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Foreword

It is my great pleasure to write the foreword to this monograph. Since the authors
informed me that they planned to write a book about reduced modelling methods
for planar fuel cells, I have looked forward to its completion with great anticipation.
This summarizes their extraordinary contributions in the area of fuel cell modelling.
I believe this book will be of great value to both experts and those with a casual
interest in fuel cell modelling, model reduction, sensitivity analysis, and fuel cell
design within academia and industry. The three authors are among the most out-
standing scientists in the world in the area of fuel cell modelling.

Fuel cell is an electrochemical energy conversion device for environmentally
friendly and sustainable energy production. The principle of the fuel cell was
convincingly demonstrated by Sir William Robert Grove in 1839. Nowadays, the
applications of fuel cells have spread into four major areas: small/big power sta-
tions, residential electricity, transport facilities, and portable electric products. The
majority of the related studies in fuel cell modelling are dedicated to introducing or
developing a full set of equations to describe the multiphysics in the fuel cell.
However, three-dimensional (3D) modelling of fuel cells requires massive com-
putational resources, especially for stacks, considering the highly coupled and
nonlinear nature of the mathematical formulation as well as a large number of
functional domains in the cell. This monograph focuses on development of reduced
models for the fuel cells and stacks fabricated with a plate-type structure (namely
planar fuel cells), primarily with the methods of spatial smoothing and asymptotic
reduction. It provides a systematic and comprehensive study covering validation of
full 3D models with experimental data, analysis of model reduction for single cells
and stacks, numerical implementation of the mathematical formulation, verification
of the reduced models, as well as sensitivity analysis. The research work is illus-
trated with the proton exchange membrane fuel cell and the planar solid oxide fuel
cell, which are two typical kinds of the planar fuel cell. The reduced models can be
solved without sacrificing leading-order physics in solutions while the computa-
tional demand is reduced by more than two orders of magnitude. Based on the fast
and efficient reduced models, integrated stochastic and deterministic sensitivity
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analysis is conducted to investigate both individual and simultaneous effects of
design factors on the cell and stack performance. This provides important infor-
mation for fuel cell design.

This book is written in a straightforward manner without losing depth, so that it
makes informative reading for a researcher or graduate student who is working or
intends to work in this field. It will without doubt serve as a rich reference source
for experts in this area. I congratulate Dr. Zhongjie He, Prof. Hua Li, and Prof. Karl
Erik Birgersson for their tremendous achievement. I also hope and expect that the
readers will benefit greatly from this book.

Bengt Sundén
Professor & Head of Division

Energy Sciences, Lund University
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Preface

Fuel cell is an electrochemical energy conversion device for environmentally
friendly and sustainable energy production, and fuelled by hydrogen or hydrocar-
bon operating at a specific temperature ranging from 50 to 1,000 °C depending on
the cell type. It is generally fabricated into a plate-type structure where the flow
field consists of parallel plain flow channels separated by solid ribs, such as proton
exchange membrane fuel cell (PEMFC) and planar solid oxide fuel cell (P-SOFC).
The cell performance typically involves complicated multiphysical behaviours,
such as transport phenomena and electrochemical performance. To understand the
characteristics and mechanism of the fuel cell, mathematical modelling is an effi-
cient approach, compared with repetitive and costly experimental techniques.

To date, about 12 books have been published in the literature on fuel cell
modelling. The authors primarily reviewed the fundamental principles of fuel cells,
and/or introduced the existing approaches for fuel cell modelling based on a full set
of conservation equations. In general, however, detailed three-dimensional (3D)
modelling of fuel cells is computationally expensive, especially for stacks, due to
the highly coupled and nonlinear nature of the mathematical formulation as well as
a large number of functional domains in the cell. Although some books have been
published in the literature to develop mathematical models for fuel cells, none
of them focused on reducing the 3D full models to efficient and accurate coun-
terparts. There are simplified fuel cell models from 3D to 2D, but the assumptions
on dimensionality tend to lower the fidelity of model prediction.

