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bstract

A single reversible solid oxide fuel cell (RSOFC) can accomplish two functions: (1) as a solid oxide steam electrolyzer (SOSE) for hydrogen
roduction and (2) as a solid oxide fuel cell (SOFC) for power generation. An electrochemical model was developed to study the performance of an
SOFC based on a proton-conducting electrolyte (RSOFC-H). In both SOSE and SOFC modes, the hydrogen electrode-supported configuration
as identified as the most favorable design to achieve high energy conversion efficiency of RSOFC-H. For comparison, in a previous study on

onventional RSOFC based on an oxygen ion-conducting electrolyte (RSOFC-O), the hydrogen electrode-supported configuration was found to be
avorable in the SOFC mode but such configuration would cause high concentration overpotential in the SOSE mode. Thus, the oxygen electrode-

upported configuration was desirable for RSOFC-O operating in the SOSE mode. The results obtained in this study show that RSOFC-H has a
atural advantage over RSOFC-O in terms of structural design. The modeling study signifies the difference between RSOFC-H and RSOFC-O
nd can serve as a useful tool for further design optimization.

2007 Elsevier B.V. All rights reserved.
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. Introduction

A reversible solid oxide fuel cell (RSOFC) can be operated in
he SOSE mode to produce hydrogen fuel and the same RSOFC
an later consume the hydrogen fuel to generate electricity in
he SOFC mode [1–3]. Due to the site-specific and intermit-
ent characteristics of renewable resources, such as solar and
ind, hydrogen is a potentially useful energy carrier to sup-
ort renewable utilization. The capability of performing dual
unction using a single cell can thus make RSOFC potentially
conomically sound to better utilize renewable resources.

Several experimental studies on conventional RSOFC based
n oxygen ion-conducting electrolyte (RSOFC-O) have been
erformed to investigate the performance characteristics of
SOFC in both working modes [4–6]. Recently, a modeling
tudy on the concentration overpotentials of an RSOFC-O has
een conducted [2]. The transport and reactions involved in the
wo working modes of the RSOFC-O are illustrated in Fig. 1a

∗ Corresponding author. Tel.: +852 2859 2628; fax: +852 2858 5415.
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lid oxide steam electrolyzer

nd b, respectively. It is found that a hydrogen electrode sup-
ort is favorable to the SOFC mode while the oxygen electrode
upport is favorable to the SOSE mode [2]. The difference in
he optimal designs is due to the different mass transport char-
cteristics of gaseous species in the porous electrodes in the
OSE and SOFC modes. This study indicates that RSOFC-O
as fundamental problems. No matter which electrode support
hydrogen or oxygen) is selected, the RSOFC-O will exhibit high
oncentration overpotential in one of the two working modes.

Alternatively, an RSOFC can be built with a proton-
onducting electrolyte (RSOFC-H). Although some experi-
ental studies have been accomplished to characterize the

erformance of RSOFC-H in the SOSE mode and SOFC mode
7–10], the present literature lacks detailed modeling analy-
es on RSOFC-H. Modeling studies are important for better
nderstanding of the working mechanisms as well as for design
ptimization. Under the same operating conditions (i.e. temper-
ture, current density), an RSOFC-H working in either SOFC

r SOSE mode has identical Ohmic overpotentials. In addi-
ion, the exchange current densities for SOSE and SOFC are
dentical. Therefore, the activation overpotentials of SOFC and
OSE can be considered identical as well using the simplified

mailto:mkhleung@hku.hk
dx.doi.org/10.1016/j.jpowsour.2007.11.057
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In the SOSE mode, the J–V characteristics of an RSOFC-H
can be expressed as:

V SOSE=E + ηact,H2+ηact,O2+ηOhm + ηSOSE
conc,H2

+ηSOSE
conc,O2

(1)
ig. 1. Working mechanisms of RSOFC-O: (a) SOSE mode and (b) SOFC mode.

utler-volmer equation (omitting the reactant/product con-
entrations). It is noted that the activation overpotential is
ndependent of the electrode thickness, which is the focus of
he present study. These overpotentials can be calculated with
he electrochemical model recently developed [11]. On the other
and, the concentration overpotentials are different between the
OSE mode and the SOFC mode due to different gas transport
haracteristics in the porous electrodes. Therefore, the concen-
ration overpotentials are the sole factor responsible for different
SOFC-H current–voltage (J–V) characteristics between the
OSE and SOFC modes. For this reason, this electrochemi-
al modeling study on RSOFC-H focuses on the concentration
verpotentials in both SOSE and SOFC modes.

