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Fundamental characteristics of a solid oxide redox flow battery consisting of solid oxide electrochem-
ical cell (SOEC) and redox metal were studied by a gas-diffusion based time-dependent 1-D numerical
simulation taking both the electrochemical and redox reactions into account. Close attention was paid to
the distributions of the participating gas species and their effects on the charge/discharge performance.
The volume expansion/reduction of the porous metal associated with the redox reaction was modeled
as decrease/increase in local porosity. The numerical results for charge/discharge operation qualitatively
showed the time-dependent distributions of the related physical quantities such as the gas concentra-
tions, the active reaction region in the redox metal, and its local porosity. It was found that, to ensure
effective redox reaction throughout the operation, the gas diffusion in the redox metal should be carefully

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

Development of a large-capacity energy-storage device is a key
to realize an efficient smart grid system. It will enhance the capa-
bility of the smart grid to control and optimize the balance of power
generation and consumption. It is also expected to function as
a buffer for the fluctuation of power supply from the renewable
energy sources [1-3]. Various types of energy storage are in use or
under development today, in order to meet the requirement of the
smart grid, that is, high rate capacity, high round-trip efficiency,
long cycle life, and low life-cycle cost. For example, Na-S battery
and Li-ion battery stand out for their steady charge/discharge char-
acteristics. Low energy density, short shelf life, and use of toxic
materials are, however, the drawbacks that must be overcome
before a wide commercialization [4].

A solid oxide fuel cell is a device that directly converts the
chemical energy of reactants into electricity, and has an advan-
tage of high power generation efficiency. Recently much attention
is also paid to its reverse reaction, electrolysis [5-7]. Because of
the high potential of a solid oxide electrochemical cell (SOEC) as
an energy conversion device, a new concept of storage battery
was recently reported by Xu et al. [8]. This new concept battery
consists of SOEC and redox metal. They experimentally investi-
gated the storage-capacity, rate-capacity and round-trip efficiency
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to find its high potential to meet the demands of the smart grid. In
this new battery, two reactions simultaneously proceed at two dif-
ferent locations. The electrochemical reaction occurs at the SOEC
and the redox reaction at the redox metal. In the discharge oper-
ation, hydrogen is consumed at the SOEC to generate electricity
and steam. The generated steam is supplied for the metal oxida-
tion where hydrogen is produced and it is supplied to the SOEC
for further electricity generation. Then in the charge operation,
steam is consumed by the electrolysis operation at the SOEC to
generate hydrogen. The hydrogen is used to reduce the metal oxide
and the produced steam is supplied to the SOEC for further elec-
trolysis. Hydrogen/steam mixture gas plays a key role as a carrier
of oxygen atoms connecting two simultaneous reactions in both
charge and discharge operations. Because the reaction rates are
affected by the local concentrations of the participating species, to
understand the fundamental transport phenomena in the system
and their effects on the battery performance is essentially impor-
tant.

The main objective of this study is to reveal the fundamen-
tal characteristics of a battery based on this new principle with
our focus on the distributions of the participating gas species in
the system and their effects on the performance. As a first step,
we perform a gas-diffusion based time-dependent 1-D numerical
simulation for one of the simplest battery configurations taking
both the electrochemical and redox reactions into account. Time
dependent charge/discharge performance, distributions of the con-
centrations and reaction rates and volume change effect of the
redox metal are discussed.
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Fig. 1. Reactions (a) in discharge operation and (b) in charge operation.

2. Numerical procedure
2.1. Outline of battery

The concept of the battery is schematically explained in Fig. 1
with the reactions occurring at different positions. It is made of two
major components, a planar SOEC and the redox metal facing to the
SOEC. The redox metal is typically made of fine metal particles and
is symbolized as Me. In discharge operation shown in Fig. 1(a), two
electrochemical reactions and oxidation of Me by steam proceed
simultaneously in the system. The SOEC works as a fuel cell in this
mode. Oxide ion, 02, is formed on the air-side electrode through
the electrochemical reaction expressed as:

1/2(0;) 4+ 2~ — 0%~ (1

02~ migrates inside the electrolyte to the other side of the SOEC
and reacts electrochemically with hydrogen as:

H, + 0%~ — Hy0 + 2e” (2)

The generated steam is transported to the redox metal by gas dif-
fusion. It oxidizes the redox metal into metal oxide as:

Me 4+ nH,0 — MeO,, +nH, 3)

This reaction generates hydrogen that diffuses to the SOEC elec-
trode and is consumed as fuel for the power generation. With
reactions (1)-(3) combined, the total reaction can be written as
below:

Me +n/2(0;) — MeOp (4)

When all (or some part of) the redox metal is oxidized, the
battery needs to be recharged. In the charge operation shown in
Fig. 1(b), all the above reactions proceed in reverse directions.
The SOEC works as an electrolyser in this mode. The electrochem-
ical reactions on the air-side and hydrogen-side electrodes are
expressed as below, respectively:

0% > 1/2(0y) + 2e~ (5)
H,0 + 2e~ — Hy + 0% (6)

The hydrogen generated on the hydrogen-side electrode is trans-
ported to the redox metal by gas diffusion. It reduces the metal
oxide as:

MeO; + nH, - Me +nH,0 (7)

From the reactions (5)-(7), the total reaction in charge operation
can be described as below:

MeO, — Me +n/2(0,) (8)

When all (or some part of) the redox metal is reduced, the charge
operation is completed and the system is ready for next discharge.

The overall reaction equations express by Egs. (4) and (8) are
similar to that of a metal-air battery. There are, however, clear
differences that distinguish the new battery from the metal-air bat-
tery. It applies oxygen ion conductive material as an electrolyte. 02~
transfer operation involves more electrons thus it achieves higher
storage-capacity at a higher rate. Use of hydrogen/steam mixed gas
is also a unique advantage if we consider that hydrogen/steam gas
transfer is much easier than metal ion transfer. Furthermore in the
new battery, the electrochemical reaction (the SOEC) is physically
separated from the redox reaction (the redox metal). The separation
of the redox metal from other parts prevents structural damages
that may be caused by volume change of the redox metal associated
with redox reaction. To bridge the electrochemical reaction and
the redox reaction occurring at different positions, hydrogen/steam
mixture gas is needed between the SOEC and the redox metal.
The steam works as an oxygen-atom carrier between the SOEC
and the redox metal. The required amount of the mixture gas is
small because hydrogen atom is recycled during the oxygen-atom
transfer in a form of steam.

The direction of the reversible redox reaction is governed by the
mixture gas composition in the container. When hydrogen par-
tial pressure is above the equilibrium pressure of redox reaction
at a certain temperature, reduction is dominant, and vice versa.
If there is no current at the SOEC, the mixture gas composition
reaches to the equilibrium state and the redox reaction appar-
ently stops in the container. On the other hand, if there is a certain
amount of charge/discharge current at the SOEC associated with
the electrochemical reactions, the gas composition in the container
changes and it immediately leads the redox reaction into proceed-
ing in a corresponding direction. Under quasi-steady condition, the
amount of hydrogen reacting at the SOEC is the same as that of
hydrogen reacting at the redox metal, except when one of the cou-
pled reactions is too fast or too slow.

Redox material is typically small metal particles to ensure a large
surface area. As a bulk material, we treat it as porous material in
this study. When the redox metal is oxidized, its volume increases
resulting in a reduction of the pore space where the gas species
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Fig. 2. A schematic figure of the battery including the SOEC and the redox metal.

diffuse. The change of the condition of porous material affects gas
diffusion and redox reaction rate.

In this study we choose iron as the redox metal. Steam oxidizes
Fe into Fe304 as below [9-11]:

discharge
3Fe +4H,0 =

charge

Fe304 + 4H, (9)

The energy stored in iron corresponds to the Gibbs free energy
change of reactions (1) and (2). The theoretical energy density is
estimated to be 1323 Wh (kg-Fe)~! Fe with hydrogen reacting at
600°C, and charge capacity density 1280 Ah (kg-Fe)~1.

