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Abstract

In this work the optimization-based, integrated concurrent design method is applied to the modelling, analysis, and design of a
transportation fuel cell system. A general optimal design model considering both functional performance and production costs is first
introduced. Using the Ballard Mark V Transit Bus fuel cell system as an example, the study explores the intrinsic relations among various
fuel cell system performance and cost aspects to provide insights for new cost-effective designs. A joint performance and cost

Žoptimization is carried out to demonstrate this new approach. This approach breaks the traditional barrier between design concerning
. Ž .functional performance and manufacturing concerning production costs , allowing both functional performance and production costs to

be fed into design phase and to be jointly optimized. q 1998 Elsevier Science S.A. All rights reserved.
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1. Introduction

A great technical challenge in our life time is to protect
the environment and to clean up the messes that technol-
ogy has created, especially through auto pollution. For
years, a battery-powered electric car presented the main
solution to a zero-emission vehicle. However, present tech-
nology cannot produce a battery that is both powerful and

Ž .cheap enough as an internal combustion IC engine, and
there is no guarantee that such a battery is even possible.

As an efficient and clean engine, fuel cell is an ideal
solution for zero-emission transportation applications. A

Ž .proton exchange membrane PEM fuel cell allows the fuel
Ž .gas hydrogen, or natural gas, or methanol, etc. and

oxygen in the air to react slowly through a semi-permeable
Žmembrane, generating DC electricity, some heat at about

.808C , and water. The efficiently converted chemical en-
ergy is then used to drive the DC motor of an electric
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vehicle. The PEM fuel cells typically operate with 40–60%
efficiency versus the efficiency of an IC engine of less
than 35%. The fuel cells are most efficient at partial load,
rather than near full load as an IC engine, providing an
ideal power curve for a typical transportation load cycle.
Recent research indicates that fuel cells are likely to

w xreplace IC engines in the next century 1,2 .
However, application of the fuel cell technology to

transportation is still in its infancy. Much research and
development needs to be carried out to transfer this mature
space technology to the use in our daily life. As part of
these efforts, a number of researchers teamed up at the
University of Victoria to develop the next generation fuel

Ž .cells for transportation NGFT , in collaboration with the
international leader in transportation fuel cell technology
—Ballard Power Systems Inc.

Initially developed for space applications, existing fuel
cell system designs were performance-driven with modest
consideration on production costs. The success of trans-
portation fuel cell development then relies heavily on
whether we can significantly reduce its production costs
without considerably sacrificing the system performance.
Due to the complexity of the system and the many issues
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involved, the balance of fuel cell system functional perfor-
mance and production costs is a non-trivial task.

In this work, a systematic study on the modeling,
analysis, and optimization of fuel cell system functional
performance and production costs is carried out. The study
explores the intrinsic relations among various fuel cell

Ž .system performance and cost aspects and parameters to
provide insights for new cost-effective designs. This effort

Žbreaks the traditional barrier between design concerning
. Žfunctional performance and manufacturing concerning

.production costs , allowing both functional performance
and production costs to be fed into design phase and to be
jointly optimized. The work is a continuation of the au-
thors’ earlier work on integrated concurrent engineering

w xdesign 3–5 .

2. Formulation of the optimal design considering func-
tional performance and production cost

2.1. Design Õariables, functional performance and produc-
tion costs

A mechanical design is specified by a large number of
design parameters. Among those, several key parameters
often dominate the function performance of the design and
heavily influence its production costs. These parameters
are identified through sensitivity study and are used as

Ž .Tdesign variables, ds d , d , PPP , d . These variables1 2 n

may include continuous variables, such as dimensions and
tolerances, as well as discrete variables, such as part
material types and surface treatment methods.

Ž .Functional performance, F d , is the quality measure
of a design from the design aspect and a function of de-
sign variables. This measure often combines a number of

Ž .individual functional performance functions, F di
Ž .is1,2, PPP , p , such as power density, peak power, and
dynamic response. The overall functional performance of a
design is a function of all contributing functional perfor-
mance measures:

F d s f F d ,F d , PPP ,F d 1Ž . Ž . Ž . Ž . Ž .Ž .1 2 p

Ž .Similarly, production costs, C d , is the quality measure
of a design from a manufacturing aspect and a function of
design variables. This measure is obtained by adding all

Ž . Ž .contributing costs C d js1,2, PPP , q for producingj

the design:
q

C d s C d 2Ž . Ž . Ž .Ý j
js1

2.2. Existing methods for optimal design

Traditionally, optimal design of mechanical parts or
systems is either aimed at the peak performance or least
production costs, as shown in Table 1.

