidaFax
    /LucidaFax-Demi
    /LucidaFax-DemiItalic
    /LucidaFax-Italic
    /LucidaHandwriting-Italic
    /LucidaSans
    /LucidaSans-Demi
    /LucidaSans-DemiItalic
    /LucidaSans-Italic
    /LucidaSans-Typewriter
    /LucidaSans-TypewriterBold
    /LucidaSans-TypewriterBoldOblique
    /LucidaSans-TypewriterOblique
    /LucidaSansUnicode
    /Lydian
    /Magneto-Bold
    /MaiandraGD-Regular
    /Mangal-Regular
    /Map-Symbols
    /MathA
    /MathB
    /MathC
    /Mathematica1
    /Mathematica1-Bold
    /Mathematica1Mono
    /Mathematica1Mono-Bold
    /Mathematica2
    /Mathematica2-Bold
    /Mathematica2Mono
    /Mathematica2Mono-Bold
    /Mathematica3
    /Mathematica3-Bold
    /Mathematica3Mono
    /Mathematica3Mono-Bold
    /Mathematica4
    /Mathematica4-Bold
    /Mathematica4Mono
    /Mathematica4Mono-Bold
    /Mathematica5
    /Mathematica5-Bold
    /Mathematica5Mono
    /Mathematica5Mono-Bold
    /Mathematica6
    /Mathematica6Bold
    /Mathematica6Mono
    /Mathematica6MonoBold
    /Mathematica7
    /Mathematica7Bold
    /Mathematica7Mono
    /Mathematica7MonoBold
    /MatisseITC-Regular
    /MaturaMTScriptCapitals
    /Mesquite
    /Mezz-Black
    /Mezz-Regular
    /MICR
    /MicrosoftSansSerif
    /MingLiU
    /Minion-BoldCondensed
    /Minion-BoldCondensedItalic
    /Minion-Condensed
    /Minion-CondensedItalic
    /Minion-Ornaments
    /MinionPro-Bold
    /MinionPro-BoldIt
    /MinionPro-It
    /MinionPro-Regular
    /MinionPro-Semibold
    /MinionPro-SemiboldIt
    /Miriam
    /MiriamFixed
    /MiriamTransparent
    /Mistral
    /Modern-Regular
    /MonotypeCorsiva
    /MonotypeSorts
    /MSAM10
    /MSAM5
    /MSAM6
    /MSAM7
    /MSAM8
    /MSAM9
    /MSBM10
    /MSBM5
    /MSBM6
    /MSBM7
    /MSBM8
    /MSBM9
    /MS-Gothic
    /MSHei
    /MSLineDrawPSMT
    /MS-Mincho
    /MSOutlook
    /MS-PGothic
    /MS-PMincho
    /MSReference1
    /MSReference2
    /MSReferenceSansSerif
    /MSReferenceSansSerif-Bold
    /MSReferenceSansSerif-BoldItalic
    /MSReferenceSansSerif-Italic
    /MSReferenceSerif
    /MSReferenceSerif-Bold
    /MSReferenceSerif-BoldItalic
    /MSReferenceSerif-Italic
    /MSReferenceSpecialty
    /MSSong
    /MS-UIGothic
    /MT-Extra
    /MT-Symbol
    /MT-Symbol-Italic
    /MVBoli
    /Myriad-Bold
    /Myriad-BoldItalic
    /Myriad-Italic
    /MyriadPro-Black
    /MyriadPro-BlackIt
    /MyriadPro-Bold
    /MyriadPro-BoldIt
    /MyriadPro-It
    /MyriadPro-Light
    /MyriadPro-LightIt
    /MyriadPro-Regular
    /MyriadPro-Semibold
    /MyriadPro-SemiboldIt
    /Myriad-Roman
    /Narkisim
    /NewCenturySchlbk-Bold
    /NewCenturySchlbk-BoldItalic
    /NewCenturySchlbk-Italic
    /NewCenturySchlbk-Roman
    /NewMilleniumSchlbk-BoldItalicSH
    /NewsGothic
    /NewsGothic-Bold
    /NewsGothicBT-Bold
    /NewsGothicBT-BoldItalic
    /NewsGothicBT-Italic
    /NewsGothicBT-Roman
    /NewsGothic-Condensed
    /NewsGothic-Italic
    /NewsGothicMT
    /NewsGothicMT-Bold
    /NewsGothicMT-Italic
    /NiagaraEngraved-Reg
    /NiagaraSolid-Reg
    /NimbusMonL-Bold
    /NimbusMonL-BoldObli
    /NimbusMonL-Regu
    /NimbusMonL-ReguObli
    /NimbusRomDGR-Bold
    /NimbusRomDGR-BoldItal
    /NimbusRomDGR-Regu
    /NimbusRomDGR-ReguItal
    /NimbusRomNo9L-Medi
    /NimbusRomNo9L-MediItal
    /NimbusRomNo9L-Regu
    /NimbusRomNo9L-ReguItal
    /NimbusSanL-Bold