This is the first monograph of its kind, which is dedicated to developing reduced
models of planar fuel cells and stacks. The present model reduction is primarily
based on the method of spatial smoothing and asymptotic reduction, such that the
fuel cell models can be solved fast and efficiently without sacrificing leading-order
physics in numerical solutions. In particular, when reducing a 3D fuel cell model to
a spatially smoothed counterpart, correlation and variation factors are developed to
account for the effects of solid ribs on the pathways of heat, mass and charge
transports. Reduced PEMFC and P-SOFC models are developed and verified with
their 3D counterparts that were developed and validated with some experimental
data reported in the literature. As a result, both the average and variability
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of dependent variables along the cell width in the 3D geometry are captured by a
quasi-3D reduced model solved with respect to the directions along the flow and
through the cell thickness. The computational cost for cell and stack modelling is
reduced by two orders of magnitude or more with desired numerical accuracy.
Moreover, based on the efficient reduced models, integrated stochastic and deter-
ministic sensitivity analysis is carried out to investigate not only individual but also
simultaneous effects of a group of design factors (including geometrical, material,
and operational parameters) on the cell and stack performance, which provides
important information for fuel cell design. For such sensitivity analysis, Monte
Carlo simulation of the reduced model is conducted with a sample size in the order
of 103 at both single-cell and stack levels without prohibitive computation
requirement, which is illustrated with the P-SOFC. In addition, apart from the
PEMFC and P-SOFC, the present work can be extended to other kinds of plate-type
fuel cells.

This book can primarily meet the needs of scientists and R&D engineers in the
broad fields of fuel cell modelling and design, especially the PEMFC and P-SOFC.
It is not only useful for them as a research reference but also allow further studies to
extend the present work to suit their practical applications. The primary readers also
include postgraduates doing research in the area of fuel cells, in particular, whose
work involves numerical simulation, model reduction, scaling and asymptotic
analysis, as well as sensitivity analysis. Possible secondary readers are the third-
and fouth-year undergraduate students taking courses of advanced mechanical and
electrochemical engineering. As a good reference source for course lectures, the
book sections introducing the fundamental of fuel cell modelling are especially
helpful for the students to learn more about fluid dynamics, electrochemistry, and
transport phenomena pertaining to mass, momentum, and heat transfer. In addition,
apart from fuel cells, the present approach of model reduction can also be extended
to other energy systems where multiphysical phenomena are studied.

The authors would like to thank Prof. Bengt Sundén for writing the foreword to
this book. Special thanks also go to Drs. M. Vynnycky, H. Ly, A.K. Sharma, and
S.H. Khor for their invaluable contributions to this research.

Singapore Zhongjie He
Hua Li

Karl Erik Birgersson
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Chapter 1
Introduction

1.1 Background

Sustainable energy development for a growing population is a critical issue in the
21st century. The energy report of the European Environment Agency (EEA) in
2008 anticipated that the global energy requirement would be higher in 2030 than
that in 2005 by 55 %, if governments around the world continued with their current
policies [1]. About 84 % of the increase in primary energy demand would come
from fossil fuels [1]. This increase in energy demand was also reported by the
International Energy Agency (IEA) in 2008, as depicted in Table 1.1 [2]. Excessive
use of fossil fuels must pose a number of environmental impacts like oil supply
insecurity, air pollution, greenhouse gas emissions, and adverse influences on
ecosystems during energy production processes. Increasing energy demand,
diminishing natural resources, and growing environmental concerns have invoked
the continuous development of new energy conversion technologies to fulfill the
sustainable development strategy and environmental friendliness while meeting the
anticipated annual growth in energy demand presented in Table 1.1.

One of the promising new energy technologies is fuel cell [3, 4], which directly
converts the free energy of chemical reactants to electrical energy and heat without
combustion. It is widely accepted that the fuel cell was invented by Sir William
Robert Grove, who convincingly demonstrated the principle of fuel cell in 1839 [3].
Nowadays, the fuel cell has grown up into a big family of many members operating
at specific temperatures. The most common ones are the proton exchange mem-
brane fuel cell (PEMFC), alkaline fuel cell (AFC), phosphoric-acid fuel cell
(PAFC), molten-carbonate fuel cell (MCFC), and solid oxide fuel cell (SOFC) [5],
as introduced in Table 1.2. In general, a number of cells are stacked together in
electric-series to generate desired output voltage and power ranging from microwatt
for micro-electromechanical systems to megawatt for power plants. Applications of
the fuel cell spread to four major areas: small/big power stations, residential elec-
tricity, transport facilities (e.g., car and bus), and portable electric products (e.g.,
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laptop, digital camera, hand phone, and PDA) [6]. As an innovative source of
energy, the fuel cell technology has gained a good reputation for high efficiency,
environmental friendliness, and compatibility with renewable energy sources [3–5].
Many countries (U.S, China, European Union, Japan, etc.) and companies have
invested plenty of human power and capital on the fuel cell technology for many
years [7, 8].

