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bstract

Hydrogen production via steam electrolysis may involve less electrical energy consumption than conventional low temperature water electrolysis,
eflecting the improved thermodynamics and kinetics at elevated temperatures. The present paper reports on the development of a one-dimensional
ynamic model of a cathode-supported planar intermediate temperature solid oxide electrolysis cell (SOEC) stack. The model, which consists of
n electrochemical model, a mass balance, and four energy balances, is here employed to study the steady state behaviour of an SOEC stack at
ifferent current densities and temperatures. The simulations found that activation overpotentials provide the largest contributions to irreversible

−2
osses while concentration overpotentials remained negligible throughout the stack. For an average current density of 7000 A m and an inlet
team temperature of 1023 K, the predicted electrical energy consumption of the stack is around 3 kW h per normal m3 of hydrogen, significantly
maller than those of low temperature stacks commercially available today. However, the dependence of the stack temperature distribution on the
verage current density calls for strict temperature control, especially during dynamic operation.

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

Hydrogen is regarded as a leading candidate for alternative
uture fuels. It has the potential to address the environmental and
nergy security issues associated with fossil-derived hydrocar-
on fuels. Among many hydrogen production methods, water
lectrolysis is a well-established technique, which is capable of
roducing emissions-free hydrogen if used in conjunction with
enewable or nuclear energy. However, water electrolysis has
ot had a significant commercial penetration, mainly due to its
igh electricity consumption and thus high operating or running
ost [1].

Steam electrolysis at elevated temperatures might offer a

olution by consuming less electricity than is required at ambi-
nt conditions. The minimum energy consumption during steam
lectrolysis is evaluated as a function of temperature in Fig. 1,
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sing thermodynamic tables [2]. Here the gas compositions are
aken to be 50 mol% H2/50 mol% H2O and 100 mol% O2. In
he figure, T�S and �G represent, respectively, the thermal and
lectrical energies consumed in the reaction, while �H cor-
esponds to the total energy consumption, in the absence of
rreversible losses. Although �H remains approximately con-
tant, �G tends to decrease and T�S tends to increase as the
emperature is raised, providing more opportunities to apply
aste heat from other processes, or to make effective use of the
eat generated via irreversible losses. At 1273 K, almost 30% of
he total energy consumption can be satisfied through the sup-
ly of thermal energy alone. The increase in temperature can
lso eliminate the need for expensive catalysts, which may be
equired for some low temperature water electrolysers [3]. How-
ver, in the design of a solid oxide electrolysis cell (SOEC), there
re other factors that need to be taken into account, which influ-

nce the performance of the actual device as will be explained
n the following sections.

Steam electrolysis is performed using an SOEC, which can be
een in simple terms as the reverse operation of a solid oxide fuel

mailto:n.brandon@imperial.ac.uk
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Nomenclature

CH2 , CH2O concentration of hydrogen and steam in the
cathode gas stream (mol m−3)

Ci concentration of gas species i in the cathode and
anode gas streams (mol m−3)

Cp,C, Cp,A, Cp,S, Cp,I heat capacity of the cathode and
anode gas streams, solid structure and intercon-
nect (J kg−1 K−1)

C0
i concentration of gas species i at the cell inlet

(mol m−3)
CTPB

H2
, CTPB

H2O concentration of hydrogen and steam at the

triple phase boundary (mol m−3)
dh,C, dh,A hydraulic diameter of the cathode and anode gas

channels (m)
Deff,cathode average effective diffusivity coefficient of the

cathode (m2 s−1)
Ecathode, Eanode activation energy for the exchange current

density of the cathode and anode (J mol−1)
Eelectrode activation energy for the exchange current den-

sity of an electrode (J mol−1)
F Faraday’s constant (C mol−1)
�G Gibbs free energy change of the reaction (J mol−1

H2)
hC, hA, hS, hI height of the cathode and anode channels,

and thickness of the solid structure and intercon-
nect (m)

�H enthalpy change of the reaction (J mol−1 H2)
j local current density (A m−2)
j0,cathode, j0,anode exchange current density of the cathode

and anode (A m−2)
j0,electrode exchange current density of an electrode

(A m−2)
kC, kA convective heat transfer coefficient between the

solid parts of the cell and the cathode and anode
gas streams (J m−2 s−1 K−1)

kcathode, kanode pre-exponential factor for the exchange
current density of the cathode and anode
(�−1 m−2)

kelectrode pre-exponential factor for the exchange current
density of an electrode (�−1 m−2)

L cell length (m)
NuC, NuA Nusselt number of the cathode and anode gas

streams
PO2 oxygen pressure in the anode gas stream (Pa)
PTPB

O2
oxygen pressure at the triple phase boundary (Pa)

R reaction rate (mol s−1 m−2)
ROhm total resistance of the cell including electric and

ionic resistances (� m2)
� gas constant (J mol−1 K−1)
�S entropy change of the reaction (J K−1 mol−1 H2)
t time (s)
T temperature (K)
TC, TA, TS, TI temperature of the cathode and anode gas

streams, solid structure and interconnect (K)