    /NimbusSanL-BoldCond
    /NimbusSanL-BoldCondItal
    /NimbusSanL-BoldItal
    /NimbusSanL-Regu
    /NimbusSanL-ReguCond
    /NimbusSanL-ReguCondItal
    /NimbusSanL-ReguItal
    /Nimrod
    /Nimrod-Bold
    /Nimrod-BoldItalic
    /Nimrod-Italic
    /NSimSun
    /Nueva-BoldExtended
    /Nueva-BoldExtendedItalic
    /Nueva-Italic
    /Nueva-Roman
    /NuptialScript
    /OCRA
    /OCRA-Alternate
    /OCRAExtended
    /OCRB
    /OCRB-Alternate
    /OfficinaSans-Bold
    /OfficinaSans-BoldItalic
    /OfficinaSans-Book
    /OfficinaSans-BookItalic
    /OfficinaSerif-Bold
    /OfficinaSerif-BoldItalic
    /OfficinaSerif-Book
    /OfficinaSerif-BookItalic
    /OldEnglishTextMT
    /Onyx
    /OnyxBT-Regular
    /OzHandicraftBT-Roman
    /PalaceScriptMT
    /Palatino-Bold
    /Palatino-BoldItalic
    /Palatino-Italic
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Palatino-Roman
    /PapyrusPlain
    /Papyrus-Regular
    /Parchment-Regular
    /Parisian
    /ParkAvenue
    /Penumbra-SemiboldFlare
    /Penumbra-SemiboldSans
    /Penumbra-SemiboldSerif
    /PepitaMT
    /Perpetua
    /Perpetua-Bold
    /Perpetua-BoldItalic
    /Perpetua-Italic
    /PerpetuaTitlingMT-Bold
    /PerpetuaTitlingMT-Light
    /PhotinaCasualBlack
    /Playbill
    /PMingLiU
    /Poetica-SuppOrnaments
    /PoorRichard-Regular
    /PopplLaudatio-Italic
    /PopplLaudatio-Medium
    /PopplLaudatio-MediumItalic
    /PopplLaudatio-Regular
    /PrestigeElite
    /Pristina-Regular
    /PTBarnumBT-Regular
    /Raavi
    /RageItalic
    /Ravie
    /RefSpecialty
    /Ribbon131BT-Bold
    /Rockwell
    /Rockwell-Bold
    /Rockwell-BoldItalic
    /Rockwell-Condensed
    /Rockwell-CondensedBold
    /Rockwell-ExtraBold
    /Rockwell-Italic
    /Rockwell-Light
    /Rockwell-LightItalic
    /Rod
    /RodTransparent
    /RunicMT-Condensed
    /Sanvito-Light
    /Sanvito-Roman
    /ScriptC
    /ScriptMTBold
    /SegoeUI
    /SegoeUI-Bold
    /SegoeUI-BoldItalic
    /SegoeUI-Italic
    /Serpentine-BoldOblique
    /ShelleyVolanteBT-Regular
    /ShowcardGothic-Reg
    /Shruti
    /SimHei
    /SimSun
    /SimSun-PUA
    /SnapITC-Regular
    /StandardSymL
    /Stencil
    /StoneSans
    /StoneSans-Bold
    /StoneSans-BoldItalic
    /StoneSans-Italic
    /StoneSans-Semibold
    /StoneSans-SemiboldItalic
    /Stop
    /Swiss721BT-BlackExtended
    /Sylfaen
    /Symbol
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /Tci1
    /Tci1Bold
    /Tci1BoldItalic
    /Tci1Italic
    /Tci2
    /Tci2Bold
    /Tci2BoldItalic
    /Tci2Italic
    /Tci3
    /Tci3Bold
    /Tci3BoldItalic
    /Tci3Italic
    /Tci4
    /Tci4Bold
    /Tci4BoldItalic
    /Tci4Italic
    /TechnicalItalic
    /TechnicalPlain
    /Tekton
    /Tekton-Bold
    /TektonMM
    /Tempo-HeavyCondensed
    /Tempo-HeavyCondensedItalic
    /TempusSansITC
    /Times-Bold
    /Times-BoldItalic
    /Times-BoldItalicOsF
    /Times-BoldSC
    /Times-ExtraBold
    /Times-Italic
    /Times-ItalicOsF
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Times-RomanSC
    /Trajan-Bold
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Tunga-Regular
    /TwCenMT-Bold
    /TwCenMT-BoldItalic
    /TwCenMT-Condensed
    /TwCenMT-CondensedBold
    /TwCenMT-CondensedExtraBold
    /TwCenMT-CondensedMedium
    /TwCenMT-Italic
    /TwCenMT-Regular
    /Univers-Bold
    /Univers-BoldItalic
    /UniversCondensed-Bold
