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ABSTRACT

This research focuses on solid oxide fuel cell (SOFC) operated at high temperature
(700-800 °C) with the direct feed of biogas, a gaseous mixture of 55-70 vol% CH, and
3045 vol% CO, obtained from the anaerobic fermentation of organic matters such as
garbage, livestock manure and agricultural residues. When the biogas is supplied
directly to SOFC, CH,4 dry and steam reforming simultaneously occur in a porous Ni-
based anode material to produce syngas (Methane multiple-reforming (MMR) process).
This type of operation is called direct internal reforming (DIR) operation. Biogas-
fuelled DIR-SOFC is a promising technology for sustainable development of a rural

area abundant in biomass resources.

For the realization of this technology, prior to system development, operating
behavior of it has to be fully understood. However, how to model the complex kinetics
of MMR process was a big challenge. In this study, from the reforming data obtained in
the series of systematic experiments using Ni-based anode-supported cells (ASCs), a
MMR model (model parameters) was inductively generated using the approach of
artificial neural network (ANN). The developed MMR model can provide the net
consumption and production rates of gaseous species (CH,, CO;, H,0, H, and CO)
involved in the MMR process at arbitrary temperatures and gas compositions. And, it
can be applied for different types of Ni-based catalysts by adjusting a correction factor
to compensate the differences in catalytically-active surface area.

Computational fluid-dynamics (CFD) calculations, in which mass and heat
transports, MMR and electrochemical processes occurring inside the cell were taken
into consideration, were conducted for the DIR-SOFC fuelled by biogas. Consistency of
the CFD calculation incorporating the MMR model developed in this study (MMR
model-incorporated CFD) with the measured performance of SOFC fuelled by CH4-CO,
mixture was confirmed through a three-step model validation process consisting of two
model-parameter-tuning steps (model fitting steps with the data experimentally obtained
under non-DIR and DIR operations) followed by a validity check whether the

established-model can reproduce a performance of DIR-SOFC under an arbitrary




operating condition. The consistency was not achieved by the conventional approach in
literature considering MMR as a sum of CH,4 dry and steam reforming (ignoring the
concurrent effect of CO, and H,O on the catalytic CH4 conversion). The MMR model
developed in this study was proved to be able to provide more realistic and meaningful
estimations for the DIR-SOFCs.

In order to enhance thermomechanical stability and output power of DIR-SOFC
fuelled by biogas, internal reforming rates have to be properly controlled. For this
purpose, two advanced DIR concepts, with the anode gas-barrier mask (Concept-1) and
with the in-cell reformer using paper-structured catalyst (PSC) (Concept-Il), were
investigated by the MMR model-incorporated CFD calculation. Two types of 20 x 50
mm?® ASC, ASC-A and ASC-B, with different thicknesses of anode substrate (Ni-
stabilized zirconia) of 950 and 200 um, respectively, were considered, providing
guidelines for selecting a proper cell design depending on the thickness of the anode
substrate (in other words the amount of metallic Ni) to obtain a mechanically stable
operation with higher power density in the direct feed of simulated biogas mixture
(CH4/CO, = 1) at 800 °C.

For both ASC-A and ASC-B, by adopting Concept-1 which can control mass flux of
fuel getting into the porous volume of the anode along fuel flow direction, rapid syngas
production at the fuel inlet region was suppressed to have homogeneous temperature
distribution over the cell. In comparison to the normal ASCs (Normal), about 20%
decrease in the maximum thermally-induced stress was estimated with a slight loss
(about 8%) of maximum power density for both ASC-A and ASC-B, indicating that the
use of anode gas-barrier mask is effective to reduce the risk of electrolyte fracture.
Concept-1 was confirmed to be a good choice for getting stable operation of DIR-
SOFCs.

For the feed of 200 mL min* simulated biogas, in the cases of Normal and Concept-
I, maximum power densities (P,,,,) With thinner anode substrate (ASC-B) were 1.03
and 0.95 W cm?, respectively, lower than those with thicker one (ASC-A), 1.17 and
1.08 W cm, respectively, reflecting that the degree of catalytic CH, conversion is a
predominant factor of the performance. In fact, by the application of Concept-11, P4y
of ASC-A and ASC-B were boosted up to 1.25 and 1.45 W cm 2, respectively, although




the risk of electrolyte fracture was increased. The effect of Concept-1l was more
pronounced for ASC-B with thinner anode substrate, from which H,O (product of the
anodic reaction) was easily drained. As a result, buildup of partial pressure of H,O
within the anode functional layer under high current densities, leading to the decrease in

electromotive force, could be suppressed.

This study provided a powerful numerical tool for creating highly efficient and

robust DIR-SOFCs operating with biogas.

This dissertation is mainly divided in six parts: overviews of SOFC and
conventional modeling approaches for DIR-SOFCs are summarized in General
Introduction. Investigation on electrochemical behavior of DIR-SOFC operating with
biogas is presented in Chapter 2. In Chapter 3, detailed description of the ANN/FIS-
based MMR model is given. CFD model of DIR-SOFC considering MMR and strategy
of model validation are described in Chapter 4. The effectiveness of advanced DIR
concepts is discussed in Chapter 5. Finally, important findings and outlook for future

work are summarized in Chapter 6.
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1.1 Motivation

Biogas is a gaseous mixture obtained from the anaerobic fermentation process of
organic matters from garbage, livestock manure, agricultural wastes, etc. It mainly contains
CH,4 and CO; and traces of H,S, N2, H,O as shown in Table 1.1. The calorific value of CH,4
component is the useful part of biogas. For years, biogas has widely been used as one of
renewable energy sources for heating through gas burners and electricity generation
through gas engine systems [1]. Due to multiple-step energy conversion mechanism
(chemical — thermal — mechanical — electrical energy), energy conversion efficiency of

heat engine-based generators is limited to about 25-30% [2].

Table 1.1: Typical composition of practical biogas [3].

Concentration

CH,4 55-70 vol%
CO, 30-45 vol%
H,S 500-4000 ppm
NHs 100-800 ppm
H, <1 vol%

N, <1vol%

0O, <1 vol%

H,0 <1vol%

Solid oxide fuel cell (SOFC) is a high temperature energy conversion device generating
electricity via the electrochemical reaction between a fuel (H,, CO, hydrocarbons, etc.) and
oxygen. Due to single-step energy conversion mechanism (chemical — electrical energy),
hydrocarbons-fuelled SOFCs are two times more efficient than conventional heat engines
[4]. Compared to hydrocarbons-fuelled power systems adopting proton membrane
exchange fuel cells (PEMFCs), alkaline fuel cells (AFCs), phosphoric acid fuel cells
(PAFCs), and molten carbonate fuel cell (MCFC), SOFC-based systems are superior due to
the elimination of external reformer, high quality waste heat, and high overall system
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efficiency. Therefore, biogas-fuelled SOFC power systems are attractive technology for

sustainable development (see Fig. 1.1).

solar SOFC single unit

energy Electrolyte desiglel
) Gas fow

\ direction

Anode

Exhaust gas: CO,, H,0 ‘

SOFC stack

CH, ~ 55-70 vol% i i

CO, ~ 30-45 vol%

AV sioc:
organic

wastes

- anaerobic v 4

digesters
solar-energy

carrier fuel processing unit J air unit

heat recovery unit —— DC/AC converter

Fig. 1.1: Biogas-fuelled SOFC system as a sustainable power generator.

The feasibility of SOFCs operating with the direct feed of biogas has been intensively
studied by many research groups [5-10]. In pursuit of realizing biogas-fuelled SOFC power
systems, several technical issues related to stable operation must be overcome such as the
risk of mechanical failures of cell components, and the degradation of cell performance
caused by carbon deposition and H,S poisoning. Numerical simulation is invaluable
approach to obtain insightful estimation during operation, evaluate effectiveness of various
cell/stack designs, and evaluate influences of operation parameters on SOFC performance.
The estimated results can be applied for optimizing cell/stack designs and operating
conditions, as a result, significantly lowering efforts, time and cost for developing SOFC-
based power systems. This study aims to develop a comprehensive computational fluid-

dynamics (CFD) model for an SOFC single unit running with biogas. This model includes
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mass and heat transports, chemical reactions (the simultaneous CH, conversions with CO,

and H,0) and electrochemical oxidations occurring simultaneously inside the cell.

1.2 Solid Oxide Fuel Cells (SOFCs)

1.2.1 Overview

The principle of fuel cell operation was first reported by Sir W. Grove in 1839 [11]. In
1897, W. Nernst found that a solid electrolyte in thin rod-shape could become electrically
conductive at high temperature [12], opening SOFC technology. The first operation of
SOFC was achieved at 1000 °C by E. Baur and H. Preis in 1937 using a ceramic material
composed of 85% zirconia and 15% yttria [13]. Since 1937, SOFC technology has rapidly
matured. At the present, the most common electrolyte materials used are yttria-stabilized
zirconia (YSZ) and scandia-stabilized zirconia (ScSZ) [14].

Large scale SOFC systems have been being developed aiming for distributed power
plants with high energy conversion efficiency. A 140 kW SOFC cogeneration system was
built by Siemens Wetinghouse in 1998, showing excellent performance [15]. Mitsubishi
Heavy Industries (Japan) has developed a 200 kW-level micro-gas turbine hybrid system
with a maximum efficiency of 52.1% LHV, and a rated ouput of 229 kW in AC was
achieved with natural gas as a fuel [16]. Rolls-Royce Fuel Cell Systems (England) has built
a stationary 1 MW SOFC power generation system based on their segmented-in-series cell
stack named Integrated-Planar SOFC technology [17, 18]. FuelCell Energy (The United
States) has developed SOFC power plants using SOFC stacks fabricated by Versa Power
Systems (Canada) [19]. In 2015, Mitsubishi Hitachi Joint Venture started to operate a
SOFC-Micro Gas Turbine (MGT) hybrid system installed at Kyushu University as a
demonstrated unit [20]. The system was designed to produce a rate output of 250 kW at

55% LHV from city gas, and to operate safely and properly at an outdoor location.

Small scale SOFCs of 1-2 kW class have also been being developed all over the world

for residential combined-heat-and-power (CHP) systems. City gas is generally used as a
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fuel and converted to electricity and heat on site with high overall efficiency more than
80% LHV. In Japan, a demonstrative research project was carried out in which Kyocera,
Tokyo gas and TOTO participated as manufacturers of SOFC stacks [21]. Long-term
operation over 25,000 h has been demonstrated, and potential of 40,000 h durability has
been confirmed, which led to a true commercialization source in 2011 in Japan. Ceramic
Fuel Cells (Australia) has manufactured the residential system called BlueGen which can
deliver initial electrical efficiency of 60% LHV at 1.5 kW in AC power with only 5%
efficiency drop after one year operation [22, 23]. Hexis Ltd. (Switzerland) has operated 1
KW level system for 28000 h [24].

