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bstract

A model of a polymer electrolyte fuel cell (PEFC) is developed that captures dynamic behaviour for control purposes. The model is mathematically
imple, but accounts for the essential phenomena that define PEFC performance. In particular, performance depends principally on humidity,
emperature and gas pressure in the fuel cell system. To simulate accurately PEFC operation, the effects of water transport, hydration in the

embrane, temperature, and mass transport in the fuel cells system are simultaneously coupled in the model. The PEFC model address three

hysically distinctive fuel cell components, namely, the anode channel, the cathode channel, and the membrane electrode assembly (MEA). The
aws of mass and energy conservation are applied to describe each physical component as a control volume. In addition, the MEA model includes
steady-state electrochemical model, which consists of membrane hydration and the stack voltage models.
2007 Published by Elsevier B.V.
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. Introduction

Fuel cells may be used to replace the conventional inter-
al combustion engine in vehicles because of their capacity to
chieve a high efficiency. In particular, they are being considered
s suitable potential power sources for zero-emission vehicles
ZEVs). Most automobile manufacturers consider the fuel cell
lectric vehicle to be logical successor to the hybrid electric vehi-
le, and major automotive companies have already presented
ars that use fuel cells as the power plant. Among the various
ypes of fuel cells, the polymer electrolyte fuel cell (PEFC) has
he greatest potential for use in automotive applications because
f its low operating temperature, solid-type electrolyte, high
fficiency, and high power density [1]. PEFC technology has
ow reached the testing and demonstration phase, and engineer-
ng development and optimization are vital for realization of
ommercial products [2]. It is especially necessary for PEFC

echnologies to be developed in tandem with dedicated control
ystems which, in turn, requires effective modelling of technol-
gy. The operation and physical phenomena within the PEFC
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ystem can be clearly understood through this modelling pro-
ess. The knowledge acquired through the modelling the PEFC
nd simulations using this model can also be applied to the
esign of control systems for the PEFC.

. Model setup and assumption

Although the PEFC model developed in this study is
athematically simple, it accounts for the essential phenomena

hat define PEFC performance. The performance of the PEFC
epends principally on the properties of the membrane and
he thermodynamics of the gas in the fuel cell system, and
he model emphasizes these elements accordingly. The PEFC
ystem consists of the three physically distinct parts shown in
ig. 1, namely, the anode channel, the cathode channel, and

he membrane electrode assembly (MEA) [3]. The mass and
nergy conservation laws are applied to describe each physical
omponent as a control volume. In addition, the MEA model
ontains a steady-state electrochemical model that consists of a
embrane hydration model and a stack voltage model [4]. This

odel is the lumped parameter model, so spatial variations

f the temperature, pressure, and concentration are ignored.
ynamics for flow and temperature, however, are included. The

nputs are electric current, mass flow rate, humidity, and the
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Nomenclature

a activity of water
A fuel cell active area (cm2)
cAN,V anode water concentration
cCA,V cathode water concentration
cp specific heat at constant pressure (kJ kg−1 K)
cv specific heat at constant volume (kJ kg−1 K)
DW diffusion coefficient of water concentration
ECV internal energy of control volume (kJ)
ENerst reversible open circuit voltage (V)
F Faraday constant (C)
�Hreact enthalpy of reaction (kJ kmol−1)
(hA) heat convection coefficient (kJ K−1)
I stack current (A)
i stack current density (A cm−2)
k effective permeability (cm2)
ksat permeability (cm2)
K nozzle coefficient (kg s−1 atm)
m mass (kg)
ṁ mass flow rate (kg s−1)
M molecular mass (kg kmol−1)
N molar flux (kmol m−2s−)
ncell number of cell
nd electro-osmotic drag coefficient
p pressure (kPa)
Q̇ rate of heat transfer (kW)
T temperature (K)
T0 standard temperature (K)
tM thickness of the membrane (cm)
V channel volume (cm3)
V̄ molar volume (cm3)
Ẇ electric power (kW)
x mole fraction

Greek letters
ηact activation loss (V)
ηohmic Ohmic loss (V)
ηconc concentration loss (V)
λ water content
ρM,dry membrane dry density (kg cm−3)
σm membrane conductivity

Subscripts
AMB ambient condition
AN anode
CA cathode
conc concentration
d electro-osmotic drag
H2 hydrogen gas
L liquid type of water
m membrane
M membrane electrode assembly
N2 nitrogen gas
O2 oxygen gas

ohmic Ohmic
prod production
sat saturation condition
V vapor type of water
W water

Superscripts
ave average
conv convection
diff diffusion
I inlet
latent latent
O outlet
osmotic electro-osmotic drag
react reaction
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emperatures of the supplied gas and coolant. Some states which
annot be directly calculated by input variables, such as the
ressure, humidity, concentration and temperature of gas in the
hannel, are determined by the dynamics of the fuel cell system.
he output variables of a fuel cell system such as exhaust

emperature, exhaust mass flow rate, and the stack voltage are
onsidered to be functions of the states and the input variables.
he main assumptions of this PEFC model are as follows:

the gases are ideal and well-mixed in the channel,
there is no pressure gradient in the channel,
there is no temperature gradient in the channel,
there is no current gradient across the membrane,
the MEA temperature is uniform,
the mole fractions in the channel and exhaust gas are equal,
the temperatures of the condensed water and the MEA are
equal,
the radiation heat-transfer effect is negligible.