Table 1
Existing optimal design approaches

Design method Formulated optimization problem

Ž .Functional performance max F dw.r.t. d
Ž .Priority design subject to: C d FC0

Ž .Production cost min C dw.r.t. d
Ž . Ž .Priority design subject to: F d G F is1, 2, . . . , pi i0

Functional performance priority design is applied when
performance is the crucial factor of a product, such as the
fuel cells for the space shuttle. Production cost priority
design, on the other hand, is used for low tech, unimpor-
tant products in mass production. When the mathematical
models of the objective and constraint functions are formed,
an optimal design solution can be reached. In reality,
design is often carried out based on the prior knowledge
and experience following these two principles, rather than
using the optimization, because the exact solution at the
extreme condition often has no significance.

2.3. Concurrent design through joint optimization

Concurrent engineering design, or concurrent design, is
a new design technique introduced in recent years to
reduce product development lead times and to improve the

w xlife-cycle performance of product 6 .
Different from the traditional, narrowly focused design

practice, concurrent design contemporaneously incorpo-
rates considerations from all product life-cycle aspects,
including design, manufacturing, assembly, maintenance,
disposal, etc., into the design phase to produce better
overall product life-cycle quality. The approach also re-
duces the number of re-designs, thereby shortening the

w xproduct development lead times and reducing costs 7,8 .
In the previous research, joint modeling, analysis, and

optimization of the two most important life-cycle aspects
of a product, i.e., functional performance and production
costs, were conducted. Although carried out at the level of
a mechanical part with various composing features, opti-
mization has been found to be a very effective tool to
allow multiple life-cycle performance measures to be

w xjointly evaluated to reach an optimal design solution 3–5 .
In this work, the optimization-based, integrated concur-

rent design method is extended to a general mechanical
system—the transportation fuel cell system. A general
optimal design model, considering both functional perfor-
mance and production costs of a fuel cell system, is first
introduced. Mathematical modeling on the functional per-
formance and production costs of the Ballard fuel cell
system is then carried out. An example of optimal fuel cell
system design is used to demonstrate the approach. The
optimization concurrently takes into account two func-
tional performance aspects and production costs and
searches the best values for two key design variables.
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2.4. A general concurrent design model

Search of the optimal design, considering the overall
product life-cycle performance, can be represented as a

w xgeneral optimization problem 5 :

max I d sl I ŽF . d yl I ŽC . dŽ . Ž . Ž .F C
w.r.t. d

ql I ŽS. d yl I ŽM . d q . . . y . . . 3Ž . Ž . Ž .S M

where d is a vector consisting of all design variables; li
Ž .0Fl F1 are factors used to weight various producti

ŽF.Ž .life-cycle aspects according to the design intention; I d
ŽS.Ž .and I d are measures of functional performance and

ŽC.Ž . ŽM.Ž .customer satisfaction, respectively; and I d and I d
are measures of production and maintenance costs. These
two cost terms are included as negative performance mea-
sures, or performance loss, in the formulation. The objec-
tive of the optimization is to maximize the overall life-cycle

Ž .performance of the system, I d .
Although other issues can be incorporated in a similar

manner, this research only focuses on the two most impor-
ŽF.Ž .tant life-cycle aspects, functional performance, I d , and

ŽC.Ž .production costs, I d . This leads to the formulation of
the balanced performance and cost design:

max I d sl I ŽF . d yl I ŽC . d 4Ž . Ž . Ž . Ž .F C
w.r.t. d

2.5. Functional performance and production cost indices

The balanced performance and cost design is aimed at
identifying the best trade-off between the two controversial
life-cycle aspects. These two measures of distinct nature
must be transformed into a comparable reading. To this
end, the dimensionless functional performance index,
ŽF.Ž . ŽC.Ž .I d , and production cost index, I d , as specified by

Ž . Ž . ŽF.Ž .Eqs. 3 and 4 , are introduced. The values of I d and
ŽC.Ž .I d are obtained by calculating the relative performance

or cost changes using either an existing design or the
average performance or cost value as a reference.