T 0
C temperature of the cathode gas stream at the inlet

(K)
uC, uA velocity of the cathode and anode gas streams

(m s−1)
U cell potential (V)
U0 standard potential (V)
Urev reversible potential (V)
Urev,TPB reversible potential estimated for the gas concen-

trations at the triple phase boundary (V)
W cell width (m)
x axial coordinate (m)

Greek letters
α transfer coefficient
εS, εI emissivity of the solid structure and interconnect
ηact,cathode, ηact,anode activation overpotential losses at the

cathode and anode (V)
ηconc total concentration overpotential losses (V)
ηconc,cathode, ηconc,anode concentration overpotential losses

at the cathode and anode (V)
ηOhm Ohmic losses (V)
ηtotal total irreversible losses (V)
λC, λA, λS, λI thermal conductivity of the cathode and

anode gas streams, solid structure and intercon-
nect (J m−1 s−1 K−1)

νi stoichiometric coefficient of gas species i
ρC, ρA, ρS, ρI density of the cathode and anode gas

streams, solid structure and interconnect (kg m−3)
σ Stefan–Boltzmann constant (W m−2 K−4)
σcathode, σanode electric conductivity of the cathode and

anode (�−1 m−1)
σelectrolyte ionic conductivity of the electrolyte (�−1 m−1)
τcathode, τelectrolyte, τanode thickness of the cathode, elec-

trolyte and anode (m)

Fig. 1. Thermal (T�S), electrical (�G) and total (�H) energy consumption
during steam electrolysis as a function of temperature. The gas compositions
are taken to be 50 mol% H2/50 mol% H2O and 100 mol% O2. Irreversible losses
are not taken into account.
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Table 1
Chemical reactions involved in an SOEC

Cathode H2O + 2e− → H2 + O2−

A 2− 1 −
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structure and interconnect. Fig. 2 shows the schematic view of
such a unit cell. The model developed consists of an electro-
chemical model, a mass balance for the cathode stream, and
four energy balances for the cathode and anode streams, solid
node O → 2 O2 + 2e
verall H2O → H2 + 1

2 O2

ell, allowing for the opportunity to apply recent developments
n SOFCs to the field. An SOEC consists of a three-layer solid
tructure (composed of porous cathode, electrolyte and porous
node) and an interconnect plate. Steam is introduced at the cath-
de side of the solid structure where it is reduced into hydrogen,
eleasing oxide ions in the process. The oxide ions then migrate
hrough the electrolyte to the anode where they combine to form
xygen molecules, releasing electrons. The balanced chemical
quations for the reactions are shown in Table 1. Although the
se of proton conductors has also been investigated [4–6], yttria-
tabilised zirconia (YSZ), which is an oxide ion conductor, is
enerally used for the electrolyte in SOECs. Typical materials
or the cathode are nickel–YSZ cermets and those for the anode
re perovskite oxides such as lanthanum manganite.

In SOFC technologies, there is increased interest in interme-
iate temperature SOFCs (IT-SOFCs), which typically operate
etween 823 and 1073 K, to allow for a wider range of mate-
ials, more cost effective SOFC fabrication [7] and increased
urability. The reduction in operating temperature has also been
een in the field of SOECs in the limited number of experimen-
al projects reported over the recent decades [8–10], where the
emperature at which the cells are tested has decreased from
273 to 1073 K. Initially SOECs were developed as tubular cell
tructures to avoid sealing problems, which is a major issue in
egregating the produced H2 and O2 in planar cells, particularly
ver multiple thermal cycles [11]. Today, despite such sealing
ifficulties, the trend in cell design is to employ planar structures.
planar structure permits high packing density and significantly

maller hot volume in the system than that allowed by a tubular
esign [10]. The main motivation behind the use of planar cells
s, however, the low manufacturing cost [12]. The planar design
lso allows for shorter current path, reducing the Ohmic resis-
ance within the cell [12]. A planar SOEC can be categorised
s being either an electrolyte-supported or electrode-supported
esign. The former employs the electrolyte as the support struc-
ure and is suitable for high temperature operation in which the,
ften large, Ohmic resistance associated with a thick electrolyte
an be reduced. In an electrode-supported cell, on the other hand,
ne of the electrodes is the thickest part of the solid structure.
uch a design has been developed in order to minimise Ohmic
esistances in SOFCs operating at intermediate temperatures
nd may also be applied to intermediate temperature SOECs
IT-SOECs).