. Mathematical model

.1. Review of thermodynamics

.1.1. Saturation vapour properties
Water is always accompanied with the dry gas in the chan-

el because of hydration of the membrane and the generation
f water due to the chemical reaction. So the phase of water
n the PEFC is important factor in determining the thermody-
amic states such as pressure, and temperature. The saturation
apor pressure psat(T) (kPa) according to vapour temperature is
odelled using the table of saturated water [5].
og10psat(T ) = −20.92 + 0.143T − 3.39 × 10−4T 2

+3.85 × 10−7T 3 − 1.69 × 10−10T 4 (1)
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ṁAN,V = ṁAN,V,sat

mAN,L = mAN,W − mAN,V

ṁAN,L = −ṁ
vapor
AN,V = ṁAN,W − ṁAN,V

(7)
Fig. 1. PEFC

here T is the vapour temperature (K). The mass of saturation
apour is determined by the Ideal Gas Law.

V,sat = psatV

MH2OR̄T
(2)

The derivative of mV,sat is given by:

dmV,sat

dt
= ∂mV,sat

∂T

dT

dt
+ ∂mV,sat

∂psat

dpsat

dt
(3)

here ∂mV,sat/∂T = −(psat,V/R)T−2 and ∂mV,sat/∂psat = V/(RT).
he above relationship requires the determination of the time
erivative of psat(T).

dpsat

dt
= psat ln 10

dT

dt

d(log10psat)

dT
(4)

.1.2. Latent heat
The latent heat effect is a crucial factor that affects the heat

ransfer in the PEFC system, because a large quantity of water
s generated by chemical reactions and is changed between the
iquid and vapour phases according to the dew point and the
apour pressure. The heat of evaporation or condensation Hvapor

ay be estimated as a function of temperature by following Eq.
6]:

vapor = 45, 070 − 41.9T + 3.44 × 10−3T 2

+2.54 × 10−6T 3 − 8.98 × 10−10T 4 (5)

.2. Anode channel model

Hydrogen and vapour enter the anode channel (Fig. 2), some
f which diffuses through the gas-diffusion layer (GDL) and
ome of which leaves the channel [4]. Heat transfer from the

EA to the gas in the channel affects the temperature and

ressure of the gas in the anode channel. The anode chan-
el is considered as a control volume in describing these
henomena.
el structure.

.2.1. Anode channel flow model
The mass continuity of hydrogen and water is used to develop

he flow model in the anode control volume.

dmAN,H2

dt
= ṁI

AN,H2
− ṁO

AN,H2
− ṁreact

H2

dmAN,W

dt
= ṁI

AN,V − ṁO
AN,V − ṁtrans

V

(6)

The water inside the anode control volume is one of phases,
apour or liquid, depending on the amount of maximum vapour
AN,V,sat [5], which is in turn determined by the saturation pres-

ure pAN,V,sat corresponding to the temperature of the anode
as.

If mAN,W > mAN,V,sat:

mAN,V = mAN,V,sat
Fig. 2. Anode channel model.
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somewhat different from that or of the water inside the anode
channel due to the production of water reacting at the cathode
side of the membrane close to the GDL. It is assumed that all
of the water produced by the chemical reaction is liquid. The
K. Chu et al. / Journal of Po

Or if mAN,W ≤ mAN,V,sat:

mAN,V = mAN,W

ṁAN,V = ṁAN,W

mAN,L = 0

ṁAN,L = −ṁ
vapor
AN,V = 0

(8)

The mass flow rate of the anode exhaust gas ṁO
AN is assumed

o be proportional to the pressure difference, i.e.,

˙ O
AN = KAN(pAN − pAMB) (9)

It is assumed that the mole fractions of the outlet flows are
he same as those of the gas in the anode control volume. Using
node channel pressure and mass fractions, hydrogen flow and
ater flow at the outlet can be given by:

˙ O
AN,i = MixAN,iKAN(pAN − pAMB)∑

jMjxAN,j

i = H2, H2O (10)

Faraday’s law is used to calculate the mass flow rate of
ydrogen consumption in reaction [7]. The mass flow rate is
etermined according to:

˙ react
H2

= MH2ncell
I

2F
(11)

