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Abstract

In this article, entropy production of ohmic heating and concentration polarization is investigated for two types of fuel cells (PEMFC
and SOFC). Ohmic entropy production arises from resistance to electron flow through the electrodes, as well as ion flow through the
electrolyte. Ohm’s law is applied to both ion and electron flows, when formulating the entropy production. Also, entropy production
arises from changes in concentration of the reactants, during fuel consumption at the electrode surfaces. Unlike past methods developed
for a solid oxide fuel cell (SOFC), this article formulates entropy production within electrodes of a proton exchange membrane fuel cell
(PEMFC). Predicted results of cell irreversibilities are successfully validated against measured data. The entropy based method provides
a useful alternative to past schemes aiming to reduce voltage losses with polarization curves, as entropy production is directly governed
by the Second Law and it encompasses both electrochemical and thermofluid irreversibilities within a fuel cell.
� 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

Fuel cells represent a promising future alternative to
internal combustion engines for vehicle transportation.
But a key challenge for fuel cells is their overall efficiency.
Bossel [1] has reported that a ‘‘power plant to wheel effi-
ciency’’ of about 22% was calculated for typical operating
conditions of a PEMFC, compared with advanced diesel
(25%) and hybrid electric with SOFC range extension
(33%). This article investigates thermochemical processes
of entropy production in fuel cells, in efforts to develop
an alternative entropy based method for systematically
improving efficiency of fuel cells.

In addition to relatively low efficiencies, a key challenge
of automotive fuel cells is quick start-up capabilities in cold
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weather conditions. After shutdown of a fuel cell, water
freezes in a PEMFC at sub-zero temperatures. Oszcipok
et al. [2] have investigated cold startup behavior of fuel cells,
particularly with respect to charge transfer through the
membrane and water production. Charge transfer curves
were obtained statistically in cold startup conditions. A
unique difficulty of predicting heat transfer during freezing
of water is the unknown position of the moving solid/liquid
interface [3,4]. It was reported that the initial starting electric
current depends on the membrane humidity and operational
voltage. The decay of electrical current depends on the flow
rate of reactant gases. Based on cyclic voltammetry and
polarization curves from impedance spectra measurements
at freezing temperatures, Oszcipok et al. [2] have reported
that ice formation in the porous structures leads to signifi-
cant performance losses in a fuel cell. In this article, voltage
losses of a PEMFC are characterized with respect to entropy
production, which can include the latent entropy of fusion to
accommodate entropy transport with freezing of water [5,6].
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Nomenclature

C concentration (mol/m3)
C1 membrane molar liquid content (mol/m3)
D diffusion coefficient (m2/s)
E voltage (V)
E0 standard equilibrium potential (V)
F Faraday’s constant (96,785 C/mol)
i current density (A/m2)
J flux (mol/s)
K equilibrium constant
l thickness (m)
nd electro-osmotic drag coefficient
ne moles of electrons per half-cell reaction
N number of moles per mole H2

P pressure (Pa)
Ps entropy production rate (J/mol K)
�r average pore radius (m)
R universal gas constant (8.314 J/mol K)
SA specific area of electrode (m2/kg)
T temperature (K)
v velocity (m/s)
X mole fraction

Greek symbols

d diffusion ratio
e porosity

g polarization (V)
XD Lennard–Jones potential
q density (kg/m3)
r collision diameter (A)
rm ionic conductivity (1/X m)
n tortuosity

Subscripts

a anode
A, B components A, B
c cathode
eff effective
H+ hydrogen ion
H2 hydrogen
H2O water vapor
k Knudsen coefficient
m membrane/electrolyte
O2 oxygen
0 exchange
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This article focuses on diffusive and ohmic entropy
production in fuel cells. Ohmic losses were measured exper-
imentally in a PEMFC with a current interruption method
by Mennola et al. [7]. Voltage transients were monitored
with a digital oscilloscope connected to an individual cell.
Results indicated that ohmic losses increased by up to
21% at 400 mA/cm2 at the highest air flow rates, due to
drying and a lower membrane conductivity. This article
investigates how ohmic heating contributes to the overall
entropy production within a PEMFC and SOFC.

Fuel channels blocked with baffles to enhance gas trans-
port were studied numerically by Liu et al. [8]. It was pro-
posed that additional fuel could be transported into the gas
diffusion layer with baffle blockage, so chemical reactions
would be enhanced to improve fuel cell performance. The
results have shown that gas transport and current genera-
tion were enhanced by the baffles. But baffles enhance mix-
ing at the expense of higher losses of pressure in the fuel
channels, which entail added input power of blowers.
Entropy production provides a useful parameter for effec-
tively balancing these losses against higher power output
of the fuel cell.