A mathematical model is an important design tool for such
evices as an SOEC, which are still in the development stage. It
llows the prediction of the behaviour of the device under dif-

erent process conditions and assists in the optimisation of its
erformance. In particular, such a model is essential in under-
tanding the response of an electrolyser under steady electrical
ower input, such as those from the grid or nuclear energy, as
Sources 166 (2007) 127–136 129

ell as under an intermittent renewable electrical power input.
he present paper reports the development of a dynamic model
f a conceptual IT-SOEC produced within the gPROMS mod-
lling environment [13]. The paper introduces the IT-SOEC
odel and the results describing the simulated steady state

ehaviour of such an electrolyser. Issues related to thermal man-
gement of the cell are discussed. In spite of the model’s dynamic
apability, only the steady state results are discussed here. The
ynamic response will be presented in a subsequent publication.

. IT-SOEC mathematical model

Today, although studies on the thermodynamics of electroly-
is at elevated temperatures can be found in several publications
9,14,15], mathematical modelling of an SOEC stack is still not
n active area of research. To the authors’ knowledge, neither
esults related to the spatially distributed stack performance nor
he transient behaviour of a stack have been published. Here,
previously developed dynamic model of an anode-supported
lanar IT-SOFC stack [7,16] has been modified to produce a
ne-dimensional model for a planar IT-SOEC stack that oper-
tes across a wide range of temperatures, using a thick film YSZ
lectrolyte in a cathode-supported cell configuration.

To ensure a sufficient rate of H2 production, an SOEC sys-
em must consist of several repeating cells assembled in stacks.
owever, the models of such stacks are usually constructed for

he smallest unit cell, which is assumed to describe the response
f the whole stack subject to the use of adequate boundary con-
itions. Here, the modelled unit cell is considered to be in the
entre of a large stack such that there are no end effects. Although
nterconnects normally provide the gas flow channels, above and
elow the solid structure, the effect of individual passages is
ere neglected. The pressure drop along the gas channels is also
ssumed negligible at the operating pressure of 0.1 MPa. For the
urpose of modelling, the unit cell is considered to be composed
f four components, the cathode and anode gas streams, solid
Fig. 2. Schematic view of a planar SOEC stack.
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tructure and interconnect. In spite of the temperature gradi-
nt expected along the cell, the properties of the gas streams,
olid structure and interconnect are assumed to be constant in
rder to achieve a more computationally tractable model. This
ssumption is reported valid for the previously developed IT-
OFC model during steady state simulations [17] and is thus also
onsidered applicable for the IT-SOEC model. Finally, ideal gas
ehaviour is assumed for the cathode and anode streams where
ppropriate.

.1. Electrochemical model

An electrochemical model is used to relate such variables
s gas species concentrations, cell component temperatures and
verage current density to the electrical potential of the cell,
hich can then be used to calculate the electrical energy con-

umption. The electrical potential is taken as constant along the
ell as the electrodes are assumed to be good electric conduc-
ors, and thus it is not a local quantity. As shown in Eq. (1), the
ell potential corresponds to the sum of the reversible potential
nd all the irreversible losses that occur as the electrical cur-
ent is passed through the cell. Such irreversible losses include
hmic losses, concentration overpotentials and activation over-
otentials, which are all partly responsible for the heat produced
ithin the cell. In general, irreversible losses are dominated at
igh current densities by concentration overpotentials and at low
urrent densities by activation overpotentials.

= Urev(x) + ηOhm(x) + ηconc,cathode(x) + ηconc,anode(x)

+ηact,cathode(x) + ηact,anode(x) (1)

The reversible potential is determined through the Nernst
quation, which predicts the minimum electrical potential
equired to split H2O at a particular location along the cell with
specific temperature and gas concentrations. Eq. (2) has been
erived assuming ideal gas behaviour. The solid structure tem-
erature is applied in the Nernst equation as the reactions take
lace at the triple phase boundaries (TPBs) where the electrolyte,
orous electrode and gas species meet at the interfaces between
he electrolyte and the electrodes. U0 represents the standard
otential, which corresponds to the reversible potential calcu-
ated at unity activity. It is determined as a function of the Gibbs
ree energy change involved in the reaction, taking the partial
ressures of H2, H2O and O2 to be at standard pressure.

rev(x) = U0(x) + �TS(x)

2F
ln

[
CH2 (x)[PO2 × 10−5]

0.5

CH2O(x)

]
(2)

.1.1. Ohmic losses
Ohmic losses originate from the resistance to the conduc-

ion of ions through the electrolyte and electrons through the
lectrodes and interconnect, as well as from the contact resis-

ances, which exist between cell components. Ohmic losses are
inearly proportional to the current density and can be deter-

ined through Ohm’s law as shown in Eq. (3), where j and
Ohm represent the local current density and local cell resistance,

b

η

Sources 166 (2007) 127–136

espectively. ROhm is calculated using the conductivity data of
ach layer of the solid structure. In Eq. (4), cross plane charge
ow and series connection of resistances have been assumed
7]. The resistance through the interconnect and the contact
esistances are considered negligible. The conductivity of the
lectrodes are assumed constant along the cell while that of the
lectrolyte is estimated as a function of local temperature [18].