.2.2. Anode thermal model
The energy rate balance for the anode control volume is:

dECV
AN

dt
= Q̇conv

AN +
∑

ṁ1
ANh1

AN −
∑

ṁO
ANhO

AN (12)

here Q̇conv
AN is the heat transfer rate across the MEA to the anode

hannel, and
∑

ṁI
ANhI

AN − ∑
ṁO

ANhO
AN is the net energy rate

y the mass flow. The convective heat transfer Q̇conv
AN is caused

y the temperature difference between the MEA and the anode
3,8,9]:

˙ conv
AN = (hA)AN(TM − TAN) (13)

here (hA)AN is the heat convection coefficient of the anode
hannel. The net energy rate by the mass flow is given by:∑

ṁI
ANhI

AN −
∑

ṁO
ANhO

AN

= ṁI
AN,H2

cp,H2 (T I
AN − T0) − ṁO

AN,H2
cp,H2 (TAN − T0)

−ṁreact
AN,H2

cp,H2 (TAN − T0) + ṁI
AN,Vcp,V(T I

AN − T0)

−ṁO
AN,Vcp,V(TAN − T0) + ṁ

vapor
AN,Vcp,V(T vapor

AN,V − T0)

−ṁtrans
V cp,V(T trans

AN,V − T0) (14)

here T
vapor
AN,V represents the temperature of the vapourized water

r the temperature of the condensed water in the anode channel,
nd T trans

AN,V represents the temperature of the vapor moving from

he MEA to the anode channel or from the anode channel to the

EA. T
vapor
AN,V and T trans

AN,V are determined by the sign of ṁ
vapor
AN,V

nd ṁtrans
V . If ṁ

vapor
AN,V is positive, T

vapor
AN,V is the same; otherwise

vapor
AN,V is TAN. T trans

AN,V is TAN if ṁtrans
V is positive and TM if ṁtrans

V
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s negative. The internal energy of the anode control volume can
e expressed as follows:

CV
AN = (mAN,H2cv,H2 + mAN,Vcv,V)(TAN − T0) (15)

Using Eqs. (12) and (15), the time rate of the temperature for
node control volume can be expressed as follows:

dTAN

dt
= ĖCV

AN − (ṁAN,H2cv,H2 + ṁAN,Vcv,V)(TAN − T0)

mAN,H2cv,H2 + mAN,Vcv,V
(16)

.3. Cathode channel model

The mass flow, energy flow, and gas pressure in the cathode
ontrol volume are similar to those in the anode control volume.
lows of oxygen, nitrogen and water in the cathode are consid-
red as in Fig. 3. Oxygen molecules are involved in the chemical
eaction and move to the membrane and react with protons. As
result, liquid water is produced at the catalyst of the cathode

ide of the MEA [10,11]. Moreover, heat transfer by temperature
radient to the MEA affects the temperature and pressure of the
as in the cathode channel.

.3.1. Cathode flow model
The cathode flow model describes the flow of air and vapour

nside the cathode channel. The mass conservation law and the
deal Gas Law are used to determine the pressure of the gas in
he cathode control volume.

ṁCA,O2 = ṁI
CA,O2

− ṁO
CA,O2

− ṁreact
O2

ṁCA,N2 = ṁI
CA,N2

− ṁO
CA,N2

ṁCA,W = ṁI
CA,V − ṁO

CA,V + ṁtrans
V + ṁ

prod
L

(17)

The behaviour of the water inside the cathode channel is
Fig. 3. Cathode channel model.
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Three sub-models included in the MEA model are the mem-
16 K. Chu et al. / Journal of Po

ater inside the cathode channel is in one of two phases, i.e.,
apour and liquid, and depends on mCA,V,sat, which is in turn
etermined by the saturation pressure [5].

If mCA,W > mCA,V,sat,

mCA,V = mCA,V,sat

ṁCA,V = ṁCA,V,sat

mCA,L = mCA,W − mCA,V

ṁCA,L = ṁCA,W − ṁCA,V

ṁ
vapor
CA,V = ṁCA,V + ṁ

prod
CA,L − ṁCA,W

(18)

Else if mCA,W ≤ mCA,V,sat,

mCA,V = mCA,W

ṁCA,V = ṁCA,W

mCA,L = 0

ṁCA,L = ṁCA,W − ṁCA,V = 0

ṁ
vapor
CA,V = ṁ

prod
CA,L

(19)

It is assumed that the mole fractions of the outlet flows are the
ame as those of gas in the cathode control volume. The cath-
de outlet flow of each species can be expressed using pressure
ifference and mass fractions [3]:

˙ O
CA,i = KCAMixCA,i(pCA − pAMB)∑

iMixCA,i

i = O2, N2, H2O (20)

The mass flow rate of oxygen for the chemical reaction is
etermined by the stack current [7], i.e.,

˙ react
O2

= MO2ncell
I

4F
(21)

