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Chapter 1

Introduction

1.1 Background

Development of a large-capacity energy-storage device is a key to realize an
efficient smart grid system. It will enhance the capability 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 [1.1-1.3]. Various types of rechargeable batteries 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 characteristics. Low energy density, short shelf life, and use of toxic
materials are, however, the drawbacks that must be overcome before a wide
commercialization [1.4]. Metal-air batteries also attract considerable attention as a
rechargeable battery, owing to their large capacity due to the unnecessity of oxidizer

storage at the cathode [1.5-1.9].



A solid oxide fuel cell (SOFC) is a device that directly converts the chemical
energy of reactants into electricity. It has an advantage of high power generation
efficiency even in systems with a relatively small capacity, compared with many other
energy systems. Intensive research and development are underway with variety of
possible applications such as portable systems [1.10, 1.11], residential cogeneration
system [1.12-14], vehicle APUs [1.15] and power supply systems including hybrid
system with gas turbines [1.16, 1.17].

Recently, much attention is also paid to its reverse reaction, electrolysis [1.18-20].
Steam is electrochemically decomposed into hydrogen and oxygen while consuming
electric energy in this reaction. From the energy point of view, we can convert the input
electric energy into the chemical energy of hydrogen through this reaction.

If a solid oxide electrochemical cell (SOEC) can operate in both the fuel cell and
electrolysis modes, which is often called as a reversible SOEC, the SOEC can be used
as energy storage systems [1.21-32]. When there is excess electricity, it is converted
into the chemical energy of hydrogen and stored until it is converted again into
electricity. Furthermore, hydrogen is not the only choice for the energy storage. For
example, Wendel et al. reported an SOEC system to produce hydrocarbon fuel by
methanation reaction of Ho/CO gained by electrolysis of steam/CO> [1.21, 1.22]. Sun et
al. presented a synthetic hydrocarbon fuel production using pressurized SOECs [1.22,
1.30]. In these examples the input energy is stored as chemical energy of generated
gasses.

A new concept of storage battery was recently reported by Xu et al. [1.33]. This
new concept battery consists of the reversible SOEC and the redox metal [1.34-44]. In

this new battery, two reactions simultaneously proceed at two different locations. The



electrochemical reaction occurs at the SOEC and the redox reaction at the redox metal.
In the discharge operation, hydrogen is consumed at the SOEC to generate electricity
and steam. The generated steam is supplied for the metal oxidation 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 electrolysis. Using iron as the redox metal, i.e.,
a solid oxide iron-air battery (SOIAB), the effectiveness of this concept was confirmed
through laboratory-scale experiments [1.33, 1.37-41]. Unlike the gas phase storage
explained in the previous paragraph, the overall reaction of this battery is the reduction
and oxidation of metal. Therefore it can also be classified as a metal-air battery. One
clear difference exists between the SOIAB and a conventional metal-air battery.
Compared with conventional metal-air batteries, a major advantage of the SOIAB is the
physical separation of the SOEC and the redox metal, which is enabled by the insertion
of a gaseous hydrogen/steam mixture as an oxygen carrier between the two components.
This can lead to cycle stability and easy system integration.

Because the concept of this battery is new and still in its early stage of
development, the feasibility of the concept has intensively been studied from different
aspects. Xu et al. [1.34] conducted a laboratory-scale experiment with a small tubular
SOEC at 800 °C and examined the energy storage efficiency that was defined as a ratio
of the output electricity against the input electricity. They successfully demonstrated the
average energy storage efficiency of 92% over 20 stable charge/discharge cycles. Using
an experimental setup similar to that of Xu et al., Zhao et al. [1.45, 1.46] performed

cyclic durability tests. The battery was continuously cycled 100 times and a gradual



decline in performance was observed. Leonide et al. [1.47] reported the results of a
long-term operation test utilizing an SOEC short stack at a constant temperature of 800
°C. They observed a decrease in the discharge capacity but nearly 40% of the storage
metal remained active even after 10,000 cycles. Although the results of these
experimental investigations are generally encouraging, further discussions are needed to
clarify the feasibility of the SOIAB.

An SOIAB operates at elevated temperature around 500 - 800 °C. It also includes
strong exothermic and/or endothermic reactions. Therefore, in addition to the energy
storage efficiency (the ratio of electricity output to input), the system round-trip
efficiency that considers not only the electric energy but the thermal energy input/output
should be clarified. System-level analyses of SOIABs found in literature are, however,
very few and its feasibility from the energy budget point of view is still unclear even for
a fundamental system configuration.

Thermal management and the control of heat and mass transfer phenomena inside
the SOIAB system is also important. While the entire SOIAB needs to be maintained at
a sufficiently elevated temperature, a hot spot leads to a rapid degradation of the device.
Sophisticated thermal management is essentially important to keep the spatial and
temporal temperature within allowable limits. In addition, the redox metal is typically
provided as porous body made of fine metal particles to ensure a large surface area. Its
redox reaction is naturally accompanied with local volume change that inevitably
affects the gas diffusion in the porous body. However, the heat and mass transfer inside
the SOIAB has not been discussed in detail so far, although it has strong effects on

performance, safety and durability of the battery.



The main objective of this study is to reveal the heat and mass transfer phenomena
associated with safe and effective operations of solid oxide iron—air batteries to clarify
the feasibility of SOIABs mainly from the point of view of thermal engineering and/or
heat and mass transfer. System round-trip efficiency of a fundamental system
configuration is discussed through system analyses while the detailed transport

phenomena inside the SOIAB are numerically investigated.



1.2. Outline of the thesis

Chapter 2 presents the outline of the SOIAB system including the reversible
reactions at the SOEC and the redox metal during charge/discharge operations, and the
classification of the system configurations.

Chapter 3 presents the study of system round-trip efficiency and energy flow of
the system, based on a 0-D model under a quasi-steady-state assumption. The round-trip
efficiency considering the electricity, chemical energy and thermal energy is
investigated on models with/without thermal management.

Chapter 4 presents the study of 1-D analysis of mass transfer effects on the battery.
Since the gas transfer between the SOEC and the redox metal is essential to the battery
reactions, the distributions of the participating gas species in the system and their effects
on the performance were focused with a simple model.

Chapter 5 presents the study of 2-D analysis of both heat and mass transfer effect.
Because of heat generation/absorption during the operations, thermal management are
dominant factor to the battery performance, in addition to gas transfer effects.

Chapter 6 summarizes the conclusions of this study and offers suggestions for

future work.
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Chapter 2

Outline of the SOIAB

2.1.Reversible reactions during discharge/charge

operations

Figure 2.1 schematically explains the concept of the battery with the reactions
occurring at different positions. The battery consists of two main components, an SOEC
and a redox metal facing the SOEC. The redox metal is typically provided in the form
of fine particles to ensure large surface area. In his study, iron is assumed as the redox
metal. In the discharge operation shown in Fig. 2.1 (a), the SOEC acts as a fuel cell
generating electric power as follows;

Air-side electrode: 1/202+2e — 07, (2.1)
Fuel-side electrode: H, + 0% — H,O +2¢". (2.2)

The generated steam is transported to the redox metal by gas diffusion. It oxidizes

the redox metal into a metal oxide as follows;
The redox metal: 3 Fe+4 HO — Fez0s+ 4 Ha. (2.3)

The generated hydrogen diffuses to the SOEC, and this cycle is repeated in the system.

13
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Figure 2.1. Reactions in (a) discharge operation and (b) charge operation.
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When all (or a certain amount) of the redox metal is oxidized, the battery must be
recharged.

Note that when iron is oxidized, the iron oxide can be wustite (FeO), magnetite
(Fes0a), or hematite (Fe2O3) depending on the temperature and oxygen partial pressure.
According to the potential diagram of the Fe-O system [2.1-3], the dominant redox
reaction in this study is between iron and magnetite because we assume a relatively low
temperature of approximately 600 °C. The formation of magnetite was also confirmed
in a preliminary experiment.

In the charge operation shown in Fig. 2.1 (b), all the above reactions proceed in

the reverse direction. The SOEC acts as an electrolyzer and the metal oxide is reduced

by hydrogen.
Air-side electrode: 0> — 1/202+2¢ (2.4)
Fuel-side electrode: H,O +2 e — H, + 0% (2.5)
The redox metal: FesOs+4 H, — 3 Fe+4H0 (2.6)

When all (or a certain amount) of the redox metal is reduced, the charge operation
is completed and the system is ready for the next discharge. From the above reactions,
the total reaction in the charge/discharge operation can be written as

3Fe+20; = Fes30.. 2.7

Essentially, reaction (2.7) is similar to that of a typical iron—air battery. A major
advantage of the SOIAB, however, is the physical separation of the electrochemical
reaction (SOEC) from the redox reaction (the redox metal). This separation prevents
structural damage that may occur from the change in volume of the redox metal

associated with the redox reaction. It also gives us freedom to independently design the

15



power and capacity of the battery since the system output power depends on the total
area of the SOEC electrode while the battery capacity is proportional to the amount of
the redox metal.

The direction of the reversible metal redox reaction is governed by the
composition of the gaseous hydrogen/steam mixture in the container. If the hydrogen
partial pressure is greater than the equilibrium pressure of the redox reaction (Egs. 2.3
and 2.6), the reduction is dominant, and vice versa. The hydrogen partial pressure is
determined by hydrogen generation/absorption by the SOEC. As metal particles can
easily be filled into spaces with various shapes, both tubular and planar SOECs are
possible for this battery. Packed fine particles of the redox metal are used to ensure a
large surface area. We treat the packed particles as a porous material in this study. When
the redox metal is oxidized, its volume increases and the pore space in which the gas
species diffuse is reduced. Therefore, a change in the state of the porous material affects
the gas diffusion and redox reaction rate. With iron as the redox metal, the theoretical
capacity density is 1280 Ah/kg-Fe, corresponding to the amount of hydrogen generated

from iron.
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2.2. Battery designs

Similarly to solid oxide fuel cells, many different cell designs and system
configurations are possible for SOIABs [2.1-12]. The proposed system configurations
reported in the literature can be classified into two groups.