. Model development

.1. Operating mechanisms

The fundamental working mechanisms of an RSOFC-H
orking in the SOSE mode are illustrated in Fig. 2a. Steam is fed

o the porous oxygen electrode and transported to the interface
etween the oxygen electrode and the electrolyte where electro-
hemical reactions take place. The important electrochemical

eaction steps include (1) adsorption of steam onto the surface
f electrode particles, (2) electrochemically splitting of steam to
orm oxygen, electrons and protons, (3) desorption of oxygen
roduced, and (4) incorporation of proton into the electrolyte. F
urces 177 (2008) 369–375

he protons are transported through the dense electrolyte to
he porous hydrogen electrode where they are combined with
lectrons to form H2. It should be mentioned that the consump-
ion of H2O and generation of O2 will result in concentration
radients of these two species in the porous oxygen electrode.
n addition, the molar production rate of O2 is only half of
he molar consumption rate of H2O, thus, the pressure at the
lectrode–electrolyte interface is lower than that at the surface
f the electrode. Therefore, the transport of H2O and O2 is by
eans of both diffusion and permeation. Since H2 is the only

as in the porous hydrogen electrode, it is transported by means
f permeation.

The working mechanisms of RSOFC-H in the SOFC mode
re illustrated in Fig. 2b. Similar to the SOSE mode, H2 (as a
ingle gas) is transported in the porous hydrogen electrode by
eans of permeation, while the O2 and H2O are transported

n the porous oxygen electrode by means of both diffusion and
ermeation.

.2. RSOFC-H cell potentials
ig. 2. Working mechanisms of RSOFC-H: (a) SOSE mode and (b) SOFC mode.
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here E is the equilibrium potential; ηact,H2 and ηact,O2 stand
or the activation overpotentials of the hydrogen electrode and
xygen electrode, respectively; ηOhm represents the Ohmic
verpotential; and ηSOSE

conc,H2
and ηSOSE

conc,O2
are the concentration

verpotentials at the hydrogen electrode and oxygen electrode,
espectively.

In the SOFC mode, the operating potential (VSOFC) of an
SOFC-H can be determined as:

SOFC = E − ηact,H2 − ηact,O2 − ηOhm

− ηSOFC
conc,H2

− ηSOFC
conc,O2

(2)

here ηSOFC
conc,H2

and ηSOFC
conc,O2

stand for the concentration overpo-
entials of the two electrodes working in the SOFC mode.

The equilibrium potential E can be determined with the
ernst equation [12]. The Ohmic (ηOhm) and activation over-
otentials (ηact,H2 and ηact,O2 ) as well as the concentration
verpotentials in the SOFC mode (ηSOSE

conc,H2
and ηSOSE

conc,O2
) can

e determined with an electrochemical model recently devel-
ped [11]. The concentration overpotentials in the SOSE mode
ηSOFC

conc,H2
and ηSOFC

conc,O2
) can be determined as described in the

ubsequent section.

.3. Concentration overpotentials

In this section, the procedures to calculate the important con-
entration overpotentials of RSOFC-H in the SOSE mode are
eveloped. The concentration overpotentials represent the resis-
ance of the porous electrode to the transport of gaseous species
13]. According to their definitions, the concentration overpo-
entials of an RSOFC-H in the SOSE mode can be written as:

SOSE
conc,H2

= RT

2F
ln

(
P I

H2

P0
H2

)
(3)

nd

SOSE
conc,O2

= RT

2F
ln

⎛
⎝ (P I

O2
)
1/2

P0
H2O

(P0
O2

)
1/2

P I
H2O

⎞
⎠ (4)

here P I
H2

, P I
O2

, and P I
H2O represent pressure of hydrogen at

he hydrogen electrode–electrolyte interface, partial pressure of
xygen at the oxygen electrode–electrolyte interface, and partial
ressure of steam at the oxygen electrode–electrolyte interface,
espectively; F is the Faraday constant; R is the ideal gas con-
tant; the superscript 0 represents the surface of an electrode.

In a steady state, the transport of each participating compo-
ent is determined by the local conservation of mass [14].

Ni = 0 (5)

here Ni is the mass transfer of species i. H2 is the only com-
onent present in the porous hydrogen electrode. The transport
f H2 by means of permeation can be determined with Darcy’s

aw [15,16].