.3.2. Cathode thermal model
The energy rate balance of the cathode control volume is

iven by:

dECV
CA

dt
= Q̇conv

CA +
∑

ṁI
CAhI

CA −
∑

ṁO
CAhO

CA (22)

here Q̇conv
CA is the rate of heat transfer across the MEA to the

athode channel,
∑

ṁI
CAhI

CA − ∑
ṁO

CAhO
CA is the net energy

ate by mass flows. Heat convection Q̇conv
CA is caused by a dif-

erence in the temperature between the MEA and the cathode
3,8,9]:

˙ conv
CA = (hA)CA(TM − TCA) (23)

here (hA)CA is the heat convection coefficient of the cathode
hannel. The net energy rate by mass flows is given by:∑

I I
∑

O O

dTCA

dt
= ĖCV

CA − (ṁCA,O2cv,O2 + ṁCA,N2

mCA,O2cv,O2 + mCA,
ṁCAhCA − ṁCAhCA

= ṁI
CA,O2

cp,O2 (T I
CA − T0) − ṁO

CA,O2
cp,O2 (TCA − T0)

−ṁreact
CA,O2

cp,O2 (TCA − T0) + ṁI
CA,N2

cp,N2 (T I
CA − T0)

b
t
F
t

Fig. 4. Membrane electrode assembly model.

−ṁO
CA,N2

cp,N2 (TCA − T0) + ṁI
CA,Vcp,V(T I

CA − T0)

−ṁO
CA,Vcp,V(TCA − T0) + ṁtrans

V cp,V(T trans
CA,V − T0)

+ṁ
vapor
CA,Vcp,V(T vapor

CA,V − T0) (24)

here T
vapor
CA,V represents the temperature of the vapourized water

r that of the condensed water in the cathode channel, and T trans
CA,V

epresents the temperature of the vapour moving between the
EA and the cathode channel or from the cathode channel to

he MEA. T vapor
CA,V and T trans

CA,V is determined by the signs of ṁ
vapor
CA,V

nd ṁtrans
V . If ṁ

vapor
CA,V is positive, T vapor

CA,V is same as TM. Otherwise,
vapor
CA,V is TCA. T trans

CA,V is TM if ṁtrans
V is positive and TCA if ṁtrans

V
s negative. The internal energy of the cathode control volume
an be expressed as follows:

CV
CA = {(mCA,O2cv,O2 + mCA,N2cv,N2 + mCA,Vcv,V)

×(TCA − T0)} (25)

Using Eqs. (22) and (25), the time rate of the temperature for
athode control volume can be expressed as follows:

+ ṁCA,Vcv,V)(TCA − T0)

N2 + mCA,Vcv,V
(26)

.4. Membrane electrode assembly model
rane hydration model, the stack voltage model, and the MEA
hermal model. Simplified features of the MEA are shown in
ig. 4, which illustrates the energy and the mass balances within

he MEA control volume.
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.4.1. Membrane hydration model
Water molecules are dragged across the membrane from the

node to the cathode by the protons. This phenomenon is called
lectro-osmotic drag. There is a water concentration gradient
cross the membrane caused by the difference in the humidity
etween the anode and cathode flows and which in turn causes
iffusion. The pressure gradient across the membrane causes the
onvection within the pores of the membrane. By combining the
hree water transports, the water flow across the membrane ṁtrans

V
an be written as follows [5,10–14]:

ṅtrans
V =

(
nd

i

F
− Dw

(cCA,V − cAN,V)

tM
− k

μV̄0

(PCA − PAN)

tM

)
ṁtrans

V = ncell × A × MH2O × ṅtrans
V

(27)

here A is the active area of the fuel cell. The membrane water
ontent and the electro-osmotic and diffusion coefficients can
e calculated using the activities of the water in the anode and
he cathode [4,5]. It is assumed that the temperature of water
djacent to the membrane is the same as that of the MEA. So
he activities of water at the anode and the cathode sides of the

embrane are determined by:

aAN = xAN,WpAN

psat(TM)
, aCA = xCA,WpCA

psat(TM)

aave = aAN + aCA

2
(28)

The membrane water content λi is calculated from water
ctivities ai [5]:

λi =
{

0.043 + 17.81ai − 39.85a2
i + 36.0a3

i , 0 < ai ≤ 1

14 + 1.4(ai − 1), 1 < ai

i = AN, CA (29)

The average membrane water content λave is the arithmetic
ean of the water content. The electro-osmotic drag coefficient

d and the water diffusion coefficient DW are calculated from
ave as follows [4,5]:

d = 2.5

22
λave, DW = Dλ exp

(
2416

(
1

303
− 1

TM

))
(30)

The water concentrations at the membrane surfaces on the
node and cathode sides are functions of the membrane water
ontent [5]:

AN,V = ρM,dry

MM,dry
λAN, cCA,V = ρM,dry

MM,dry
λCA (31)