In the first group, the SOEC and the redox metal are packed in a single package
[2.2, 2.7, 2.11] as shown in Fig. 2.1. In the gap between the SOEC fuel electrode and
the redox metal, the hydrogen/steam mixture naturally diffuses without any additional
power input. That is, devices such as a blower for the hydrogen/steam mixture are not
needed in this configuration and therefore the system is simple. Because the SOEC and
the redox metal are physically close in this configuration, an operating temperature
suitable for both electrochemical and redox reactions must be chosen. Considering the
heat generation/absorption by the reactions, it can be considered that this configuration
is more challenging from the viewpoint of thermal management.

In the other group, the SOEC and the redox metal are placed in different
containers, and the two containers are connected via pipes to allow recirculation of the
hydrogen/steam mixture [2.8, 2.12] as shown in Fig. 2.2. In this configuration, suitable
operating temperatures for the SOEC and the redox metal can be separately selected.
The system can be slightly complicated because a high-temperature blower is required
for hydrogen/steam recirculation.

In this study, we first examine the system characteristics of an SOIAB and clarify
the system round-trip efficiency that is one of the most fundamental information for
discussion of its feasibility. The system analysis based on the components' 0-D models

are possible for the configuration of the second group shown in Fig. 2.2. It is because
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Figure 2.2. Schematic of the battery including the SOEC and the Fe box. Left: charge

process, right: discharge process.
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the components consisting of the system are separately allocated and the evaluation
method of each component is available (Chapter 3). On the other hand, for the
configuration of the first group shown in Fig. 2.1, the reactions of the SOEC and the
redox iron strongly interact each other. The investigation of the heat and mass transfer
phenomena inside the system becomes the main issue in this case. The 1-D mass
transfer simulation (Chapter 4) and 2-D heat and mass transfer simulation (Chapter 5)
are conducted.

The capacity of the battery can be adjusted by changing the amount of iron so that
a system matches to an application. Because this is a battery operating at elevated
temperature, we expect the system development starts with relatively small scale and
will expand to larger systems, similar to SOFCs. We, therefore, assume a small system
of 5-kWh capacity in this study. This is similar to a mid-range home-use battery system

commercially available in Japan as of 2015
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Chapter 3

System round-trip efficiency of SOIAB

3.1. Numerical modeling

3.1.1. Conditions and assumptions
For system round-trip efficiency analysis, two-container configuration shown in
Fig. 2.2 is adopted. Although the operation of a rechargeable battery is unsteady, we

assume that the system is in a quasi-steady state in both the charge and discharge modes.

This is because our 1-D and 2-D unsteady simulations [3.1-2] explained in Chapters 4

and 5 showed that a marked decline in performance occurred only in the last 5% of each
charge/discharge process when the reactants were almost consumed. It is also expected
that, in a practical application, the operation mode of the system will be changed before

it experiences a marked decline in performance.
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The charging time, tc, and discharging time, tp, are assumed to be 10 and 5 h,
respectively, corresponding to a daily charge/discharge cycle. Concerning the average
current densities, ic and ip, during the charge/discharge processes, respectively, from
the relationship tc ic= tp ip, we fix ic at 50 mA/cm? and ip at 100 mA/cm?. The output

electricity in the discharge process is fixed at 5 kwh for all calculations in this study.
Because the duration of the discharge process is 5 h, the system is a 1-kW-class system

in the fuel cell mode. Considering that the terminal voltage of a single cell is
approximately 1 V, the required total electrode area is approximately 1 m? for ip of 100
mA/cm?,

Here, to provide a clearer view of a system, an example of a possible cell/stack

geometry is presented, although it is not necessary to specify the cell geometries in this

study based on 0-D models of the components. Because the compactness of the system

is an important factor for a home-use application, we assume microtubular cells of 2

mm diameter [3.3-4]. Taking the example reported in ref. [3.3] of a1l cm x 4.6 cm x 3
cm (=W x H xL) module consisting of 45 cells (3 cells in width direction x 15 cells in
height direction), 20 modules are necessary to provide the required electrode surface
area. Hence, we assumed a stack core of 10 cm x 9.2 cm x 17.7 cm having 900 cells (30
cells in both width and height directions).

The operating temperatures of the SOEC and the Fe box are assumed to be the
same for simplicity and are kept constant at 600 °C. Both the SOEC and the Fe box are
thermally insulated from their surroundings. The area-specific resistances of the SOEC
associated with ohmic loss and activation overpotential are estimated from experiments

on microtubular cells performed at 600 °C [3.4], and they are set at ASRonm=0.10 Qcm?
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and ASRa=0.25 Qcm?, respectively. Although the activation overpotential in the
electrolysis mode is generally different from that in the fuel cell mode, the same
area-specific resistances are assumed in this study for simplicity. The concentration
overpotential is assumed to be small and is neglected.

We also assume that the redox reaction reaches its equilibrium state at the exit of
the Fe box. The composition of the hydrogen/steam mixture gas is determined
accordingly, and the gas is supplied to the SOEC. When the Fe box operates at 600 °C,
the hydrogen molar fraction at the SOEC inlet is 0.75. To avoid a low concentration of
the reactant near the exit of the SOEC, we set a relatively low fuel utilization factor
compared with that of a standard SOFC. The fuel utilization factor is set at 0.5. Note
that a low fuel utilization factor does not imply that energy is wasted because the fuel
gas is fully circulated. The air utilization factor of SOFCs varies with the system but is
generally within the range of 0.15-0.45. It is set at 0.3 in this study.

Dry air (N2: O2 = 0.79 : 0.21) is supplied to the air blower at 25 °C. The pressure
at the blower inlet is atmospheric pressure in both the air and fuel flows. The fuel-side
blower must be operated at an elevated temperature. Considering the upper limit of the
temperature of a blower that can be used in a small battery system for residential
application, we assume that the maximum allowable blower temperature is 150 °C.
Because of the low flow rates in the system, the pressure drops in both the air and fuel
passages were neglected.

The calculation conditions explained above are set as the base conditions and are
summarized in Table 3.1. The parameters are kept unchanged unless otherwise specified.

The effects of the operation conditions are discussed in sections 3.2.3-3.2.5.
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Table 3.1 Base operating conditions

Fe box 600 °C
SOEC 600 °C

Air blower 25°C
Charge current density 50 mA/cm?

Discharge current density 100 mA/cm?

Fuel utilization 0.5

Air utilization 0.3

3.1.2. System round-trip efficiency

For a rechargeable battery, the ratio of the output electricity, Pp, to the input
electricity, Pc, is of primary interest. It basically represents the round-trip efficiency of
an SOEC as a reversible cell that functions in both fuel cell and electrolysis modes. To
discuss the round-trip efficiency of the SOIAB system, we also need to consider the
thermal energy input to the system because the system requires a sufficient amount of

heat. We define the system round-trip efficiency, 7, as

I:)D

TR +Q +Qp G

n

where Qc and Qp are the heat inputs to the system during the charge and discharge
processes, respectively. In the calculation of the system round-trip efficiency, they are

allowed to take non-negative values. If there is excess heat generation in the system
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during any process, we assume that the excess heat is exhausted to the atmosphere and
Qc or Qp is set to zero when calculating the system round-trip efficiency.

Note that, as shown below, there is a simple relationship between Pc and Pp under
the assumptions employed in this study. First, the electromotive force, E, of the SOEC

is obtained from the Nernst equation as

(3.2)

AG® RT [ Py, Po;
BRI ' Ll
2F ' 2F

szo

where AG?, F, R, T and p;j are the change in the standard Gibbs free energy, the Faraday
constant, the gas constant, the temperature and the average partial pressure of species j,
respectively. Next, considering the ohmic loss and activation overpotential, the terminal

voltage of the SOEC in the charge/discharge process can be expressed as

V. =E+7. =E+i. x(ASR,,,+ ASR_,,) (3.3)

Vy =E—n, =E—i, x(ASR,,, + ASR_ ) (3.4)
where V¢, Vp, nc and 7p are the terminal voltages and potential losses in the

charge/discharge process, respectively. Consequently, the input electrical energy in the

charge process, Pc, can be calculated as

P. =P, x-S (3.5)

27



3.1.3. Generation/absorption of thermal energy and heat

transfer

3.1.3.1. Reaction heat

During charge process

In the SOEC, heat is absorbed via the reaction expressed by Eq. 2.5. Since the
reaction heat at the SOEC during the charge process, Qc soec, is related to the product of

the temperature, T, and the entropy change, A4S, it can be expressed as
QC,SOEC =Ny, X(_TSOECASEq.Z.S)’ (3.6)
where Ny is the total amount of H: that reacts in a charge operation. Heat is also

absorbed by the Fe box via the reaction expressed by Eg. 2.6. The reaction heat in the
Fe box during the charge operation, Qc, re-box, IS related to the enthalpy change (reaction
heat), ArH, and can be expressed as

Qc.re box = NMu, XA Heg 56 (3.7)

During discharge process

Similarly, heat is generated by the reactions expressed by Egs. 2.2 and 2.3. The
reaction heat at the SOEC during the discharge operation, Qo soec, is related to Eq. 2.2

and is expressed as
Qb soec = Ny, (_TSOECASEq.Z.Z ) (3.8)
The reaction heat in the Fe box during the discharge operation, Qp,re-box, is related

to Eq. 2.3 and can be expressed as
Qb re-box =M, XA Hegq o 3= =Qc ke box _ (3.9)

Note that Qp,soec and Qp,re-box are both negative since these reactions are exothermic.
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3.1.3.2. Losses in SOEC

There is also heat generation associated with the ohmic loss and activation
overpotential in the SOEC during both charge and discharge operations. The amount of
heat generated during the charge/discharge operation are expressed as Qc,, and Qp,,
respectively. The heat is expressed in the following forms;

P p
Qc,, :V_zxnm Qo :V_EXUD- (3.10)

In the calculation of system round-trip efficiency, the losses in the SOEC are
regarded as losses in electrical energy. Therefore, the generated heat expressed by Eq.
3.10 is not counted as a heat input to the system, although it is clearly a heat-generating

phenomenon occurring in the system.

3.1.3.3. Gas preheating

To maintain a high operation temperature, the gas flows must be preheated. The
maximum allowable fuel-blower temperature is 150 °C as mentioned earlier. The
mixture gas of hydrogen and steam must be cooled after it passes through the Fe box
and heated again before it enters the SOEC. In a simple system without thermal
recirculation, the amounts of heat required to preheat the air and fuel, Qair and Qfyel, are

expressed as

Qair = (Cm)air X (T SOEC_T ambient_air )Xt (311)

quel = (Cm)fuel X (T SOEC_T fuel_blower)x‘t (312)

where ¢ m and t are the heat capacity of the mixture gas, the mass flow rate and the

time, respectively, while T is the temperature at each location. The heat capacities
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(cm),, and (crh),, are evaluated from the gas composition and flow rate in each

fuel

charge/discharge operation. Gas properties are evaluated at the mean temperature.