In 2016, Nissan introduced the world’s first prototype vehicle powered by a 5-kW level
SOFC generator [25]. During operation, a 24 kWh battery package is charged from the
SOFC stack using H, produced from the reforming of 100% ethanol or ethanol-blended
water. A cruising range of more than 600 km is expected for a 30 L fuel tank.

1.2.2 Working principle

Operating mechanism of an SOFC with hydrogen as a fuel is illustrated in Fig. 1.2. The
solid electrolyte, an ionic conductor, is sandwiched between two porous electrodes of
cathode and anode. The oxygen is supplied, usually from air, to the cathode (air electrode).
When H; is fed to the anode (fuel electrode), a flow of oxygen ions migrates from cathode
side to anode side through the solid electrolyte to oxidize H, at the triple-phase boundary
(the interface between electrolyte and anode accessible to H, gas (TPB)) of anode.
Electrons generated at the anode travel through external circuit to the cathode, supplying
electrical power. Anode off-gas contains H,O, product of the electrochemical oxidation of
H, (2H, + O, S 2H,0). It should be mentioned that CO and hydrocarbons are also
electrochemically-active species at the TPB.

The difference in chemical potential of oxygen between the cathode and the anode is
the driving force for the migration of oxygen ions through the oxygen vacancies in the solid

electrolyte, generating the theoretical electromotive force (E) as
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_ #(OZ,C)_/"(OZ,a)
£ = MOl 1{02a) (L.1)

,where F is the Faraday constant; the subscripts a and c indicate anode and cathode,
respectively; and u(0-) is the chemical potential of oxygen described as

u(0z) = pu°(0,) + RTin(po,) (12)

Where u% is the standard chemical potential; and p,, is the partial pressure of oxygen.

Hence, E can be determined as a function of p,, , and po, . as

E=%m (”0—) (1.3)

4F poz'a

—— External circuit
2e”

Porous cathode

Porous anode —
(air electrode)

(fuel electrode) o

Triple-phase [ ~ Dense electrolyte
boundary (ionic conductor)

Fig. 1.2: Operating mechanism of an SOFC with H, as a fuel.

Considering the electrochemical oxidation of Hy, p,, , can be given as

2
1 (p ,a
o, = o (2222 (14)

sz,a

,where py, , and py, o o are the partial pressure of H, and H,O; and Ky, is the equilibrium

constant correlated to the standard Gibbs free energy of 2H,0 formation (AG]‘R) as

AGP = —RTIn(Ky) (1.5)




Chapter 1 — General introduction

Therefore, the correlation between E and the partial pressures of reactants and products
can be expressed as

AG? RT p RT
— f Hjy,a
E= -t In (—szo,a) +t o ln(pozlc) (1.6)

Ideally, open-circuit voltage (OCV) is equal to E. When current flows through the
circuit, cell voltage (E..;;) becomes lower than the OCV due to internal losses related to
ohmic losses of cell components, activation overvoltages of electrode reactions and

concentration losses due to the depletions of reactants (Eq. 1.7).

Ecen = OCV —i(Rq + Re + Rc) — (nact,a + 77act,c) o (nconc,a + nconc,c) (1.7)

,where i is the current density of the cell; R,, R, and R, are the ohmic resistances of anode,

electrolyte and cathode, respectively; n and n are the activation overvoltages of

act,a act,c

anode and cathode, respectively; . and . are the concentration losses of anode

and cathode, respectively. With increase of current density, cell voltage drops because all
internal losses increase. Typical current — voltage (i-V) characteristics of the cell is
illustrated in Fig. 1.3.

Theoretical voltage (E)

(o)
)
<
a

=TT —em _ i(R, + R, + R.)

""‘-—.__. Nact,a + Nact ¢

Cell voltage / V

Nconc,a + Necone,c

v

Current density / A cm2

Fig. 1.3: Typical i-V characteristics of an SOFC.
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1.2.3 Components

The components of an SOFC single cell are electrolyte, anode, cathode and
interconnect. Each component serves several functions in SOFC operation and must meet
certain requirements as shown in Table 1.2. The electrolyte has to be gas-tight to prevent
leakage of fuel and oxidant gases. Both electrodes have to be porous to provide
electrochemical reaction sites. The interconnector plays a role of electrically connecting the
anode of one cell and the cathode of the adjoining cell, and also separating the fuel in the
anode side from the oxidant in the cathode side. Component materials must be heat
resistant and durable in the highly oxidative and reductive atmospheres for cathode and
anode sides, respectively, in addition, must be chemically compatible and have similar
thermal expansion coefficients. Typical materials of cell components are also listed in
Table 1.2. To fabricate a cell, powders of these component materials are formed into
desired shapes by general ceramic processing such as extrusion, slip casting, pressing, tape

casting, printing and dip coating, followed by heat treatment [26].

Table 1.2: SOFC components [27].

Cell component Requirement Typical material
Y,03-stabilized ZrO, (YSZ)
Electrolyte Dense (gas-tight) Sc,03-stabilized ZrO; (ScSZ)
lonically-conductive Gd,03 doped Ce,O (GDC)
(La,Sr)(Ga,Mg)0O3 (LSGM)
Cell Porous Ni-YSZ
Anode Electrochemically-active Ni-ScSZ
Electronically-conductive Ni-GDC
Porous
Cathode Electrochemically-active (Lng;)S(rgg/lCn:OO)%
Electronically-conductive ’ ’ 3
(La,Sr)CrOs
Dense (gas-tight) (La,Ca)CrOs;
Interconnect Electronically-conductive (Sr,La)TiO3

Stainless steel
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Various types of SOFC single cell have been designed and classified by shapes and

configurations. In terms of cell shape, tubular and planar SOFCs are two basic options [14].

For tubular SOFCs, the cathode is usually made into a long-tube with a porous wall.

Outside the cathode tube are the electrolyte and then the anode. Cells are connected through

interconnects, as shown in Fig. 1.4-(a). For planar SOFCs, each cell is made into a flat disk

or a square or rectangular plate. The cells are put in series and connected by the

interconnect plates, as shown in Fig. 1.4-(b). Comparison of planar and tubular structures is

summarized in Table 1.3. In earlier stage, SOFC development was focused on the tubular

type. Recently, planar SOFC system has attracted much interest due to its apparently high

power density.

Anode

«—— Interconnection
(Bipolar Plate)
\ Cathode

<«—— Electrolyte

T~ Anode

Fig. 1.4: Schematic illustrations of (a) tubular and (b) planar SOFCs [28].

(@) (b)

Interconnection

Electrolyte

Air,
Electrode

Fuel Electrode

Table 1.3: Comparison of tubular and planar SOFC [14].

Tubular structure Planar structure
Power density Low High
Fabrication process Complicated Simple
Fabrication cost High Low
Gas sealing Easy Difficult
Durability Excellent Fair
Thermal-cycling stability Good Fair
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Electrolyte-supported

Anode-supported

A AR AR A
E i _ E
¢ PR R R c
Porous
Interconnect
substrate
Porous substrate-supported Interconnect-supported

Fig. 1.5: Schematic illustrations of SOFC single cell configurations [14].

Table 1.4: Features of single cell configurations [14].

Cell configuration Advantage

Disadvantage

Anode-supported Highly conductive anode;

Lower operating temperature
via use of thin electrolyte.

Electrolyte-supported Relative strong structural
support from dense electrolyte;

Less susceptible to failure due
to anode re-oxidation (Ni-YSZ
anode) and cathode reduction
(LSM cathode).

Cathode-supported No-oxidant issues but potential
cathode reduction;

Lower operating temperature
via use of thin electrolyte.

Potential anode re-oxidation;
Mass transport limitation due
to thick anode.

Higher resistance due to low
electrolyte conductivity;

Higher operating temperature
required to minimize
electrolyte ohmic losses.

Lower conductivity;

Mass transport limitation due
to thick cathode.

Interconnect-supported  Lower operating temperature
via thin cell components;

Stronger structures from
metallic interconnects.

Porous substrate Thin cell components for low
operating temperature;

Potential for use of non-cell
material for support to improve
properties.

Interconnect oxidation;

Flow field design limitation
due to cell support
requirement.

Increase complexity due to
addition of new materials;

Potential electrical shorts
with porous metallic
substrate due to uneven
surface.
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In terms of cell configuration, SOFC single cell is classified into self-supporting and
external-supporting as shown in Fig. 1.5. For self-supporting configuration, the cell can be
designed as anode-supported, electrolyte-supported or cathode-supported. In external-
supporting configuration, the cell is fabricated as thin layers on the interconnect or a porous
substrate. Comparison of single cell configurations is summarized in Table 1.4.

1.2.4 Direct internal reforming (DIR) operation

Metallic Ni has strong catalytic activity at the operating temperature range of SOFCs
(600-1000 °C), making SOFCs ready for the direct use of hydrocarbon fuels. In fact,
hydrocarbons can be catalytically reformed with H,O and CO, within Ni-based anode
materials (direct internal reforming (DIR) capability) to produce H, and CO, subsequently
electrochemical oxidized at the TPB to generate electricity and heat. By adopting DIR
operation, SOFC systems fuelled by hydrocarbons are attractive power generators since
heat released by electrochemical oxidations is recycled for reforming reactions, resulting in

simple balance of plants and high overall system efficiency [14, 29].

The feasibility of DIR-SOFCs operating with hydrocarbons such as pure CHy,,
humidified CH,, biogas/landfill gas (CH4/CO, mixtures), propane, as well as biodiesel fuels
(produced from soybean, canola, jatropha, palm and waste-cooking oils, etc.) has been
demonstrated by many researchers [5-10, 30-35]. Technical issues to be solved for the
realisation of DIR operation with hydrocarbons are: (1) the generation of large thermal
stresses accompanied by the endothermicity of reforming reactions, (I1) the deactivation of
the anode due to carbon deposition, and (I11) fuel impurity (sulphur, phosphorous, chlorine)

poisoning.

The endothermic reforming reactions result in local temperature drops within the cell.
Temperature drops are particularly noticeable at the fuel inlet, where the reforming rate is
high because fuel concentration is the highest at the location [36, 37]. As a result, tensile

stress is generated in the dense electrolyte thin film, causing, in the worst case, electrolyte

10
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fracture [38—40]. However, the heat released by the exothermic electrochemical oxidation

can mitigate the temperature drop, suppressing the risk of electrolyte fracture.