For the liquid water flow through the membrane, Darcy’s law

s used to express an influence of the pressure gradient. In Eq.
27), the water flux caused by the pressure gradient is propor-
ional to the effective permeability and the inverse of viscosity
f water. The effective permeability is a function of the absolute

q

η

ources 171 (2007) 412–423 417

ermeability and the water volume fraction in the membrane.
he effective permeability can be expressed by [13]:

= ksat

(
f

fL

)2

(32)

here fL is the maximum water volume fraction and f is the
ater volume fraction. The water volume fraction is expressed
y [13]:

= λV̄W

V̄m + λV̄W
, (33)

here V̄m is the partial molar volume of the membrane and V̄W
s the molar volume of water [13].

¯W = MW

ρW
, V̄m = MM,dry

ρM,dry
(34)

.4.2. Stack voltage model
The voltage is a function of stack current, cathode pres-

ure, reactant partial pressure, MEA temperature, and membrane
umidity. The cell voltage is determined by the combination of
Nerst, ηact, ηohmic, and ηconc [5,15–16]:

cell = ENernst − ηact − ηohmic − ηconc (35)

he voltage ENernst is the reversible open-circuit voltage, which
s derived from the change in Gibbs free energy [4,5,7].

Nernst = 1.229 − (8.5 × 10−4)(TM − 298.15)

+(4.308 × 10−5)TM(ln pAN,H2 + 0.5 ln pCA,O2 )

(36)

Activation losses are caused by the need to move electrons
nd to break and form chemical bonds at the anode and cathode
5]. The activation losses are described by:

act = v0 + va(1 − e−c1i) (37)

Ohmic losses are caused by the resistance of the membrane
o the transfer of protons and resistance to the flow of electrons
hrough the electrode material and various interconnections. The
esistance due to the movement of electrons is ignored in this
odel. The Ohmic losses are proportional to the current density

5]:

ohmic = tm

σm
i, σm = (b11λm−b12) exp

(
b2

(
1

303
− 1

TM

))
(38)

here σm is the membrane conductivity. Concentration losses
esult from the reduction in concentration caused by insufficient

uantities of reactant to the electrode surface [5], i.e.,

conc = i

(
c2

i

imax

)c3

, imax = 2.2 (39)
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Table 1
Thermodynamic constants

Parameter Value Parameter Value

R̄ 8.314 kJ kmol−1 K cv,O2 0.668 kJ kg−1 K
F 96,485 cv,N2 0.744 kJ kg−1 K
cp,H2 14.472 kJ kg−1 K cv,V 1.419 kJ kg−1 K
cp,O2 0.928 kJ kg−1 K MH2 2.016 kg kmol−1

cp,N2 1.041 kJ kg−1 K MO2 32 kg kmol−1

c 1.881 kJ kg−1 K M 28 kg kmol−1

c
c

a
c

4

i
i
i
c
i
e
u
e
c
c
T
i
i
i
fl
i
to a relative humidity of 100% corresponding to the inlet gas
temperature.

Table 2 shows the parameters used for the simulation. These
parameters, such as cell count, channel volume, and heat con-

Table 2
Parameters dependent on the stack design

Parameter Value References

ncell 35 [8]
tm (cm) 0.0175 [4]
VAN (m3) 0.005 [5]
VCA (m3) 0.01 [5]
(hA)AN (kW K−1) 2 × 10−3 [8]
18 K. Chu et al. / Journal of Po

.4.3. MEA thermal model
The energy rate balance of the MEA control volume can be

xpressed as:

dECV
M

dt
= Q̇CV

M + Ẇelec
M +

∑
ṁI

MhI
M −

∑
ṁO

MhO
M (40)

here Q̇CV
M is the rate of heat transfer within the MEA, Ẇelec

M is
he electric power generated by the PEFC, ṁI

MhI
M is the thermal

nergy transfer rate due to flows coming into the MEA, and
˙ O

MhO
M is the thermal energy transfer rate due to flows going out

f the MEA. The heat transfer rates in the MEA consist of the
even terms [3,6,8,11]:

˙ CV
M = Q̇react

M − Q̇conv
AN − Q̇conv

CA − Q̇conv
CL − Q̇conv

AMB

−Q̇latent
AN − Q̇latent

CA (41)

˙ react
M = ṁreact

AN,H2
�H react (42)

here �Hreact is the lower heating value of the fuel [3,8–9]. The
onvective heat transfer to ambient air and to coolant water is:

˙ conv
AMB = (hA)AMB(TM − TAMB) (43)

˙ conv
CL = (hA)CL�Tlm = ṁCLcp,L(T O

CL − T I
CL) (44)

here (hA)CL and (hA)AMB are the heat convection coefficients
f the cooling water, �Tlm is the log mean temperature differ-
nce between coolant inlet and coolant outlet, and ṁCL is the
ass flow rate of the coolant [3,8–9]. The log mean temperature

ifference between coolant inlet and outlet is defined as follows:

Tlm = �T O
CL − �T I

CL

ln(�T O
CL/�T I

CL)
(45)

T O
CL = Tm − T O

CL, �T I
CL = Tm − T I

CL (46)

When liquid water exists in the channel, it tends to be on
he channel surface. Since the heat transfer rate between the
iquid water droplets and the MEA is always greater than that
etween the liquid water droplets and the gas, it is assumed
hat the temperature of the liquid water and the MEA are equal.
herefore, it is assumed that the phase change occurs on the
urface of the channel [6]. The latent heat transfer due to the
hase change of water is given by:

˙ latent
AN = ṁ

vapor
AN Hvapor

MH2O
, Q̇latent

CA = ṁ
vapor
CA Hvapor

MH2O
(47)

The term Ẇelec
M represents the electric power converted from

he electrochemical reaction with ncell single cells, each of area
[3].

˙ elec
M = −Vcell × ncell × i × A (48)

The energy transfer due to mass transfer across the boundary
f the MEA is expressed as:∑

I I
∑

O O
ṁMhM − ṁMhM

= ṁreact
H2

cp,H2 (TAN − T0) + ṁreact
O2

cp,O2 (TCA − T0)

+ṁtrans
V cp,V(T trans

AN,V−T0)− ṁtrans
V cp,V(T trans

CA,V − T0) (49)

(
(
(
m

p,V N2

p,L 4.184 kJ kg−1 K MH2O 18.02 kg kmol−1

v,H2 10.302 kJ kg−1 K �Hreact 285.84 kJ mol−1

The time rate of change of the MEA temperature is:

dTM

dt
= Q̇CV

M + Ẇelec
M + ∑

ṁI
MhI

M − ∑
ṁO

MhO
M

mMcp,M
(50)

Parameters adopted for thermodynamic properties of species
re summarized in Table 1. The specific heats of species and gas
onstants are collected from some published papers.

. Simulation results and discussion

The PEFC stack is a multi-input and -output system. The
nputs of the model are mass flow rate, relative humidity, and
nlet gas temperature. The flow rate and temperature of the cool-
ng water are the inputs of the model that determine the operating
onditions. Simulation results show the effects of varying the
nputs of the stack system. In this section, the simultaneous
ffects of temperature, humidity and pressure are elucidated
sing simulation results. Every operating condition except for
lectric load current is fixed. The relative humidity of each
hannel is set to 100% and the flow rate and temperature of
ooling water are set to 50 L per min and 40 ◦C, respectively.
he hydrogen gas feed is fixed to 1.371 × 10−4 g s−1 which

s 1.5 times the stoichiometric hydrogen flow rate correspond-
ng to a current load of 250 A. The air feed for the cathode
s set to 6.539 × 10−3 g s−1, i.e., twice the stoichiometric air
ow rate corresponding to a current load of 250 A. The anode

nlet and cathode inlet gases are set to 65 ◦C and are humidified
hA)CA (kW K−1) 10 × 10−3 [8]
hA)AMB (kW K−1) 17 × 10−3 [8]
hA)CL (kW K−1) 181.8 × 10−3 [8]

Mcp,M (kJ K−1) 35 [3]
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Fig. 5. Electric load current.

ection coefficients are related to stack design, and they may be
djusted to model the stack. The membrane thickness is deter-
ined assuming that the membrane is Nafion 117. In the MEA
odel, this assumption is valid, because a membrane hydration
odel and water transport mechanisms that are fitted to Nafion

17 are adopted.
Fig. 5 shows the electric load current, while Fig. 6 shows the

elationship between the temperature and stack current varia-
ions. The MEA temperature as the equal to the stack temperature
orresponding to the heat capacity of a PEFC stack. When
he load current increases from 50 to 250 A, as in Fig. 5, the
tack temperature increases above 75 ◦C. At the same time,
he convective heat transfer between the MEA and the channel
ncreases, and the increment of convective heat transfer crucially
ffects the channel temperature. The anode and cathode chan-
el temperatures rapidly rise. When the load current decreases

rom 250 to 150 A, as in Fig. 5, at 6000 s, the stack temperature
apidly decreases to around 57 ◦C. This decrease in temperature
ccurs because of the reduction of heat generation due to the

ig. 6. Temperature variation with anode inlet RH 100% and cathode inlet RH
00% at 65 ◦C.
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ig. 7. Total reaction energy rate, output electric power, and heat dissipation
ith anode inlet RH 100% and cathode inlet RH 100% at 65 ◦C.

eaction and to irreversible losses such as Ohmic loss, activation
nd concentration losses.