In order to investigate the characteristics and mechanism of the fuel cells,
mathematical modelling is a widely applied approach in comparison with repetitive
and costly experimental approaches. There are three main reasons why mathe-
matical modelling plays an important role as part of the overall research and
development efforts on fuel cells in the last two decades. First, a properly con-
structed and validated mathematical model can provide an understanding and
insight into the intrinsic phenomena on a local level in the various functional layers
of a fuel cell, which is next to impossible from an experimental point of view
because of the small length scales that can be found in the cell. Second,
well-developed mathematical formalism and techniques from various mathematical
branches (like calculus and algebra) can not only be employed as building blocks
for the models themselves, but also provide the means towards cell performance
improvements, such as optimization of designs and operating conditions. Third,
modelling can aid in the troubleshooting of designs, experiments, and failures. The
derivation of a large number of rich and diverse models for different types of fuel
cell can be referred to the literature:

• References [9–13] for the proton exchange membrane fuel cell (PEMFC);
• References [14–17] for the alkaline fuel cell (AFC);
• References [18–20] for the direct ethanol fuel cell (DEFC);
• References [21–24] for the direct methanol fuel cell (DMFC);

Table 1.1 World energy demand in cities reported by International Energy Agency [2]

Year 2006 2015 2030 2006−2030

Mtoe Cities as a
% of
world

Mtoe Cities as a
% of
world

Mtoe Cities as a
% of
world

Average
annual growth
rate (%)

Oil 2519 63 2873 63 3394 66 1.2

Coal 2330 76 3145 78 3964 81 2.2

Gas 1984 82 2418 83 3176 87 2.0

Hydro 195 75 245 76 330 79 2.2

Biomass
and waste

280 24 358 26 520 31 2.6

Nuclear 551 76 630 77 726 81 1.2

Other
renewable

48 72 115 73 264 75 7.4

Total 7908 67 9785 69 12374 73 1.9

Electricity 1019 76 1367 77 1912 79 2.7

2 1 Introduction



T
ab

le
1.
2

O
pe
ra
tio

na
l
ch
ar
ac
te
ri
st
ic
s
an
d
te
ch
no

lo
gi
ca
l
st
at
us

of
va
ri
ou

s
fu
el

ce
lls

Pr
op

er
tie
s

PE
M
FC

A
FC

PA
FC

M
C
FC

SO
FC

R
ef
s.

O
pe
ra
tin

g
te
m
pe
ra
tu
re

50
–
10

0
°C

60
–
22

0
°C

16
0–

20
0
°C

60
0–

70
0
°C

50
0–

10
00

°C
[3
,5
,

36
–

38
]

Pr
im

e
ce
ll

co
m
po

ne
nt
s

C
ar
bo

n-
ba
se
d

C
ar
bo

n-
ba
se
d

G
ra
ph

ite
-b
as
ed

St
ai
nl
es
s-
ba
se
d

C
er
am

ic
[3
8,

54
]

E
le
ct
ro
ly
te

H
yd

ra
te
d

po
ly
m
er
ic

io
n

ex
ch
an
ge

m
em

br
an
es

M
ob

ili
ze
d
or

im
m
ob

ili
ze
d

po
ta
ss
iu
m

hy
dr
ox

id
e
(K

O
H
)
in

as
be
st
os

m
at
ri
x

Im
m
ob

ili
ze
d
liq

ui
d

ph
os
ph

or
ic

ac
id

(H
3P
O
4)

in
Si
C

Im
m
ob

ili
ze
d
liq

ui
d

m
ol
te
n
ca
rb
on

at
e
in

L
iA
lO

2

Pe
ro
vs
ki
te
s

(c
er
am

ic
s)

[3
8,

54
]