3.1.3.4. Heat inputs to system during charge and discharge processes

The total heat input during the charge and discharge operation, Qc and Qbp,
respectively, are obtained by summing all the terms related to the heat input/output
except for the heat generated by the losses in the SOEC. Thus, Qc and Qp are expressed

as

Qc =Qc rebox + Qe soec + Qc.air T Qe ue - (3.13)

Qb = Qb Fe-box + Qo soec + Qp air + Qb el - (3.14)

Note that the heat is outgoing if the sign of the variables is negative as shown in Fig. 3.1
(a).

The reduction of Qair and Qruer is effective for enhancing the system round-trip

efficiency. In the discharge operation, it is possible to cancel the heat input with the heat

output caused by the exothermic reactions at the SOEC and the Fe box. In the charge

operation, however, the heat input is dominant.

3.1.3.5. Heat inputs to system with thermal recirculation

To reduce Qair and Qrer, We also discuss the case with thermal recirculation using three
heat exchangers (HEX1, HEX2 and HEX3) as shown in Fig. 3.1 (b). HEX1 carries heat
from the hot fuel at the Fe box outlet to the cool fuel at the fuel blower outlet, HEX2
carries heat from the hot fuel at the fuel blower inlet to the cool air at the air blower

outlet, and HEXS3 carries heat from the hot air at the SOEC outlet to the cool air at the
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(a) The system in which the thermal energy required to preheat the gases is considered.
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Figure 3.1. Main heat input/output of the system (a) The system in which the thermal

energy required to preheat the gases is considered, (b) The system with three heat

exchangers.
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SOEC inlet. They help to preheat the gases and reduce Qair and Qfuel. For all the heat
exchangers, the heat exchanger effectiveness was fixed at 0.85 during the charge

process).
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3.2. Results and discussion

3.2.1. Energy budget of fundamental system without thermal

recirculation

To clarify fundamental characteristics of the SOIAB, we start with a preliminary
discussion of a simple system and stepwisely take more realistic factors into account. In
the first step (Case 1), we focus only on the SOIAB and neglect the thermal energy
required to preheat the gases. Also, we assume an ideal SOEC with no IR loss or
overpotential. Under these two assumptions, Qc and Qp include only the reaction heats
expressed by Egs. 3.6-3.9, and the Sankey diagram of the Case 1 can be simplified as
shown in Fig. 3.2. A Sankey diagram shows the energy flow in a system. The white
rectangre shown in the center corresponds to the chemical energy stored as reduced iron.
The left side and right side correspond to the charging and discharging process,
respectively. The upper arrow (green) shows the electric energy while the lower arrow
(red) shows the thermal energy. The system round-trip efficiency in the electrical
energy budget is 100% (Pp/Pc = 1.0). If we consider the thermal input for endothermic
reactions of Egs. 2 4-2.6, however, the round-trip efficiency of this ideal system is
evaluated to be 73% from Eq. 3.1.

In the second step (Case 2), when the effects of the IR loss and activation
overpotential in the SOEC are considered, the input electrical energy should be
increased to maintain the output electrical energy. The Sankey diagram of this case is
shown in Fig. 3.3. The ratio of the electric output to the electric input, Po/Pc, becomes
0.95; thus, the effects of the losses are not significant under the assumptions employed

in this study.
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Figure 3.2. Sankey diagram of SOIAB (Case 1). It assumes there is no loss in the

SOEC. Only the reaction heat associated with the electrochemical reaction and the

redox reaction are considered as the heat input/output. Numbers are the amount of

energy in kJ.

Charge
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Figure 3.3. Sankey diagram of SOIAB (Case 2). The effects of IR loss and the

activation overpotentials in the SOEC are added to the conditions of Case 1.
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Note that Xu et al. [3.5] achieved Po/Pc = 0.92 in their lab-scale experiment. The
system round-trip efficiency considering the thermal input for supplementation of the
reaction heat slightly decreases owing to the internal losses in the SOEC and becomes
70%.

In the third step (Case 3), we consider the thermal energy required to preheat the
supply gases, Qair and Qe expressed by Egs. 3.11 and 3.12, respectively. For the case
without thermal recirculation by the heat exchangers, the starting temperatures of the air
flow and fuel flow are 25 °C and 150 °C, respectively. For this case, a Sankey diagram
is shown in Fig. 3.4, which shows the energy flow in the system. Cre (white) shown in
the center corresponds to the chemical energy stored as reduced iron. The left and right
sides correspond to the charge and discharge operations, respectively. The upper arrow
(green) shows the electrical energy while the lower arrow (red) shows the thermal
energy. The figures shown next to the variables are the amounts of energy in kJ. The
value of Pp/Pc remains at 0.95, the same as before. As can be clearly seen from the
figure, the amount of thermal energy required to preheat the gases is relatively large,
and the resulting system round-trip efficiency drops to as low as 26%. Thus, to improve
the system round-trip efficiency, efficient thermal recirculation of the gas flows is

considered to be indispensable as described in the next section
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Figure 3.4. Sankey diagram of SOIAB (Case 3). The thermal energy required to preheat

the gases is considered.
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3.2.2. Energy flows in SOIAB system with thermal

recirculation

Because preheating the gas requires most of the heat input in a relatively small 5
Wh system we previously introduced the system with three heat exchangers in section
3.1.35 (Fig. 3.1 (b)). Table 3.2 summarizes the gas temperatures at various
characteristic positions in the charge/discharge process. The energy flow for the present
case is shown as a Sankey diagram in Fig. 3.5. The system round-trip efficiency
increases to 61%, which shows the striking impact of thermal recirculation. The ratio of
the electric output to electric input, Po/Pc, remains the same as that in section 3.2.1
(0.95).

Since the thermal energy input to preheat the gases is markedly less than that
shown in Fig. 3.4, the reaction heat in the charge process becomes the main component
of the heat input. To further reduce the heat input, the use of a regenerator (a
storage-type heat exchanger) that recovers the heat exhausted during the discharge
process is also an attractive method. Considering the heat-loss penalty of a small-scale
regenerator, however, the use of a regenerator is more suitable for large-scale systems.
Furthermore, a regenerator requires the operating temperature to be higher in the
discharge process than in the charge process. The implementation of a regenerator in the
system will be discussed elsewhere and is beyond the scope of this study.

For operation under the base conditions discussed above, in sections 3.3 to 3.5, we
examine the effects of various parameters on the round-trip efficiency of the system to
investigate its characteristics in detail. Only the parameter explicitly stated is varied

while the other calculation conditions are fixed at the base conditions.
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Tabe 3.2 Gas temperatures at various points in the system under the base operating

conditions
Charge:
Path Gas In Out
Hot side Fuel 600 °C 136 °C
HEX1
Cold side Fuel 49 °C 517 °C
Hot side Fuel 136 °C 49 °C
HEX?2
Cold side Air 25°C 119 °C
Hot side Air 600 °C 223 °C
HEX3
Cold side Air 119 °C 528 °C
Fuel Blower Fuel 49 °C -
Discharge:
Path Gas In Out
Hot side Fuel 600 °C 89 °C
HEX1
Cold side Fuel 26 °C 540 °C
Hot side Fuel 89 °C 26 °C
HEX?2
Cold side Air 25°C 48 °C
Hot side Air 600 °C 202 °C
HEX3
Cold side Air 48 °C 432 °C
Fuel Blower Fuel 26 °C -
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Figure 3.5. Sankey diagram of SOIAB system with three heat exchangers (Case 4).
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3.2.3. Effects of heat exchanger effectiveness on round-trip

efficiency

Figure 3.6 shows the effects of the heat exchanger effectiveness on the system
round-trip efficiency. Here, the effectiveness of one heat exchanger is varied while
maintaining the values for the other two heat exchangers at 0.85. The figure shows that
the effectiveness of HEX3 has a strong effect on the system round-trip efficiency. This
Is reasonable because the amount of heat exchanged by HEXS3 is the largest among the
three heat exchangers. Higher system round-trip efficiency is expected when the
effectiveness of HEX3 is high. At the point marked with a square, which is “a
heat-balanced point”, the input heat during the discharge process, Qp, is equal to zero.
When the effectiveness of HEX3 decreases and passes over the heat-balanced point, the
slope of the round-trip efficiency becomes steeper since Qp > 0. This means that heat
must be input to the system even in the discharge operation, which reduces its
round-trip efficiency. The effectiveness of HEX1 also substantially affects the
round-trip efficiency. When the effectiveness of HEX1 is reduced, the heat input
required to preheat the fuel gas increases. This leads to a decrease in the round-trip
efficiency. On the other hand, the effect of HEX2 on the system round-trip efficiency is
not significant. The line comes to an end at a point marked “x” in this case. This mark
corresponds to the state where the temperature of the fuel mixture gas at the blower

reaches the maximum allowable blower temperature (150 °C).
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Figure 3.6. Effects of heat exchanger effectiveness on the system round-trip efficiency.
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3.2.4. Effects of gas utilization factors on round-trip efficiency

and efficient and uniform operation

The effects of the gas utilization factors are shown in Fig. 3.7. The fuel and air
utilization factors are set at 0.5 and 0.3 under the base conditions, respectively. The
system round-trip efficiency increases with increasing air or fuel utilization factor. This
Is because the fuel/air flow rate decreases at a higher utilization factor, which reduces
the energy required for the preheating of the gas. Because the air flow rate is generally
higher than the fuel flow rate, the effect of the air utilization factor on the round-trip
efficiency is more prominent. In particular, in the region where the air utilization factor
is below the heat-balanced point, Qp > 0, the slopes become very steep and the system
round-trip efficiency markedly drops. This shows the importance of operating the
system under conditions where no heat input is required in the discharge operation. The
maximum allowable blower temperature gives the lower limit for the fuel utilization
factor and the higher limit for the air utilization factor.