As explained above, the separation of power generation part and
power storage part is one of the key points of this battery. It also
gives us freedom to independently design the size of the SOEC and
the amount of the redox metal. As metal particles can easily be filled
in various shapes, both tubular and planar SOEC are available for
this battery.

2.2. Battery design and computational domain

We assume one of the simplest battery configurations. As
schematically shown in Fig. 2, it consists of the planar SOEC, the
redox metal and a container. The air-side electrode of the SOEC
is exposed to the air (N;:0,=0.79:0.21) while the hydrogen-side
electrode is to the hydrogen/steam mixture gas in the container.
The total pressure inside the container is assumed to be 1atm.
The redox metal is placed inside the container. Note that, unlike
the flow-type configuration in Xu et al. [8], there is no bulk fluid
motion in the container in this study. Focusing on the center part
of the system marked as a computational domain in Fig. 2, we
assume one-dimensional phenomena in the x-direction neglect-
ing the sidewall effects. The main design parameters of the system
are the length of the redox metal, L1, and the distance between the
SOEC and the redox metal, L,. L, is kept constant at 1 cm through-
out this study. L; is related to the amount of the redox metal per
unit area of the SOEC electrode. As a standard condition, we place
1gcm~2 of reduced metal with a porosity of 0.7 which results in L;
of 4.2 mm. We assume L; is constant during the operation unless
the amount of the redox metal is varied. As the redox metal is iron,
its volume increases by a factor of 2.1 when it is oxidized. The vol-
ume expansion/reduction caused by redox reaction affects the local
porosity of the redox metal.

2.3. Numerical modeling

In this paper, the distributions of the participating gas species in
the system and their effects on the battery performance are major
interests. 1-Dimensional numerical simulation based on a mass dif-
fusion equation is conducted to examine the dynamic behavior of
the battery affected by interaction of two parallel reactions.

2.3.1. Governing equation
The governing equation is the time-dependent 1-D diffusion
equation:

G 9d aG;

C, D, S and j denote the concentration of hydrogen or steam, gas
diffusion coefficient, mass production/consumption and species,
respectively. Mass production/consumption is associated with the
metal redox reaction. As explained in the latter sections, we assume
the concentration overpotential in the SOEC electrodes is negligi-
ble. The mass production/consumption is expressed as boundary
conditions on the SOEC side. On the other hand for the redox metal,
we consider the diffusion inside the porous material thus the mass
production/consumption effect appears in the equation as a source
term.

Inside the porous material, gas diffusion is limited and its effect
is taken into account by considering an effective diffusion coeffi-
cient, Deg. A precise evaluation of D¢ is a challenging problem itself
as it depends on the microstructure of the porous material. As this
study is a first step to understand the fundamental characteristics
of the new battery, we treat it in a simple way as:

&
Der =D— (1

where ¢ and t are the porosity and tortuosity factor of the porous
material. Following Melkote and Jensen [12], the tortuosity factor is
assumed to be reciprocal of the porosity, T =1/e. We further assume
that the representative pore diameter is much longer than the mean
free path of hydrogen and neglect Knudsen diffusion (rarefaction
effect).

2.3.2. Metal redox reaction model

We assume local thermal equilibrium and a large effective ther-
mal conductivity of the porous material resulting in a uniform
temperature assumption for the porous part. In a real system, its
temperature is to be determined as a result of the balance of the heat
generation/absorption in the system and heat loss to surround-
ings. For simplicity, in this study, we set a constant temperature
of 400°C.

We performed preliminary in-house experiment using iron par-
ticles at 400°C and obtained volume specific reaction rate. It is
expressed in terms of the partial pressures of hydrogen and steam,
pH2 and py,o0. When hydrogen partial pressure is below the equi-
librium pressure, the hydrogen generation rate is calculated as:

S = {=(ky x pu,) + (k2 x pH,0)} x M (12)

and is applied to Eq. (10). k; and k, are reaction coefficients deter-
mined from the experiments while M is the molar density of the
reactant. When hydrogen partial pressure is above the equilibrium
pressure, the hydrogen consumption rate of the redox metal is
calculated by the same equation with the figure minus.