The reduction of power generation by the electrochemical
eaction occurs at 6000 s in Fig. 7, and the effects of irre-
ersible losses are discussed later. As the temperature of the
tack changes, the temperature of the cooling water exiting the
tack also changes due to difference between the inlet cooling
ater and stack temperature. The convective heat transfer by the

ooling water accounts for a large portion of power dissipation
ompared with other factors such as convective heat transfer to
mbient air and power converted to electricity. The convective
eat transfer by water cooling is, in particular, more significant
han the electric power output from the PEFC at high load cur-
ents. These facts show that the increase of irreversible losses
educes the efficiency of the PEFC under higher current loads.

If the load current increases, the cell voltage decreases at
000 s (Fig. 8). The unit cell voltage decreases after 3000 s.
lthough activation losses become smaller due to increasing

emperature, the Ohmic and concentration losses increase and
hey have the main effect on the decrease of the cell voltage from
.73 to 0.44 V. After 4000 s, when the load current decreases,
he voltage output increases to 0.59 V because of the reduc-
ion in electric load current, which reduces the Ohmic losses
nd concentration losses. In the Fig. 8, the open-circuit volt-
ge of the unit cell varies little with changes in the electric
oad current: This change is negligible compared with that of
ther losses. The change in Ohmic loss during the period of
onstant load current (4000–6000 s) is definitely larger than the
hanges in activation and concentration losses. Ohmic loss is
ensitive to the membrane water content which is, in turn, mainly
ffected by the relative humidity of inlet gas and the membrane
emperature.

Fig. 9 shows the transition of membrane water content dur-
ng operation using fully humidified feed gas. The membrane
ater content is determined by the amount of water surrounding
he membrane and the membrane temperature. In the previous
ection, the relationship between membrane water content and
embrane temperature was presented as a function of water
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ig. 8. Unit cell voltage and voltage losses with anode inlet RH 100% and
athode inlet RH 100% at 65 ◦C.

ctivity, which is determined by the membrane temperature and
he water vapour pressure on both sides. When the PEFC oper-
tes at a load current of 50 A, the membrane temperature is
elow 45 ◦C, so that the amount of water produced and sup-
lied is sufficient to hydrate the membrane. When the PEFC
perates at high load current (250 A), the temperature of the
EA rises to 75 ◦C, as shown in Fig. 6. Thus, the membrane
ater content becomes around 14.4 (Fig. 9). During this stage,

he membrane water content decreases as the MEA tempera-
ure increases, which affects the reference state of the water,
amely, the water saturation pressure. After 4000 s, the load

urrent is reduced to 150 A, as shown in Fig. 5. The decrease
f water production which occurs because of the decrease of
oad current causes an under-shoot of the membrane water
ontent for a short time. After this under-shoot, the water con-

ig. 9. Membrane water content with anode inlet RH 100% and cathode inlet
H 100% at 65 ◦C.
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ig. 10. Pressure of gas in anode channel with anode inlet RH 100% and cathode
nlet RH 100% at 65 ◦C.

ent rebounds because the MEA temperature decreases. In this
odel, the water content shows the dynamic behaviour deter-
ined by the change in membrane temperature. The simulation

hows that suitable water and thermal management are needed
imultaneously.

Another important operating condition is channel pressure.
he partial pressures of the species in the channel are deter-
ined by the mass continuity and the Ideal Gas Law. In this

tudy, all of gas species are modelled using the Ideal Gas Law.
igs. 10 and 11 present the pressure in the anode and cathode
hannels, respectively. The change in the total pressure in each
hannel is unremarkable because it is assumed that the flow
ate of the exhaust gas is proportional to the channel pressure
nd that the inlet flow rate is constant. The channel pressure
hanges slightly because of the transport of water across the
EA. On the other hand, the partial pressures of species such
s water vapour, hydrogen, oxygen and nitrogen exhibit rel-
tively large variations. If the water vapour is saturated, the
hase of water changes from vapour to liquid based on the
hannel temperature. Thus, an increase in channel tempera-

ig. 11. Pressure of gas in cathode channel with anode inlet RH 100% and
athode inlet RH 100% at 65 ◦C.
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ure causes an increase in vapour pressure. Fig. 10 shows that
hange in of water vapour pressure in anode channel follows
similar trend to the change in the anode channel tempera-

ure.
Fig. 11 gives the pressure in the cathode channel and the par-

ial pressures of the involved species, namely, oxygen, nitrogen,
nd water vapour. In the cathode channel, the water vapour pres-
ure varies with the cathode channel temperature. Conversely,
he partial pressures of the other species such as oxygen, and
itrogen vary inversely with vapour pressure. Although the par-
ial pressures of hydrogen, oxygen, and nitrogen in the channel
re also affected by the temperature (per the Ideal Gas Law),
he amounts of these species decrease with increasing quantities
f exhaust gas due to the difference between the channel and
mbient pressures.