2.5.1. Using an existing design as reference
In practice, one can often generate a new design from

an existing design through the improvement of its func-
tional performance and reduction of its production costs.
The quality of this new design can be evaluated by exam-
ining the amount of performance improvement and cost
reduction from the existing design. This existing design
serves as a reference. A similar approach is used to
generate the performance and cost indices. The existing, or
reference design, is described by a group of design vari-
ables, d . Functional performance and production cost of0

Ž .this reference design are denoted as F sF d and C si i 0 00

Ž .C d , respectively. When the design is modified from its0

reference form, or the design vector d moves away from
the reference point d , the functional performance and0

production costs will change accordingly. The relative
change of the functional performance and production cost

values are used as the comparable, life-cycle performance
indices, both in percentage form.

The functional performance change in the ith functional
ŽF.Ž .performance aspect, I d , and the overall functionali

ŽF.Ž .performance change of the design, I d , can be calcu-
lated by:

F d yFŽ .i i0ŽF .I d s , is1,2, . . . , p 5Ž . Ž . Ž .i < <Fi0

p
ŽF .w I dŽ .Ý i i

is1ŽF .I d s 6Ž . Ž .p

wÝ i
is1

Ž .where, F d and F are calculated using the ith functionali i0

performance function, and w , PPP ,w are weighting fac-1 p

tors considering the relative importance of various func-
tional performance aspects. The absolute value of F isi0ŽF.Ž .used here to avoid a negative I d term due to ai

negative functional performance reading.
Similarly, the relative change of the overall production

ŽC.Ž .costs, I d , can be calculated by:

C d yCŽ . 0ŽC .I d s 7Ž . Ž .
C0

2.5.2. Using aÕerage Õalue as reference
For cases where no prior design exists, the previously

discussed method cannot be applied. The functional perfor-
mance and production cost indices are generated using the
projected average performance and cost values as the
references.

In design, a smaller, targeted area is often given or can
be predicted for the selected design variables within the
feasible design space. This area is either determined by the
design problem, or assigned by a designer based on his or
her design and manufacturing knowledge. Due to the high
possibility that a design may fall into this area, the perfor-
mance and cost values of a design in this area serve as
good references. In this work, the average performance
and cost values within this targeted area for design vari-
ables are used as the references to calculate the compara-
ble performance and cost indices.

Suppose the n-dimensional targeted area for design
variables, V, is defined by

T<Vs d ds d ,d , . . . ,d 8Ž . Ž .� 41 2 n

where d is a vector of design variables, the average values
of functional performance and production costs can be
calculated by:

HH . . . HF d dVŽ .i
F s , is1,2, . . . , p 9Ž . Ž .i HH . . . HdV

HH . . . HC d dVŽ .
Cs 10Ž .

HH . . . HdV
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The dimensionless function performance and production
cost indices are then obtained by:

F d yFŽ .i iŽF .I d s , is1,2, . . . , p 11Ž . Ž . Ž .i < <Fi

C d yCŽ .
ŽC .I d s 12Ž . Ž .

C

3. Modeling of functional performance and production
costs for the fuel cell system

3.1. Ballard Mark V fuel cell system

Ballard Power Systems Inc., working with Science Ap-
Ž .plications International Corp. SAIC , has built the world’s

Ž .first zero emission vehicle ZEV bus powered by Ballard’s
Mark V PEM fuel cells. This prototype transit bus was

completed in March, 1993, as the first phase of the fuel
cell bus program. The functional performance and produc-
tion cost models introduced in this paper are based upon
this fuel cell system. It should be noted that this model
represents an early version of Ballard’s fuel cell system
and does not reflect the most recent technologies at Bal-
lard.

In the Ballard bus, 24 Ballard PEM 5 kW fuel cell
stacks are integrated into a 120 kW ‘electric engine’ by
connecting these stacks in three 8-stack series strings.
Pressurized hydrogen services as the fuel. Compressed air
provides oxygen through an electrically driven automotive
supercharger combined with a turbocharger. An electri-
cally driven water pump circulates the cooling water in an
air cooled radiator to remove the heat and to provide
cooling to the fuel cell stack. An air-to-air heat exchanger,
a number of filters, and water knockout components are
also used in the system. The configuration of this fuel cell
system is illustrated in Fig. 1.

Fig. 1. Ballard fuel cell system.
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Fig. 2. A fuel cell stack.