Ohm(x) = j(x)ROhm(x) (3)

Ohm(x) = τcathode

σcathode
+ τelectrolyte

σelectrolyte(x)
+ τanode

σanode
(4)

.1.2. Concentration overpotential losses
Concentration overpotentials occur if mass transport of the

as species involved in the reaction becomes the limiting factor.
hen current is flowing in the cell, reactant H2O is consumed

nd product H2 and O2 are formed at the TPBs. If the fluxes of the
eactant to, and the products away from, the TPBs are slower than
hat corresponding to the discharged electrical current, concen-
ration gradients for the species develop in the porous electrode.
he concentration overpotentials are the result of such concen-

ration gradients causing the actual reversible potential at the
PBs, shown in Eq. (5), to deviate from the reversible poten-

ial predicted by the Nernst Eq. (2) using bulk concentrations in
he cathode and anode streams. High current densities and high
team utilisation factors can contribute in creating significant
oncentration overpotentials.

rev,TPB(x)=U0(x)+ �TS(x)

2F
ln

⎡
⎣CTPB

H2
(x)[PTPB

O2
× 10−5]

0.5

CTPB
H2O(x)

⎤
⎦

(5)

conc(x) = �TS(x)

2F
ln

[
CTPB

H2
(x)CH2O(x)

CH2 (x)CTPB
H2O(x)

]

+�TS(x)

4F
ln

[
PTPB

O2

PO2

]
(6)

The difference between Eqs. (2) and (5) corresponds to the
oncentration overpotential (6) where the first and second terms
n the right hand side represent the concentration overpotential
t the cathode and anode, respectively. The cathode concen-
ration overpotential is presented separately in Eq. (7) while the
node concentration overpotential is not considered here, assum-
ng the difference between the O2 pressure at the TPBs and that
n the bulk stream to be negligible. Eqs. (8) and (9) show the
PB concentrations, determined for equimolar counter-current
ne-dimensional diffusion of H2 and H2O. Deff,cathode represents
he average effective diffusivity coefficient in the cathode, con-
idering a binary gas mixture of H2 and H2O. A method for
xpressing the mass diffusion activities in an SOFC [19,20] has

een adopted for an SOEC in deriving Eqs. (8) and (9).

conc,cathode(x) = �TS(x)

2F
ln

[
CTPB

H2
(x)CH2O(x)

CH2 (x)CTPB
H2O(x)

]
(7)
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Table 2
Pre-exponential factor and activation energy for the exchange current density

k 9 −1 −2 3 −1
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+ [TI (x) − TC(x)] (16)
cathode 654 × 10 � m Ecathode 140 × 10 J mol

anode 235 × 109 �−1 m−2 Eanode 137 × 103 J mol−1

TPB
H2

(x) = CH2 (x) + τcathode

2FDeff,cathode
j(x) (8)

TPB
H2O(x) = CH2O(x) − τcathode

2FDeff,cathode
j(x) (9)

.1.3. Activation overpotential losses
Activation overpotentials are related to the chemical kinet-

cs of the reactions. They are classically determined through
he Butler–Volmer equation. For the cathode activation over-
otential, the extended form of the Butler–Volmer equation is
pplied in Eq. (10) to account for the differences in the gas con-
entrations at the TPBs and in the bulk stream. For the anode
ctivation overpotential (11), the simplified form is used, as the
ifference between the O2 concentration at TPBs and that in the
ulk stream has been assumed negligible. Although reactions are
enerally rapid and activation overpotentials tend to be small at
igh temperatures, they can become the most significant form
f irreversible losses as the operating temperature is reduced.

(x) = j0,cathode(x)

[
CTPB

H2
(x)

CH2 (x)
exp

[
2(1 − α)F

�TS(x)
ηact,cathode(x)

]

−CTPB
H2O(x)

CH2O(x)
exp

[ −2αF

�TS(x)
ηact,cathode(x)

]]
(10)

(x) = j0,anode(x)

[
exp

[
2(1 − α)F

�TS(x)
ηact,anode(x)

]

− exp

[ −2αF

�TS(x)
ηact,anode(x)

]]
(11)

α (usually taken to be 0.5), j0,cathode and j0,anode represent
he transfer coefficient and the exchange current density for
he cathode and anode, respectively. Electrode exchange current
ensities are expressed in Eq. (12) as a function of the pre-
xponential factor and activation energy. Here it was assumed
hat in an SOEC, the forward and backward reactions at each
lectrode as well as the electrode materials are the reverse of
hose in an SOFC. Hence the values used for kanode and Eanode
n previous IT-SOFC studies have been substituted into kcathode
nd Ecathode in the IT-SOEC model. The same assumption is used
hen assigning the values to the IT-SOEC anode kinetic param-

ters. The parameters employed for the IT-SOEC simulations
re shown in Table 2. [ ]

j0,electrode(x) = �TS(x)

2F
kelectrode exp

−Eelectrode

�TS(x)
electrode ∈ {cathode, anode}

(12)

T
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.2. Mass balance

The composition of the cathode stream evolves along the
ell as the H2/H2O mixture moves towards the outlet. Such a
omposition change is tracked in the model using the cathode
tream mass balance (13) and the boundary conditions at the cell
nlet (14), predicting the H2 and H2O concentrations at each
ocation along the channel. R represents the rate of reaction,
hich is related to the local current density through Faraday’s

aw (15), assuming a current efficiency of 100%. As for the anode
hannel, it is assumed that any O2 produced flows naturally out
f the channel and thus there is no forced gas movement as in the
athode side. Therefore, the developed model does not consider
n anode mass balance. Instead, the anode stream is modelled
s a flow of pure O2 at constant pressure along the cell. The
athode and anode stream velocities are assumed constant and
etermined from the outlet flow rate of the streams.