H2 = − PH2Bg

RTμH2

∇PH2 (6)

w

s
fi
i

urces 177 (2008) 369–375 371

here μH2 is the dynamic viscosity of H2 and Bg is the per-
eation coefficient, which can be determined by a sixth-order

olynomial function developed by Todd and Young [17] and the
ozeny–Carman relationship [15], respectively.

Substituting Eq. (6) into Eq. (5), the controlling equation for
2 permeation in the porous hydrogen electrode can be obtained.

∂

∂x

[
PH2Bg

RTμH2

∂PH2

∂x

]
= 0 (7)

here x is the normal distance measured from the electrode
urface and is applicable to both hydrogen electrode and oxygen
lectrode.

At the interface of the hydrogen electrode and the electrolyte
x = dH2 , the thickness of the hydrogen electrode), the rate of H2
ransport to the surface of the hydrogen electrode is equal to the

2 production rate under steady state conditions. This boundary
ondition can be written in terms of the electrical current density
as:

J

2F
= − PH2Bg

RTμH2

∂PH2

∂x

∣∣∣∣
x=dH2

(8)

The Dirichlet boundary condition can be applied at the sur-
ace of the hydrogen electrode:

PH2

∣∣
x=0 = P0

H2
(9)

Solving Eq. (7) with boundary conditions expressed in Eqs.
8) and (9), the pressure of H2 at the interface of the hydrogen
lectrode and the electrolyte can be obtained:

I
H2

=
√

(P0
H2

)
2 + JRTμH2dH2

FBg
(10)

Substituting Eq. (10) into Eq. (3), the concentration overpo-
ential of the hydrogen electrode can be expressed as:

SOSE
conc,H2

= RT

2F
ln

⎛
⎝
√

(P0
H2

)
2 + (JRTμH2dH2/FBg)

P0
H2

⎞
⎠ (11)

At the oxygen electrode side, the mass transfer phenomena
ecome more complex as both diffusion driven by concentra-
ion gradient and permeation driven by pressure gradient occur
imultaneously. The dusty gas model (DGM) is employed to
escribe the mass transfer within the porous oxygen electrode.
onsidering both diffusion and permeation, the DGM can be
ritten as [18].

Ni

Deff
i,k

+
n∑

j=1,j �=i

yjNi − yiNj

Deff
ij

= − 1

RT

[
P

dyi

dx
+ yi

dP

dx

(
1 + BgP

Deff
i,kμm

)]
(12)
here Deff
i,k is the effective Knudsen diffusion coefficient of

pecies i; Deff
ij represents the effective binary diffusion coef-

cient of species i and j; yi represents molar fraction of species
; P is the local total pressure in the oxygen electrode; and μm
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s the dynamic viscosity of the gas mixture (O2 and H2O). The
rocedure for determination of molecular diffusion and Knud-
en diffusion coefficients can be found in literature [12]. The gas
ixture viscosity (μm) can be obtained by Wilke’s method [19].
The above DGM can be solved numerically. The DGM

omain is discretinized for the finite difference method (FDM)
nd an iterative approach with considerable sub-relaxation is
mployed to obtain the distribution of gas composition and total
ressure. Computation is repeated until convergence is attained.
ubstituting the calculated partial pressures of O2 and H2O at

he interface of the oxygen electrode and the electrolyte into Eq.
4), the concentration overpotential at the oxygen electrode side
an be obtained.

. Results and discussion

.1. Model evaluation and temperature effect

The above model has been derived to determine the J–V char-
cteristics of an RSOFC-H performing dual functions of fuel
ell and electrolyzer. The model evaluation for SOFC mode was
rovided in a previous study. In this study, the newly developed
odel for the SOSE mode will be evaluated by comparing the
odeling results with experimental data. In the literature, only

wahara’s group [7,9,10] reported the detailed J–V characteris-
ics of hydrogen production by proton-conducting based SOSE
nd thus their experimental data were used for model evaluation.
n these experiments, the J–V characteristics of an electrolyte-
upported SOSE cell were measured. The electrolyte, hydrogen
lectrode, and oxygen electrode were made of SrCe0.9Y0.1O3−α,
t and Pt + La0.4Sr0.6CoO3−α with thicknesses of about 500 �m,
0 �m, and 50 �m, respectively. The J–V data were mea-
ured at temperatures of 1073 K and 1173 K and a pressure of
atm.