A serpentine path between fuel channels in a PEMFC was
studied numerically by Dutta et al. [9]. Mass consumption in
a membrane electrode assembly (MEA) affected flow distri-
butions in both anode and cathode side channels. Unlike
straight channels, higher pressure drops were reported by
the authors for serpentine paths. In addition to different
paths, varying cross-sectional profiles of channels affect
the wall friction, including possible transition to slip-flow
conditions in microchannels. Naterer [10] has reported that
surface microchannels with varying cross-sectional profiles
reduce exergy losses in convective heat transfer, due to
slip-flow drag reduction within the microchannels.

Detailed analysis of non-isothermal and non-isobaric
transport in a PEMFC was studied by Djilali and Lu
[11]. The formulation was solved numerically to predict dif-
fusion through the porous electrodes, as well as ohmic
heating and coupled convective/electro-osmotic transport
of liquid water in the electrodes. The reaction kinetics
was predicted with the Butler–Volmer equation. Their for-
mulation considered hydrodynamics within small pores in
the porous electrodes. Ohmic and diffusive mechanisms
are also considered in this article, but with detailed focus
regarding their effects on entropy production within a fuel
cell.

A vorticity/velocity method and power law scheme were
developed by Jen et al. [12] to predict 3-D transport within
fuel channels and electrodes of a PEMFC. Close agreement
between numerical predictions and measured data was
reported. Both axial and secondary flow fields were pre-
dicted numerically. Polarization distributions were deter-
mined based on electrochemical reactions and membrane
phase potentials predicted with the numerical scheme. In



Fig. 1. Schematic of a proton exchange membrane fuel cell.
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contrast, this article determines electrochemical polariza-
tion within a fuel cell using entropy production and the
Second Law.

Chan and Xia [13] have reported effects of ohmic, activa-
tion and concentration polarization on performance of solid
oxide fuel cells. In contrast to an SOFC, this article extends
past studies of entropy production to a PEMFC. This
requires different half-cell reactions, operating conditions
and diffusive coefficients when deriving expressions for the
entropy production. Chan and Xia [13] have determined
SOFC heat losses from an entropy balance. A Butler–
Volmer model of activation polarization was developed by
the authors. Both ordinary diffusion and Knudsen diffusion
rates were considered in the concentration polarization. The
concentration resistance at the anode was reduced after
hydrogen was humidified sufficiently.

Various other correlations for predicting irreversibilities
and voltage losses in fuel cells were investigated by Ghada-
mian and Saboohi [14]. Activation, fuel cross-over, concen-
tration and ohmic losses were formulated by the authors.
Then, the accumulated voltage losses were subtracted from
the open circuit voltage to predict the operating voltage. In
contrast, this article derives models of ohmic resistance and
diffusive mass transfer, when formulating expressions for
the entropy production. More generally, this article aims
to develop an alternative entropy based method of system-
atically improving performance of fuel cells.

2. Entropy production of ohmic heating

A PEMFC converts chemical energy of oxidant (oxy-
gen) and fuel (hydrogen) streams into electricity through
an electrochemical reaction (see Fig. 1). The energy conver-
sion provides continuous power to an electrical circuit, pro-
vided that oxidant and fuel streams are supplied. Ohmic
voltage losses arise from resistance to electron flow through
the electrodes, as well as ion flow through the electrolyte.
The electrical resistance to ion/electron flow obeys Ohm’s
law, so the ohmic polarization can be written as

gohm ¼ i � ðRm þ Rohm;a þ Rohm;cÞ ð1Þ

The dominant voltage losses usually occur through the
electrolyte (subscript m). The ohmic resistance through
the anode and cathode (Rohm,a and Rohm,c) will be assumed
as negligible.

Electrolyte resistance depends on the water content of the
membrane. If the membrane was perfectly humidified, the
limiting current would arise from imperfect oxygen trans-
port through the electrodes (called the concentration polar-
ization). The limiting current density refers to the current
density when the cell voltage potential becomes zero. With-
out complete humidification, the limiting current depends
on processes of membrane drying. Humidification of the
membrane changes due to back diffusion of water from the
cathode side of the fuel cell into the membrane. The mem-
brane resistance and ohmic losses increase with larger differ-
ences between ideal (perfect) and actual humidification.
Consider 1-D mass diffusion within the electrolyte, with
x = 0 at the anode/electrolyte interface. The ohmic resis-
tance can be expressed as follows:

gohm;m ¼ iRm ¼ i
Z lm

0

dx
rmðxÞ

ð2Þ

In this equation, rm refers to the membrane ionic conduc-
tivity, which can be calculated based on [13]

rmðxÞ ¼ rm0
C1ðxÞ
CHþ

ð3Þ

where Cl is the membrane molar concentration of liquid
water (mol/cm3), CHþ is the membrane molar concentra-
tion of protons (mol/cm3) and rm0 is the ionic conductivity
at unit water content.