The key components in this system are fuel cell stacks.
The structure of a fuel cell stack is shown in Fig. 2. In a
fuel cell stack, 35 fuel cells are connected in series. Each
fuel cell consists of a membrane which is used as elec-
trolyte, two electrodes, and two plates as shown in Fig. 3.
Hydrogen fuel and air are supplied to the two electrodes
through the flow channels of gas delivery plates to gener-
ate a current between the two electrodes. For each two gas
delivery plates, a cooling plate is added. In addition, 10
cells for humidification are used for each stack at one end
of the stack.

3.2. Design Õariables, functional performance, and pro-
duction costs of the fuel cell system

This research focuses on the identification of the opti-
mal design considering functional performance and pro-

Fig. 3. Cross sections of fuel cells.

duction costs. The functional performance models of the
Ballard fuel cells were originally developed by Amphlett

w x w xet al. 9–12 and modified by Cownden and Nahon 13
considering the whole fuel cell system. The cost models of
the Ballard fuel cell system were developed by Ronne and

w xPodhorodeski 14 . The performance and cost models in-
troduced in this work are based on the results summarized

w xin Refs. 13,14 . Due to the complicity of the system, only
a number of major design variables, performance, and cost
models are considered in this work.

The whole system can be divided into a number of
functional modules. The influence of key system parame-
ters and design variables on functional performance and
production costs is discussed based on these modules. The
system parameters and design variables, as well as perfor-
mance and cost measures, are only explained when they
are introduced for the first time in this paper. A summary
of major system parameters, design variables, performance
and cost measures is listed at the end of this paper.

3.2.1. Fuel cell stack module
The reaction in a hydrogenroxygen fuel cell can be

w xwritten as 1 :

2H qO ™2H O 13Ž .2 2 2

The output voltage of the cell V , considering thermo-cell

dynamics, mass transport, kinetics, and ohmic resistance,
w xis described by 11 :

V sEqh qh 14Ž .cell act ohmic

where, E is open circuit output voltage; h is voltage lossact

due to activation; and h is voltage loss due to ohmicohmic

resistance, respectively.
At present, there exists a very limited number of pub-

lished PEM fuel cell performance models, even more rare
for the Ballard fuel cell. In the previous work carried out
by Amphlett et al., they have applied the Nernst equation
w x1 to calculate the open circuit output voltage that is
determined by the thermodynamic potential of the reac-
tion:

RT 0.5k
) )EsE8y ln p p 15Ž .Ž .H O2 2nF
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where, E8 represents a reference potential at unit activity;
p) , p) are effective partial pressure measures of hydro-H O2 2

gen and oxygen; and T is temperature. R, n, and F arek

gas constant, number of equivalents involved in reaction,
and Faraday’s constant, respectively. This equation was
used to calculate the open circuit output voltage of a

w xBallard Mark V PEM fuel cell 11,12 :

Es1.229y0.85=10y3 T y298.15 q4.3085Ž .k

1
y5 ) )=10 T ln p q ln p 16Ž .Ž . Ž .k H O2 22

Furthermore, they used the empirical data from a Bal-
lard Mark V fuel cell to determine a number of coeffi-
cients of the model, and come out the relations for calcu-
lating the voltage losses due to activation and ohmic
resistance. Strictly speaking, these equations are not ki-
netic models of a fuel cell, but they provided a very good
match with the measured performance of the Ballard Mark
V PEM fuel cell. At present no strict kinetic models of a
PEM fuel cell is available due to the complex mass
transport and electrochemistry of a PEM fuel cell. This
work focuses on the combined performance and cost opti-
mization of the Ballard Mark V PEM fuel cell system, the
models from Amphlett et al. allows this new approach to
be implemented and demonstrated.

The voltage loss due to activation, h , is calculated byact
w x11,12 :

h sy0.9514q3.12=10y3T q7.4=10y5Tact k k

P ln c) y1.87=10y4 T P ln I 17Ž . Ž .Ž .O k2

where, c) is concentration of oxygen and I is current,O 2

respectively. I is calculated using:

Is iPA 18Ž .a

where, A is active intersection area of the fuel cell stack;a

and i is current density.
The voltage loss due to ohmic resistance is calculated
w xby 11,12 :

hohmic

syI 1.605=10y2 y3.5=10y5T q8.0=10y5IŽ .k

19Ž .