2.3.3. Electrochemical model of the SOEC

The SOEC was assumed to have uniform temperature of 600 °C
and work under uniform current density condition. Electromotive
force (EMF), E, is evaluated by Nernst equation.

1/2
RT DPH, X Dg
E=E%+—In[ ——2 13
2F PH,0 (13)
AG°
0_ _
T (14)

Here, EC, R, T, F and P are standard electromotive force, universal
gas constant, temperature, Faraday constant and partial pressure,
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Fig. 3. Time history of terminal voltage (a) in charge operation and (b) discharge operation at 100 mA cm~2 with 1 g-Fe cm~2.

respectively. Concentration overpotential was neglected assuming
thin electrodes. The area specific resistances, ASR, associated with
IR loss and the activation overpotential were setas 1e—5and 2.5e—5
[€2 m?], respectively, by fitting i-V curve of an experiment at 600 °C
[13]. Although the activation overpotential in electrolysis mode is
generally different from that of fuel cell mode, the same expres-
sion was assumed in this study for simplicity. IR loss, 7opm, and
activation overpotential, nact, are expressed as:

Nohm = ASRonm x i (15)

Nact = ASRact x i (16)

where i is the current density (absolute value). Then the terminal
voltage, V, can be obtained as:

Discharge : Vdischarge = E — (Mohm + Nact)
Charge : Veharge = E + (Mohm + Nact)

for the discharge operation and charge operation, respectively.

2.3.4. Numerical procedure

An in-house program code was developed and was applied to
the battery model shown in Fig. 2. The governing equations were
discretized using the finite volume method. Non-uniform grid sys-
tem was applied with finer grid spacing in the redox metal porous
medium where a steep concentration gradient was expected. A sys-
tematic grid test was conducted to confirm that results had no grid
dependency.

2.3.5. Computational conditions

The steam/hydrogen mixture in the container is initially at equi-
librium state at 600 °C. The redox metal is totally reduced at the
beginning of the discharge operation, while it is totally oxidized
at the beginning of the charge operation. We assume the temper-
ature of the SOEC and the mixture gas is constant at 600 °C while
the redox material operates at 400 °C. The average current density
of the SOEC and the amount of the redox metal in the container
are basically set at 100mAcm~2 and 1gcm~2, respectively. They
are varied only in Sections 3.4 and 3.5 to see their effects on the
operation.

3. Results and discussion

3.1. Fundamental characteristics under charge/discharge
operations

The fundamental characteristics of the battery are discussed tak-
ing the case of the current density at 100 mA cm~2. Fig. 3 shows the
time history of the terminal voltage under charge/discharge con-
ditions. State of charge, SOC, is defined as the rate of electricity
(Ah) stored in the battery to that of full charge. When the battery
is fully charged, SOC is 100%. The terminal voltage under charge
condition is naturally higher than that under discharge condition.
Except for the last 10% of each operation, the redox reaction pro-
ceeds fast enough and it balances to the electrochemical reaction
resulting in an almost constant terminal voltage. Under this condi-
tion, the system appears to be in a quasi-steady state. A marked rise
of the terminal voltage in the charge operation at SOC larger than
90% reflects arise of hydrogen partial pressure in the container. It is
caused by limited consumption of hydrogen at the redox metal cor-
responding to Eq. (7). On the other hand, a marked decline of the
terminal voltage in the discharge operation at SOC smaller than
10% reflects a decline of hydrogen partial pressure in the container.
It is caused by limited generation of hydrogen at the redox metal
corresponding to Eq. (3).

3.2. Gas diffusion during operation

Fig. 4 shows the distribution of hydrogen partial pressure inside
the container, corresponding to Fig. 3. The area of 0.0<x<4.2 mm
corresponds to the porous part with the redox metal, and the
SOEC electrode surface is located at x=14.2 mm. As the mixture
gas is binary, steam partial pressure can easily be calculated from
Fig. 4. Under discharge operation, the hydrogen generated by metal
oxidation diffuses to the SOEC while hydrogen diffuses in the oppo-
site direction under charge operation. The figure shows that the
partial pressure of hydrogen in the container generally takes a
high value when SOC is high. Its increase/decrease during the
charge/discharge processis consistent with the marked rise/decline
of the terminal voltage observed in Fig. 3. It also shows that the dis-
tribution is relatively flat in x-direction in particular under charge
operation. In both discharge/charge operations, the distribution is
almost linear in the area of 4.2<x<14.2 mm. Inside the porous
part, on the other hand, the gradient is not constant and gener-
ally larger reflecting the limited diffusion coefficient express by Eq.
(11). The non-linear distribution pattern gradually changes as SOC
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Fig. 4. Distribution of hydrogen partial pressure in the container (a) in discharge operation and (b) in charge operation.