In Fig. 3.7 (a), the calculation covers a very high fuel utilization condition. Note
that the effect of fuel depletion will appear in an actual system when the fuel utilization
factor is very high. Because the hydrogen molar fraction at the SOEC inlet is
approximately 0.75 (the equilibrium value at 600 °C), its value at the SOEC exit
becomes less than 0.15 when the fuel utilization factor is over 0.8 in the discharge
operation. To observe the effects of the gas utilization factors within the limitation of
the 0-D model simulation, we calculate the EMF at the SOEC exit, Eou, for each
combination of fuel and air utilization factors, which is normalized by the EMF at the

inlet, Ein, and is shown in Fig. 3.7 (b) as black contour lines. A lower value of Eou/Ein
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means a large variation of the local EMF within a single cell, which also indicates an
associated non-uniformity of the local current density, temperature and overpotential
distributions. In Fig. 3.7 (b), the combination of the fuel and air utilization factors that
gives the heat-balanced condition is depicted with a blue line. To avoid the condition of
Qo > 0, for which a low round-trip efficiency is expected, the system must be operated
in the region to the right of the curved blue line in the figure. On the other hand, the red

line in Fig. 3.7 (b) indicates the limit at which the fuel-blower
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temperature reaches its maximum allowable value of 150 °C; the system must be
operated in the region to the left of the red line in the figure. Consequently, the
acute-angled region bounded by the blue and red lines in Fig. 3.7 (b) shows conditions
for efficient and uniform operation under the constraints set in this study. For example,
if we assume an allowable lower limit of Eou/Ein is 0.9, the system should be operated
within the trianglular region formed by the blue line, red line and black line for Eout/Ein
= 0.9. As a result, the set of conditions for an efficient and uniform operation is

obtained.

3.2.5. Effects of current density on round-trip efficiency

As shown in Fig. 3.8, the round-trip efficiency changes with the current density
during the charge or discharge operation. Again, note that the operation time changes
with the current density according to the relationship tc ic = tp ip. As the current density
of either operation is increased, the round-trip efficiency decreases because the
electrical energy loss during the operation increases owing to higher internal losses. The
marked change in the round-trip efficiency observed under the low-current-density
condition in the charge operation is caused by the insufficient performance of the heat
exchangers during the discharge operation. As explained in section 3.1.3.5, the heat
exchangers are designed to meet the requirement for the charge operation in this study.
If the current density in the charge operation is low, the required heat transfer surface
area of the HEXs decreases owing to the low flow rates. The area, however, is

insufficient for the discharge operation. This results in an insufficient heat recovery for
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the preheating of air during the discharge operation. The demand for additional heat

input during the discharge operation increases, lowering the round-trip efficiency.
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3.3. Summary

A system simulation model of an SOIAB system was developed to investigate the
fundamental characteristics during the charge and discharge operations. The simulation
was conducted under a quasi-state assumption with 0-D models of the system
components, i.e., the SOEC, the Fe box and the heat exchangers. To clarify the energy
balance and also improve the system round-trip efficiency, special care was taken when
considering thermal aspects; not only a simple system but also a more complicated
system with thermal recirculation by three heat exchangers was investigated. That is, we
first defined the system round-trip efficiency in which the thermal energy as well as the
electrical energy is properly taken into account. Regarding thermal recirculation, we
discuss the effects of the factors practically imposed on heat exchangers, such as the
temperature limit and heat exchanger effectiveness. The specific conclusions obtained
in this study are summarized as follows:

(1) The theoretical round-trip efficiency of an ideal system is 73% at 600 °C.
Approximately 30% of the input energy is lost as reaction heat during the discharge
operation. The heat generation associated with the overpotentials in the SOEC is
insignificant compared with the reaction heat. When the thermal input to preheat the
gases is considered, the system round-trip efficiency decreases to as low as 26%. This is
because the heat required to preheat the gases is much larger than the reaction heat. The
system round-trip efficiency can be recovered by introducing heat exchangers to
circulate thermal energy from the exhaust gases. By utilizing heat exchangers, the

system round-trip efficiency recovers to 61% under the base conditions. Therefore, it is
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considered that the SOIAB has a potential to be utilized as a practical energy storage
device.

(2) The effects of the heat exchanger effectiveness, gas utilization and current
density were examined. The effectiveness of HEX1 or HEX3 has a noticeable impact on
the system round-trip efficiency, while that of HEX2 has little effect. A higher fuel/air
utilization factor is generally preferred from the view point of round-trip efficiency.
There is, however, an upper limit for the air utilization factor because the maximum
allowable fuel-blower temperature becomes a constraint. It also gives a lower limit for
fuel utilization. The operation conditions under which heat input is required even during
the discharge operation were clarified for each parameter examined. The system
round-trip efficiency considerably drops under these operation conditions. This
constraint gives a lower limit for the air utilization factor. By considering the effects of
the gas utilization factors, a window for operation was obtained in the air utilization and
fuel utilization plane. The thermal management at the elevated temperature for

decreasing the heat loss is a key to improve of the system round-trip efficiency.
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Chapter 4
1-D  numerical simulation of mass

transfer effects on SOIAB

4.1. Numerical procedure

4.1.1. Battery design and computational domain

We assume one of the simplest battery configurations with a single package of
Figs. 2.1 and 4.1. It consists of the planar SOEC, the redox metal and a container. The
air-side electrode of the SOEC is exposed to the air (N2 : Oz = 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 constantly 1 atm. The redox metal is
placed inside the container. Note that, unlike the flow-type configuration in Xu et al.
[4.1], 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. 4.1, we assume
one-dimensional phenomena in the x-direction neglecting 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 throughout this
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Figure 4.1. A schematic figure of the battery including the SOEC and the redox metal.
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study. L1 is related to the amount of the redox metal per unit area of the SOEC electrode.
As a standard condition, we place 1 g/cm? of reduced the redox metal with a porosity of
0.7 which results in L1 of 4.2 mm. We assume L1 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 volume expansion/reduction caused by redox

reaction affects the local porosity of the redox metal.

4.1.2. 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 diffusion equation is conducted to examine the dynamic

behavior of the battery affected by interaction of two parallel reactions.

4.1.2.1. Governing equation

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

Ny 0 oY
—_— = D& +Sj (41)

Y, 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 negligible. The mass

production/consumption is expressed as boundary conditions on the SOEC side. On the
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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 coefficient, Defr. A precise evaluation of
Deft 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
Dgs=D— 4.2)
T

where ¢ and 7 are the porosity and tortuosity factor of the porous material.
Following Melkote and Jensen [4.2], the tortuosity factor is assumed to be reciptocal of
the porosity, = = 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).

4.1.2.2. Metal redox reaction model

We assume local thermal equilibrium and a large effective thermal 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 surroundings. For simplicity, in this
study, we set a constant temperature of 400°C.

We performed preliminary in-house experiment using iron particles at 400°C and

obtained volume specific reaction rate. It is expressed in terms of the partial pressures of
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hydrogen and steam, pn2 and ph2o. When hydrogen partial pressure is below the

equilibrium pressure, the hydrogen generation rate is calculated as

S =1k x Py, )+ (ke x P Jix M (43)
and is applied to Eqg. 4.1. ki and ko are reaction coefficients determined 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 minus.

4.1.2.3. 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, E, is evaluated by Nernst

equation.
% 1/2
E=E0 4 R | Pre X Po, (4.4)
2F Ph,0
E° = AGY 45
- 2F (4.5)

Here, E°, R, T, F and p are standard electromotive force, universal gas constant,
temperature, Faraday constant and partial pressure, respectively. Concentration
overpotential was neglected assuming thin electrodes. The area specific resistances, ASR,
associated with IR loss and the activation overpotential were set as le-5 and 2.5e-5

[Q - m?], respectively, by fitting i-V curve of an experiment at 600 °C [4.3]. Although

the activation overpotential in electrolysis mode is generally different from that of fuel
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cell mode, the same expression was assumed in this study for simplicity. IR 10ss, #ohm,

and activation overpotential, 7act, are expressed as

nohm = ASRohm X I (46)

77act = ASRact Xi (4'7)

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

obtained as
Discharge : Vdischarge =E- (770hm + nact) (48)
Charge : Vaage = E+onm + 77act ) (4.9)

for the discharge operation and charge operation, respectively.

4.1.2.4. Numerical procedure

An in-house program code was developed and was applied to the battery model
shown in Fig. 4.1. The governing equations were discretized using the finite volume
method. Non-uniform grid system was applied with finer grid spacing in the redox
metal porous medium where a steep concentration gradient was expected. A systematic

grid test was conducted to confirm that results had no grid dependency.

4.1.2.5. Computational conditions

The steam/hydrogen mixture in the container is initially at equilibrium 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
temperature of the SOEC and the mixture gas are constant at 600 °C while the redox

material operates at 400 °C. The average current density of the SOEC and the amount of
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the redox metal in the container are basically set at 100 mA/cm? and 1 g/cm?,
respectively. They are varied only in sections 3-4 and 3-5 to see their effects on the

operation.
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4.2. Results and discussion

4.2.1. Fundamental characteristics charge/discharge

operations

The fundamental characteristics of the battery are discussed taking the case of the
current density at 100 mA/cm?. Fig. 4.2 shows the time history of the terminal voltage
under charge/discharge conditions. 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 proceeds fast enough and it balances to the electrochemical reaction resulting in
an almost constant terminal voltage. Under this condition, 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 a rise of hydrogen partial pressure in the container. It is caused
by limited consumption of hydrogen at the redox metal corresponding to Eg. 2.6. 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 Eg. 2.3.

4.2.2. Gas diffusion during operations

Figure 4.3 shows the distribution of hydrogen partial pressure inside the container,
corresponding to Fig. 4.2. 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. Since
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the mixture gas is binary, steam partial pressure can easily be calculated from Fig. 4.3.
Under discharge operation, the hydrogen generated by metal oxidation diffuses to the
SOEC while hydrogen diffuses in the opposite 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 process is
consistent with the marked rise/decline of the terminal voltage observed in Fig. 4.2. It
also shows that the distribution 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 generally larger reflecting the limited diffusion coefficient express by Eq.
4.2. The non-linear distribution pattern gradually changes as SOC increases/decreases.

The increase of the gradient is more prominent in the discharge operation.

4.2.3. 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. 4.4. Negative value in Fig.
4.4 (b) corresponds to the hydrogen consumption during the charge operation. As
explained in the subsection 4.2.1, it is assumed that the redox metal, iron, is completely
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.
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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. 4.4 (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. 4.5,
which shows the distribution of FezOx4 ratio in the redox metal region. It is worth noting
in Fig. 4.5 (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. 4.2 (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 Fig. 4.4 (b) and Fig. 4.5 (b).