The partial pressure and concentration terms used in
these equations, including p) , p) , and c) , can beH O O2 2 2

obtained through the following procedure. First the satura-
sat w xtion pressure of water, p , is calculated by 15 :H O2

psat s10y2 .1794q0.02953Tcy9 .1837=10y5 T 2
c q1 .4454=10y7 T 3

c
H O2

20Ž .

where, T is the temperature in Celsius and calculated by:c

T sT y273.15 21Ž .c k

The partial pressure measures p) and p) at cathodeO H2 2

w xand anode are calculated by 11 :

1
) satp sp P y1 22Ž .O H O2 2 4.192 i

cathodeexp xH O1.334 2ž /T

1
) satp s0.5 p P y1 23Ž .H H O2 2 1.653i

anodeexp xH O1.334 2ž /T

where, x cathode and x anode are mole fraction measures ofH O H O2 2

water at cathode and anode respectively. Because x cathode
H O2

and x anode can be calculated by:H O2

psat
H O2cathodex s 24Ž .H O2 Pair

psat
H O2anodex s 25Ž .H O2 PH 2

where, P and P are pressures of air and hydrogenair H 2

Ž . Ž .respectively, Eqs. 22 and 23 can then be transformed as
w x10 :

Pair
) satp s yp 26Ž .O H O2 24.192 i

exp 1.334ž /T

PH 2
) satp s0.5 yp 27Ž .H H O2 21.653i

exp 1.334ž /T

The pressure values of air and hydrogen are usually se-
lected as the same to keep the balance inside the fuel cell
stacks.

) w xConcentration of oxygen, c , is calculated by 11 :O 2

p)

O 2
)c s 28Ž .O 2 y498

65.08=10 exp ž /Tk

Power output for the fuel cell system can then be
calculated by

W sn Pn PV P iPA 29Ž .sys stack cell cell a

where, n and n are number of stacks in the systemstack cell

and number of cells in a stack, respectively.
The total cost for the fuel cell stacks, C , is calcu-stacks

lated by

Cstacks

sn P n PC qn PC qC qCstacks cell cell hum hum stk_a stk_m

30Ž .

where, C and C are cost for a fuel cell and cost for acell hum

humidification cell respectively; n is the number ofhum

humidification cells in a stack; and C and C arestk_a stk_m
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costs for stack assembly and stack material respectively.
The cost of a fuel cell is composed of the cost for Du
Pont’s Nafion 117e membrane, cost for electrodes and

Ž .catalyst platinum , cost for plates including conventional
plates and cooling plates, cost for membrane–electrode
assembly, and so on. The cost for a humidification cell is
calculated by adding the cost for the membrane and the
cost for the plate. The costs for membranes, electrodes,
and plates are calculated based on unit material costs and
total stack intersection area A . The active stack intersec-t

tion area, A , is calculated from the total stack intersectiona

area A usingt

A s0.56 A 31Ž .a t

The cost for catalyst is a function of the active stack
intersection area A . The machining and assembly costsa

are calculated based on the unit time machining costs, unit
time labour costs, unit time overhead costs, and machin-
ingrassembly time measures.

3.2.2. Hydrogen supply module
The required hydrogen supply flow rate, f , is calcu-H 2

w xlated by 9 :

A P ia
f s PVSTPPn Pn 32Ž .H cell stack2 n PFH 2

where, n and VSTP are electron number per hydrogenH 2

molecule and specific molar volume of gas, respectively.
The actual hydrogen supply flow rate should be larger than
the required hydrogen supply flow rate.

The costs of this module, C , include the fixed hydro-H 2

gen supply system cost and fuel cost. Fuel cost is a
function of actual hydrogen supply flow rate.

3.2.3. Air supply module
The required air supply flow rate, f , is calculated by:air

f xH 2f s 33Ž .air 2.0xO 2

where, x is fraction of oxygen in the air; and x isO 2

stoichiometric ratio of air, respectively. The stoichiometric
ratio x is selected greater than 1 to provide sufficient
oxygen for reaction.

The air supply system is composed of an air compres-
sor, a turbocharger, an air-to-air heat exchanger, a number
of water knockout components, and filters. Because this
research focuses on modeling the performance of the fuel
cells, only a brief description is given to the supporting
components in the fuel cell system.

First, the pressure drop, D P, through the various com-
ponents including fuel cell stacks, water knockout units,
filters, and heat exchanger is calculated by:

D Pskf 2 34Ž .

where, f is the flow rate; and constant, k, is the pressure
drop coefficient determined by the component configura-
tion. Using this equation, the pressure at different locations
of the air supply system can be determined.