E
le
ct
ro
de
s

C
ar
bo

n
T
ra
ns
iti
on

m
et
al
s

C
ar
bo

n
N
ic
ke
l
an
d
ni
ck
el

ox
id
e

Pe
ro
vs
ki
te

an
d

pe
ro
vs
ki
te
/m

et
al

ce
rm

et

[3
8,

54
]

C
at
al
ys
t

Pl
at
in
um

Pl
at
in
um

Pl
at
in
um

E
le
ct
ro
de

m
at
er
ia
l

E
le
ct
ro
de

m
at
er
ia
l

[3
8,

54
]

In
te
rc
on

ne
ct

C
ar
bo

n
or

m
et
al

M
et
al

G
ra
ph

ite
St
ai
nl
es
s
st
ee
l
or

ni
ck
el

N
ic
ke
l
ce
ra
m
ic

or
st
ee
l

[3
8,

54
]

Fu
el

H
2,
m
et
ha
no

l
H
2

H
2

H
2,
C
H
4

H
2,
C
H
4,
C
O
,
ot
he
r

hy
dr
oc
ar
bo

ns
[3
7]

C
ha
rg
e
ca
rr
ie
r

H
+

O
H
−

H
+

C
O
32−

O
2−

[3
7,

54
]

E
xt
er
na
l

re
fo
rm

in
g
fo
r

hy
dr
oc
ar
bo

n
fu
el
s

Y
es

Y
es

Y
es

N
o,

fo
r
so
m
e
fu
el
s

N
o,

fo
r
so
m
e
fu
el
s

an
d
ce
ll
de
si
gn

s
[3
8,

54
]

E
xt
er
na
l
sh
if
t

co
nv

er
si
on

of
C
O

to
H
2

Y
es
,
pl
us

pu
ri
fi
ca
tio

n
to

re
m
ov

e
tr
ac
e
C
O

Y
es
,
pl
us

pu
ri
fi
ca
tio

n
to

re
m
ov

e
C
O

an
d
C
O
2

Y
es

N
o

N
o

[3
8,

54
]

(c
on

tin
ue
d)

1.1 Background 3



T
ab

le
1.
2

(c
on

tin
ue
d)

Pr
op

er
tie
s

PE
M
FC

A
FC

PA
FC

M
C
FC

SO
FC

R
ef
s.

Pr
od

uc
e
w
at
er

m
an
ag
em

en
t

E
va
po

ra
tiv

e
E
va
po

ra
tiv

e
E
va
po

ra
tiv

e
G
as
eo
us

pr
od

uc
t

G
as
eo
us

pr
od

uc
t

[5
4]

Pr
od

uc
t
he
at

m
an
ag
em

en
t

Pr
oc
es
s

ga
s
+
liq

ui
d

co
ol
in
g
m
ed
iu
m

Pr
oc
es
s
ga
s
+
el
ec
tr
ol
yt
e

ci
rc
ul
at
io
n

Pr
oc
es
s
ga
s
+
liq

ui
d

co
ol
in
g
m
ed
iu
m

or
st
ea
m

ge
ne
ra
tio

n

In
te
rn
al

re
fo
rm

in
g
+
pr
oc
es
s

ga
s

In
te
rn
al

re
fo
rm

in
g
+
pr
oc
es
s

ga
s

[5
4]

Sy
st
em

ou
tp
ut

<1
–
25

0
kW

10
–
10

0
kW

50
kW

–
1
M
W

<1
kW

–
1
M
W

<1
kW

–
3
M
W

[3
,

38
]

E
le
ct
ri
ca
l

ef
fi
ci
en
cy

53
–
58

%
(t
ra
ns
po

rt
),
35

%
(s
ta
tio

na
ry
)

60
%

32
–
38

%
45

–
47

%
50

–
60

%
[5
9,

11
1]

E
ne
rg
y

ef
fi
ci
en
cy

40
–
50

%
40

–
70

%
70

%
60

%
70

%
[3
8]

L
if
et
im

e
pr
oj
ec
te
d
4(
h)

>4
0,
00

0
>
10

,0
00

>4
0,
00

0
>4

0,
00

0
>4

0,
00

0
[5
]

C
ap
ita
l
co
st

pr
oj
ec
te
d
(U

.S
.