The fuel cell operating temperature is assumed to be suf-
ficiently high, so that liquid water transport within the solid
electrode can be neglected. Also, when the electro-osmotic
flux (proton transfer) and back diffusion of water vapour
are equal, it can be shown that

Dm

dCl

dx
¼ nd

i
F

ð4Þ

where nd is the electro-osmotic drag coefficient. Then, inte-
grating Eq. (4) over the thickness of the membrane yields
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Z Cl;c

Cl;a

dCl ¼
Z lm

0

ndi
DmF

dx ð5Þ

which becomes

Cl;a ¼ Cl;c �
ndi

DmF
lm ð6Þ

The result in Eq. (6) represents a molar concentration
at the anode/electrolyte interface. Since the diffusive flux
is proportional to the molar concentration, Ohm’s law
requires that the molar concentration increases linearly
across the membrane, from the previous result in Eq. (6)
at the anode to Cl,c at the cathode. Therefore,

ClðxÞ ¼
ndi

DmF
xþ Cl;c �

ndlmi
DmF

� �
ð7Þ

Alternatively,

ClðxÞ ¼ Cl;c 1þ i
iL

� x
lm

� 1

� �� �
ð8Þ

where

iL ¼
FDmCl;c

ndlm

ð9Þ

It can be observed that Cl(0) = 0 when i = iL or the mem-
brane is dry. This case of i = iL represents the limiting
current within the fuel cell.

Substituting Eq. (9) into Eq. (2) gives

gohm;m ¼ i
Z lm

0

CHþ

Cl;c

�
1þ i

iL

x
lm

� 1

� �� �� �
dx ð10Þ

which may be integrated and simplified to yield

gohm;m ¼ �bm ln 1� i
iL

� �
ð11Þ

where

bm ¼
CHþFDm

lmnd

ð12Þ

The value of bm represents the characteristic membrane
overpotential.

The electrochemical polarization is related to entropy
production, Ps [13], i.e.,

g ¼ T � P s

2F
ð13Þ

Thus, entropy production due to ohmic heating within the
electrolyte becomes

P s ¼ �
2Fbm

T
� ln 1� i

iL

� �
ð14Þ

Alternatively, this result can be represented in terms of
exergy destruction (TPs) due to ohmic heating. In the next
section, entropy production due to concentration polariza-
tion is considered.
3. Entropy production of mass transfer in porous

electrodes

Concentration polarization entails a voltage drop aris-
ing from diffusive mass transport. These voltage losses
occur from diffusion of fuel/oxidant gases through the por-
ous electrodes and mass transfer to the reaction sites. When
the electrical current flows through an electrode, the partial
pressure at the catalyst layer reaction site is less than the
gas stream bulk pressure, thereby leading to a diffusive irre-
versibility (called concentration polarization). As the cur-
rent increases, the electrochemical reaction rate rises and
the diffusion rate becomes larger. However, the maximum
diffusion rate may be less than the reaction rate. At higher
current densities, this may lead to lower concentrations at a
reaction site. As a result, polarization increases when the
gas concentration in the electrode pores decreases, eventu-
ally producing severe polarization and limiting current den-
sity. The limiting current density refers to the current
density when the cell voltage potential becomes zero.
Severe voltage loss does not occur until the cell current
density approaches the limiting current.

Diffusion within a porous electrode affects the catalytic
reaction and it involves both ordinary and Knudsen diffu-
sion. Ordinary diffusion occurs when the diameter of a pore
is large compared to the mean free path of the molecule,
while Knudsen diffusion occurs when the diameter of the
pore is small, relative to the molecular mean free path. In
Knudsen diffusion, molecules collide more frequently with
the pore walls than other molecules. During these colli-
sions, the pore wall instantaneously absorbs and then diffu-
sively de-absorbs the molecules. The rates of mass transfer
are impeded by these collisions with the pore walls.

The Knudsen coefficient, DK, can be derived from
kinetic theory, by means of associating the gas molecule
mean free path with the pore diameter as follows [15]:

DK ¼
v�r
6

ð15Þ

where v is the molecular velocity (m/s) and �r is the mean
pore radius (m). From kinetic theory, the velocity for
round, small, straight pores can be written as

v ¼ 582

ffiffiffiffiffiffiffiffi
T

MA

r
ð16Þ

Thus, the Knudsen coefficient for the porous solid (compo-
nent A) becomes

DAk ¼ 97:0�r

ffiffiffiffiffiffiffiffi
T

MA

r
ð17Þ

where MA is the molecular mass of the porous solid.
The mean pore radius can be approximated based on the

material porosity, eA, specific surface area of the porous
solid, SA, and the bulk density of the solid electrolyte,
qB, whereby
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�r ¼ 2eA