The air compressor is one of the major power consum-
ing components in the fuel cell system. The model used to
calculate the air compressor performance is based on the
performance curves for an Opcon Autorator twin screw

w xsuperchanger 13 , which has a peak efficiency of 61%.
The consumed power is a function of working pressure,
temperature, air flow rate, and efficient measures of motor
and air compressor. The model of the turbocharger is
developed based on the performance curves for a Garrett

w xcompressorrturbine pair 13 . The compressor has a peak
efficiency of 80%, while the turbine has a peak efficiency
of 70%. Modeling of the heat exchanger is based on
fundamental heat transfer textbooks. The temperature mea-
sures at different locations can also be obtained using these
models.

The cost of the air supply system is primarily calculated
by adding the costs of all composing components. Change
of the fuel cell system parameters, including pressure and
temperature measures in different locations and air stoi-
chiometric ratio, will have influence on the chemical reac-
tion in the fuel cell stacks, thereby changing the actual
hydrogen supply flow rate. Therefore, these fuel cell sys-
tem parameters influence the total system cost indirectly.

3.2.4. Cooling module
The cooling module is used to remove the heat gener-

ated by the reaction of hydrogen and oxygen and to
humidify the incoming air and hydrogen streams. The
cooling module consists of a radiator, a water pump, a
radiator fan, a de-ionizing filter, and a surge tank. The
radiation fan and water pump are two power consuming
sources. The load of the radiator fan is a constant. The

w xload of the water pump, according to Ref. 13 , is obtained
Ž .by a calculating the total heat which must be rejected to

Ž .keep the fuel cell stacks at a constant temperature, b
Ž .assuming that 20% of the heat is radiated by the stacks, c

Fig. 4. Relations between current density and power measures.
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Ž .Fig. 5. USABC dynamic stress test DST curve.

calculating the water flow rate needed to reject the remain-
Ž .ing 80% of the heat, and, d calculating the power re-

quired to drive this flow assuming the efficiencies of the
pump and the motor are 50% and 70%, respectively.

The costs of the cooling module can be calculated by
adding the fixed costs of all the composing components.

Based upon the models of these modules, the net sys-
tem power output, W , is calculated by:net

W sW yW yW 35Ž .net sys ac cool

where, W is the gross fuel cell system power output; Wsys ac

is the power consumed by the air compressor; and W iscool

the power consumed by the radiator fan and the water
pump, respectively. Efficiency of the fuel cell system, h, is
defined as:

Wnet
hs 36Ž .

Wsys

The total fuel cell system cost, C, is calculated by:

CsC qC qC qC qC 37Ž .stacks air H cool cont2

where, C , C , C , C , and C are the costs forstacks air H cool cont2

stack module, air supply module, hydrogen supply module,
cooling module, and control module, respectively.

4. Optimal design of the fuel cell system

4.1. Selection of performance and cost measures and
design Õariables

Many system parameters influence both the functional
performance and production costs of the fuel cell system.

The key parameters include working pressure and tempera-
ture in the fuel cell stacks, active stack intersection area,
air stoichiometric ratio, number of cells in a stack, number
of stacks in the system, etc. In this work, two system
parameters, the active stack intersection area, A , and aira

stoichiometric ratio, x , are selected as design variables in
the joint optimization. Two functional performance mea-
sures, the maximum net system power output, W max, andnet

wthe average efficiency, h , based upon the dynamicave
Ž .stress test DST of the United States Advanced Battery
Ž .xConsortium USABC and the production costs of the

system, C, are considered in the joint optimization.
The maximum net system power output, W max, is iden-net

tified based upon the relation between the current density,
i, and net system power output, W . The i-W relation isnet net

shown in Fig. 4. Some other power measures, including
gross system power, W , air compressor load, W , andsys ac

cooling load, W , are also given in Fig. 4. Currentcool
Ždensity is selected between 10 and 1300 ASF Ampere per

.square feet . Default values of active stack intersection
area, A , and air stoichiometric ratio, x , are selected asa

232.0 cm2 and 1.75, respectively.
Ž .The USABC dynamic stress test DST is a method to

w xevaluate the performance of batteries 1 . In a DST, a test
cycle is divided into 16 time periods as shown in Fig. 5.
Each period is associated with a relative power output
value. The data used in USABC DST are summarized in
Table 2, where i is the time period sequence number; ti

and r are time period length and relative power outputi
Ž .between 0 and 1 , respectively.