increases/decreases. The increase of the gradientis more prominent
in the discharge operation.

3.3. Evolution of redox reaction area

Partial pressure distribution in the porous part is affected by the
generation/consumption of hydrogen and steam associated with
the metal redox reaction. The distribution of hydrogen-generation
rate is shown in Fig. 5. Negative value in Fig. 5(b) corresponds to the
hydrogen consumption during the charge operation. As explained
in the Section 2.3.5, it is assumed that the redox metal, iron, is com-
pletely reduced at the initial state of the discharge operation and
is completely oxidized at the initial state of the charge operation.
Therefore the increase of SOC in charge operation and the decrease
of that in discharge operation correspond to the elapsed time.

During the discharge operation, steam generated at the SOEC
approaches to the redox metal by diffusion. Oxidation of the metal
first proceeds actively near the surface region close to the SOEC
(right side in Fig. 5(a)) due to relatively high steam partial pressure.
As oxidation goes on, the portion of the metal oxide increases near
the surface region and the active reaction region gradually shifts
into the inner part where fresh reduced metal exists. The increase
of the metal oxide can be confirmed in Fig. 6, which shows the
distribution of Fe304 ratio in the redox metal region. It is worth
noting in Fig. 6(a) that approximately 30% of metal near x =0 is still
not oxidized at SOC=10% in discharge operation. It is expected that
the drastic decrease of the terminal voltage at SOC < 10% observed
in Fig. 3(a) can be delayed by improving the gas diffusion in the
redox metal. Similar shift of the active reaction region can be seen
during charge operation as shown in Figs. 5(b) and 6(b).

Fig. 7 shows the distribution of local porosity in the redox metal.
Because the particles expand in volume when they are oxidized, the
local porosity changes depending on the degree of oxidation. At the
initial state, it distributes uniformly in both discharge/charge oper-
ations. Its value is noticeably low for the charge operation because
the particles are fully oxidized at the initial state. When the por-
tion of the oxidized particle is large, local porosity is low and the
effective diffusion coefficient takes a small value. The effect of the
particle expansion can be clearly seen in Figs. 4 and 5. In discharge
operation shown in Fig. 5(a), the reaction rate at the inner region is
moderate even at the beginning due to moderate diffusion through
the pores. In the charge operation shown in Fig. 5(b), on the other
hand, the reaction rate is close to zero around the inner region at the
beginning of operation because of insufficient diffusion limited by

the expanded particles. In Fig. 4(a), a steep partial pressure gradient
isformed near the surface region, x =4.2, and it gradually expands to
inner region, which agree well with the shift of the active reaction
region seen in Fig. 5(a). Under the calculation condition set in this
study, the gas diffusion is not completely blocked by the expanded
particles (metal oxide). It should be noted, however, that inappro-
priate filling of the particles may cause a sever decrease of the gas
diffusion coefficient to cause a fatal delay of the redox reaction.

Concerning the diffusion in the space between the SOEC and
the redox metal, no practical problem is observed under the calcu-
lation conditions and geometry set in this study. Diffusion inside
the porous redox metal is the major mass transfer phenomenon
that needs to be carefully considered.