Fig. 3(a) shows the comparison between the electrochemical
odeling results and the experimental data by Iwahara et al. [10].
he values of the input parameters for the modeling analysis are
hown in Table 1. The SOSE potential decreases significantly
ith increasing temperature (from 1073 to 1173 K). This is
ainly because the Ohmic overpotential decreases significantly
ith increasing temperature due to higher proton conductiv-

ty. It can also be seen that the simulation results generally
gree with the experimental data. The relatively large discrep-
ncy between simulation results and experimental data may be
aused by inaccurate values of electrolyte resistivity used, which
ere measured from Iwahara et al.’s curves [7]. In addition, the

xchange current densities used for calculating the activation
verpotential differ significantly in the literature [11,13,20,21],
hich could be another source of inaccuracy. In order to better
t the experimental data, the key parameters have been changed
nd an additional comparison with experimental data at a tem-
erature of 1173 K is presented in Fig. 3(b). It can be seen
hat an electrolyte resistivity of 2.2 � m yields better simulation

esults (Fig. 3(b)) than 2.0 � m (Fig. 3(a)). In addition, when the
xchange current density is changed from 4000 to 200 A m−2,
he simulation results fit the experimental data even better. The
ndings imply that the simulation results can fit experimental

e
t
e
o

ig. 3. Comparison between theoretical simulation results and experimental data
y Iwahara et al. [10]: (a) Simulation parameters from Table 1 and (b) Different
imulation parameters at 1173 K.

ata well by adjusting the key parameters, such as electrolyte
esistivity and exchange current density of the electrodes.

In order to better understand the characteristics of the SOSE
ell for hydrogen production, the individual Ohmic, activation
nd concentration overpotentials were studied as shown in Fig. 4.
he results show that the Ohmic overpotential dominates the
ctivation and concentration overpotentials. At a current density
f 5000A m−2, the Ohmic overpotential is above 8 V (Fig. 4a),
hile both the activation and concentration overpotentials are

bout two to four orders of magnitude less than the Ohmic
verpotential (Fig. 4b and c). This is because of (1) low ionic
onductivity of the proton-conducting electrolyte and (2) thick

lectrolyte (i.e. 500 �m) used. The overall effect explains why
he J–V curve approximately follows a linear relationship. The
xtremely high Ohmic overpotential also rules out the feasibility
f electrolyte-supported configuration for RSOFC-H.
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Table 1
Values of input parameters used in the present study

Parameter Value

Operating temperature, T (K)
For model evaluation 1173 and 1073
For parametric analyses 1073

Operating pressure, P (atm) 1.0
Gas composition at the surface of oxygen

electrode (molar ratio of H2O/O2)
0.9/0.1

Electrode porosity, ε 0.4
Electrode pore radius, r (�m) 0.5
Electrode tortuosity, ξ 5.0

Electrolyte resistivity, ϕ (� m)
For model evaluation (SrCe0.6Y0.1O3−α) 3.3 (1073 K)

2.0 (1173 K)
For parametric analyses (SrCe0.95Y0.05O3−α

or BaCe0.8Sm0.2O2.9)
1.0

Electrolyte supported RSOFC-H
Thickness of electrolyte, L (�m) 500
Thickness of hydrogen electrode, dH2 (�m) 50
Thickness of oxygen electrode, dO2 (�m) 50

Hydrogen electrode-supported RSOFC-H
Thickness of electrolyte, L (�m) 50
Thickness of hydrogen electrode, dH2 (�m) 500
Thickness of oxygen electrode, dO2 (�m) 50

Oxygen electrode-supported RSOFC-H
Thickness of electrolyte, L (�m) 50
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Fig. 4. Simulation results of individual Ohmic, activation, and concentration
o
c
(

3
S

Thickness of hydrogen electrode, dH2 (�m) 50
Thickness of oxygen electrode, dO2 (�m) 500