∂

∂t
[Ci(x)] = −uC

∂

∂x
[Ci(x)] + 1

hC

νiR(x), i ∈ {H2, H2O}
(13)

i(0) = C0
i , i ∈ {H2, H2O} (14)

(x) = j(x)

2F
(15)

.3. Energy balances

Eqs. (16)–(23) are used in predicting the temperatures of the
athode and anode streams, solid structure and interconnect. In
qs. (16) and (18), the first term on the right hand side relates to

he energy carried in the gas streams as they flow along the chan-
els. The energy balances consider the thermal fluxes between
he gas streams and the solid parts of the cell to be fully described
y convection. The convective heat transfer coefficients for the
athode and anode streams (kC and kA) are calculated using Eq.
24), assuming constant Nusselt number and hydraulic diameter
25). In the cathode stream, kC is assumed equivalent for both
he convective heat transfer over the solid structure and intercon-
ect surfaces. The same assumption is applied to kA in the anode
tream. The thermal fluxes along the solid parts of the cell are
odelled using Fourier’s law of heat conduction while radiative

eat exchange is taken into account between the solid structure
nd interconnect. The entire enthalpy change of the reaction is
ssumed to occur in the solid structure. Mean density and mean
eat capacity values are applied in the anode and cathode energy
alances. These are calculated as spatial averages of all the val-
es along the cell. The remaining gas and material properties
re taken to be constant along the cell.

∂

∂t
[TC(x)] = −uC

∂

∂x
[TC(x)] + kC

ρCcp,ChC
[TS(x) − TC(x)]

kC
ρCcp,ChC

C(0) = T 0
C (17)
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Table 3
Model input parameters and operating conditions

Cathode channel height, hC 0.001 m
Anode channel height, hA 0.001 m
Solid structure thickness, hS 570 × 10−6 m
Interconnect thickness, hI 500 × 10−6 m
Cell length, L 0.4 m
Cell width, W 0.1 m
Cathode thickness, τcathode 500 × 10−6 m
Electrolyte thickness, τelectrolyte 20 × 10−6 m
Anode thickness, τanode 50 × 10−6 m
Cathode electric conductivity, σcathode 80 × 103 �−1 m−1

Electrolyte ionic conductivity, σelectrolyte 33.4 × 103exp
(−10.3×103/TS) �−1 m−1

Anode electric conductivity, σanode 8.4 × 103 �−1 m−1

Cathode average effective diffusivity, Deff,cathode 36.6 × 10−6 m−2 s−1

Solid structure emissivity, εS 0.8
Interconnect emissivity, εI 0.1
Solid structure heat capacity, Cp,S 500 J kg−1 K−1

Interconnect heat capacity, Cp,I 500 J kg−1 K−1

Solid structure thermal conductivity, λS 2 J m−1 s−1 K−1

Interconnect thermal conductivity, λI 25 J m−1 s−1 K−1

Solid structure density, ρS 5900 kg m−3

Interconnect density, ρI 8000 kg m−3

Cathode stream Nusselt number, NuC 3.09
Anode stream Nusselt number, NuA 3.09
Transfer coefficient, α 0.5
Cathode stream inlet temperature, T 0

C 1023 K
Cathode stream inlet composition 10 mol% H2/90 mol% H2O
Anode stream composition 100 mol% O2

Operating pressure 0.1 × 106 Pa
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∂

∂t
[TA(x)] = −uA

∂

∂x
[TA(x)] + kA

ρAcp,AhA
[TS(x) − TA(x)]

+ kA

ρAcp,AhA
[TI(x) − TA(x)] (18)

A(0) = Ts(0) + TI(0)

2
(19)

∂

∂t
[TS(x)] = λS

ρScp,S

∂2

∂x2 [TS(x)] − kC

ρScp,ShS
[TS(x) − TC(x)]

− kA

ρScp,ShS
[TS(x) − TA(x)]

− 2

ρScp,ShS

[
σ[TS(x)4 − TI(x)4]

(1/εS) + (1/εI) − 1

]

+ 1

ρScp,ShS
[−�H(x)R(x) + j(x)U] (20)

∂

∂x
[TS(0)] = 0,

∂

∂x
[TS(L)] = 0 (21)