    /UniversCondensed-BoldItalic
    /UniversCondensed-Medium
    /UniversCondensed-MediumItalic
    /Univers-Medium
    /Univers-MediumItalic
    /URWBookmanL-DemiBold
    /URWBookmanL-DemiBoldItal
    /URWBookmanL-Ligh
    /URWBookmanL-LighItal
    /URWChanceryL-MediItal
    /URWGothicL-Book
    /URWGothicL-BookObli
    /URWGothicL-Demi
    /URWGothicL-DemiObli
    /URWPalladioL-Bold
    /URWPalladioL-BoldItal
    /URWPalladioL-Ital
    /URWPalladioL-Roma
    /USPSBarCode
    /VAGRounded-Black
    /VAGRounded-Bold
    /VAGRounded-Light
    /VAGRounded-Thin
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /VerdanaRef
    /VinerHandITC
    /Viva-BoldExtraExtended
    /Vivaldii
    /Viva-LightCondensed
    /Viva-Regular
    /VladimirScript
    /Vrinda
    /Webdings
    /Westminster
    /Willow
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /WNCYB10
    /WNCYI10
    /WNCYR10
    /WNCYSC10
    /WNCYSS10
    /WoodtypeOrnaments-One
    /WoodtypeOrnaments-Two
    /WP-ArabicScriptSihafa
    /WP-ArabicSihafa
    /WP-BoxDrawing
    /WP-CyrillicA
    /WP-CyrillicB
    /WP-GreekCentury
    /WP-GreekCourier
    /WP-GreekHelve
    /WP-HebrewDavid
    /WP-IconicSymbolsA
    /WP-IconicSymbolsB
    /WP-Japanese
    /WP-MathA
    /WP-MathB
    /WP-MathExtendedA
    /WP-MathExtendedB
    /WP-MultinationalAHelve
    /WP-MultinationalARoman
    /WP-MultinationalBCourier
    /WP-MultinationalBHelve
    /WP-MultinationalBRoman
    /WP-MultinationalCourier
    /WP-Phonetic
    /WPTypographicSymbols
    /XYATIP10
    /XYBSQL10
    /XYBTIP10
    /XYCIRC10
    /XYCMAT10
    /XYCMBT10
    /XYDASH10
    /XYEUAT10
    /XYEUBT10
    /ZapfChancery-MediumItalic
    /ZapfDingbats
    /ZapfHumanist601BT-Bold
    /ZapfHumanist601BT-BoldItalic
    /ZapfHumanist601BT-Demi
    /ZapfHumanist601BT-DemiItalic
    /ZapfHumanist601BT-Italic
    /ZapfHumanist601BT-Roman
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 200
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 2.00333
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 1.30
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 200
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 2.00333
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 1.30
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 400
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00167
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e5c4f5e55663e793a3001901a8fc775355b5090ae4ef653d190014ee553ca901a8fc756e072797f5153d15e03300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc87a25e55986f793a3001901a904e96fb5b5090f54ef650b390014ee553ca57287db2969b7db28def4e0a767c5e03300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV <>
    /HUN <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020d654ba740020d45cc2dc002c0020c804c7900020ba54c77c002c0020c778d130b137c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor weergave op een beeldscherm, e-mail en internet. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for on-screen display, e-mail, and the Internet.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToRGB
      /DestinationProfileName (sRGB IEC61966-2.1)
      /DestinationProfileSelector /UseName
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing false
      /UntaggedCMYKHandling /UseDocumentProfile
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