In the case of water vapour, liquid water is present in the
hannel (Fig. 12), that is, the vapour pressure is determined
nly by the relationship between saturation vapour pressure and
emperature under this operating condition.

The net water transport across the channel is from the cath-
de to the anode side. The upper graph of Fig. 13 plots the
irection and amount of the net water transport across the mem-
rane. The lower graph in Fig. 13 shows that during increase
n the load current, the electro-osmotic drag suddenly increases
p to 4 × 10−3 kg s−1, and the convective water flows due to
he pressure gradient increase simultaneously in the opposite
irection. A negative sign indicates that the water moves from
he cathode to the anode channel. Water transport from the
athode to the anode side assists the water management of
he fuel cell, because it prevents the drying out of the anode-
ide membrane by electro-osmotic drag. After an increase in
he electro-osmotic drag occurs, the magnitudes of the electro-
smotic drag and the convection by pressure gradients decrease
o around 3 × 10−3 kg s−1. The slow change of the MEA tem-
erature affects the membrane water content, which in turn

etermines the electro-osmotic, water transport and diffusion
oefficients. The diffusion of the water is relatively small com-
ared with the electro-osmotic drag and convection by the
ressure gradient.

ig. 12. Liquid water in the anode channel and cathode channel with anode inlet
H 100% and cathode inlet RH 100% at 65 ◦C.
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ig. 13. Water transport across MEA with anode inlet RH 100% and cathode
nlet RH 100% at 65 ◦C.

The simulation was conducted again by changing the inlet
umidity condition. The relative humidity of the inlet gas was
et to 75% at a 65 ◦C dew point. Fig. 14 plots the dependence of
emperature on humidity. Compared with Fig. 6, the stack tem-
erature increases to 78.4 ◦C at a load current of 250 A, due to

n increase in Ohmic loss. The increase in Ohmic loss causes an
ncrease in the heat converted from the produced power due to the
lectrochemical reaction instead of electric power. Low humid-

ig. 14. Temperature variation with anode inlet RH 75% and cathode inlet RH
5% at 65 ◦C.
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ig. 15. Unit cell voltage and voltage losses with anode inlet RH 75% and
athode inlet RH 75% at 65 ◦C.

ty causes a decrease in the membrane conductivity and hence an
ncrease in Ohmic loss, as illustrated in Fig. 15. The lower graph
hows the increase in Ohmic loss due to low humidity as well as
he time-varying Ohmic loss due to the increase in stack tempera-
ure under a current load of 250 A (Fig. 14). Under fixed humidity
onditions, the membrane humidity level is higher at higher
emperatures.

The water content reported in Fig. 16 is smaller than that
n Fig. 9, because the inlet gas has a lower humidity. In the
ransient region, the graph does not vary smoothly near a water

ontent of 14 because the relationship between water activity
nd water content is changed near that point due to Eq. (28).
he relationship between water activity and membrane water
ontent above the vapour saturation level is not correctly corre-

ig. 16. Membrane water content with anode inlet RH 75% and cathode inlet
H 75% at 65 ◦C.
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ig. 17. Unit cell voltage and voltage losses with anode inlet RH 75%, cathode
nlet RH 75% at 65 ◦C and a cooling water temperature of 35 ◦C.

ated in the literature. In this model, the Ohmic loss and stack
emperature recursively influence each other through the mem-
rane water content and water activity. To avoid an increase
n Ohmic loss under low-humidity conditions, the tempera-
ure of the cooling water should be controlled. Fig. 17 shows
eversibilities of the stack at a cooling water inlet temperature of
5 ◦C.

Cooling water at a low temperature aids in the water man-
gement of the stack. A low inlet cooling water temperature
mproves exhausting heat and regulating stack temperature.
t low temperatures, a relatively small amount of water feed

hrough the inlet gas is sufficient to hydrate the membrane,
hus increasing conductivity. The Ohmic loss is therefore less
han that when the cooling water is at 40 ◦C (Fig. 17). In order
o operate the PEFC stack under optimum conditions, external
umidification and cooling water temperature should be applied
imultaneously.

. Summary and conclusions

In this study, a PEFC model structure, which consists of three
ontrol volumes, is developed. The three control volumes are
he anode, the cathode and the MEA control volumes. The mass
onservation law and energy conservation law are applied to
ach control volume in order to model the flow dynamics and
hermal behaviour of the species therein.

The simulation exhibits reasonable behaviour for the mass
nd energy flows within the PEFC. However, some simu-
ation parameters from other literature are used [3–5,8]. In
uture studies, these parameters will be adjusted using experi-
ental data. This lumped parameter model is mathematically

imple but describes the essential states of the system that

ffect the performance of the PEFC, such as temperature,
ressure and humidity. This modelling study is therefore use-
ul for understanding interactions among control volumes
nd for designing model-based controllers for PEFC sys-
ems.
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