∂

∂t
[TI(x)] = λI

ρIcp,I

∂2

∂x2 [TI(x)] − kC

ρIcp,IhI
[TI(x) − TC(x)]

− kA

ρIcp,IhI
[TI(x) − TA(x)]

+ 2

ρIcp,IhI

[
σ[TS(x)4 − TI(x)4]

(1/εS) + (1/εI) − 1

]
(22)

∂

∂x
[TI(0)] = 0,

∂

∂x
[TI(L)] = 0 (23)

C = NuC
λC

dh,C
, kA = NuA

λA

dh,A
(24)

h,C = 2WhC

W + hC
, dh,A = 2WhA

W + hA
(25)

. Simulation results and discussion

The system of partial differential and algebraic Eqs. (1)–(4)
nd (7)–(25) presented in the previous sections is solved via the
nite difference method using gPROMS Model Builder 2.3.5
13]. The model input parameters and the operating conditions
pplied for the steady state simulations are introduced in Sec-
ion 3.1. Section 3.2 discusses the effects of current density and
emperature on the cell potential while Section 3.3 presents the
patially distributed simulation results.

.1. Input parameters and inlet operating conditions
In addition to the input parameters such as cell geometry,
aterial properties and inlet stream conditions, the IT-SOEC
odel described in the previous sections involves two degrees

I
l
t
H

verage current density 5000 A m−2

team utilisation factor 80%

f freedom. Here, average current density and steam utilisation
actor are adopted as the user-defined parameters from which
he inlet molar flux of steam is determined. The average cur-
ent density is directly proportional to the H2 production rate
hile the steam utilisation factor is the fraction of total inlet

team consumed by the reaction. Although a low steam utilisa-
ion factor is preferred from the stack efficiency point of view,
reduction in the steam utilisation factor results in an increased
athode stream flow rate for a given H2 production rate. In the
ystem design, the selection of the steam utilisation factor must
ake into account the efficiency of the entire system as well as the
dded investment cost involved in accommodating the increased
athode stream flow rate. It is also important for the steam utili-
ation factor to be low enough to avoid a significant increase in
he cathode concentration overpotential caused by steam starva-
ion near the cell outlet. Here, a value of 80% is chosen. Table 3
resents the model input parameters selected for the steady state
imulations including the cell geometry, the material proper-
ies, the cathode stream inlet temperature and composition, the
perating pressure, the average current density and the steam
tilisation factor. Due to the oxidising environment that pure
team would create at elevated temperatures, such a gas compo-
ition is not recommended for the cathode stream in an SOEC.

nstead, conceptual system designs may consider the recircu-
ation of some of the product hydrogen, which is mixed with
he steam at the inlet to ensure reducing conditions [10,14,21].
ere, 10 mol% H2 in the cathode inlet stream is assumed suf-
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ig. 3. Reversible potential and irreversible losses as a function of current
ensity at 1023 K. The gas compositions are equivalent to those at the cell inlet.

cient [10]. Note that the model assumes the cell with a total
ength of 0.4 m, comprising of four individual parts connected in
eries, each with a dimension of 0.1 m × 0.1 m. The cell geom-
try and material properties are based on the values employed
n a previously developed IT-SOFC model [7].

.2. Effects of operating conditions on the cell potential

The selection of operating conditions for an SOEC can
ignificantly influence the irreversible losses, altering the cell
otential required for the electrolysis. Such effect is illustrated
n Figs. 3 and 4, respectively, showing the cell potential as a func-
ion of current density and temperature. Note that these curves
o not result from the full IT-SOEC model described in Section
. Instead, Figs. 3 and 4 are produced using only the electro-
hemical model in Section 2.1, taking the cathode and anode

tream compositions to be equivalent to those at the cell inlet.

Fig. 3 shows the predicted cell potential at 1023 K, indicating
he contributions of the reversible potential and each form of irre-
ersible losses. As can be seen, all the irreversible losses increase

ig. 4. Reversible potential and irreversible losses as a function of temperature
t 5000 A m−2. The gas compositions are equivalent to those at the cell inlet.

h

3

s
d
p
i
S
m

o
5
c
t
o
A
n
d
c
7

Sources 166 (2007) 127–136 133

ith current density. At 8000 A m−2, the cell potential is around
.28 V with the anode activation overpotential being the largest
orm of irreversible losses at around 0.18 V, followed by the
hmic losses and the cathode activation overpotential at around
.11 V and 0.09 V, respectively. In spite of the cathode-supported
ature of the cell, the cathode concentration overpotential con-
ributes less than 0.02 V to the cell potential at 8000 A m−2.

hile the Ohmic losses show essentially linear increase with the
urrent density, the activation overpotentials follow non-linear
aths. Although a decreased current density allows the reduc-
ion in the cell potential and consequent decrease in electrical
nergy consumption, a low current density also results in a low
2 production rate per unit cell area. Therefore, the selection
f the current density at which the cell should be operated must
onsider the operating cost involved with the electrical energy
onsumption of the stack as well as the investment cost associ-
ted with the stack area required in supporting the specified H2
roduction rate.