3.4. Effects of current density

Fig. 8 shows the effects of the current density on the battery
operation. In discharge operation, the current density was varied
in the range between 10 and 2000mAcm~2 and was kept con-
stant during each operation. All other conditions were unchanged
from the base condition discussed above. A high current density
means the enhanced electrochemical reaction on the SOEC. The
terminal voltage is generally low at a high current density con-
dition, mainly because of the large ohmic and activation losses.
The terminal voltage, or more precisely the EMF, is also affected
by the hydrogen/steam composition at the electrode surface of
the SOEC. When the current density is raised, partial pressure of
steam increases. It enhances the hydrogen generation on the redox
metal until the hydrogen generation and consumption balances.
If two reactions balance, a quasi-steady state is established and
the power generation continues at a certain EMF corresponding
to the gas composition achieved. As SOC decreases in proportion
to the increase of the elapsed time, the amount of fresh reduced
metal available for the hydrogen generation decreases. As Fig. 8(a)
clearly shows, the terminal voltage sharply decreases at a certain
SOC in each current density. Under this SOC, high steam partial
pressure is needed to enhance the metal oxidation reaction but it
inevitably leads a sharp drop of EMF resulting in an insufficient
operation of the battery. The sharp drop of the terminal voltage
(EMF) is observed at a lower SOC for a higher current density.

The key phenomena in charge operation are the same as those in
discharge operation discussed above, except for the opposite direc-
tion of the reactions. One noticeable difference is that the current
density set in the calculations is low compared to that of discharge
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operation. To avoid a rapid degradation of the SOEC electrodes, the
terminal voltage in charge operation should not be raised too high.

3.5. Amount of the redox metal

From the battery concept, it is clear that the battery capacity is
determined by the total amount of the redox metal in the system
while the reactionrates are primarily controlled by the current den-
sity of the SOEC. Therefore the amount of the redox metal per unit
surface area of the SOEC electrode is an important design parame-
ter of the battery. Calculations were conducted varying the amount
of the redox metal in the container. Fig. 9 shows the distribution
of Fe304 ratio in discharge operation. Note that in Fig. 9(a) and (b),
the amount of the redox metal was set 0.1 gcm~2 and 10gcm2,
respectively. In this calculation, the initial porosity of reduced metal
was unchanged from the standard condition, 0.7. Variation of the
redox metal amount also means that the length of the redox metal
part, Ly, is varied. In Fig. 9(a), the metal oxidation proceeds almost
uniformly. It is ideal from the reaction point of view, because all the
redox metal is effectively utilized. The low battery capacity, how-
ever, is an obvious penalty as a system. The case with 10 gcm~2, the

redox metal has a large battery capacity but as shown in Fig. 9(b) a
significant delay of the redox reaction is observed at the inner part.
This result shows that setting a suitable amount of the redox metal
is a key to design this battery.

4. Conclusions

To understand the fundamental characteristics of a solid oxide
redox flow battery, a gas-diffusion based time-dependent 1-D
numerical simulation was conducted taking both the electrochem-
ical and redox reactions into account. The electrochemical reaction
rate at the SOEC is controlled by setting the current density as a
boundary condition. Volume change of the redox metal is modeled
as the change of local porosity and its effects on the gas diffusion
is considered. Particular attention is paid to the distributions of
the participating gas species, reaction rate, SOC and porosity in the
porous redox metal. The following conclusions are obtained:

(1) Fundamental charge/discharge behavior of a solid oxide
redox flow battery is numerically predicted. Reasonable and
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consistent results are obtained to discuss fundamental charac-
teristics of the battery qualitatively.

(2) The balance of reaction rates between the metal redox reaction
and the electrochemical reaction is an important factor. When
two reactions equally proceed, the terminal voltage is almost
constant and the system appears to be in a quasi-steady state.
Under a condition in which the metal redox reaction becomes
slow, the gas composition in the container shifts in a direction
to lower the system performance. Because of this slow reaction,
the terminal voltage quickly increases/decreases at the end of
the charge/discharge operation.

(3) The gas diffusion in the redox metal needs to be carefully
designed to ensure an effective reaction throughout the oper-
ation. At the beginning of the charge/discharge operation, the
redox reaction is active near the surface region of the redox
metal. The active region gradually moves to the inner region.
The volume change of the redox metal affects the effective dif-
fusion coefficient and its effect is particularly important in dis-
charge operation. The volume of the redox metal expands dur-
ing the discharge operation leading reduction of the effective

diffusion coefficient which limits the effective metal redox
reaction.
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