$/
kW

)

>2
00

>2
00

30
00

10
00

15
00

[5
]

A
pp

lic
at
io
ns

1.
B
ac
ku

p
po

w
er

2.
Po

rt
ab
le

po
w
er

3.
Sm

al
l

di
st
ri
bu

te
d

ge
ne
ra
to
r

4.
T
ra
ns
po

rt
at
io
n

5.
Sp

ec
ia
lty

ve
hi
cl
es

1.
M
ili
ta
ry

2.
Sp

ac
e

D
is
tr
ib
ut
ed

ge
ne
ra
to
r

1.
E
le
ct
ri
c
ut
ili
ty

2.
L
ar
ge

di
st
ri
bu

te
d

ge
ne
ra
to
r

1.
A
ux

ili
ar
y
po

w
er

2.
E
le
ct
ri
c
ut
ili
ty

3.
L
ar
ge

di
st
ri
bu

te
d

ge
ne
ra
to
r

[3
]

4 1 Introduction



• References [25–32] for the molten carbonate fuel cell (MCFC);
• References [33–35] for the planar and tubular solid oxide fuel cell (SOFC).

In view of the configuration of the above fuel cells (except the tubular SOFC),
there is a common feature that they have a planar geometry where a plate-type
electrolyte is sandwiched between a cathode and an anode. The fuel cells of this
type of geometry are named as planar fuel cells. This book will focus on the
PEMFC and the planar SOFC (P-SOFC) to elaborate and illustrate the present
methodologies of model reduction for the planar fuel cells.

1.1.1 Proton Exchange Membrane Fuel Cell (PEMFC)

The first PEMFC was developed in 1960s by General Electric in the United States
for the first manned space vehicles of NASA [36]. The PEMFC is generally
operated at low temperatures ranging from 50 to 100 °C [3, 5, 36–38], which is
advantageous over other types of fuel cells and thus allow the development of the
PEMFC to start quickly, especially for portable and transport applications [39]. The
core components of the PEMFC are a cathode and an anode separated by a polymer
membrane, which form a membrane-electrode assembly (MEA) as shown
schematically in Fig. 1.1. In a single fuel cell, a single-side flow field plate is
located on top of the electrode to distribute the fuel or oxidant, collect the current to
power the electric device, carry water away from the cell, and humidify the gases.
In a stack, instead of the single-side plate, bipolar plates are placed between the
cells. Some common designs for the flow field plates are schematically shown in
Fig. 1.2, such as parallel straight channels, single or multiple serpentine channels,

Fig. 1.1 Schematic of the working principle of the PEMFC

1.1 Background 5



where the flow field consists plain channels surrounded by solid ribs [39–41]. Other
types of flow channel designs were also suggested in the literature, such as inter-
digitated, pin, and bio-mimetic flow fields, which can be referred to Ref. [41]
reviewing the flow field designs for the bipolar plate of the PEMFC. Apart from the
plain flow channels separated by ribs, the flow field can also consist of a porous
medium [42], as shown in Fig. 1.2d. In addition, coolant flow field layers may be
needed for the overall PEMFC stack depending on the type of thermal management
such as liquid water cooling, cooling via phase-change materials, forced or natural
air-convection cooling.

The materials used for the MEA has maintained the same since the early 1990s
[43]. The membrane is generally made of a perfluorinated polymer backbone with
sulfonic acid side chains, which can become a good protonic conductor when fully
humidified and thus has been used for decades [43, 44]. The latest development on
the polymer membranes lies on improvement of their chemical stability and thinner
membranes reduced from 175 to 25 mm [43]. For the electrodes, cloth with plat-
inum on supported carbon or teflonated porous carbon paper have been used in both
the anode and cathode [43, 44]. For the flow field plates of single cells, the most
common materials are graphite and stainless steel, and other materials like

Fig. 1.2 Typical flow field design for planar fuel cells: a parallel straight channels; b single
serpentine channels; c multiple serpentine channels; d porous [39–41, 110]

6 1 Introduction



aluminium, steel, titanium, nickel, and polymer composites are also applicable.
Most bipolar plates in the PEMFC stack are made of resin-impregnated graphite
because of high conductivity, chemically inertness, and resistance to corrosion,
although it is expensive and costly to manufacture [40].