Since Ni is a strong C-H bond-breaker, carbon formation on Ni catalyst remarkably
degrades the cell performance by covering the electrochemical and reforming reaction sites.
Under load condition, carbon species deposited the Ni catalysts can be electrochemically
oxidized by oxygen ions traveling through the electrolyte from the cathode [41-43];
however, carbon removal by the fuel cell current is limited to the region near the TPB [44].
Proper operating conditions such as operating temperature, steam to carbon (S/C) ratio, and
fuel utilization can thermodynamically suppress carbon deposition [29]. As shown in Fig.
1.6, for a typical biogas mixture containing 60 vol% CH, and 40 %vol CO,, a humidified
biogas stream having S/C ratio of 1.1 is sufficient to surely avoid carbon deposition in

anode porous volume under DIR operation in a temperature range of 600-1000 °C.

0.8 ‘ 0.8
CH,4 =0.6 mol

CO5 = 0.4 mol

H,O=0..1.1 mol )
SOFC operating zone

: -0.6
SIC =0 (H,0/CO,=0) !

0.1 (0.25)
0.2 (0.50)

T

0.8 (2.00)
0.9 (2.25)
1.0 (2.50)
1.1 (2.75)

o
N
1

Solid carbon amount / mol
o (
N
1
oo//
N oo M w
PEEESD
38383

0+—7— > r——r—7100
100 200 300 400 500 600 700 800 900 1000

Temperature / °C

Fig. 1.6: Carbon formation boundary for humidified biogas mixtures (Fuel: CH4:CO,:H,0
= 0.6:0.4:x (x = 0-1.1)) calculated by HSC Chemistry 9.0 (Outotec, Finland), showing the
effect of S/C on coking prevention within the operating temperature range of SOFCs.

However, additional energy is required to evaporate the water. With increase of operating

temperature, the degree of humidification (S/C ratio) should be lowered to reduce the

11
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energy burden, moreover, maximize electromotive force (power generation) of the fuel cell
(see Fig. 1.7). In addition, re-oxidation of Ni metal must also be taken into consideration.
To simplify the system, steam recirculation from the anode off-gas is a better approach than

the use of an external humidifier [45, 46].

1.20 1.20
CHy4 = 0.6 mol L
115 CO2=0.4mol SIC =03 (H,01C0,=075) | 4 4
H,O0=0..1.1 mol 0.4 (1.00)
> 0.5 (1.25)
— 1.10 - 0.6 (1.50) -1.10
)
e
£ 1.05 L 1.05
)
=
© 1.00 1 -1.00
e
o
© 0.95 0.7 (1.75) -0.95
@ 0.8 (2.00)
= 0.9 (2.25)
0.90 A -0.90
1.0 (2.50)
T 11(2.75) ~
0.00 - T - . : . : 0.00
600 700 800 900 1000

Temperature / °C

Fig. 1.7: Calculated electromotive force under open-circuit condition in DIR-SOFC
operating with humidified biogas mixtures (Fuel: CH4:CO2:H,0 = 0.6:0.4:x (x = 0-1.1))
without carbon deposition, showing the effect of S/C on power generation.

Another approach to solve carbon deposition problem in SOFC anodes is to apply
additional coking-resistant catalyst layers to quickly convert almost fuel to syngas, and thus
prevent the anode from exposure to hydrocarbons [47, 48]. On the other hand, the use of
chemically-inert diffusion layers has been also suggested to prevent coking through
controlling mass transport [49, 50]. This gas diffusion layer suppresses the mass flux of
fuel entering the anode as well as the drainage of H,O (product of the electrochemical
oxidation of H,) to the fuel channel, in consequence, inhibiting coking due to elevated S/C
ratio. By this approach, stable DIR operation can be achieved but low cell performance is

noticeable.

12
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From anode material side, coking-tolerant anode materials have been studied
intensively [51-58]. Ceria-doped YSZ anodes have shown remarkably higher carbon
removal rate than YSZ due to high oxygen storage capacity and rapid lattice oxygen
mobility [41-53]. Copper-based anodes have been demonstrated to have high resistance to
carbon formation; however, low catalytic activity of copper for electrochemical oxidations
is a concern [54-56]. Ru and Pd have clearly exhibited excellent dry reforming activity and
high resistance against carbon deposition [57, 58]; however, the amount of noble metal

catalysts loaded must be considered because of their high costs.

Shiratori and co-workers developed paper-structured catalysts (PSCs) by loading metal-
catalyst particles to inorganic fiber networks [59-64]. Due to high mechanical-flexibility
and high gas diffusivity (about 90% in porosity and 20 um in pore diameter) PSCs can
easily be applied as in-cell reformers to enhance anode performance of DIR-SOFCs. In-cell
reformers using hydrotalcite-dispersed PSCs have been proved to effectively prevent anode
materials from H,S poisoning during DIR operation with the direct feed of simulated
biogas (CH4/CO;, = 1 mixture) containing 5 ppm H,S. In addition, temperature gradient in
the electrolyte caused by the endothermic CH,4 conversion could significantly be suppressed
by adopting a series of functionally-graded PSCs (amount of Ni-loading is gradually
increased along fuel flow direction). Therefore, PSC-based in-cell reformer is an attractive
concept for downsizing and cost reduction of SOFC systems.

1.3 Overview of modeling approaches for DIR-SOFCs

Physical and chemical phenomena in the DIR-SOFC operating with CH4-based fuels
(fuel compositions of CH;-CO,-H,0-H,-CO) are illustrated in Fig. 1.8.

¢ In the cathode side, N, (the inert gaseous species) and O, diffuse into the cathode
porous volume, and the electrochemical reduction of O, (reaction (1.1) listed in Table 1.5)
takes place at the TPB.
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Fig. 1.8: Physical and chemical phenomena in the DIR-SOFC operating with CH,4-based

fuels.

Table 1.5: Possible overall reactions in the DIR-SOFC operating with CH,4-based fuels.

No. Overall reaction

1.1 %0, +2e 50° Electrochemical reduction (cathode TPB)
1.2 Hy+0* S H,0+2e Electrochemical oxidation (anode TPB)
1.3 CO+0* 5CO,+2e Electrochemical oxidation (anode TPB)
1.4 CH4+40* 52H,0+CO,+8e  Electrochemical oxidation (anode TPB)
15 C+20* 5CO,+4e Electrochemical oxidation (anode TPB)
16 CH;+CO;s 2H, +2CO Dry reforming (anode)

1.7 CH;+H,0 S5 3H,+CO Steam reforming (anode)

1.8 H,0+COSH;+CO, Water-gas shift (anode)

19 CH;SC+2H; Pyrolysis (anode)

1.10 C+CO,52CO Reverse-Boudouard (anode)

111 C+H,O05H,+CO Coal gasification (anode)

In the anode side, fuel diffuses into the anode porous volume where CH, is

catalytically converted to syngas through dry and steam reforming reactions (reactions (1.6)

and (1.7), respectively) on the surface of the metallic Ni particles embedded in anode

material. CH4 reforming in SOFC anode is actually a complex reaction based on the

simultaneous CH,4 conversions with H,O and CO,, so-called methane multiple-reforming
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(MMR) process. In addition, kinetically fast water-gas shift (WGS) reaction (reaction (1.8))
occurs. At the TPB of anode side, H,, CO, CH,4 and solid C are electrochemically oxidized
(reactions (1.2), (1.3), (1.4) and (1.5), respectively) to generate electricity and heat. It
should be mentioned that in the MMR process the contributions of CH4 dry and steam
reforming reactions in syngas production significantly vary with respect to gas composition
(CH4-CO2-H,0-H2-CO mixture).

e Reforming reactions are strongly endothermic, resulting in the formation of heat
sinks in a catalytic volume. Meanwhile, during power generation, heat is released due to the
exothermicity of the electrochemical oxidations. In addition, Joule’s heat caused by
electrical resistances of cell components and electrode overvoltages has to be taken into
consideration. Spatial variation of temperature inside the cell is governed by heat
convection with fluid flows, heat conduction through cell components, heat exchange

between the cell and environment, and radiative heat transport within the cell.

Modeling of a DIR-SOFC is not easy since cell behavior is simultaneously affected by
many processes. Appropriate modeling approaches were adopted to reduce computational
time. Zero-dimensional (0D) modeling is easy for investigating output performance of a
cell/stack without considering interior spatial variations [65, 66]. On the other hand,
influences of mass and heat transports on the chemical and electrochemical reactions can
only be solved by computational fluid-dynamics (CFD) approaches ranging from one-
dimensional (1D) to three-dimensional (3D) models, which can provide unobservable
information inside a real cell/stack. In a 1D model, spatial variations on one direction are of
interest, and those in other two directions are assumed to be uniform [67-69]. A 2D model
is greatly suitable for symmetric cell designs such as tubular and button cells where spatial
variations in one direct can be neglected [70-72]. With a 3D model, the influences of
cell/stack design and operating conditions on SOFC performance can be fully coupled [73—
76], thus, providing more realistic results than other CFD approaches, however,

computational effort is a great concern.
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The most important point in the numerical evaluation of a DIR-SOFC is to establish a
mathematical model describing complex phenomena inside the cell. In most cases,
chemical and electrochemical reaction kinetics involving micro-scale processes are grossly
simplified, and expressed as a function of temperature and gas composition. Meanwhile,
mass and heat transports are usually described through physical fields of velocity, pressure
and temperature, expressed by continuum partial differential equations (PDEs). Due to the
complexity of the phenomena in SOFC, these PDEs cannot be solved by analytical
methods. Instead, they are approximated by numerical model equations through a
discretization technique commonly using finite-volume method (FVM) or finite-element
method (FEM). By using numerical methods, the solution of numerical model equations
which is an approximation of the real solution of the PDEs can be achieved. Being capable
of exactly satisfying conservations of mass, momentum, energy and species, FVM s
essentially suitable for CFD calculations, and the FVM-based commercial codes of CFD-
Ace, CFX, FLUENT and STAR-CD have widely been used for numerical simulations of
DIR-SOFCs [71, 77-79]. For multiphysics analysis in which different types of numerical
model equations are needed to be simultaneously solved, such as the problem of thermo-
mechanical stability under DIR operation, FEM can handle and provide accurate results,
leading to increase in the use of the FEM-based COMSOL software package in numerical
works on DIR-SOFCs [69, 72, 75, 76].

Depending on particular objectives of a study, various modeling approaches based on
solid scientific theories have been adopted to express physical and chemical phenomena

inside SOFCs at different levels of assumptions, and summarized in the following sections.