SAqB

ð18Þ

The effective Knudsen coefficient accounts for the tortuous
path of molecular motion (rather than a radial molecular
path direction) and porosity of the electrode, as diffusion
only occurs within the pore space. The effective coefficient
is a ratio of the solid porosity, e, to the tortuosity, n, of the
gas molecule path, so Eq. (17) gives

DAkðeffÞ ¼ DAk
e
n

� �
ð19Þ

The gas binary diffusion coefficient can be approximated
from Chapman–Eskog theory [15], i.e.,

DAB ¼ 0:0018583
1

MA

þ 1

MB

� �1=2

� T 3=2

pr2
ABXDAB

ð20Þ

In this equation p is the total pressure and rAB is the aver-
age collision diameter (approximately (rA + rB)/2). Also,
XDAB

is the Lennard-Jones potential based on a collision
integral. This integral cannot be determined analytically.
Values of collision integrals are generally taken from
published tables, due to the difficulty of calculating the
integrals analytically.

Effects of intermolecular interactions are modeled in
the Lennard-Jones potential and collision integral. A quan-
tum mechanical analysis of intermolecular interactions is
needed to predict changes of internal molecular states,
when calculating transport properties. A quantum mechan-
ical kinetic theory of polyatomic gases based on the Wald-
man–Snider equation was summarized by McCourt and
co-workers [16]. Wang-Chang and Uhlenbeck [17] for-
mulated a semi-classical kinetic theory, which allows
degeneracy of rotational energy states. Therefore, it can
accommodate magnetic and electric field effects on the
transport properties. Unfortunately, it was only formally
developed for gases with rotational degrees of freedom.
In contrast, the semi-classical theory accommodates all
forms of internal energy. It represents a semi-classical limit
of the quantum mechanical kinetic theory.

After formulating these intermolecular interactions, the
effective ordinary diffusion coefficient can be determined
based on the porosity to tortuosity ratio, in a similar man-
ner as Eq. (19), i.e.,

DABðeffÞ ¼ DAB

e
n

� �
ð21Þ

Both ordinary and Knudsen diffusion may occur simulta-
neously within the porous electrodes of the fuel cell. Thus,
the effective total diffusion coefficient becomes

1

DAðeffÞ
¼ 1

DABðeffÞ
þ 1

DAkðeffÞ
ð22Þ

or

1

DAðeffÞ
¼ n

e
1

DAB

þ 1

DAk

� �
ð23Þ
These results are valid for both counter-current diffusion
and self-diffusion. The two mass transfer mechanisms
occur within either the cathode or anode of the fuel cell.
Using these equations, the combined effects of both Knud-
sen and ordinary diffusion on concentration polarization
may be predicted. If different sized pores are highly inter-
connected and randomly distributed, then the path of
any molecule will have a nearly equivalent resistance
through the porous electrode.

4. Entropy production of anode concentration

polarization

Within the anode, hydrogen migrates through the elec-
trode by diffusion. The total flux of hydrogen can be
expressed as follows,

J H2
¼ �DarCH2

þ X H2
dH2

J H2
ð24Þ

where Da is the anode diffusion coefficient and X H2
is the

hydrogen mole fraction. The second term on the right side
represents the decrease of hydrogen flux, due to inter-
actions with nitrogen. The diffusion ratio, d, is given by

dH2
¼ DH2;k

DH2;k þ DH2–N2ðeffÞ
ð25Þ

Considering 1-D diffusion, Eq. (24) becomes

J H2
¼ �DaðeffÞ �

dCH2

dx
þ X H2

dH2
J H2

ð26Þ

Also, it can be shown that [15]

J H2
¼ � i

2F
ð27Þ

and

dCH2
¼

dpH2

RT
ð28Þ

Substituting Eqs. (27) and (28) into Eq. (26),

� i
2F
¼ �DaðeffÞ

RT
�
dpH2

dx
� X H2

dH2

i
2F

ð29Þ

where

X H2
¼ NH2

N a

¼ P H2

P a

ð30Þ

Rearranging and multiplying both sides by pa,

dpH2

pa � dH2
pH2

¼ RTi
2FDaðeffÞpa

dx ð31Þ

At the cathode surface, a boundary condition of pH2
¼ pI

H2

will be applied.
Integrating Eq. (31) subject to the boundary condition,Z pH2

pI
H2

dpH2

ððpa=dH2
Þ � pH2

Þ ¼
Z la

0

RTidH2

2FDaðeffÞpa

dx ð32Þ

This yields the following partial pressure of hydrogen at the
reaction sites,
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pH2
¼ pa

dH2

� pa

dH2

� pI
H2

� �
� exp

dH2
RTila

2FDaðeffÞpa

� �
ð33Þ

where the superscript I refers to inlet conditions and

DaðeffÞ ¼ DH2ðeffÞ ¼
na

ea

1

DH2;k

þ 1

DH2–N2

� �
ð34Þ

A similar result is obtained for the effective diffusivity with-
in an SOFC (see Appendix).