.2. Concentration overpotentials of RSOFC-H in the
OSE mode

In practice, a cell consists of a thick layer of electrode (typ-
cally 500 �m) that can provide mechanical support, while the
ther electrode is a thin layer (typically 50 �m) to minimize
he overpotential loss. The characteristics of different electrodes
thick or thin, hydrogen or oxygen) are shown in Fig. 5a. A
hick hydrogen electrode only causes a negligible increase in the
oncentration overpotential in comparison with a thin hydrogen
lectrode. At the hydrogen electrode, the reactant (H+) transport-
ng in the solid electrolyte is not limited by the porous structure.
herefore, there is no limiting current for the hydrogen elec-

rode. In addition, the small molecular weight of the product
H2) facilitates its transport. As a result, the resistance of the
orous hydrogen electrode to the gas transport is very low, lead-
ng to low concentration overpotential. For comparison, a thick
xygen electrode suffers seriously from high concentration over-
otential and low limiting current density (around 4000A m−2).
nlike the hydrogen electrode, the reactant at the oxygen elec-

rode (H2O) is transported through the pores, and, thus, its
ransport depends on the porous structures of the electrode.
he high molecular weights of H2O and O2 (product) result

n low effective diffusion coefficient of H2O, leading to high

oncentration overpotential. As a result, a hydrogen electrode-
upport performs better than an oxygen electrode-support
n terms of low electrical energy requirement, as shown in
ig. 5b.

t
m
t
a

verpotentials of the electrolyte-supported SOSE cell based on proton-
onducting electrolyte used by Iwahara et al. [10]: (a) Ohmic overpotential,
b) activation overpotentials, and (c) concentration overpotentials.

.3. Concentration overpotentials of RSOFC-H in the
OFC mode

The concentration overpotentials of an RSOFC-H working in

he SOFC mode are shown in Fig. 6a, using the electrochemical
odel from Ni et al. [11]. Similar to the SOSE mode, the concen-

ration overpotentials of both thick and thin hydrogen electrodes
re negligibly small. This is because the light hydrogen gas is
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ig. 5. Theoretical modeling results of electrochemical performance of RSOFC-
in the SOSE mode: (a) concentration overpotentials of electrodes with different

hicknesses and (b) J–V characteristics of the cell with different support config-
rations.

ransported in the hydrogen electrode quickly. Similarly, there
s no limiting current density for the hydrogen electrode in the
OFC mode. For comparison, the concentration overpotentials
f the oxygen electrode increase considerably when a thick elec-
rode layer is used. It is also noted that the limiting current
ensity of the thick oxygen electrode (500 �m) in the SOFC
ode is about 1200 A m−2, which is much smaller than that

n the SOSE mode (about 4000 A m−2). In the SOFC mode,
he molecular weight of the reactant at the oxygen electrode
O2) is higher than that in the SOSE mode (H2O), resulting in
ower rate of transport and a lower limiting current density. Due
o the difference in concentration overpotentials, the hydrogen
lectrode-support performs better than the oxygen electrode-
upport in the SOFC mode, as shown in Fig. 6b.

.4. Comparison between RSOFC-H and RSOFC-O and
he prospect of RSOFC-H

From the analyses in Sections 3.2 and 3.3, it can be seen that
he selection of an electrode support can greatly affect the over-

ll performance of an RSOFC. More importantly, the hydrogen
lectrode-support is favorable for RSOFC-H working in both
OSE and SOFC modes. For comparison, an RSOFC-O has
hallenges with selecting either the oxygen or hydrogen elec-

4

t

in the SOFC mode: (a) concentration overpotentials of electrodes with
ifferent thicknesses and (b) power densities of the cell with different support
onfigurations.

rode as the cell mechanical support since one working mode
lways suffers from high concentration overpotentials. There-
ore, the RSOFC-H has a natural advantage in comparison with
SOFC-O, from the cell structural design point of view.

It can also be seen from the present study that the Ohmic
verpotential of RSOFC-H is yet another important source of
nergy loss because of low conductivity of the presently used
roton conductors. Due to its high Ohmic overpotential, the
roton-conducting SOFC exhibits lower maximum power den-
ity (below 0.4 W cm−2) than the oxygen ion conducting SOFC
above 0.6 W cm−2) [11]. In order to further enhance the per-
ormance of RSOFC-H, it is highly desirable to develop novel
aterials with high proton conductivity. Alternatively, fabrica-

ion of thin film electrolyte can greatly reduce the electrolyte
hmic overpotential. In literature, the oxygen ion-conducting

lectrolyte of conventional RSOFC-O can be made as thin as
�m [22]. It is expected that the hydrogen electrode-supported
SOFC-H can be further developed to achieve high energy con-
ersion efficiency.
. Conclusions

An electrochemical model has been developed to investigate
he J–V characteristics of an RSOFC-H based on proton-
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sing the hydrogen fuel produced. It is found that the hydro-
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