By associating the maximum net power output of the
fuel cell system with the maximum relative power output
defined in DST, the desired net system power output at
any time in the cycle can be calculated by:

W sr PW max 38Ž .net i neti

From Fig. 4, the corresponding current density can be
identified, and the system efficiency h can be achievedi

Ž .using Eq. 36 . The average efficiency of a DST cycle is
defined as:

16

h tŽ .Ý i i
is1

h s 39Ž .ave 16

tŽ .Ý i
is1

The calculated production costs of the fuel cell system,
Ž .described by Eq. 37 , is used as the measure of manufac-

Table 2
Ž .USABC dynamic stress test DST data

i 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16
t 15.0 30.0 12.5 25.0 25.0 12.5 25.0 25.0 12.5 25.0 35.0 7.5 25.0 7.5 32.5 52.5i

r 0.0 0.125 0.25 0.0 0.125 0.25 0.0 0.125 0.25 0.0 0.125 1.0 0.625 0.0 0.25 0.0i
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turability of the fuel cell system and is incorporated in the
joint optimization. Due to proprietary limitation, only rela-
tive cost values are presented.

4.2. EÕaluation of functional performance and production
costs

Evaluation of functional performances, including the
maximum net system power output, W max, and averagenet

USABC DST efficiency, h , as well as the total produc-ave

tion cost, C, regarding the two design variables: the active

Ž .Fig. 6. Evaluation measures regarding active area. a Relation between
Ž .active area and maximum net system power. b Relation between active

Ž .area and USABC DST efficiency. c Relation between active area and
system cost.

Ž .Fig. 7. Evaluation measures regarding air stoichiometric ratio. a Rela-
tion between air stoichiometric ratio and maximum net system power.
Ž .b Relation between air stoichiometric ratio and USABC DST efficiency.
Ž .c Relation between air stoichiometric ratio and system cost.

stack intersection area, A , and the air stoichiometric ratio,a

x , is carried out using the following procedure.
First, an analysis on the influences of the two design

variables to the three performance and cost measures is
carried out separately. The results are given in Figs. 6 and
7. The active stack intersection area, A , is changed froma

1.0=102 m2 to 3.5=10y2 m2; and air stoichiometric
ratio, x , is changed from 1.0 to 2.5, respectively.

The results in Fig. 6 indicate that system performance
and cost increase steadily with the increase of the active
stack intersection area. The results in Fig. 7 illustrate poor
performance readings for small and large air stoichiometric
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Fig. 8. Evaluation measures regarding both active area and air stoichio-
Ž . Ž .metric ratio. a Contour map of maximum net system power. b Contour

Ž .map of USABC DST efficiency. c Contour map of system cost.

ratio and a steady increase of production costs with the
increase of the air stoichiometric ratio.

Subsequently, the two design variables are considered
simultaneously to obtain the 2-D contour maps of the three
selected performance and cost evaluation measures as
shown in Fig. 8.

4.3. Identification of the optimal design

The optimal design is carried out following the bal-
anced design principle and identified through the joint

optimization of system functional performance and produc-
Ž .tion costs, using Eq. 4 .

The functional performance and production cost indices
are obtained using the fuel cell system performance and
cost models discussed previously. The projected average
performance and cost values are used as references to
obtain the generally comparable dimensionless life-cycle

Fig. 9. Design quality indices considering two design parameters.
Ž . Ž . Ž .a Maximum net system power and production costs combined . b

Ž . Ž .USABC DST efficiency and production costs combined . c Maximum
Žnet system power, USABC DST efficiency and production costs com-

.bined .
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performance readings. In this case, the targeted area of the
design variables, V, is selected as:

< y2 2Vs A ,x 1.624=10 m FA F3.17� a a

=10y2 m2 ,1.2FxF1.8 40Ž .4
This approach is equivalent to a design improvement

test, in which a given design is used as the reference, and
the new design that leads to the maximum performance

Žincrease and minimum cost jump or maximum cost reduc-
.tion is to be identified. The joint optimization automati-

cally carry out the search and identify the optimum design
solution once the reference is given.