The concentration polarization, gconc, is the potential
difference, DE, between the reversible voltage and the cell
voltage when current flows through the circuit, i.e.,

gconc;a ¼ DE ¼ Erev � Ecurrent ð35Þ

which can be written in terms of the ideal standard poten-
tial for the chemical reaction, E0, i.e.,

Erev ¼ E0 þ RT
2F

lnðCI
H2
Þ ð36Þ

Ecurrent ¼ E0 þ RT
2F

lnðCH2
Þ ð37Þ

Thus, the concentration polarization at the anode
becomes

gconc;a ¼
RT
neF

ln
CI

H2

CH2

 !
¼ � RT

neF
ln

pH2

pI
H2

 !
ð38Þ

Substituting Eq. (33) into Eq. (38) yields the following
result for a PEMFC.

gconc;a ¼ �
RT
2F

ln
pa

dH2

� pa

dH2

� pI
H2

� ���

� exp
RT
2F
� dH2

la

DH2ðeffÞpa

� i
� ���

pI
H2

�
ð39Þ

This result is similar to past results derived for a solid oxide
fuel cell [13], except that the coefficients, partial pressures,
diffusion ratios and diffusion coefficients have changed,
due to the different half-cell reactions in each type of fuel
cell. Using Eq. (13), the entropy production associated with
the concentration polarization becomes

P s;conc ¼ �R � ln pa

dH2

� pa

dH2

� pI
H2

� ���

� exp
RT
2F
� dH2

la

DH2ðeffÞpa

� i
� ���

pI
H2

�
ð40Þ

This result was derived for the anode, while an analogous
result can be derived for the cathode polarization, based
on the previous procedure.

In addition to ohmic and concentration irreversibilities
(discussed previously), the total entropy production within
a fuel cell includes activation irreversibilities [15]. For a
small anode thickness in a PEMFC (or a small cathode
thickness in an SOFC), past data [21] has shown that volt-
age losses become independent of the limiting current den-
sity of the anode, i0a. Thus, the anode concentration
polarization decreases when the anode thickness becomes
much smaller than the cathode thickness. The following
TAP/TCS Model (Thin Anode for PEMFC/Thin Cathode
for SOFC approximation) neglects the anode concentra-
tion polarization. Thus, the combined irreversibilities with
activation polarization in the TAP/TCS Model become

P s ¼
2RT
neF

ln
i

i0a

þ

ffiffiffiffiffiffiffiffiffiffiffiffiffi
i2

i2
0a

þ 1

s !
þ 2RT

neF
ln

i
i0c

þ

ffiffiffiffiffiffiffiffiffiffiffiffiffi
i2

i2
0c

þ 1

s !

� 2F 2CHþDm

Tlmnd

ln 1� i
iL

� �

� RT
4F

ln 1� RTlc

8FDc;effpI
O2

i

 !,
1þ RTlc

8FDc;effpI
O2

i

 !" #

ð41Þ

On the right side of Eq. (41), the five terms represent
the activation polarization (first and second terms;
anode plus cathode), ohmic polarization (third term) and
concentration polarization for the cathode (fourth term),
respectively.

The previous results were derived for a PEMFC with
the following anode and cathode half-cell reactions,
respectively,

H2ðgÞ ) 2HþðaqÞ þ 2e� ðanodeÞ ð42Þ
1
2
O2ðgÞ þ 2HþðaqÞ þ 2e� ) H2OðlÞ ðcathodeÞ ð43Þ

Different anode and cathode half-cell reactions are encoun-
tered in an SOFC, i.e.,

H2ðgÞ þO¼ ) H2OðgÞ þ 2e� ðanodeÞ ð44Þ
1
2
O2ðgÞ þ 2e� ) O¼ ðcathodeÞ ð45Þ

The previous procedures and coefficients were modified
accordingly, so the TAP/TCS Model could be used to pre-
dict entropy production in both PEMFC and SOFCs. In
the next section, these results will be presented and com-
pared against past data involving cell voltage losses.