1.3.1 Mass transport

SOFC performance is very sensitive to mass transport of gaseous species in bulk
channels and porous electrodes, since the kinetics of chemical and electrochemical
reactions are strongly dependent on gas composition. Especially for DIR-SOFC, modeling

of gas convection and gas diffusion whose driving forces are pressure and composition
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gradients, respectively, have to be carefully performed. In the free spaces of fuel and air
channels, the convection term of a gaseous species in a fluid flow can be solved by Navier-
Stokes momentum equations, whereas those in porous electrodes can be expressed by
Darcy-Brinkman momentum equations or sometimes assumed to be negligible [68, 80]. In
porous electrodes, the diffusive mass flux of a gases species is governed by molecular
(ordinary) diffusion mechanism and Knudsen diffusion mechanism; the former is related to
the interactions among gas molecules in a gaseous mixture and the latter is corresponding
to the collision of gas molecules with solid walls of porous media if the mean free path of
gas molecules is larger than the pore diameter. As for the interdiffusion, various versions of
Fick’s law (FL) model, Stefan-Maxwell model (SMM) and dusty-gas model (DGM) are
available selections for the modeling of SOFCs. In the operations with H,-H,O or CO-CO,
mixtures, the extended Fick’s law (EFL) model specified for a binary mixture including
Knudsen diffusive term is the most popular selection. In multicomponent systems as DIR-
SOFCs fed by CH,-based fuels, where multiple concentration gradients (see Eq. (4.4)) must
be considered to solve the diffusive term of individual gaseous species, the SMM is a
choice for simplicity because Knudsen diffusion is not included in calculation [74, 76, 81,
82]. In many numerical works on DIR-SOFCs, the fidelity of the SMM was improved by
adding Knudsen diffusive term to the flux equations [67, 68, 71, 83]. To obtain more
realistic results, the DGM which virtually treats solid particles of the porous media as large
“dust” molecules in the gas mixture is recommended for multicomponent systems since
both diffusion mechanisms are included and the effect of convection motion is also
considered in the calculation of gas diffusion [72, 84, 85], however, high computational-

cost must be paid.

1.3.2 Heat transport

Isothermal condition is sometimes adopted in parametric studies of DIR-SOFCs for the
sake of simplicity [67, 86] in spite of strong dependences of chemical and electrochemical
reaction kinetics on temperature. Spatial variation of temperature inside the cell is governed

by multiple heat sources and heat transport including heat convection and heat conduction
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associated with thermal conductivities of gaseous species and cell components. Strong
endothermic CH, reforming and slightly exothermic WGS reactions are chemical heat
sources, and each of them can be determined as a product of the enthalpy change and the
rate of the reaction. Heat sources related to power generation consist of thermodynamic
heat of the electrochemical oxidations of H, and CO and Joule’s heat caused by activation
and ohmic losses. When a system is assumed to be thermally-isolated, solid walls are
considered as adiabatic boundaries, and therefore, heat fluxes through solid walls are
omitted [73, 74]. Radiative transport within porous electrodes can be neglected due to its
minor contribution in heat transport compared to the conductive term in solid materials as
reported by Damm and Fedorov [87]. Surface-to-surface radiation between electrodes and
channel walls should be included for obtaining good estimation [73, 88], however, in many

previous works, this was ignored to reduce the complexities in calculation [79, 89].

1.3.3 Chemical reactions

Fuel compositions of humidified CH, (mixtures of CH,4/H,0), partially pre-reformed
CH, (mixtures of CH4-CO,-H,0-H,-CO) and biogas/landfill gas (mixtures of CH4/CO; or
CH4-CO,-H,0) have intensively been investigated in numerical studies on DIR-SOFCs [65,
71, 73, 75, 78-80, 82, 83, 90-96]. In many works, only the reaction rate of CH, steam
reforming was solved, neglecting the contribution of CH, dry reforming in syngas
production regardless of the presence of CO, in large quantity [65, 93-95] and its rate
constant comparable to that of steam reforming [97]. Rate expressions for CH, steam
reforming in SOFC anodes reported by Lehnert et al. [67], Achenbach and Riensche,
Haberman and Young [74], [90], Xu and Froment [98] have commonly been used for
determining the net consumption and production rates of CH4, H,O, H, and CO, and
thermal energy involved in the CH,4 conversion as well. Not many works have taken the
MMR process into account. For parametric studies on the DIR-SOFCs operated by
humidified landfill gas with considerably high CO, content, Meng Ni ignored the
concurrent effects of H,O and CO; in the catalytic CH,4 conversion, and the kinetics of the

MMR process was determined as the sum of the kinetics of steam and dry reforming
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reactions, experimentally-derived from CH,-H,O and CH4-CO, systems, respectively [96].
Similar approach was employed by Girona et al. to evaluate the risk of carbon deposition
during DIR operation of an SOFC fuelled by CH4-CO, mixtures [83]. Deutschmann and
co-workers [99, 100] have developed an overall multistep reaction mechanism of CH,4
reforming over Ni-based catalysts, based on 42 irreversible elementary reactions, which
covers almost possible reactions taking place in series and parallel in the CH,4 conversion,
including CH,4 reforming reactions with H,O and CO,, water-gas shift reaction, reverse-
Boudouard reaction, coal gasification and methanation. The use of this modeling approach

for numerical assessments of DIR-SOFCs is limited due to its complexity [78, 80].

The WGS reaction has commonly been assumed to be very fast and at equilibrium.
Under this condition, the partial pressures of CO, H0, H,, and CO; (pco, Pu,0, P, and
Dco,. respectively) in gas composition always satisfy the mass action law for the WGS
reaction [73, 79, 81, 89], that is, pu,Dco,/PcoPH,0 = Keqwes » Where Kegyes 1S
equilibrium constant of WGS. Generally, for the WGS reaction, empirical kinetic
expressions proposed by Lehnert et al. [67] and Haberman and Young [74] have been taken
into consideration [76, 82, 92, 96].

Under DIR operation, carbon deposition in the SOFC anode can become a severe
problem because metallic Ni promotes CH,4 pyrolysis (reaction (1.9)). Besides, Boudouard
reaction (reaction (1.10)) and hydrogenation of CO (reactions (1.11), respectively) must be

considered as carbon forming reactions.

The risk of coking in a cell can be thermodynamically estimated by using a gas
composition profile [83, 101, 102].

1.3.4 Electrochemical reactions

For simplicity, electrochemically-active zones can be considered as interfaces between
electrolyte and electrodes [67, 73, 74, 86]. However, charge transfer reactions can occur
within reaction zones in the vicinity of the interfaces, namely anode functional layer (AFL)

and cathode functional layer (CFL) for anode and cathode sides, respectively. Thicknesses
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of these functional layers are generally within 50 um from the interface [68, 76, 79]. In the
AFL, both H, and CO are active species for anodic reactions (reactions (1.2) and (1.3),
respectively) while CH, is quickly reformed to syngas with CO; and H,O (reactions (1.6)
and (1.7), respectively) rather than electrochemically oxidized [103].

For the anodic reaction, due to the fact that the electrochemical oxidation of H, is
kinetically 2—3 times faster than that of CO, and moreover, CO is quickly shifted to H,
through the kinetically fast WGS reaction (reaction (1.8)) [104-107], electrochemical
oxidation of H, has commonly been assumed to be a predominant reaction for power
generation. Nevertheless, in many cases, the electrochemical oxidations of H, and CO were
simultaneously taken into consideration [67, 73, 94, 96, 108-110], or both were
independently calculated by different rate expressions experimentally-derived from H,-H,0O
and CO-CO, systems [78, 82, 92]. The relationship between current density and activation
overvoltage can be expressed by a non-linear Butler-Volmer equation. Exchange current
density can be set to a constant value [65, 78, 79, 83, 84] or expressed as a function of
temperature and partial pressures of reactants and products [75, 76, 82, 101]. For simplicity,
a linearized form of Butler-Volmer expression is used for determining activation
overvoltage as a product of current density and charge-transfer resistance of the electrode
[111].

1.3.5 Model validation

Because mathematical models of SOFC are based on different levels of assumptions,
model validation is essentially necessary before further evaluations. In the work of Wang et
al., the fidelity of their 3D-CFD model of a planar electrode-supported SOFC was verified
by comparing the current-voltage (i-V) curve measured at 1000 °C with humidified H; as a
fuel in the current density range of 0.1-1 A cm 2 with the estimation [77]. Colpan et al.
compared a measured i-V curve for the feed of CH,-based fuel with the calculated one
using their 0D model of DIR-SOFC, and reported the differences within +/-12 and +/-8%

for cell voltage and output power, respectively, in the current density range of 0.1-0.6 A
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cm 2 [65]. Razbani et al. proved that their 3D-CFD model could reproduce the i-V curve of
a real electrolyte-supported SOFC running at 900 °C with a mixture of H,/CO = 1 [82].
Janardhanan and Deutschmann fitted their 2D-CFD model of a button-type SOFC with i-V
data measured with humidified CH, (CH4/H,O = 97/3 mixture) reported by Liu and Barnett
[30]; after model-fitting, the consistence between calculated and measured results was only
fairly good for the temperature range of 650-800 °C [84]. Santarelli et al. conducted
reforming test for a tubular cell with the feed of CO,-rich (CO,/CH, > 1) simulated biogas
mixtures, and the results of internal reforming tests obtained under open-circuit condition
with CO,/CH4 = 2.33, 3.14 and 4 were used to correct a kinetic model describing CH,4
reforming in the anode, which was subsequently used for estimating cell behavior under
load conditions [80].

It should be mentioned that in the previous works the validations of numerical models
to simulate the performances of DIR-SOFCs were mostly evaluated by the fitting of the
calculated i-V curves with measured curves under DIR operation. However, those are not
said to be full validations, because consistencies regarding i-V curve for the feed of H,
(non-DIR operation), ohmic and activation overvoltages, temperature distribution and

reforming data were not confirmed.

1.4  Research objectives

As previously discussed in Sec 1.2.4, the use of humidified biogas (CH4:CO2:H,0
mixtures) is a simple solution to prevent carbon deposition for stable DIR operation (see
Fig. 1.6). S/C ratio of the fuel stream must be as low as possible for improving power
generation (see Fig. 1.7) as well as overall system efficiency. Under these fuel conditions,
syngas production is governed by both CH,4 dry and steam reforming reactions (the MMR
process). However, the complex kinetics of MMR has not fully been modeled so far. The
contribution of CH, dry reforming has commonly been ignored for simplicity in numerical
works of DIR-SOFCs operating with CH,4-based fuel containing high CO, quantity, leading
to the fact that cell performance could not be estimated accurately, and therefore thermo-
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mechanical analysis could not be conducted. Development of a complete MMR model,

which can calculate the consumption and production rates of gaseous species involved in

CH, conversion at arbitrary temperatures and gas compositions (CH4-CO2-H,0-H,-CO

mixtures), is the key to precisely estimate performance of DIR-SOFCs fed by biogas-based

fuels. Besides, the contribution of the electrochemical oxidation of CO to fuel cell power

generation under DIR operation is a basic question. Verifying the validity of the developed

SOFC model in both non-DIR and DIR operations is also greatly important. To meet the

target of this study, the following research activities were carried out:

(1]
g
[4]
(5]
(6]

1.