Another operating condition to be selected in the design of
n SOEC is the operating temperature. The reversible potential
nd irreversible losses are illustrated as a function of tempera-
ure in Fig. 4. Except for the cathode concentration overpotential,
hich remains approximately constant, all the irreversible losses
ecrease with temperature. Between 973 and 1073 K, the cell
otential is significantly decreased from around 1.36 to 1.03 V,
ith the combined irreversible losses being reduced by more

han 60%. As expected from thermodynamics, the reversible
otential given by the Nernst equation also decreases with tem-
erature. The selection of the operating temperature must again
onsider the operating cost linked with the electrical energy
onsumption of the stack. In addition, it must account for
he investment cost involved in creating both a stack with the
equired thermal stability as well as the whole system that needs
o operate at that specified temperature. If the use of waste heat
rom external sources is considered, the temperature of such a
eat stream would also become an important factor.

.3. IT-SOEC operation

This section presents the spatially distributed steady state
imulation results obtained by solving the full IT-SOEC model
escribed in Section 2. Profiles of the temperature, the reversible
otential, the irreversible losses and the local current density are
llustrated along the cell. Different modes of operation for an
OEC are explained and the issues associated with the thermal
anagement of the cells are discussed.
Fig. 5 shows the temperature distribution along the cath-

de stream for the cell operation at average current densities of
000 A m−2 and 7000 A m−2, maintaining all other conditions
onsistent with Table 3. Note that the cathode stream tempera-
ure changes rapidly after the cell entry, reaching the temperature
f other cell components within a very short distance of the inlet.
s can be seen in Fig. 5, the temperature gradient depends sig-

ificantly on the average current density. While the temperature
ecreases along the cell at 5000 A m−2, the heat accumulation
auses the cell temperature to increase towards the outlet in the
000 A m−2 case. This dependence of the cell temperature gra-
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ig. 5. Cathode stream temperature along the cell for average current densities
f 5000 A m−2 and 7000 A m−2 and the conditions in Table 3.

ient on the average current density, or the hydrogen production
ate, thus calls for a strict cell temperature control.

The effect of current density on the temperature gradient can
e explained by considering the thermal energy (per mole of
2) consumed by the endothermic electrolysis reaction (T�S)

nd that produced by the irreversible losses within the cell
2Fηtotal), which are illustrated in Fig. 6 as a function of current
ensity at 1023 K. Note that these results are produced using
nly the electrochemical model in Section 2.1. The cathode
tream composition, averaged over the cell length, is taken as
6 mol% H2/54 mol% H2O, and employed here together with
he anode stream composition of 100 mol% O2. As can be
een, at 5000 A m−2 the irreversible losses are not sufficient
o provide the entire thermal energy consumed by the reac-
ion. Consequently, the temperature is decreased as the reaction

roceeds along the cell. At 7000 A m−2, however, the excess
eat produced via the irreversible losses causes the temperature
o rise towards the cell outlet. The curves intersect at around

ig. 6. Thermal energy (per mole of H2) consumed by the reaction (T�S) and
hat produced by the irreversible losses (2Fηtotal) as a function of current density
t 1023 K. The stream compositions are taken as 46 mol% H2/54 mol% H2O
nd 100 mol% O2.
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500 A m−2, where the thermal energy consumed by the reac-
ion is equivalent to that produced by the irreversible losses. Such
ondition corresponds to a thermoneutral operation in which
he entire enthalpy change in the electrolysis is matched by the
lectrical energy input to the cell.

In the view of energy efficiency and operating cost, an SOEC
tack should preferably be driven at current densities below that
f the thermoneutral operation. Such a condition, which results
n an endothermic stack operation, allows the opportunity to
ecover waste heat from external processes to partly replace the
lectrical energy consumption of the stack. However, as men-
ioned previously, the operation of the stack at lower current
ensities requires a larger stack area to support a given H2 pro-
uction rate, involving higher investment cost. The use of heat
rom external sources also involves extra capital cost in the
orm of additional equipment. One point to note at this stage
s that the curves on Fig. 6 correspond only to the cell opera-
ion under specified temperature and stream compositions. In an
ctual SOEC, these variables as well as the local current densi-
ies change along the cell. Therefore, imposing an endothermic
ondition, for example, at the inlet would not necessarily ensure
he entire cell to operate under the same mode.