5. Results and discussion

In this section, numerical results of entropy production
in a PEMFC and SOFC will be presented. Problem param-
eters are summarized in Table 1 and additional data was
adopted from Refs. [13,14,22]. Unlike past studies of volt-
age losses in fuel cells, this section aims to calculate entropy
production as a design parameter for improving perfor-
mance of fuel cells. Fig. 2 illustrates close agreement
between past data [14] and predicted results with the cur-
rent TAP/TCS Model. These results provide useful valida-
tion of the TAP/TCS Model, which calculated voltage
losses based on entropy production rather than polariza-
tion curves or empirical correlations [14]. An entropy based
approach provides a useful method of characterizing volt-
age losses, as it encompasses all types of irreversible losses
within a fuel cell. For example, power consumed by the
blower to overcome channel friction and pressure losses
of inflowing fuel comes at the expense of electrical current
generated by the fuel cell, so it represents a thermofluid
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Table 1
Operating conditions and problem parameters

Proton exchange membrane fuel cell

Operating temperature, T (K) 373
Operating pressure, p (atm) 1.0
Limiting current, iL (mA) 800
Exchange current density, i0 (A/cm2) 0.07
Specific surface resistance, R (X cm2) 0.00003
Transfer coefficient, b 0.5
Equilibrium potential, E0 (V) 1.167

Solid oxide fuel cell

Operating temperature, T (K) 1073
Operating pressure, p (atm) 2.0
Electrolyte resistance, Ri (X cm2) 0.139
Concentration resistance, Rconc (X cm2) 0.31
RT/4F 0.02096
Exchange current density, i0 (A/cm2) 0.107
Effective diffusion coefficient, Da,eff (cm2/s) 0.151
Cathode thickness, lc (m) 0.00005
Porosity, e 0.3
Tortuosity, n 6
Average pore radius, �r ðlmÞ 0.5
Electrolyte thickness, le (lm) 40.0
Anode thickness, la (lm) 750.0
Partial pressure ratio, pH2

=pH2O 34.052
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irreversibility that reduces the overall cell efficiency.
Unlike past methods characterizing system losses through
an ‘‘overpotential’’ or ‘‘polarization’’, an entropy based
approach permits a more robust way of calculating all
types of cell losses.

In Fig. 3, entropy production of a PEMFC is plotted at
varying operational and exchange current densities (0.01,
0.04 and 0.07 A/cm2). It can be observed that the entropy
production decreases at larger exchange current densities,
i(0). Consider the electrode chemical activity at zero cur-
rent density. Both forward and reverse reactions occur at
the same rate under equilibrium, so there is forward and
backward flow of electrons at a current density of i(0).
Higher exchange current densities imply more chemical
activity at the electrode. The current is more likely to flow
in a particular direction, so the irreversibility is reduced.
Fig. 2 shows that the entropy production rises at larger
operating current densities, due to larger rates of chemical
reaction at the electrode surfaces and ohmic heating.

In Fig. 4, the fractions of ohmic, activation and concen-
tration irreversibilities, relative to the total entropy produc-
tion are shown as an irreversibility ratio. The respective
irreversibility divided by the total entropy production rep-
resents its irreversibility ratio. For example, the activation
irreversibility constitutes nearly 100% of the total entropy
production at low current densities in Fig. 4, while the con-
centration irreversibility has rising significance at higher
current densities, especially above 700 mA/cm2. The ohmic
heating irreversibility increases at larger current densities.
Ohmic losses occur from electrical resistance of the
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electrodes, as well as resistance to ion flow in the electro-
lyte. Lower resistances and ohmic losses can be realized
by electrodes with higher electrical conductivities. Another
way is reducing the electrolyte thickness. However, this can
be difficult, as it needs to be thick enough for structural
support of electrodes, as well as wide enough to allow cir-
culating flow.

An alternative method of characterizing irreversible
losses is the unit irreversibility ratio, which represents the
total entropy production per unit current flow (units of
entropy production divided by a reference current density).
Fig. 5 shows this new parameter at varying interface surface
resistances of 0.00003, 0.00006 and 0.00009 kX/cm2. The
unit irreversibility ratio rises at higher surface resistances,
due to larger ohmic heating. Also, it rises fastest at low cur-
rent densities due to the rapid increase of activation irrever-
sibilities. Activation losses arise from slow reactions on the
electrode surfaces. They represent a proportion of voltage
lost at the electrode surface, when driving the reaction at
the electrode. At higher current densities, larger activity
occurs at the electrode surface and the irreversibilities rise
at higher current densities. The results in Fig. 5 were
obtained for a PEMFC at 373 K, while additional results
show that the activation irreversibility rises less rapidly at
higher operating temperatures.

Predicted results in Figs. 2–5 have used empirical diffu-
sion coefficients based on kinetic theory and Chapman–
Eskog theory discussed in Section 3. Measurements of
diffusion coefficients and other transport properties in fuel
cells are usually very time-consuming and expensive [18].
As a result, accurate predictive models of diffusion coeffi-
cients become necessary for fuel cell analysis. The predic-
tive models based on statistical thermodynamics involve
intermolecular interactions between gas molecules and
energy exchange functions. For example, only one or a
few quanta of rotational energy are exchanged in collisions
between rotating molecules [19,20]. Since the rotational
quantum at common operating temperatures of fuel cells
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is much smaller than the relative kinetic energy of a collid-
ing pair of gas molecules, the influences of rotational
energy can be neglected. For vibrational degrees of free-
dom, only the lowest vibrational energy states are occupied
at the common operating temperatures of fuel cells.