Fig. 4.6 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 operations. Its value is noticeably low for the charge operation because
the particles are fully oxidized at the initial state. When the portion 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. 4.3 and 4.4.
In discharge operation shown in Fig. 4.4 (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. 4.4 (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. 4.3 (a), a steep partial pressure
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gradient is formed 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. 4.4 (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
inappropriate 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 calculation 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.

4.2.4. Effects of current density

Figure 4.7 shows the effects of the current density on the battery operation. In
discharge operation, the current density was varied in the range between 10 to 2000
mA/cm? and was kept constant 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 condition, 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
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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. 4.7 (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 direction of the reactions. One
noticeable difference is that the current density set in the calculations is low compared
to that of discharge operation. To avoid a rapid degradation of the SOEC electrodes, the

terminal voltage in charge operation should not be raised too high.

4.2.5. Effects of 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 reaction rates are primarily
controlled by the current density of the SOEC. Therefore the amount of the redox metal
per unit surface area of the SOEC electrode is an important design parameter of the
battery. Calculations were conducted varying the amount of the redox metal in the
container. Figure 4.8 shows the distribution of Fe3O4 ratio in discharge operation. Note
that in Fig. 4.8 (a) and (b), the amount of the redox metal was set 0.1 g/cm? and 10

g/cm?, respectively. In this calculation, the initial porosity of reduced metal was
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unchanged from the standard condition, 0.7. Variation of the redox metal amount also
means that the length of the redox metal part, L1, is varied. In Fig. 4.8 (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, however, is an
obvious penalty as a system. The case with 10 g/cm?, the redox metal has a larger
battery capacity but as shown in Fig. 4.8 (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.
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4.3. Summary

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 electrochemical 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 consistent results are obtained to discuss
fundamental characteristics 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 operation. 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
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metal affects the effective diffusion coefficient and its effect is particularly important in
discharge operation. The volume of the redox metal expands during the discharge
operation leading reduction of the effective diffusion coefficient which limits the
effective metal redox reaction. The large difference in spatial dispersion of the iron
utilization might lead to both blocking of efficient consumption and promoting of partial
degradation of iron, although it is considered that the gas diffusion is fast enough to

maintain the battery performance.
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Chapter 5
2-D numerical simulation of heat and

mass transfer effects on SOIAB

5.1. Numerical procedure

5.1.1. Battery design and computational domain

Figure 5.1 schematically shows the configuration of the battery, which consists of
an SOEC, the redox metal, a container, and an air channel. We set the x- and
y-coordinates in the air flow direction and the SOEC thickness direction, respectively.
For simplicity, we assume the system is long in z-direction (perpendicular to the x-y
plane) and focus only on the center region. That is, we assume uniform distribution of
all values in z-direction and consider the phenomena are two-dimensional. We further
simplify the air flow and the SOEC parts and we modeled each of these parts to be one
dimensional in x-direction. The models are to be explained in the next section. The

computational domain is marked with the red and blue broken line in Fig. 5.1. The
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Computational domain
Blue broken line: 1D
Red broken line: 2D

Air channel
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Electrolyte
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H, /H,0
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_Redox metal
’ (Fe / FeO,)

* Not to scale

Figure 5.1. Schematic figure of the battery including the SOEC and the redox metal.
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space inside the container is filled with the redox metal and the gaseous mixture of
hydrogen and steam. As this space is isolated from the surrounding region and no
external force is applied, the mass transfer inside the container is dominated by
diffusion. The amount of the redox metal per unit area of the SOEC electrode is set at 1,
5, 10, or 20 g/cm2. The porosity of the redox metal is assumed to be 0.37 when it is
fully oxidized.

For simplicity, the container wall is assumed to be very thin and that its heat
capacity is negligibly small. The container is thermally insulated and, therefore, heat
input to or heat release from the SOIAB occurs only through the heat exchange with the
air flow, which is constantly supplied at a temperature of 550 °C. The depth of the redox
metal (L) is related to the amount of the redox metal per area in the SOEC electrode. 1
g/cm? of reduced redox iron results in Lo of 4.2 mm. Other design parameters of the
system are as follows, length in x-direction, L1=100 mm, distance between redox metal
and SOEC, L3=10 mm, thickness of the SOEC, L4+=1.0 mm, and height of air channel,

Ls=2.0 mm.

5.1.2. Numerical modeling

The computational domain shown in Fig. 5.1 is divided into two 1-D simulations
and a 2-D simulation. They are all interrelated through the electrochemical reaction and
heat transfer. The heat and mass generation/absorption caused by the reactions are
considered as source terms. In 1-D simulations, the effects of heat transfer between the

solid phase and gas phase appear as a source term as well.
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5.1.2.1 1-D Simulation models for air flow and SOEC
As explained in the previous section, the air flow and the SOEC are treated as 1-D

simulations in the x-direction, respectively. For the air flow, the mass and energy

balances are considered neglecting the pressure drop along the channel.

apa + 8(paua) = Sa mass
ot OX ’

Mass: (5.1)

a(pacp,aTa)+ a(pan,auaTa) _ S

E : = 5.2
nergy 61: 8x a,heat ( )

where pa, Cp.a are mass density and specific heat of the binary mixture gas of nitrogen
and oxygen flowing in the air channel. ua is the velocity of the flow. Ta, and Tsoec are
the local temperature of the flow and the SOEC, respectively. Sa, mass and Sa, heat are

source terms. Reflecting the oxygen consumption/generation by the electrochemical

1
=~ —, where Moy, F and i are the molecular
4F L,

i
reaction, Sa mass IS calculated as +

weight of oxygen, Faraday constant and local current density. The sign is negative in

discharge operation. Sa, neat IS associated with the convective heat transfer between the
flow and the SOEC. It is expressed as h(TSOEC —Ta)/ Ls . h is the heat transfer

coefficient evaluated by assuming a constant Nusselt number of 4.86.
The SOEC is also treated as 1-D simulation in the x-direction. The energy

equation is solved.

8(/OSOECCp,SOEcTSOEc ) 0

Energy: o = & (ﬂsom

Tsoec
OX

j+ SSOEC,heat (53)

where psoec, Cp, soec, Asoec are mass density, specific heat and thermal conductivity of

the SOEC. Note that averaged values are used for these properties, evaluated
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considering the materials and thicknesses of the electrodes and electrolyte. The source

term, Ssoec, heat, Can be divided into three terms. The first term corresponds to the
convective heat transfer between the air flow and the SOEC, h(Ta —Tsomc )/ L, . The
second term corresponds to the heat exchange between the binary gas in the container

and the SOEC, —lgas(éTgas/ay)SOECSum/L4 . Agas is the thermal conductivity of the

binary gas. The last term is the heat generation/absorption associated with the
electrochemical reaction and the overpotentials in the SOEC and it is explained in the

section 5.1.2.4.

5.1.2.2 2-D Simulation model in the container

A time-dependent 2-D numerical simulation based on energy and mass diffusion
equations is conducted inside the container marked with the red broken line in Fig. 5.1.
The 2-D simulation domain is further divided into two regions: the porous redox metal
and the space between the SOEC and the redox metal. By choosing appropriate physical
properties corresponding to each region, the governing equations can be written in the

same form.

0 T 0 oT 0 oT
Energy equation: VCTF’) = &(ﬂ &j + 5(/1 EJ + Speat (5.4)

|V| tl t 5 5 ass, j '

Where p, Cp, T, 4, S, Y, j, D are mass density, specific heat, temperature, thermal
conductivity, sources, concentration of species, species, and gas diffusion coefficient,

respectively. Note that convection terms do not appear in these equations. Because of
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the small characteristic length, Lz, and the temperature difference, the buoyancy force
resulting from the variation in gas density cannot overcome the resistance caused by
fluid viscosity, that is, the Rayleigh number is much smaller than its critical value.
Natural convection does not occur under the calculation conditions set in this study and
the gas transfer is governed by the diffusion process. Heat and mass generation
associated with the reactions appear as source terms, Sheat OF Smass, j in the equations.

They are explained in the sections 5.1.2.3 and 5.1.2.4

5.1.2.3 Redox reaction model of metal

Although the redox reaction of iron involves complex elementary reactions, we
simplified it to the overall reactions expressed by Eqgs. 2.3 and 2.6 in this study. The
reaction rates were obtained from a preliminary experiment using fine iron particles.
Prior to the simulation, we performed thermogravimetry measurement for the iron
particles supplying the mixture gas of hydrogen and steam. The exhaust gas
composition was measured by using a mass spectrometry. The reaction rate is expressed
in terms of the partial pressures of hydrogen and steam, pr2 and pu2o and the molar
density of the reactant, M in this study. The reactant is Fe in discharge operation while
it is Fe3O4 in charge operation. Note that not only pr2 and pr2o but also M; is a function
of time and location since the reactant, Fe or FesOs, is consumed during the discharge
and charge operations. The reaction rate is used to calculate the source terms. For
example, the source term of Eq. 5.5 for hydrogen is evaluated using the local values of

PH2, PH20 and M as
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Discharge:
Smass,H2 = {_ (kl X P, )+ (kz X Ph,0 )}X M, (5.6)
Charge:

Smass,H2 = {_ (kl X P, )+ (k?_ X Ph,0 )}X M Fe:0, (5.7)
where ki and ko are reaction coefficients. The values of reaction coefficients were
evaluated by fitting the experimental data obtained by thermogravimetry measurement
measurements. The temperature dependence of the reaction rates is also considered by
changing the reaction coefficients in accordance with the temperature. Here, the rate is
proportional to only the molar density of the reactant assuming that the activity of the
solid phase (Fe or Fez0a) is unity. When the operations proceed and Fe or Fe3Os is
almost consumed up, the reaction rate decreases sharply and the discharge or charge
operation comes to an end. The molar density of Fe, Mre, is related to the state of charge,
SOC, which was explained in section 4.2.1, and is an important indicator of the battery
condition. The SOC is explained in the latter section.

The reduced gas diffusion inside the porous metal was taken into account by

considering an effective diffusion coefficient, Des. Here, we use the simple expression,
Dy =D, x&/7, where ¢ and 7 are the porosity and tortuosity factor of the porous
material, respectively. Do is the diffusion coefficient in a free space without porous
material. The tortuosity factor is assumed to be the reciprocal of the porosity, 7= 1/ ¢
[5.1].