2.

Investigate electrochemical behavior of DIR-SOFCs fuelled by biogas (Chapter 2).
Develop a novel approach for modeling MMR in SOFC anodes (Chapter 3).

Design a comprehensive CFD-model of DIR-SOFCs and a solid strategy for model
validation (Chapter 4).

Evaluate the effectiveness of DIR concepts for SOFCs operating with the direct feed
of biogas using the established DIR-SOFC model (Chapter 5).
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Chapter 2 — Electrochemical behavior of DIR-SOFCs operating with biogas

Understanding the electrochemical-behavior of SOFCs under DIR operation with
biogas mixtures, CH4-CO, or CH4-CO,-H,0, is greatly important to develop realistic
mathematical models of the cell. Because the electrochemical oxidations of H, and CO
simultaneously take place at triple-phase boundary (TPB) of anode, the degree of each
contribution to power generation is a basic question. In this Chapter, the electrochemical
behaviors of a button-type electrolyte-supported cell (ESC) running with the direct feed

of simulated biogas are presented and discussed focusing on this point.

Sec. 2.1 summarizes electrochemical characteristics of Ni-based SOFC anode with
H, and CO. Sec. 2.2 describes electrochemical measurements for a button ESC
operating with CH4-CO,-N, mixtures. The measured cell performance including
reforming data, i-V curves and impedance spectra are presented and discussed in Sec.

2.3. Finally, in sec. 2.4, important findings are summarized.

2.1 Electrochemical characteristics of Ni-based anodes with H, and CO

The electrochemical oxidation of Ni-based anodes with H, and CO as a fuel have
been found to be strongly dependent on at least two rate-determining processes
including (1) the adsorption of fuel species on the Ni surface, followed by the diffusion
of surface fuel species to TPB, where (2) charge-transfer reactions with O% take place
to release electrons to the electrode [1-6]. The rate of the electrochemical oxidation of
CO was reported to be 2-3 times lower than that of H, by Matsuzaki and Yasuda, who
examined the electrochemical behavior of Ni-YSZ cermet electrodes in the temperature
range of 750-1000 °C using H, and CO as a fuel [7]. Their findings are consistent with
observations in many researches on the electrochemistry of CO in Ni-based anodes [8—
10].

Sukeshini et al. investigated electrochemical characteristics of various micro-
patterned Ni electrodes on YSZ electrolyte operating in a temperature range of 750-850
°C with H,-CO mixtures, and reported that i-V curves obtained with fuel compositions
with H,/CO molar ratio above 0.33 were very close to that with pure H; [4]. Weber et al.
studied electrochemical performance of a planar SOFC with Ni-YSZ cermet anode in a
temperature range from 750 to 950 °C for H,-CO mixtures [9]. They found that
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compared to pure H; drops in output power for H,-CO mixtures were insignificant even
at an initial CO-content of 90%. Similarly, Jiang and Virkar demonstrated that cell
performances at 800 °C obtained for H,-CO mixtures containing H, over 45% were
almost equal to that for pure H, [10]. Sumi et al. also showed that as long as H,/CO was
higher than 0.32, there were very little differences in i-V curves and anode polarization
resistances of an SOFC with Ni-based anode measured at 750 and 1000 °C for the
different feeds of H,-CO-CO,-N, mixtures [11].

In spite of the different operation conditions, they came to the same conclusion that
Ni-stabilized zirconia cermet anodes working with H,-CO mixtures show H,-like

electrochemical behavior.

When the mixtures of CH4-CO or CH4-CO,-H,0 are fed to SOFC anodes, CHj, is
catalytically converted to syngas, H,-CO mixture, through CH,4 dry and steam reforming
reactions (reactions (1.6) and (1.7), respectively, listed in Table 1.5). At TPB of anode,
H,, CO, CH,4 are electrochemically oxidized simultaneously to generate electricity
(reactions (1.2), (1.3) and (1.4), respectively). CH, most likely takes part in reforming
process rather than power generation due to the fact that the rate of (1.4) is much slower
than the CH,4 reforming ((1.6) and (1.7)) [12], and (1.2) and (1.3) [9, 13]. Therefore, the
electrochemical behaviors of biogas-fuelled DIR-SOFCs are mainly governed by (1.2)
and (1.3). In this study, degrees of contributions of H, and CO in DIR power generation
will be discussed for the feed of biogas mixtures (CH4-CO,).

2.2 Experiment

Experiments were conducted using button-type electrolyte-supported cells (ESCs)
fuelled by simulated biogas mixtures (CH4-CO,-N2) with various CH4/CO, ratios.

Details of the cell fabrication and experimental procedure are described below.

2.2.1 Cell fabrication

Fig. 2.1 shows the configuration of the ESC used in this study, indicating

thicknesses of cell components measured by a wide-area 3D measurement system (VR-
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3100, Keyence, Japan). A disk made from commercial 10ScSZ (10 mol% Sc,03-1
mol% CeO,-ZrO,; Daiichi Kigenso Kagaku Kogyo, JAPAN) with a diameter of 20 mm
and a thickness of about 200 um was used as the electrolyte. The paste of NiO:ScSZ
with a weight ratio of 56:44 was screen printed on the electrolyte surface as the anode
functional layer (AFL). After AFL paste was dried, the paste of NiO:ScSZ with a
weight ratio of 80:20 was screen printed on the AFL as the anode current collector layer
(ACCL), followed by sintering at 1300 °C in air for 3 h to obtain porous anode with a
surface area of 8 x 8 mm?. The paste of cathode functional layer (CFL), which is a
mixture of ScSZ and (LaggSro2)0.0sMNO3 (abbreviated by LSM; Praxair, USA) with a
weight ratio of 50:50, was screen printed on the opposite surface of the electrolyte disk.
Then, the paste of LSM was screen printed on the dried CFL as the cathode current
collector layer (CCCL), followed by sintering at 1200 °C in air for 5 h to obtain porous
cathode. A Pt reference electrode was attached on the cathode side surface of the ScSZ

disk using platinum paste.

(@) (b)
220 mm 3 mm
@20 mm . — .
) Anode ¥ N
8x8mm functional | ) } g
CE ,Et,rhns,fbl\ Thickness Cell component Material layer printed 3. //
~24um cceL LSM . v 3
RE ——&m ~16 um CFL SCSZ:LSM Vi =
~200 um Electrolyte  10ScSZ A
~25pum AFL NiD:105c57=56:44
| ~13 pm ACCL NiD:105c57=80:20
WE L L L L | P |
Pt mesh

Complete cell sample

Fig. 2.1: Button-type ESC prepared in this study to investigate the electrochemical
behaviour of DIR-SOFC operating with the direct feed of simulated biogas mixtures; (a)
illustration of cell configuration and (b) photograph of the cell unit. WE — working
electrode (anode); CE — counter electrode (cathode); and RE — reference electrode.

The button cell was sandwiched by two alumina rings to obtain a complete single
unit of ESC. Ceramic bond (Aron Ceramic, TOAGOSEI Co. Ltd., Japan) was pasted
around the outer and inner perimeters of the rings for gas sealing between the electrolyte

and the rings.
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2.2.2 Experimental setup

As shown in Fig. 2.2, an ESC was sandwiched between two alumina tubes for fuel

(the lower tube) and air (the upper tube) feedings. Glass rings were inserted between the

alumina rings attached to the ESC and the tubes for gas sealing at high temperature.

(@) (b)

0O,+N .
2 2 Alumina

tube

reference
electrode

Alumina tube

Glass seal (air feeding)
: Cathode :
Impedance ! \ U U Electric furnace
analyzer i T Electrolyte
I
i-V Anode The ESC
I
measurement ! {\ f\
I

Alumina tube
(fuel feeding)

CH,+CO, + N,

Gas Water
chromatograph condenser

Fig. 2.2: Electrochemical measurement setup for DIR-SOFC fuelled by a simulated

biogas mixture; (a) schematic drawing and (b) photograph.

After heating to 900 °C in 4.5 h in an electric furnace, 100 mL min™* of pure N, was

supplied through the inner alumina tube to purge the anode compartment for 30 min.

Then, the anode gas was switched from pure N, to 100 mL min of Ho/N, = 1:9

mixture to reduce NiO in the porous cermet anode to metallic Ni. After the reduction

treatment for 2.5 h, the anode gas was switched to 80 mL min* of pure H, (dry), and

simultaneously furnace temperature was started to reduce to the testing temperature of

800 °C. Then, a constant current of 0.256 A (equivalent to 0.4 A cm %) was applied for

200 h under the flows of pure H, and air (150 mL min™) for anode and cathode,

respectively, for the stabilization of electrodes.
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2.2.3 Experimental procedure

After the stabilization process, fuel was switched from pure H, to 80 mL min™* of
simulated biogas mixture (CH4:CO2:Ny). CHy flow rate (f¢y,) was fixed at 20 mL min*
corresponding to a constant partial pressure of CHy (pcy,) in fuel mixtures of 0.25 atm.
CO flow rate (f¢o,) was varied from 5 to 40 mL min* corresponding to Pco, 0f 0.0625
to 0.5 atm, and initial CH4/CO; ratio of 4.0 to 0.5, respectively. N, gas was used as a
balance gas. Electrochemical measurements were conducted using an automatic SOFC
testing system (TOYO Corporation, Japan). During the measurement of i-V curves in a
current density range of 0.4 A cm™?, current interruption method was applied to measure
ohmic losses and electrode overvoltages. Anode-side electrochemical impedance
spectra (EIS) were collected at open circuit voltage (OCV) in a frequency range of 0.1
Hz-100 kHz using an impedance analyzer (VersaSTAT 3, Ametek, UK). The anode
off-gas was passed through a water trap, and its composition (dry basis) was analyzed
by an automatic gas chromatograph (GC-20B, Shimadzu, Japan) under OCV condition.

After i-V measurement for a CH4/CO, ratio, fuel was switched from simulated
biogas mixture to 80 mL min* dry H,, and the cell was maintained for 10 h at 0.4 A
cm 2 to remove carbonaceous species deposited on the Ni surface, followed by an i-V
measurement for dry H,. Then, the anode gas was switched from dry H, to simulated

biogas mixture with a desired CH4/CO; ratio.