Transport coefficients describe the process of thermody-
namic relaxation to equilibrium from a state perturbed by
temperature, pressure, density, velocity or composition gra-
dients. When predicting diffusion coefficients in Section 3,
kinetic theory of dilute gases assumes sufficiently low densi-
ties that molecules move freely and interact through binary
collisions only. Also, the densities are high enough that
molecule–wall collision effects can be neglected, relative
to molecule–molecule collisions. Intermolecular exchange
affects both diffusion coefficients and the resulting entropy
production, due to diffusive irreversibilities of concentra-
tion polarization.

The previous figures have considered entropy produc-
tion in a PEMFC. The remaining figures consider irreversi-
bilities in SO fuel cells. In Fig. 6(a), entropy production
increases at larger partial pressures of hydrogen fuel. When
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electric current is taken from the fuel cell, hydrogen is con-
sumed and the operating pressure falls. Frictional resis-
tance of hydrogen gas flowing through the fuel channels
leads to a pressure loss, which depends on the operating
current and hydrogen supply. This pressure reduction leads
to a lower voltage. Unlike a PEMFC in Fig. 3, the total
entropy production rises less rapidly at low current densi-
ties for an SOFC in Fig. 6(b). Also, higher entropy produc-
tion is observed at lower operating temperatures in the SO
fuel cell. The thermal conductivity usually decreases at
lower temperatures. Thus, higher ohmic losses occur and
SO fuel cell performance decreases when the operating tem-
perature is lowered. An emerging area of active fuel cell
research is developing better low-temperature electrodes
and electrolytes, as material and construction costs are
usually lower. Zirconia based electrolytes are widely used
due to their favourable conductivity properties. However,
Ishihara et al. [23] have developed a new oxide ion conduc-
tor, LaSrGaMgO (LSGM), which provides performance at
800 �C comparable to a YSZ (yttria-stabilized zirconia)
electrolyte at 1000 �C. The composition of 8 mol YSZ is
(ZrO2) 0.92 (Y2O3) 0.08, with the same crystal structure
as fluorite (single phase).

Unlike loss analysis based on polarization curves,
entropy production encompasses both thermofluid irrever-
sibilities (such as friction within fuel channels) and electro-
chemical losses (within electrodes and electrolyte). In this
way, it provides a useful parameter for purposes of system-
atic optimization. Differentiating the entropy production
with respect to current density can identify regions having
minimal changes to operating performance. For example,
design changes with currents near 1.5 A/cm2 would have
least impact on voltage losses, as Fig. 7 illustrates minimal
changes of entropy production near that design point.
However, changes below 0.25 A/cm2 or above 2.75 A/cm2

would have more appreciable impact on reduced efficiency,
as entropy production changes are notably larger.
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Also, the total entropy production can be sub-divided
into individual components of ohmic, activation and con-
centration irreversibilities (see Fig. 8). Concentration losses
dominate at low current densities, but ohmic losses rise to
exceed concentration irreversibilities at higher current den-
sities. Activation irreversibilities remain nearly uniform
over the range of current densities shown in Fig. 8. Fig. 9
shows the relative percentage of each irreversibility, with
respect to total entropy production within the fuel cell. In
comparison to a PEMFC, the higher operating tempera-
tures of SO fuel cells reduce the relative portion of activa-
tion losses. Ohmic irreversibilites at the cathode are
dominant, despite higher resistivities of the electrolyte
and cell inter-connection, due to the short connection path
through these components and a longer current path from
the anode of one cell to the cathode of the next adjacent
cell [24].
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Although it is a more general measure of thermody-
namic loss, entropy production can be expressed in terms
of other conventional loss parameters in a fuel cell, such
as cell voltage. When re-formulated in that manner and
compared against past predictions by Kim and co-workers
[21], the current TAP/TCS model exhibits close agreement
with measured data [13]. Slightly better accuracy is
obtained with the TAP/TCS model at high operating
current densities. Voltage drops at higher current densi-
ties correspond to rising entropy production in previous
figures.

In summary, entropy production has provided a useful
basis for calculating voltage losses and characterizing fuel
cell performance. Fuel cells are complex systems involving
many inputs and outputs, ranging from the cell power out-
put, waste heat, gaseous emissions, fuel supply, blower
power input and so forth. Entropy production encom-
passes all types of energy conversion, so it provides a
robust design parameter and useful alternative to conven-
tional loss parameters, such as polarization or over-
potential.