We further assume that the representative pore diameter is much larger than the

mean free path of hydrogen and we neglect Knudsen diffusion. The effective thermal

conductivity of the porous region is modeled as Ay =¢9”tgas+(l—g)/1metal As we
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assume iron to be the redox metal, its volume increases by a factor of 2.1 when it is
oxidized. The volume expansion/shrinkage associated with the redox reaction is
considered via the change in the local porosity of the redox metal. When the redox
metal is fully reduced to Fe the porosity is 0.7 and when it is fully oxidized to Fe3O4 the

porosity is 0.37. It means that the Defr discussed above takes a value in a range of

0.14<D,; /D, <0.49, depending on the local porosity.

Iron oxidation and reduction are exothermic and endothermic reactions,
respectively. The reaction heat is evaluated from the enthalpy change, 4H, of Egs. 2.3
and 2.6, respectively, considering its temperature dependency [5.2]. The local reaction
rate is evaluated from the local pr2, pH20, Mi and temperature and by considering the
reaction heat, AH, the local heat generation or absorption is obtained and is applied to

the energy equation as a source term, Sheat.

5.1.2.4 Reaction model at SOEC

There will be nonuniform distributions of the temperature and gas concentrations
and, consequently, of the current density along the air-flow direction (x-direction) in the
SOEC. In this simulation, the average current density is set at 200 mA/cm? and the
terminal voltage is assumed to be uniform throughout the area, assuming high electric
conductivity of the electrodes. The current is assumed to flow only in the thickness
direction in the SOEC. The electromotive force, E, is locally evaluated by the Nernst

equation,

x pY?
£ g0+ R | Pre X Po, (5.8)
2F Ph,0
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_AG°
2F

EO

(5.9)

where E°, R, F, and AG are the standard electromotive force, gas constant, Faraday
constant and Gibbs free energy change, respectively. The concentration overpotential is
neglected. The IR loss, #7onm, 1S expressed as 7ohm = ASRonm™i, where i and ASRonm, are
the local current density and area-specific resistance, respectively. ASRonm Was set to be
1le-5 [Qm?] by fitting to an i-V curve obtained from an experiment performed at 600 °C
[5.3] and was assumed to be constant. The activation overpotential, 7act, is evaluated by

a Butler-Volmer type equation [5.4]

=i, {exp (%) —exp (%ﬂ (5.10)

The exchange current density, io, is generally a function of local temperature and gas
concentrations. In this study, however, its value is assumed to be constant at a value
estimated at 600 °C [5.3]. It is still difficult to find conclusive experimental data
available that cover both hydrogen oxidation and steam electrolysis using practically
same cells under low temperature condition set in this study, 500 - 650 °C. Then the

terminal voltage, V, can be obtained as

DiSCharge : Vdischarge =E- (nohm + nact) (511)

Charge : VCharge = E + (nohm + nact) (512)

The generation/consumption of oxygen associated with the electrochemical
reaction on the air-electrode is included in the calculation as a source term (see section
5.1.2.2). The generation/consumption of hydrogen or steam associated with the
electrochemical reactions on the fuel-side electrode are also included in the calculation

as a boundary condition at the surface of the electrode. It is introduced to the calculation
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as a source term of the gas-phase grid adjacent to the SOEC electrode. They are
evaluated from the local current density as shown in Table 5.1.

The hydrogen oxidation in discharge operation and the steam electrolysis reaction
in charge operation at the SOEC are exothermic and endothermic, respectively. In these
reactions, the thermal energy associated with TAS of Eqgs. 2.2 or 2.5 is released or
absorbed. A4S is the entropy change of the reaction. The local reaction rate is obtained
from the local current density and by considering TAS, the heat generation or absorption
is calculated and is included in the source term of the energy equation of the SOEC,
Ssoec, neat OF EQ. 5.3. In addition to this, there are heat generation caused by inner

resistance and activation overpotential during both hydrogen oxidation and steam

electrolysis. The heat generation associated with Joule heating, i’ xASR_, , and

activation overpotential, ix7,,, are also included in the source term of the energy

equation of the SOEC, Ssokc, heat OF EQ. 5.3.

5.1.2.5 Numerical procedure

An in-house program code was applied to the battery model shown in Fig. 5.1.
The governing equations were discretized using the finite volume method. A
nonuniform grid system was applied with finer grid spacing in the porous redox metal
medium, where a steep concentration gradient was expected. A fully implicit method
was used to solve Egs. 5.4 and 5.5. The time increment was set at 0.2 s for the iron
density of 1 g/cm?. A systematic test was conducted to confirm that the results were

independent of the grid or time increment. The boundary conditions for Egs. 5.4 and 5.5
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are summarized in Table 5.1 and Table 5.2. Note that the effects of the electrochemical

and redox reactions are taken into account through the source terms

5.1.2.6 Computational conditions

We conduct two types of calculations in this study. The first type is conducted for a
noncyclical simple discharge/charge operation to determine the fundamental
characteristics of the system. The redox metal is completely reduced/oxidized at the
beginning of the discharge/charge operation and set as the initial condition. As we
defined in section 4.2.1, the state of charge, SOC is the ratio of the capacity stored in the
battery to that at full charge. It is evaluated based on the molar density of Fe. At an
extreme condition when the battery is fully charged, all iron exists as Fe. If we write the
molar density of Fe at this condition as Mge?, the local SOC during the operation can be
expressed as Mre/Mge? using the instantaneous value of Mg at each location. The
battery's total SOC can be calculated taking the average of the local SOC. The SOC is
100% when the battery is fully charged. Because the current density is kept constant in
each operation, the elapsed time is proportional to SOC.

After the single discharge/charge calculations, a calculation of the
discharge/charge cycle operations is conducted. SOC is set at 100% as the initial
condition. When SOC reaches 50% in the first discharge operation, the operation mode

is switched to the charge operation and the battery is charged until SOC reaches 98%.
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Table 5.1. Mass generation rates of species by the electrochemical reactions [kgem™ s].

Smass,j
Position SOEC Operation
H2 H.O
. M H, i M H,0 i
: : : Discharge - — -
Computational  grid adjacent to 2F Ay 2F 4y
fuel-side electrode of SOEC M, i Mpyo i
Charge L — -
2F 4y 2F 4y
Ay: Grid size iny direction, M; : Molecular weight of species
Table 5.2. Boundary conditions.
T Yj
oT .« oT_ . oyY.
Fuel-side electrode of SOEC ~ Agas— = Agotig —2 —=0
ay interface 8}/ interface ay
Side walls
oY,
ﬂ =0 —1_0
(x=0, 100 mm) OX OX
Bottom wall oY
ar =0 —1-0
(y=0 mm) oy oy
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The discharge and charge operations are sequentially repeated three times with SOC
varied between 50% and 98%.

In both calculations, the system is initially set at 550 °C with a total pressure of 1
atm. The SOEC is operated in a constant-current mode. At the inlet of the air channel,
dry air (N2 : O2 = 79 : 21) is supplied at a constant temperature of 550 °C. The inlet
velocity of the air flow is fixed at 1.84 m/s. It corresponds to the oxygen utilization
factor of 5% in the discharge operation. Note that the air flow plays an important role in
maintaining the system temperature within a certain limit. Because the air inlet
temperature is kept constant, the air acts as coolant when there is excess heat generation

in the system, while it acts as a heat supply when there is insufficient heat in the system.
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5.2. Results and discussion

5.2.1. Fundamental characteristics under discharge/charge

operations

Figure 5.2 shows the operation curves, i.e., the terminal voltage as a function of
capacity density, under charge/discharge conditions for various iron densities. The iron
density is the amount of iron per unit area of the SOEC electrode. The thickness of the
redox metal in the container, Lo, is proportional to the iron density. L is 4.2, 21, 42 and
82 mm for iron density 1, 5, 10 and 20 g/cm?, respectively. Note that the capacity
density is proportional to SOC or (1-SOC) since SOC is the normalized capacity. The
capacity is also proportional to the elapsed time because the current density is kept
constant, although each iron density has a different elapsed time. The operation time is
approximately 6.5 h for an iron density of 1 g/cm?.

Comparing the discharge and charge operations, the terminal voltage under the
charge operation is naturally higher than that under the discharge operation. For each
operation, sharp changes are observed in the last part above a capacity density of 1200
mAh/g-Fe. This reflects the limited reaction of the redox metal since there is little
usable redox metal remaining at this stage. In the discharge operation, the terminal
voltage is lower at a higher iron density for the same SOC. The situation is opposite in
the charge operation; the terminal voltage is higher for a higher iron density. The
difference of the terminal voltage for different iron density is related to its temperature
and gas diffusion in the container, which are discussed in latter sections.

It was shown that the discharge and charge operations produce similar results, although

their tendencies are almost opposite. Therefore, the results of the discharge
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operation are discussed first hereafter, followed by those of the charge operation,

although graphs of both operations are shown next to each other in some figures.

5.2.2. Heat transfer during discharge operation

In the discharge operation, the oxidation of iron and the power generation
reactions in the SOEC are exothermic reactions generating heat. The generated heat is
removed from the system by the convective heat transfer between the air flow and the
SOEC. This means that the air functions not only as the oxygen supply for the
electrochemical reaction but also as the coolant of the system. The thermal budget
during the discharge operation is shown in Fig. 5.3 (a) for an iron density of 1 g/cm?. In
the figure, a negative value implies heat removal from the system. Heat generation from
the SOEC and the redox metal is almost constant under the constant-current operation
adopted in this study. In contrast, the amount of heat exchanged between the battery and
the air flow through convective heat transfer increases as time elapses. The figure shows
that the cooling effect of the air flow is not sufficient particularly at the beginning of the
operation.

The changes in the average temperatures of the SOEC and the redox metal
corresponding to Fig. 5.3 (a) are shown in Fig. 5.4 (a). The average temperature rises by
about 50 °C during the discharge operation. The temperature rise is steep at the
beginning of the operation when the temperatures of the SOEC and the redox metal are
relatively low. Since the air inlet temperature is kept constant in these calculations, the

temperature
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difference between the air flow and the SOEC is relatively small at the beginning of the
operation, which limits the cooling effect of the air. As a result, there is a large amount
of excess heat generation that leads to a rapid temperature rise. As time elapses, the
average temperature of the SOEC increases, increasing the temperature difference
between the air flow and the SOEC. This enhances the cooling effect of the air as shown

in Fig. 5.3 (a) and the gradient in Fig. 5.4 (a) becomes gradually small as time elapses.