The working principle of the PEMFC is demonstrated schematically in Fig. 1.1.
The mobile ion through the polymer membrane is H+ ions or protons. Apart from
conducting ions from the anode to the cathode, the membrane also serves as an
electronic insulator and a gas separator. On each electrode of the cell, a catalytically
active region, namely catalyst layer or reaction zone, is attached to the membrane
and thus form the membrane-electrode-assembly (MEA). During operation, the
supplied hydrogen (H2) diffuses from the fuel flow channel through the porous
anode and then becomes oxidized in the catalyst layer to form protons, such that
free electrons (e−) are released:

H2ðgÞ ¼ 2H þ þ 2e�: ð1:1Þ

The free electrons go through the electrically conducting solid phase of the anode to
the current collector (top part of the flow field plate), and finally back to the cathode
via an external circuit to perform useful work. Meanwhile, on the cathode, the
protons through the membrane react with the oxygen (O2) diffusing from the air
flow channel and the free electrons conducted from the current collector, resulting
in liquid water (H2O) as the product:

1
2
O2ðgÞþ 2H þ þ 2e� ¼ H2OðlÞ: ð1:2Þ

The produced water diffuses back to the air flow channel through the pores in the
cathode by capillary driven [45]. The overall cell reaction in the PEMFC is

H2ðgÞþ
1
2
O2ðgÞ ¼ H2OðlÞ: ð1:3Þ

The theoretical open circuit voltage of a hydrogen-oxygen fuel cell is 1.23 V at
298 K. Under practical load conditions, the cell voltage is between 0.5 and 1.0 V,
which corresponds to a current density up to 1.5 A cm−2 depending on real
applications [43].

Furthermore, if the produced water is not removed properly, the accumulating
liquid water may lead to serious issues for the PEMFC which is operated at low
temperatures and hence low-saturation pressure [39]. Excess liquid water can cause
flooding of the catalyst layer and backing layer [46–48] as well as clogging of the
flow channel [39, 49, 50], although water is essential for the ion conduction in the
membrane. As such, two-phase transport phenomena plays an important role in the
simulation of the PEMFC [39, 45, 46, 51–53].
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1.1.2 Planar Solid Oxide Fuel Cell (P-SOFC)

The high-temperature fuel cell, namely the SOFC, has attracted much interest in its
potential applications to stationary power station, mobile power, auxiliary power for
vehicles, and specialty applications [37]. The SOFC technology provides advan-
tages over other types of fuel cells, such as fuel variety, relatively high sulphur
resistance, and high electrical efficiency [54, 55]. Nevertheless, the SOFC tech-
nology is still away from commercialization due to some critical issues like long
start-up transient time, thermal stresses and expansion mismatches, and sealing
problems between cells in a SOFC stack.

In general, the SOFC is fabricated at temperatures between 1200 and 1300 °C
and operates at temperatures ranging from 500 to 1000 °C. It produces electricity
and heat directly from gaseous hydrogen or hydrocarbon fuels, such as natural gas,
via electrochemical reactions with ambient air as an oxidant. The first SOFC was
proposed by Schottky using the Nernst mass as the solid electrolyte, and then it was
constructed by Baur and Preis in 1937 [56, 57]. The core components of a SOFC
are two porous electrodes (i.e., anode and cathode) separated by a thin and dense
ion-conducting ceramic electrolyte layer, as shown in Fig. 1.3. The gastight elec-
trolyte is conventionally made of yttria (Y2O3)-stabilized zirconia (ZrO2) (YSZ), in
which yttrium is used within a range of 3−10 mol% to stabilize the zirconia lattice
[58]. Conventionally, the YSZ can be named according to the contained amount of
yttria, such as 3YSZ, 8YSZ, and 10YSZ refer to the YSZ with 3, 8, and 10 mol% of
yttria, respectively. YSZ provides high ionic conductivity but negligible electric
conductivity at temperatures above 700 °C. The solid electrolyte enables the SOFC
to be free from many of the management issues in other types of fuel cells, such as
electrode flooding, electrolyte migration, and catalyst wetting [5]. The cathode is
commonly composed of strontium (Sr)-doped lanthanum manganite (LaMnO2)

Fig. 1.3 Schematic of the working principle of the planar SOFC
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