6. Conclusions

This article has formulated entropy production of ohmic
heating and concentration polarization in fuel cells. Ohmic
heating of electrical resistance through the electrodes, as
well as ion flow through the electrolyte, leads to irreversible
losses of cell voltage. Entropy production due to resistive
heating was formulated based on Ohm’s law. Also, changes
in reactant concentration lead to diffusive entropy produc-
tion at the electrode surfaces. The predicted results have
shown that entropy production rises at larger operating
current densities, due to larger rates of chemical reaction
at the electrode surfaces and ohmic heating. Also, the unit
irreversibility ratio rises at higher surface resistances, due
to larger ohmic heating. It rises fastest at low current den-
sities due to the rapid increase of activation irreversibilities.
In solid oxide fuel cells, higher entropy production was
observed at low operating temperatures. In these cases,
higher ohmic losses occur and fuel cell performance
decreases when the operating temperature is lowered. The
results have shown that entropy production provides a use-
ful parameter for characterizing fuel cell performance.
Entropy based design provides a robust alternative
approach for reducing voltage losses in fuel cells.
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Appendix. Effective mass diffusivity of SOFC electrode

In Section 4, the effective diffusivity for a PEMFC was
derived. As outlined by Eqs. (42)–(45), different anode
and cathode half-cell reactions are encountered in an SO
fuel cell. Thus, the procedures in Section 4 must be modi-
fied accordingly. In the case of the anode in an SO fuel cell
at steady state, the reaction stoichiometry yields the follow-
ing mass balance,

J ¼ J H2
þ J H2O ¼ 0 ðA:1Þ

The fluxes of hydrogen and water are given by

J H2
¼ �DH2ðeffÞrCH2

þ CH2
v ðA:2Þ

J H2O ¼ �DH2ðeffÞrCH2O þ CH2Ov ðA:3Þ

where CH2O and CH2
are the concentrations of water and

hydrogen, respectively.
The effective total diffusion coefficients, DH2OðeffÞ and

DH2ðeffÞ, are given by

DH2ðeffÞ ¼
1

DH2;k

þ 1

DH2–H2OðeffÞ

� ��1

ðA:4Þ

DH2OðeffÞ ¼
1

DH2O;kðeffÞ
þ 1

DH2–H2OðeffÞ

� ��1

ðA:5Þ

For equimolar counter-current mass transfer in an SO fuel
cell anode, the fluxes are equal so

J H2
¼ �J H2O ðA:6Þ

Using Eqs. (A.2) and (A.3), it can be shown that

v ¼ DH2ðeffÞ � DH2OðeffÞ

Ca

� rCH2
ðA:7Þ

where

Ca ¼ CH2
þ CH2O ðA:8Þ

Substituting Eq. (A.8) into Eq. (A.2) and re-arranging,

J H2
¼ � CH2O

Ca

� �
� DH2ðeffÞ þ

CH2

Ca

� �
� DH2OðeffÞ

� �
rCH2

ðA:9Þ

J H2O ¼ �
CH2O

Ca

� �
� DH2ðeffÞ þ

CH2

Ca

� �
� DH2OðeffÞ

� �
� rCH2O

ðA:10Þ

Reducing the bracketed terms and simplifying, the follow-
ing results can be derived,

J H2
¼ �DaðeffÞ � rCH2

ðA:11Þ
J H2O ¼ �DaðeffÞ � rCH2O ðA:12Þ

If the partial pressure change of hydrogen is assumed to
be very gradual, then the difference between DH2OðeffÞ
and DH2ðeffÞ is very small, so Da(eff) becomes approximately
constant.

Considering 1-D diffusion, the hydrogen flux becomes

J H2
¼ �DaðeffÞ �

dCH2

dx
ðA:13Þ

Using Faraday’s law and the ideal gas law,

i
2F

� �
¼ �DaðeffÞ �

dpH2

dxðRT Þ ðA:14Þ
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Re-arranging in terms of pressure and integrating,Z P H2

pI
H2

dpH2
¼
Z la

0

iRT
2FDaðeffÞ

dx ðA:15Þ

thereby yielding

pH2
¼ pI

H2
� RTla

2FDaðeffÞ
i ðA:16Þ

Similarly for water vapour, the partial pressure becomes

pH2O ¼ pI
H2O þ

FRTla

2FDaðeffÞ
i ðA:17Þ

where the effective diffusion coefficients are

DaðeffÞ ¼
pH2O

pa

� �
� DH2ðeffÞ þ

pH2

pa

� �
� DH2OðeffÞ ðA:18Þ

and

1

DH2ðeffÞ
¼ na

ea

� 1

DH2;k

þ 1

DH2–H2O

� �
ðA:19Þ

1

DH2OðeffÞ
¼ na

ea

� 1

DH2O;k

þ 1

DH2–H2O

� �
ðA:20Þ

Using these results, similar procedures as Section 4 may be
used to determine entropy production of concentration
polarization within an SO fuel cell.
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