2.3 Results and discussion

2.3.1 Internal reforming behavior under open-circuit condition

There were unnoticeable deviations among i-V curves obtained for dry H, before
each electrochemical measurement for CH4;-CO,-N, mixture, indicating that anode
performance was maintained throughout a series of experiments. The net production

rate of H,O (7,0) Was estimated from the balance of species (Eq. 3.2).
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Fig. 2.3: Internal reforming behavior of ESC with Ni-10ScSZ anode (total anode
thickness of about 38 um, surface area of 8 x 8 mm?) with 80 mL min* of simulated
biogas mixtures (CH4:CO2:N2 = 20:f¢0,:(60 — f0,)) measured at 800 °C; (a) total CHy
conversion, (b) net production rates of H,, CO and H,O and (c) H,/CO molar ratio of
reformate gas with respect to CO, inlet flow rate (f¢o,).

Fig. 2.3 presents internal reforming behavior under open-circuit condition with 80
mL min* of simulated biogas mixtures (CH:CO2:N, = 20:fc0,:(60 — fco,)). Total CH,
conversion (;(CH4) did not exceed 15% under the experimental conditions of this study

(see Fig. 2.3-(a)). At a constant f¢y, of 20 mL min 2, Zen, sharply increased from about

8 to 14% with increasing fo, from 5to 15 mL min. Further increase of fco, 10 40 mL

min?, Xen, became insusceptible to f¢o,. The similar trend of Zen, with respect to f¢o,

at a constant fcy, has been observed in the work of Bradford and Vannice, who
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investigated the reaction kinetics of CH,4 dry reforming over Ni-based catalysts in a
temperature range of 400-600 °C [14]. Tsipouriari and Verykios also reported the same
tendencies on the catalytic behavior of CH, conversion with CO, over a Ni-La,O3
catalyst from 650 to 750 °C [15].

The net production rates of H,, CO and H,O are shown in Fig. 2.3-(b). Sum of the
net production rates of H, and CO was not higher than 10.5 mL min . The reverse-
WGS reaction (reaction (1.8)) also took place, resulting in H,/CO ratio less than 1 in the
reformate gas (see Figs. 2.3-(c)). The dissociation of H,O on the Ni surface could result
in O(Ni) species [16] which have been found to accelerate surface diffusion of H, to
TPB via spillover mechanism [1]. In the work of Jiang and Virkar as mentioned in
Section 2.1, limiting current densities measured at 800 °C for H, diluted with H,O were
20-44% higher than those for H, diluted with CO, at the same degrees of dilution,
suggesting that the adsorption of CO; on the Ni surface did not lead to the formation
O(Ni) species (refer to Appendix A). Hence, under DIR operation O(Ni) concentration
was greatly dependent on the partial pressure of H,O (py, o).

w
o
o

800 °C

_| Open-circuit condition
Ni:10ScSZ-based ESC
CH4:CO2IN;y = 20:f¢0,(60 - feo,)

N
al
o

200 A

150 A

100

a
o
L

Partial pressure of O, in anode / x 10717 Pa

o
L

5 100 15 20 25 30 35 40
fco, - CO; inlet flow rate / mL min™

Fig. 2.4: Thermodynamically-calculated partial pressure of oxygen in anode side (po, )
with respect to CO; inlet flow rate (f¢,,) at 800 °C for 80 mL min* of simulated biogas
mixtures (CH4:CO2:N2 = 20:f¢0,:(60 — fco,))-

While CH,4 conversion was not further promoted for f¢,, > 15 mL min ', reverse-

WGS reaction still proceeded, keeping shift of H, to H,O. O(Ni) concentration therefore

34



Chapter 2 — Electrochemical behavior of DIR-SOFCs operating with biogas

increased with increasing fco, under a constant fy,. In addition, py, 4, calculated with
HSC Chemistry 9.0 software package (Outotec, Finland), increased with increasing f¢o,
as fcu, Was fixed (see Fig. 2.4), indicating that interfacial conductivity of anode also

increased [17].

Enhanced O(Ni) concentration and p,,, in DIR operation can promote surface

diffusion of H; (refer to Appendix A), and this makes H, predominant electrochemical

reactant rather than CO.

2.3.2 Electrochemical impedance for simulated biogas mixtures

Fig. 2.5 shows anode-side impedance spectra under open-circuit condition for
different CH4-CO,-N, mixtures at fry, = 20 mL min . For fco, Varying from 5 to 40
mL min*, impedance spectra consisted of two arcs partially overlapped, suggesting that
the anodic reaction is controlled by at least two rate-determining processes associated
with mass-transfers of gaseous species to and from TPB and fuel conversion (low

frequency arc), and charge-transfer processes at TPB (high frequency arc) [1, 2, 18, 19].

15

CH,: CO,: N, ——dryH,
—=— 20: 5:55 —s— humidified H; (3 vol% H,0)
—o— 20:10:50 o
20: 15:45 890 c
e 20: 20:40 Ni:10ScSZ-based ESC
1.0 20:30:30  Frequency = 0.1 Hz .. 100 kHz
= —— 20:40:20 Open-circuit condition
N
E
0.5 1
freq.
PP
“a,
it :;g;;;()*i.h“' “,
B ooonesr Y o, l . *
> 1 .
0.0 AR —
0.0 0.5 1.0 15 2.0

ReZ (Q)

Fig. 2.5: Anode-side impedance spectra at 800 °C for the ESC with Ni-10ScSZ
measured under open-circuit condition with 80 mL min" of different CH,-CO,-N,
mixtures. Spectra for dry and humidified H, were also plotted for the comparison.
Number in the box indicates the value of power.
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Fig. 2.6: Polarization resistances of Ni-10ScSZ anode at 800 °C obtained in the EIS
under open-circuit condition with 80 mL min™" of simulated biogas mixtures
(CH4:CO2:N2 = 20:f¢0,:(60 — fco,)); (a) mass-transfer resistance (R, ), (b) charge-
transfer resistance (R q)and (c) polarization resistance (Rpo1q = Rmt,a + Ret,q) With
respect to CO inlet flow rate, f¢o, .

As shown in Fig. 2.5, the size of low- and high-frequency arcs decreased with
increasing f¢o, at constant f-p, . Mass-transfer, charge-transfer and total polarization
resistances of anode, Ryt g, Retq @Nd Ryora (= Rt + Reta) respectively, with respect
to fco, Under open-circuit condition are plotted in Fig. 2.6. R, and R, for
humidified H, (3 vol% H,O) was smaller than those for dry H,. The effect of
humidification was more pronounced for R, , compared to R. ,, indicating the
promotion of surface diffusion of H, on the O(Ni) species through the spillover

mechanism [1]. When the fuel was switched from dry H, to simulated biogas mixtures,
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Rint,q Temarkably reduced and approached that for humidified H, with increasing f¢o,
(see Fig. 2.6-(a)). This suggests that under DIR operation total diffusion rate of
electrochemically-active species (H, and CO) to TPB was considerably enhanced in
spite of low concentrations of H, and CO. Whereas the surface diffusion of H, to TPB is
accelerated over O(Ni) species, that of CO could be suppressed by the coverage of H,O
(or O(Ni) species) (refer to Appendix A). Therefore, it can be said that the variation of
Rt o With CH4/CO; ratio is tightly associated with the mass-transfer process of H.
R.: decreased with increasing fq, in the fuel stream (see Fig. 2.6-(b)) and converged
to the value of humidified H,, indicating the dominancy of H, in the charge-transfer

process for the simulated biogas mixture with CH,/CO, < 1.

It was revealed that under the working conditions of internal dry reforming of CH,
CO plays little part in the electrochemical process, and it is governed by the
electrochemical oxidation of Hy, even though H,/CO ratio of reformate gas was as low
as 0.3.

2.3.3 i-V characteristics

i-V curves for the direct feed of simulated biogas mixtures were plotted in Fig. 2.7,
where i-V curves for the dry- and humidified-H, (3 vol% H,0) were also shown. Due to
higher po, , for humidified-H, compared to dry Hp, OCV was 90 mV lower than that of
the case of dry H, (1.166 V). Below 0.1 A cm, an obviously lower slope of the i-
Vcurve was observed for humidified H, compared to dry H,, showing the positive effect
of H,O to accelerate the electrochemical oxidation of H, [1, 3, 17, 18]. For the
simulated biogas mixtures, by increasing f¢o, from 5 to 40 mL min*, OCV decreased
from 1.030 to 0.891 V due to increase in py, .. Below 0.1 A cm 2, the slope of i-V
curves decreased with increase in f¢o,. Further increase in current density, the slopes of
i-V curves became comparable to H,. In the range between 0.2 and 0.4 A cm 2, all i-V
curves had linear tendency against current density with almost the same gradients,
suggesting that the cell voltage drop was mainly attributed to ohmic resistances, and

insensitive to activation overvoltages.
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Fig. 2.7: i-V curves of ESC with Ni-10ScSZ anode measured at 800 °C with 80 mL
min* of simulated biogas mixtures (CH4:CO,:N; = 20:f¢0,:(60 — fco,)). i-V curves for
dry and humidified H, were also plotted for the comparison.

Fig. 2.8 shows anode activation overvoltage (7, ., ,) for the feed of simulated biogas
mixtures. n, , . dramatically decreased as fo, was varied from 5 to 15 mL min .
Further increase in f¢o, to 40 mL min*, M,ce o DECAME insensitive to f¢o,change. These

observations were consistent with the decrease in Ry, o Under open-circuit condition

(see Fig. 2.6-(c)).
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Fig. 2.8: Activation overvoltage (7, ,) of Ni-10ScSZ measured at 800 °C with 80 mL
min* of simulated biogas mixtures (CH4:CO,:N, = 20:f¢0,:(60 — fco,))- 1 for dry
and humidified H, were also plotted for the comparison.
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1,0t o OF Simulated biogas mixtures was lower than that of dry H; for all CH,/CO;

ratios tested in this study due to the promotions of mass-transfer and charge-transfer
processes, even though concentrations of H, and CO available in the anode were low
level. This, again, shows the contribution of O(Ni) species to increase electrode
interfacial conductivity, and anodic reaction for the feed of simulated biogas mixtures is
governed by H, oxidation regardless of H,/CO ratio as low as 0.3.