5.2.3. Current density distribution of SOEC during discharge

operation

The distributions of the SOEC local temperature, the oxygen partial pressure in
the air flow, and the local current density along the air flow direction (x-direction) are
shown in Fig. 5.5 for an iron density of 1 g/cm? at SOCs of 2, 50, and 98%. Fig. 5.5 (a)
shows that the local temperature profile is relatively uniform, particularly at the
beginning of the discharge operation (SOC = 98%) and increases almost uniformly as
time elapses. In the upstream region, where the SOEC is exposed to fresh air,
temperature is relatively lower. The temperature difference along the x-direction is
approximately 12 °C at SOC = 2%. The oxygen partial pressure decreases along the air
flow direction, as shown in Fig. 5.5 (b), although the hydrogen partial pressure is almost
uniform along the SOEC (not shown). The local current density is higher in the
upstream region as shown in Fig. 5.5 (c). The slope of the local current density is steep
in the upstream region for SOC = 50% and 2%. This is attributed to the
above-mentioned temperature distributions. At high temperatures, the activation

overpotential is lower and the system becomes more

89



N
(=)
o

8 640 - —S‘OC=98% .
- L | ——S0C=50%
2 620 SOC=2% =
< o .
g 600 7
§ 580 | -
S s60 £ i
O L
W 540 1 1 L 1 1 1 L | 1

0 200 40 60 80 100

X (mm)
(a) SOEC temperature

e
0

—

£ 022 . . . .

& N

e

S 021 —
A T—

e i ) ‘7}$hi‘ —
2020k —
g | | ——SOC=98%

3 ——S0C =50 %

o - -
L SOC=2"%

(5] L

2n

>

>

S

o

20 40 60 80 100
x (mm)

(b) Oygen partial pressure

(=]
[
(=]

T T ™ 1
i —S0C=98%
—S0C=50%
SOC=2%

[y
(=]

[y
[e]
=)

Current density (mA/cm®)

O
(=)

x (mm)

(c) Current density
Figure 5.5. Distributions along air flow of (a) temperature of SOEC, (b) oxygen partial
pressure in air flow, and (c) current density of SOEC in discharge operation with iron

density of 1 g/cm?,

90



sensitive to the EMF. Because of the relatively low temperature in the upstream region,
the EMF is higher in this region, resulting in a higher local current density. The
difference in the local current density between the upstream and downstream is about
9%. Although the local temperature profile is relatively uniform with a maximum
difference of approximately 12 °C in this study, it has a clear effect on the local current

density distribution.

5.2.4. Evolution of redox reaction area during discharge

operation

The hydrogen partial pressure during the discharge operation is shown in Fig.5.6
(a) for four cases with different iron densities. It is an average value of the hydrogen
partial pressure in the free diffusion space between the SOEC and redox metal. As the
temperature rises (Fig. 5.4 (a)), the equilibrium partial pressure of hydrogen decreases
since the metal oxidation reaction is exothermic (Eq. 2.3). On the other hand, the
hydrogen partial pressure must be slightly below the equilibrium pressure during the
discharge operation so that the redox metal can supply sufficient hydrogen. Then, the
hydrogen partial pressure decreases with time as shown in Fig. 5.6 (a), following the
decrease in the equilibrium pressure. Note that the difference between the hydrogen
partial pressure and the equilibrium pressure depends on the balance between the
electrochemical reaction at the SOEC and the redox reaction. If the redox reaction is
slow and the hydrogen generation rate is insufficient to replace the hydrogen consumed

by the SOEC, the hydrogen partial pressure drops and the difference from the
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equilibrium pressure becomes large. This enhances the redox reaction to generate more
hydrogen. In contrast, if the redox reaction is sufficiently fast, the hydrogen partial
pressure remains close to the equilibrium pressure. These tendencies correspond well
with those in another experiment that we performed (not published). At the end of the
operation, when little fresh iron remains, the hydrogen partial pressure sharply drops as
shown in Fig. 5.6 (a). This is consistent with the sharp drop in the terminal voltage
observed in Fig.5.2 (a).

In Fig. 5.6 (a), the hydrogen partial pressure is generally lower for a higher iron
density. It is a combined effect of the temperature and gas diffusion. In addition to the
above mentioned change of the equilibrium pressure due to the temperature, the gas
diffusion affects the gas composition near the SOEC and consequently, the EMF. To
observe its effects, the distributions of the local hydrogen generation rate in the redox
metal and the local SOC are first examined in this section for an iron density of 1 g/cm?
as shown in Figs. 5.7 and 5.8, respectively. Note that only the redox metal region is
depicted in these figures. Metal oxidation first proceeds actively near the surface
approximately 3 mm <y <4 mm as shown in Fig. 5.7 (a). Then, reflecting the higher
local current density in the upstream shown in Fig. 5.5 (c), the main active area is the
upstream region of approximately 0 mm < x < 20 mm (Fig. 5.7 (b)). The local SOC
shown in the corresponding figures (Figs. 5.8 (a) and (b)) indicates the ratio of fresh
iron. It is clearly shown that after the fresh iron near the upstream surface region is
consumed, the active area shifts to the bottom downstream region, where a large amount
of iron remains (Figs. 5.7 (c) and 5.8 (c)). It makes the gas diffusion path in the redox

metal longer. Because the diffusion resistance increases, the gas composition in the
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density of 1 g/cm?.
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space between the SOEC and the redox metal shifts to steam-rich composition. The gas

diffusion effect is discussed in the next session.

5.2.5. Gas diffusion during discharge operation

Figure 5.9 shows the evolution of the distribution of local hydrogen partial
pressure for an iron density of 1 g/cm?. Note that this figure covers not only the redox
metal region but also the space between the redox metal and the SOEC electrode. When
the metal is oxidized, it expands and the local porosity decreases. The nonuniform local
porosity and its evolution inevitably affect the effective gas diffusion coefficient in the
porous metal region. These effects are taken into account in the calculations. At SOC =
98%, hydrogen is generated near the surface of the redox metal as shown in Figs. 5.7 (a)
and 5.10 (a). Because of the uniform hydrogen production in the x-direction, the gas
diffusion can be approximated as 1-D diffusion in the positive y-direction. Note that
because of the redox reaction, the local porosity of the redox metal becomes lower near
the surface at the beginning of the discharge process. The low-porosity region formed
near the surface acts as a barrier layer to reduced gas diffusion. At SOC = 50%, shown
in Fig. 5.9 (b), the hydrogen generation is active in the upstream region. The generated
hydrogen is supplied to the SOEC by diffusion while some of the hydrogen is trapped in
the bottom region of the redox metal. This is because the resistance to diffusion near the
redox surface is relatively high owing to the low porosity mentioned above. At SOC =
2%, the hydrogen generation is only active in the bottom downstream region in the
redox metal. The supply of hydrogen from only this region results in the contour map

shown in Fig. 5.9 (c), which is very different from that in Fig. 5.9 (a). Reflecting the
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reduced gas diffusion in the redox metal region (0 mm <y < 4 mm), the gradient is
steep in this area. In Fig. 5.9 (c), if we calculate the gradient in y-direction at x = 90 mm,
y =3 mm (inside of the porous metal), its value is 7 times larger than that calculated at x

=90 mm, y =5 mm (outside of the porous metal).
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Figure 5.9. Distribution of hydrogen partial pressure in the container in
discharge operation at (a) SOC = 98%, (b) SOC = 50%, and (c) at SOC = 2% with iron

density of 1 g/cm?.
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Although there is a clear difference in the gradient reflecting the difference of the
effective diffusion coefficient, the distribution of the hydrogen partial pressure can
generally be regarded as uniform for an iron density of 1 g/cm? shown in Fig. 5.10. Its
non-uniformity increases when the iron density is higher because the redox metal
thickness, Lo, is longer. The maximum difference of the hydrogen partial pressure
observed at SOC=50% and 2% for iron density of 20 g/cm? was 0.025 and 0.043 atm
that correspond to around 5 and 8 mV of EMF, respectively. It means if the gas
diffusion is effectively enhanced in the redox metal region, its terminal voltage shown
in Fig. 5.2 (a) can be improved to take a closer value of the iron density of 1 g/cm?. The
insufficient gas diffusion in the redox metal also causes another and probably severer
problem of a non-uniform utilization of the redox metal. Its effect will be more

prominent under high iron density condition and is to be discussed in section 5.2.7.

5.2.6. Charge operation

The phenomena observed during the charge operation can generally be understood
as the result of reverse reactions to those occurring in the discharge operation. As shown
in Fig. 5.3 (b), the heat absorption resulting from the reduction of iron oxide and the
electrochemical reaction is almost constant during the operation. Note that the SOEC
operates below the thermal neutral point owing to the relatively low current density
assumed in this study. The heat supplied by the air is insufficient to maintain the
temperature of both the SOEC and the redox metal (Fig. 5.4 (b)). Their average

temperatures continue to decrease during the operation and never reach a thermal steady
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state. It is worth noting that the heat generation caused by the internal losses of the
SOEC can be effectively utilized to the endothermic reactions during the charge
operation, not only for the steam electrolysis but also for the reduction of Fez0a. If the
current density is high and heat generation from the SOEC is sufficient, there will be no
need for additional heat supply from outside of the system.

The distributions of the SOEC local temperature, the oxygen partial pressure in
the air flow, and the local current density along the x-direction during the charge
operation are shown in Fig. 5.10, which correspond to those in Fig. 5.5 for the discharge
operation. There is a noticeable difference in the local current density distribution for
the charge and discharge operations (Figs. 5.10 (c) and 5.5 (c)). In the charge operation,
the local current density remains relatively flat. As the temperature decreases, a higher
EMF is expected while the activation overpotential also increases. The current density
distribution is determined as a result of the trade-off between these two effects.