The results of the joint optimization can be illustrated
using a number of contour maps of the performance and
cost indices with respect to the two design variables. These

Ž . max Ž .contour maps include a W and C, b h and C, andnet ave
Ž . max Ž . Ž .c W , h , and C, as illustrated in Fig. 9 a , b , andnet ave
Ž .c , respectively. If we jointly consider the maximum net
system power, USABC DST efficiency, and the production
costs of the system, the optimal design is then at the active
area of 0.0195 m2 and air stoichiometric ratio at 1.4, as

Ž .illustrated by Fig. 9 c . Similarly, if only one performance
aspect is jointly considered with production costs, the

Ž . Ž .optimal design can be found from Fig. 9 a and b .

5. Summary

In this work, the optimization-based, integrated concur-
rent design method was applied to the modeling, analysis
and design of a general mechanical system—the trans-
portation fuel cell system. A general optimal design model
considering all product life-cycle performance aspects was
first introduced. Discussion was then focused on a simpli-
fied optimal design model, considering the two most im-
portant aspects of a product: functional performance and
production costs. Issues involved in the joint optimization
of functional performance and production costs were ad-
dressed. These included the mathematical modeling of
functional performance and production costs, the selection
of design variables, and the conversion of performance and
cost readings into a generally comparable, dimensionless
measure. The approach used either an existing or an
average design as the reference to seek the optimal design
that leads to the maximum performance increase and mini-
mum cost jump. The search was carried out automatically
through the joint optimization.

To demonstrate this new approach, functional perfor-
mance and production cost models of the Ballard Mark V
fuel cell system were discussed. The joint optimization
concurrently considers the maximum net system power,
the USABC DST efficiency, and the production costs of
the system with respect to two key design variables: the
active area and the air stoichiometric ratio in searching the
optimal design solution.

This approach breaks the traditional barrier between
Ž .design concerning functional performance and manufac-
Ž .turing concerning production costs , allowing both func-

tional performance and production costs to be fed into
early design phase and to be jointly optimized. The work is
a continuation of the authors’ earlier research on integrated
concurrent engineering design.

6. List of symbols

Ž 2 .A active intersection area of fuel cell stacks cma
Ž 2 .A total intersection area of fuel cell stacks cmt

Ž .C total fuel cell system cost $
Ž .C cost of air supply module $air

Ž .C cost of a fuel cell $cell
Ž .C cost of control module $cont
Ž .C cost of cooling module $cool

Ž .C cost of hydrogen supply module $H 2

Ž .C cost of a humidification cell $hum
Ž .C cost of stack module $stacks
Ž .C cost of stack assembly $stk_a
Ž .C cost of stack material $stk_m

Ž 3.C ) concentration of oxygen molrcmO 2

Ž .E open circuit voltage of a fuel cell V
Ž .F Faraday’s constant 96,487 Crequivalent
Ž 3 .f air supply flow rate m rsair

Ž 3 .f hydrogen supply flow rate m rsH 2

Ž .I current A
Ž 2 .i current density Arcm

n number of equivalents involved in reaction
Ž .n number of cells in a stack 35 fcell

Ž .n electron number per hydrogen molecule 2H 2

n number of humidification cellshum
Ž .n number of stacks in the system 24stack

Ž .P pressure of air atmair
Ž .P pressure of hydrogen atmH 2

p ) effective partial pressure of hydrogen atH 2

Ž .gasrliquid interface atm
sat Ž .p saturation pressure of water atmH O2

p ) effective partial pressure of oxygen at gasrliquidO 2

Ž .interface atm
Ž .R gas constant 8.3143 Jrmol K
Ž .T temperature 8Cc
Ž .T temperature Kk

Ž y3VSTP specific molar volume of gas 22.4 = 10
3 .m rmol

Ž .V output voltage of a cell Vcell
Ž .W power consumed by the air compressor Wac

W power consumed by cooling module includingcool
Ž .radiator fan and water pump W

Ž .W net system power output Wnet
max Ž .W maximum net system power output Wnet

Ž .W system power output Wsys

x anode mole fraction of water at anodeH O2
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x cathode mole fraction of water at cathodeH O2

h efficiency of the fuel cell system
Ž .h voltage loss due to activation Vact

h USABC DST average efficiencyave
Ž .h voltage loss due to ohmic resistance Vohmic

x stoichiometric ratio of air
Ž .x fraction of oxygen in the air 0.21O 2
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