As previously mentioned, the dependence of the cell tem-
erature distribution on the average current density poses some
hallenges in terms of stack temperature control. Although the
perating point of an SOEC stack is not expected to change
ramatically if using grid or nuclear electrical powers as the
nput, such is not the case if the input power varies significantly
ith time. It is thus essential to have an appropriate temperature

ontrol strategy in place. The implementation of an effective
ontrol strategy should avoid significant thermal excursions in
he stack, preventing the fracture of its components and ensuring
hat the operating mode of the stack remains constant. Avoid-
ng transitions in the operating mode is important as the system
equirements vary depending on whether the stack is employed
n an endothermic, thermoneutral or exothermic operation in
hich the average current density is above the thermoneutral
oint. One possible solution in achieving the control require-
ents would be to modify the SOEC design such that one more

egree of freedom is available to control the stack temperature.
s can be seen in [16], in the case of SOFCs, the stack tem-
erature is often controlled by varying the air flow through the
ell. Such strategy may potentially be applied in the case of
n SOEC where the introduction of air flow through the cell
ould both force the O2 product out of the anode channel and
id in controlling the temperature. Such air flow would, however,
ause the stack temperature to decrease and its effect needs to be
uantified. Different SOEC concepts with the aim of address-
ng the issue of temperature control are the focus of a future
ublication.

Figs. 7 and 8 show the contributions of the reversible poten-
ial and irreversible losses on the cell potential for the conditions
n Table 3, at the average current densities of 5000 A m−2
nd 7000 A m−2, respectively. In both cases, the activation
verpotentials dominate the irreversible losses while the con-
entration overpotentials remain insignificant along the cell. For
he 7000 A m−2 case, the thermodynamics predict the reversible



J. Udagawa et al. / Journal of Power Sources 166 (2007) 127–136 135

F
c

p
c
p
c
t
t
r
c
a
v
g
5
d
t
i
d
o

t
1

F
c

F
5

7
o
p
e
s
r
t
n
n
o
m
e

4

ig. 7. Reversible potential and irreversible losses along the cell for the average
urrent density of 5000 A m−2 and for the conditions in Table 3.

otential to decrease as the cell temperature is raised along the
ell. Fig. 8, however, indicates an increase in the reversible
otential along the cell due to the change in the cathode stream
omposition. The similarity between the reversible potential dis-
ributions in Figs. 7 and 8, in spite of the difference in the
emperature distributions for the two cases, suggests that the
eversible potential is more strongly coupled with the stream
omposition than with the cell temperature in the range of the
nalysis. Figs. 7 and 8 also show the overall reduction in the irre-
ersible losses along the cell. Although a negative temperature
radient is observed in Fig. 5 for the average current density of
000 A m−2, Ohmic losses and the activation overpotentials are
ecreased along the cell in Fig. 7. This is due to the rapid reduc-
ion in the local current density, indicating a significant decrease
n the H2 production rate along the cell. The local current density
istributions are shown in Fig. 9 for the average current densities

−2 −2
f 5000 A m and 7000 A m .
The steady state simulations of the full IT-SOEC model for

he conditions in Table 3 predict cell potentials of 1.28 V and
.30 V for the average current densities of 5000 A m−2 and

ig. 8. Reversible potential and irreversible losses along the cell for the average
urrent density of 7000 A m−2 and for the conditions in Table 3.
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ig. 9. Local current density along the cell for the average current densities of
000 A m−2 and 7000 A m−2, and for the conditions in Table 3.

000 A m−2, respectively. For the 7000 A m−2 case in which the
utlet gas temperature is above the inlet temperature, it may be
ossible to bring the inlet stream up to the required temperature
ntirely through heat recovery from the outlet streams. With
uch a system design, electricity is the only source of energy
equired for the stacks. The predicted 1.30 V equates to an elec-
ricity consumption of around 250.1 kJ mol−1 H2 or 3.1 kW h per
ormal m3 of H2. This is significantly lower than 4.2 kW h per
ormal m3 of H2, which is the electricity consumption of one
f the most efficient low temperature electrolysis stacks com-
ercially available today [22]. Neither values include parasitic

nergy consumption within the system.

. Conclusions

A one-dimensional distributed dynamic model of a cathode-
upported planar IT-SOEC stack has been presented. The model
as been employed to study both the steady state behaviour
f an SOEC as well as its electrochemical performance at
arious current densities and temperatures. Electrochemical per-
ormance analysis alone has shown that, for the case where the
athode and anode inlet stream compositions are equivalent to
0 mol% H2/90 mol% H2O and 100 mol% O2 respectively, both
decrease in current density and an increase in the cell temper-
ture result in a reduction of the combined irreversible losses
nd thus a decrease in the electrical potential. Activation over-
otentials were observed to provide the largest contributions
o the irreversible losses while the concentration overpotentials
emained insignificant throughout, in spite of the electrode-
upported nature of the cell. The steady state performance
nalysis of the cell has shown that for an average current density
f 7000 A m−2 and a cathode inlet stream temperature of 1023 K,
he cell potential is 1.30 V, which corresponds to an electricity
onsumption of around 3.1 kW h per normal m3 of H2. This is

ignificantly smaller than those of low temperature stacks com-
ercially available today. However, the dependence of the cell

emperature distribution on the average current density calls for
strict temperature control, especially during dynamic opera-
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ion. Alternative concepts to accommodate such a feature and
heir dynamic behaviour will be presented in the future.
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