The temporal change in the hydrogen partial pressure shown in Fig. 5.6 (b) is
consistent with the time course of the temperature shown in Fig. 5.4 (b). Figure 5.6 (b)
also shows that the dependence of the hydrogen partial pressure on the iron density is
similar to that in the discharge operation. The distributions of the local hydrogen
absorption rate and local SOC are examined for an iron density of 1 g/cm? as shown in
Figs. 5.11 and 5.12, respectively. Note that only the redox metal region is depicted in
these figures. The active reaction area in the redox metal gradually shifts in a similar
manner to that in the discharge operation. When iron oxide is reduced, it shrinks and the

local porosity increases, increasing the rate of gas diffusion. This is a clear difference
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Figure 5.11. Distributions of hydrogen absorption rate in the redox metal region in
charge operation (a) at SOC = 2%, (b) at SOC = 50%, and (b) at SOC = 98% with iron

density of 1 g/cm?.
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between the discharge operation and the charge operation as follows. In the discharge
operation a barrier layer is formed near the surface region by the volume expansion of
iron, while in the charge operation the gas diffusion is enhanced as the iron oxide is
reduced. The active area moves to the inner region of the redox metal more rapidly in
the charge operation. The evolution of the local SOC progresses almost uniformly as

shown in Fig. 5.12 (b).

5.2.7. Discharge/charge cycle operation

The discharge/charge cycle operation was calculated with iron densities of 1 and 5
g/cm?. SOC is set at 100% at the beginning of the calculation. When SOC reaches 50%
in the first discharge operation, the operation mode is switched to the charge operation
and the battery is charged until SOC reaches 98%. The discharge and charge operations
are sequentially repeated three times with SOC varied between 50 and 98%. Figures
5.13 and 15 show the time courses of the temperature and SOC for iron densities of 1
and 5 g/cm?, respectively. In the cycle operation, the temperature rises in the discharge
operations and decreases in the subsequent charge operations as shown in Figs.5.13 (a)
and 5.14 (a). As a result, the system temperature remains in a certain range without
using any additional heating or cooling devices except for the air flow supplied at a
constant temperature. During the cycle operation under calculation condition in this
study, some of the heat released in the discharge operation is stored as a temperature
increase in the battery itself and is utilized in the charge operation. In other words, the

battery body is used as a thermal storage in this case.
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One drawback of this configuration is the nonuniform utilization of the redox
metal. Figures 5.13 (b) and 5.14 (b) show the time courses of the local SOC at three
positions in the redox metal. When the iron density is 1 g/cm?, as discussed in detail in
the above sections, a difference in the local SOC is observed among the three positions.
When the iron density is increased to 5 g/cm?, this difference in the local SOC is
significantly increased. The SOC of iron near the surface oscillates between 100 and 0%,
while that of the inner region always remains above 90%. The iron particles near the
surface are subjected to redox cycles involving large changes in SOC that may enhance
degradation. As discussed in section 5.2.5, the gas diffusion in the redox metal is
reduced particularly at low local SOC region. By enhancing the gas diffusion in the
redox metal, e.g. use of pore former etc., difference in the local SOC observed in Fig.
5.14 (b) is expected to be decreased. Careful design is needed to achieve a more

uniform reaction of the redox metal.
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5.3. Summary

A time-dependent 2-D numerical simulation was performed on an SOIAB to
reveal the fundamental characteristics of this new system. A simple battery
configuration was employed assuming a system with a small capacity. A simulation
model for a unit element was developed considering heat and mass transfer in the
system, taking both electrochemical and redox reactions into account. Particular
attention was paid to the distributions of the local temperature, the concentrations of
participating gas species, the reaction rate, the SOC, and the current density of the
SOEC.

The numerical results showed the spatial and temporal changes in the temperature
field in the charge and discharge operations, which were due to the combined effects of
heat generation/absorption by the electrochemical and redox reactions and heat
exchange with the air supplied through convective heat transfer. It was found that the
system temperature continues increasing during the discharge operation and decreasing
during the charge operation under the calculation conditions in this study. This is
because the heat generation/absorption by the reactions is greater than the
cooling/heating effect due to air convection. As the reaction rates are functions of the
local temperature, in this system, thermal management will be a key issue to improve
the battery performance. It is possible to maintain the system temperature within a
certain range by sequentially operating the battery in the discharge and charge modes
since the heat released from the exothermic reactions in the discharge operation can be
utilized for the endothermic reactions in the charge operation by using the battery itself

as a thermal storage. It was also shown that there is a close relationship between the
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current density distribution in the SOEC and the evolution of the active reaction area in
the redox metal. The active reaction area proceeds from the surface to the inner region
and from upstream to downstream, reflecting the local porosity distribution and the
tendency for a high current density in the upstream. This shows that the appropriate gas

diffusion is also important for full and effective battery utilization.

109



References

[5.1] R. R. Melkote, K. F. Jensen, Computation of transition and molecular diffusivities
in fibrous media, AIChE J., 38 (1992), 56-66.

[5.2] NIST Chemistry WebBook http://webbook.nist.gov/chemistry/.

[5.3] T. Suzuki, Z. Hasan, Y. Funahashi, T. Yamaguchi, Y. Fujishiro, M. Awano,
Impact of Anode Microstructure on Solid Oxide Fuel Cells, Science, 325 (2009),

852-855.

[5.4] T. Kawada, N. Sakai, H. Yokokawa, M. Dokiyo, M. Mori, T. Iwata,

Characteristics of Slurry - Coated Nickel Zirconia Cermet Anodes for Solid

Oxide Fuel Cells, J. Electrochem. Soc., 137, 3042-3047 (1990).

110


http://webbook.nist.gov/chemistry/

Chapter 6

Conclusions

6.1. Conclusions

Numerical analysis of solid oxide iron-air batteries was conducted to understand
the heat and mass transfer phenomena inside solid oxide iron-air batteries and to clarify
their feasibility mainly from the view points of thermal engineering and/or heat and
mass transfer. System round-trip efficiency of a fundamental system configuration was
discussed through system analyses while the detailed transport phenomena inside the
SOIAB were also investigated. The system round-trip efficiency of the fundamental
system with two container configuration assumed in this study is 61% showing the
SOIABs' potential as a practical energy storage device. Thermal management is a key to
improve of the system round-trip efficiency. The improvement can be achieved by

reducing the heat input during the charge operation and/or the heat release during the
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discharge operation. The interaction between the electrochemical and redox reactions
through the heat and mass transfer was investigated in detail for the single container
configuration. The gas diffusion in the porous iron is affected by the change of porous
microstructure due to the volume expansion or shrinkage of iron particles during the
redox reactions. The increase of diffusion resistance is not catastrophic to deteriorate the
battery performance. The iron particles are, however, not uniformly utilized that may
enhance degradation of the iron.

The contents of each chapter can be summarized as follows.

Chapter 1 presented the introduction of research on the energy storage systems,
the superiority of SOECs and the energy storage systems using SOECs. The research
history of SOIAB is also referred.

Chapter 2 presented the outline of the SOIAB system including the reversible
reactions at the SOEC and the redox metal during charge/discharge operations, and the
classification of the system configurations.

Chapter 3 discussed the system round-trip efficiency and energy flow of the
system, based on a 0-D model under a quasi-steady-state assumption. The system
round-trip efficiency reaches 61% under the base conditions in this study. The results
also show that several limitations exist for the operation parameters and conditions in
view of practical applications. In particular, higher and lower limits exist for the fuel
and air utilization factors under which the system operates effectively because of
constraints such as the maximum allowable fuel-blower temperature and no heat input
during the discharge operation.

Chapter 4 presents the study of 1-D analysis of mass transfer effects on the battery.

Since the gas transfer between the SOEC and the redox metal is essential to the battery
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reactions, the distributions of the participating gas species in the system and their effects
on the performance were focused with a simple model. The numerical results for
charge/discharge operation qualitatively showed the time-dependent distributions of the
related physical quantities such as the gas concentrations, the active reaction region in
the redox metal, and its local porosity.

Chapter 5 presents the study of 2-D analysis of both heat and mass transfer effect.
Because of heat generation/absorption during the operations, thermal management are
dominant factor to the battery performance, in addition to gas transfer effects. The
numerical results showed the spatial and temporal changes in the temperature field in
the charge and discharge operations, which were due to the combined effects of heat
generation/absorption by the electrochemical and redox reactions and heat exchange
with the air supplied through convective heat transfer. As the reaction rates are
functions of the local temperature, the predicted results show the importance of

considering the heat transfer phenomena in this system.
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6.2. Suggestions for future works

A simple and small battery model is adopted for a clarification of SOIAB
performance throughout this study. The model will increase its practicability with more
sophisticated properties and operation control. For example, a dynamic system analysis
Is important for an efficient and safe operations, as development of a quasi-steady state
model assumed in our system round-trip efficiency analysis. It will be helpful to
combine our 0-D system analysis in Chapter 3 and 2-D heat transfer analysis in Chapter
5 for more precise prediction of system round-trip efficiency since heat loss will be
quantitatively evaluated instead of insulation model assumed in this study. In addition,
optimization of porous microstructure of iron and its distribution is another key factor to
utilize the battery effectively. While iron particles are assumed to be packed uniformly
in our heat and mass transfer analysis, it is useful to reveal optimum packing to decrease

the difference in spatial dispersion of the iron utilization.
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Nomenclature

ASR

AG

AH

Area-specific resistances of SOEC (Q cm?)
Specific heat (J mol™ K)

Gas diffusion coefficient (m? s?)
Electromotive force of SOEC (V)

Faraday constant, 96485 (C mol™)

Change in Gibbs free energy (J mol™)
Enthalpy change (J mol™?)

Heat transfer coefficient (W m2 K1)
Average current density (A m2)

Exchange current density (A m)

Reaction coefficient (s Pat)

Length (mm)

Molar density of reactant (mol m)
Electricity input or output (J)

Average partial pressure (Pa)

Heat input or output (J)

Gas constant, 8.314 (J mol™* K?)

Mass production/consumption (mol m=3s™)
Entropy change (J mol™* K1)

Process time in hour (h)

Temperature (K)
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u Flow velocity (m s™)
\Y Terminal voltages (V)

Y Concentration of species (mol m)

Greek symbols
£ Porosity (-)
n System round-trip efficiency (-)

nc, no  Potential losses (V)

y) Thermal conductivity (W m*.K™?)
D Mass density (kg m)

T Tortuosity factor (-)
Subscripts

a Air

act Activation overpotential loss
C Charge process

D Discharge process

eff Effective value

IR Insulation resistance

i Species

ohm Ohmic loss

r Reaction

0 Standard
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Meaning of symbols

EMF Electromotive force

SOEC Solid oxide electrochemical cell
SOFC Solid oxide fuel cell

SOIAB Solid oxide iron—air battery
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