2.4 Conclusions

Under DIR operation, the electrochemical oxidations of H, and CO simultaneously
proceed at the triple-phase boundary (TPB) of anode. The degree of each contribution to
power generation must be clearly defined for accurate performance calculations of DIR-
SOFCs operating with biogas. To answer this question, in this study, electrochemical
experiments using button-type SOFC single cells with Ni-ScSZ anode were conducted
at 800 °C with the direct feed of simulated biogas (CH4:CO2:N; = 20:f¢(,:(60 — f¢0,))-

Reforming data obtained under open-circuit condition showed that the H,/CO molar
ratio of syngas produced internally via CH,4 dry reforming (CH4 + CO, S 2H, + 2CO)
was less than 1, and continuously decreased with increasing CO; flow rate (f¢o,)
because of reverse-WGS reaction (CO, + H, 5 H,O + CO). O(Ni) might be present in
the anode due to the dissociation of H,O (by-product of reverse-WGS reaction) on the
Ni surface (H,O + (Ni) 5 H, + O(Ni)). O(Ni) concentration increased with increase of
the partial pressure of H,O (ppy,0), Which rose with the promotion of reverse-WGS
reaction as f¢o, increased. Oxygen partial pressure in anode side (po, ) also increased

with increase of oxygen carrier content (here, CO,) in the fuel stream, leading to

decrease in open-circuit voltage (OCV).

Impedance data measured at anode side revealed that surface diffusion of
electrochemically active species to the TPB was significantly accelerated with
increasing O(Ni) concentration or p,, ,. At the same time, charge-transfer reactions
were noticeably promoted. These electrochemical behaviors were identical with those of
Ni-based anodes fuelled by H,. Because the electrochemical oxidation of CO is known

to be suppressed by the presence of H,O to form O(Ni), it can be concluded that in the
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DIR operation H; is electrochemically active and electrochemical contribution of CO to

power generation is negligibly small, even though H,/CO ratio is as low as 0.3.
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Chapter 3 — Modeling of methane multiple-reforming within the Ni-based anode of
an SOFC

Humidification of biogas is effective to suppress coke formation within SOFC
anodes. Because CO; in biogas stream is an available oxygen-carrier, the degree of
humidification should be as low as possible for maximizing overall system efficiency.
Under these fuel conditions, simultaneous dry and steam reforming of CH,4, namely
methane multiple-reforming (MMR), must be considered in numerical evaluations. In
this Chapter, a novel approach using an approximation method based on artificial neural
network ((ANN), refer to Appendix B) and fuzzy inference system ((FIS), refer to
Appendix C) is described for the modeling of the MMR process, covering important
catalytic aspects such as partial pressure dependence, temperature sensitivity, and the
concurrent effects of CO, and H,O in the catalytic CH,4 conversion. The overall CH,
reforming within a Ni-based cermet anode can thus be expressed by a single model for

arbitrary temperatures and gas compositions of CH,4, CO,, H,0, H, and CO.

In Sec. 3.1, the ANN/FIS-based MMR model is described. Experiments and model-
parameters determination are mentioned in Sec. 3.2. Validity check is presented in Sec.

3.3. Important findings are summarized in Sec. 3.4.

3.1  Model description

It is impossible for the conventional approaches such as power-law model fitting,
first order reaction kinetics related to CH, partial pressure and Langmuir-Hinshelwood
kinetics to fully express the catalytic behavior of Ni-stabilized zirconia cermet anodes

under DIR operation with biogas.

In this study, a novel approach adopting ANN and FIS for directly calculating net
consumption and production rates of all gaseous species (CH4, CO,, H,O, H, and CO)
involved in the MMR was proposed. Reaction rates of dry and steam reforming of CH,4
(reactions (1.6) and (1.7), respectively, listed in Table 1.5) on Ni-based catalysts have
been generally accepted to be tightly involved in the rate of CH, decomposition on the
Ni surface [1-4]; in this rate-determining step, active carbon and hydrogen adatoms are
simultaneously formed (reaction (1.9)). CH,4 dry reforming can thus be considered to be
activated with CH, pyrolysis, followed by a reverse-Boudouard reaction (reaction

(1.10)) [5]. Similarly, CH4 steam reforming can be expressed as CH, dissociation,
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followed by coal gasification (reaction (1.11)) [6]. The final H,/CO ratio is determined
by the kinetically fast WGS reaction (reaction (1.8)), which is strongly dependent on the
partial pressures of CO, H,0, Hy, and CO; (pco, Pu,0, Pu,and pco,, respectively).
Therefore, the MMR within a Ni-based anode can be expressed as a set of the basic
reactions (reactions (1.8)—(1.11)). If the carbon accumulation rate is negligible, the net
consumption or production rates of CO,, H,0, and CO involved in the CH, conversion
(Tco,» Tu,0 @nd 1¢, respectively) can be given by those of CH, and H, (r¢y, and ryy,,

respectively) from the balance of chemical species as follows:

T'COZ = 3T'CH4 + T'Hz (31)
Tn,0 = —2Tch, = T, (3.2)
Tco = —4rcn, — T, (3.3)

Negative and positive values signify net consumption and production rates,
respectively. ¢y, is always negative, while r;, is always positive. The thermal energy

absorbed by the MMR process (AH, ) can be thermodynamically calculated as
AHymr = AHygstwes + AHeptep + AHgptrp + AHcgTe (3.4)

where AHy, s, AHqp, AHgg, and AH are the enthalpy changes, and ry,4s, Tcp, Trg, and
rcc are the net reaction rates of basic reactions (1.8), (1.9), (1.10) and (1.11),
respectively, estimated as

TCOZ 5 TCOZ >0
Twes = "0 5 THy0 >0 (35)
0 ; TCOz'THZO <0
Tcp = —TcH, (3.6)
_(~Tco, Tco, <0
e ={g . (37)
_ _THZO ; THZO <0
e ={o % g (38)

Consequently, the net kinetics of the MMR process can be estimated with a pair of

rcu, and 7y, values. The dependences of rgy, and 7y, on temperature and gas
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compositions were expressed in the following general form to consider the concurrent
effects of CO and H,O. The calculation steps used to obtain r¢y, and ry, are illustrated

in Fig. 3.1.

TNT

ry = interpolation (T, [rXTl,..,rX ]) (3.9)

where X is either CH,4 or Hy, T; is the ith temperature, Ny is the number of T;, and T is
an arbitrary temperature within the temperature range between T; and Ty, .

‘interpolation(.)’ is the interpolating function determining ry from the set of

[rXTl, : .,rXTNT] with respect to T (see Fig. 3.1-(a)).

(b) (c)

The basic molar ratio Rate-ratio surface at Ty
CH,;:CO,:H,0=2:1:1
6

T “Zflf
ko,cm [pCHK;] *

| CH4:COZ:H20:2"1:1 s

0 T v T 1 9 - E] i
0 5 10 15 20 ° — O\Q(‘
Pcn, [ kPa pmz/pm,i OO g
a Lo
@ .
TcH, _,. cH, — Tocu,9cH,
.
Interpolation e I_
Yem, [F7 PO *’ Rate-ratio at Ty
T .’. | - -
TC;"} ’, < i Basic net consumption rate at T
Ty ° e : with CH4:CO,:H,0 =2:1:1
e p -~ i !
CH, Net consumption rate at T,
with arbitrary CH,:CO,:H,0
Ty T, T T

Fig. 3.1: Calculation flow to obtain the net consumption rate of CHy (r¢p,) at arbitrary
temperatures and gas compositions (CH4-CO,-H,0-H,-CO) in MMR.

The net consumption or production rate of X at T; for an arbitrary gas composition,

1y !, can be calculated using Eg. (3.10):
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T; T;

‘rX = O,Xq;? (310)

where rog"( is the basic net consumption or production rate of X at T; for the basic gas
composition (partial pressures of CH4;, CO, HO, Hp, and CO are pcy,, Pco, (=
0.5 pcu,): Puyo (= 0.5 pcp,), Pu, and peo, respectively, i.e. CH4:CO2:H,0 = 2:1:1), and
qy' is the rate-ratio of r ' to 7, & at T;. 7, & is expressed as a function of pcy, (see Fig.

3.1-(b)).
. . aTi
Tox = ko'y[pcu,] ** (3.11)

T; T; . T:
where k,'y and a,'; are the rate constant and power factor, respectively. g,' can be

expressed as a function of both pco, /pcu, and pu,o/pcu, (see Fig. 3.1-(c)).

a4y = Zy (co,/Pen, » Pryo/Pen,) (3.12)

where Z;i(.) is the function generating the surface of q)T(", expressing the concurrent
effects of CO, and H,O on the MMR process at T;. The py, and pc have little
influence on the CH, conversion in the internal reforming process [4, 7, 8]; therefore,

they are neglected in calculation. Consequently, at each T;, the net kinetics of the MMR

T;

is characterized by k',

T; T;
Aoy, and Zy".

Because the mathematical form of Z;" is not clearly defined, and, more importantly,
the correlation between rXT “and T is dependent on the gas composition, in this study, the
flexible, non-linear ANN-based approximator and FIS-based interpolator were applied
forZ)f"(.) and interpolation(.), respectively, to build an empirical model calculating
Tcn, and ry, in the MMR (model outputs) from T, pcy,, Pco,, and py,o (model inputs).

The mathematical form of the approximator is:

[qg;w quI;] = ANN"(pco,/Pcn, » Pryo/Pen,)- (3.13)
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Fig. 3.2: Schematic illustration of ANNT: (N,, = 5) for generating qg}{4 and q;; at an

arbitrary gas composition: (a) a schematic of the network, and (b) illustration of
tansig(.) function.

At each T;, an ANN (denoted as ANNT?) is trained to generate both Z(%, and Z;
surfaces. ANNT:i, schematically shown in Fig. 3.2-(a), is a feed-forward network
composed of input (composed of two neurons: ¥i,: (= Pco,/Pcu,) and yina (=
Pu,0/Pcu,)) and hidden (N, neurons) and output (two neurons: qZ}{4 and q,Té) layers.

The mathematical expressions driving ANNT: are summarized below. The input values

are normalized to range from —1 to 1 as follows:
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norm

-1
yin,l = [yin,l - % (yin,l,max + yin,l,min)] E (yin,l,max - yin,l,min)] (3-14)

norm

-1
yin,z = [yin,z - % (yin,z,max + yin,z,max)] E (yin,z,max - yin,z,max)] (3-15)

where the subscripts max and min indicate the maximum and minimum values,

respectively.

In ANN theory, signals processing mimics that of a biological neuron [9], the output
signal produced from the kth hidden neuron, yu;4 k. is given by a nonlinear transform of

Uhia,k» Which is a linear combination of y;;’1™ and y;;°;™ with bias by,.

yhid,k = tanSl.g(Uhl'd,k) = 2[1 + exp(—ZUhid,k)]_l -1 (316)

Uniak = Wik1Yin1 + + Wk2Vinz + + by. (3.17)

Here, wy 1 and wy , are the weights of the kth hidden neuron. Among conventional
transfer functions applicable to ANN, for approximation purposes, a continuous tan-
sigmoid function (tansig(.)) (see Fig. 3.2-(b)) is commonly selected to maximize the
smoothness of the network response. The nonlinear transform process for the output
neurons can be omitted for simplicity. Therefore, the output signals of the output

Neurons, Yoz ¢, and youi w,, Which correspond to the rate-ratios of CH, consumption

and Hy production, respectively, are given by the linear combination of yy;, .

N

YoutcH, = Lke1 Wer, kYhidk + ben, (3.18)
N

Youtty = Xkm1 W, kYhidk + bu, (3.19)

where wey, , and wy, , are the weights of the output neurons of CH4 and H,,

respectively, for the kth hidden neuron, and by, and by, are the biases of two output
neurons. Both y2:¢rm, and y2or™ are normalized between —1 and 1, and q¢f;, and q;;

are finally obtained through the de-normalizations of ygy ¢y, and yg.i i, , respectively.

rm T;

T, _ 1 T T; 1 T;
Aen, = ytr)lli)t,CH‘; [E (qCH4,max - qCH4,min)] + > (qCH4,max + qCH4,min) (3.20)

4t = Y [ (8 max = Aiomin) ] 5 (T max & 90 min ) (3.21)
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The number of hidden neurons, N,, must be carefully selected to obtain good
approximations of the Zg;',4 and Z;; surfaces. The connection weights (wy 1, w2,
Wen, k and wy, ) and biases (by, bcy, and by, ) of the network are determined through

a training process based on input, y;,, 1 and y;, », and corresponding output values, qZ,"h

and q;", derived from experimental MMR kinetic data. In the present approach, r¢y,
and 7y, at an arbitrary temperature T are determined from the set of [rCH rCTIZ T] and

[r;;,..,rPZNT], respectively, using the FIS-based interpolator, as shown in Eg. (3.22).

This calculation procedure includes the fuzzification, processing, and defuzzification

steps, as illustrated in Fig. 3.3.

ey 7] = FIS (T i o7 | oo, ]) (322)

The temperature range between T; and Ty, is divided into N temperature levels,
Levelr, (i = 1..Ny). Each temperature level is centered at T; and characterized by a
triangular fuzzy set, denoted Lfi, expressing the possibility of T € Levely, (or the
partial truth of T = T;). As shown in Fig. 3.3, in the fuzzification step, the value of T is
mapped into L’;i to have corresponding fuzzy value ur,(T) (0 < ur,(T) < 1). ur,(T) =
1, so T is equal to T;, while ur,(T) = 0 implies that T is not T;, and 0 < ur,(T) <1
indicates that T = T; is partially true. In the processing step, values of ry, and ry,

associated with each Levelr, are inferred from the following fuzzy rule,
T; — .. Ti
IF (T € LevelTi) THEN (TCH4 = rCH4) and (7”H2 = T'HZ). (3.23)

Tcu, and ry, are computed in the defuzzification step as the weighted averages of
the IF — THEN rule outputs (Egs. (3.24) and (3.25), respectively). ur, is thus regarded

as the temperature dependent coefficient of the interpolation.
. -1
e, =207 e (T, )82 1 (7] (3:24)

Ty = (2 (D[ e, (D] (3.25)
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Rule outputs
(Step 2: processing)

Input fuzzy sets
(Step 1: fuzzification)

IF THEN
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1 | |
f I T T |
pr, (T) <-/-¢ LTl * TcH,™ TCIIL; AND Th, = THzl *
0 I
T I | FIS outputs
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LI I T5 T> I E: 141, (T)rgya‘
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L — 413 _ .13
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Fig. 3.3: Schematic illustration of the interpolating process to determine the net

consumption rate of CH, (r¢y,) from the set of ITCH ,rCT,?, , ,?,4] and the net production

rate of H, (ry,) from the [rTzl,er,er] set at an arbitrary temperature (T) between T,
and T5 by FIS.

3.2  Determination of model parameters

In the present approach, the temperature dependence of the MMR Kkinetics is
determined by interpolation using the reaction rates measured for N temperature values
(T;) in a pre-defined temperature range between T; and Ty,. The accuracy can be
improved by properly selecting N and the distribution of T; in the defined range. In this
study, N = 3 and T; = 700, 750, and 800 °C were selected, and, at these temperatures,
CH, reforming tests were performed using a button-type SOFC single cell.

- - - T T T
Subsequently, data processing was carried out to determine ky ¢y, , aocy,, Koy, and

0,Hy'
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angz through power-law fitting (Step-l) and Zg;'l,4 and ZZ; through ANNT: training

(Step-I1).
3.2.1 Experiments
3.2.1.1 Experimental setup

An anode-supported half-cell based on the porous Ni-8YSZ (NiO:8YSZ (8 mol%
Y,03-Zr0,) = 56 wt%:44 wt%) with a diameter of 20 mm, a thickness of 870 um, and a
porosity of about 32% provided by Saga Ceramic Research Laboratory was used for
CHy reforming experiments. The half-cell was sandwiched between two alumina rings,
and subsequently, a ceramic bonding agent (Aron Ceramic, TOAGOSEI Co. Ltd.) was
pasted around inner and outer perimeters of the cell to make it gastight (see Fig. 3.4-
(@)). Then, as shown in Fig. 3.4-(b), the half-cell was mounted on the top of the outer
alumina tube using ceramic paste, so that the gastight electrolyte and reforming
catalysts (here, the porous anode support) became the outside and inside of the cell,

respectively.

Ceramic

(b)“ i T ) Aluminaring (C)

Electrolyte 3

(a) Culpmd i Anode

g Aluminaring
i — Electric furnace 2
: i =
q [ Aluminatube mf
i I L —F ~
I L Y Water vapor = 1
" Py S trap

—T
CH,-CO,-H,0-N, 0

(1) pCH4 = const

T'=const

(€)

The basic molar ratio

/CH4:CO2ZHZO =2:11

@ L ®(4)

Gas supply Gas 0 1 2 3
system chromatograph Pyo / Py g

Fig. 3.4: CH,4 reforming tests using a Ni-8YSZ anode-supported half-cell (20 mm in
diameter): (a) a picture of the catalyst material (anode side), (b) schematic drawing of
the experimental setup, and (c) the experimental matrix showing six testing programs
indicated by green arrows. CH,4 reforming tests were performed for the compositions, as
indicated by the blue (basic molar ratio) and red dots.
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After heating to 900 °C in 4.5 h in an electric furnace, a 100 mL min* flow of pure
N2 was supplied through the inner alumina tube to purge the anode compartment. After
30 min purging, the anode gas was switched from pure N, to a 100 mL min* flow of
pure Hy (dry), and this reducing atmosphere was maintained for 2.5 h to form a Ni metal
catalyst. After the reduction treatment, the gas stream was switched to a 100 mL min*
flow of H,/N; = 10/90, and the temperature was reduced to the testing temperature (700,
750, or 800 °C).

3.2.1.2 Experimental procedure

In Step-I, the consumption or production rate of X (CH,4 or H,), rOT,;'(, was measured
at pcy, values of 6, 9, 12, 15, and 18 kPa with a constant partial pressure ratio of p¢o, =
Pi,0 = 0.5pcy, (CH4:CO:H,0 = 2:1:1). In Step-I1, to determine Z, ¢, both CO, and H,0
were varied at a constant py, of 12 kPa along the six testing programs shown in Fig.
3.4-(c): program 1: CO, dependence without H,O (reforming agent in the fuel is CO;
only), program 2: H,O dependence without CO, (reforming agent in the fuel is H,O
only), program 3: CO, dependence at py,o/pcn, = 0.5, program 4: H,O dependence at
Pco,/Pcu, = 0.5, program 5: shifting from dry to steam reforming, and program 6:

MMR with pco, = Pu,o-

For each fuel composition, after the porous anode was exposed to the fuel stream for
1 h, off-gas analysis was carried out. Before moving to the next testing program, the
fuel stream was switched to a 100 mL min™ flow of 12% humidified H, to remove
carbonaceous species deposited on the Ni surface. After this treatment for 8-10 h, the
anode compartment was purged with a 100 mL min* flow of Ho/N, = 10/90 for 1 h to
remove steam. Catalyst degradation was periodically checked by carrying out reforming

tests with a flow gas composition of CH;:CO,:H,0 = 2:1:1.
3.2.2 Data post-processing

Several studies on the reaction kinetics of dry and steam reforming of CH, for Ni-

loaded catalysts have reported that CH,4 conversion is not composition dependent when
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Pco,/Pcu, and py,o0/Pcn, are greater than two [3, 10-12]. The experimental matrix in

this study to measure TchL and r,_fz" COVErS pco,/Pch, aNd Py,o0/Pcu, Yanges up to 2.5,

. T; T;

and when either pco,/Dcn, OF Pu,o/Pcu, (Or both) exceeded 2.5, Tey, and 7, were
determined by extrapolation using a power-law. The experimentally obtained rate ratios,
q)T(i, were assigned to the output values of ANNT:i. A wide range of fuel compositions

can be covered by this approach with a minimum number of experiments.

Table 3.1: Parameters determined by power-law fitting and ANN training to describe
MMR.

Parameters T =700 °C T =750 °C T =800 °C
[kO,CH4 aO,CH4] [—0.783 0.6] —0.649 0.7517] —0.597 0.8692]
kow,  aom, 2.066 0.6 1.703  0.7517 1.525  0.8692

[Zl,min Zl,max] [o 8.266] [0 8.266] [0 8.266]
ZZ,min Z2,max 0 8209 0 8209 0 8209
[qCH4,min %H4,max] [o 1.587] [o 1.587] [0 1.587]
Qymin VHymax 0 2.238 0 2238 0 2238
Wi1 Wi 2.779 —0.566 [ 1.607 0.005 2.499 —0.155]
wy1 W22 | 0.569 —1.909| 0.109 —1.386 0.189 —1.979
W31 Wi -1.721 0.076 —1.445  0.089 —1.445  0.09
Wil  wy, [—2.453 —2.974J —-3.13 —4.959 —-3.736 —5.615
W51 Wsp 1.91 2.926 3.163 5.223 3.838 5.68
[b1] 2.089 I 1.825 2.057
b, —1.672 —1.673 —2.364
by —6.713 —6.932 —6.932
b, —4.726 —7.086 —8.386
bs 4.694 7.573 8.759
Weny1 o Wiyt -0.02 —0.197 —0.069 —0.625 —0.066 —0.344
Wen,2  WHy2 -0.11 —0.86 0.066 —0.86 0.034 —0.69
Wenys  Wh,3 0.663 0.378 0.0006  0.01 0.105  0.183
WeH A Wi a 1466  1.036 2.281 1.618 2.446 1.62
Wen,s  Wiys 3.682  2.556 3.401 2.385 3.451 2.32
[bcy4] [—0.718] [—0.409] —0.514]
by, -1.179 —0.804 -0.977

At all tested fuel compositions, the amounts of carbon-based gaseous species at the
inlet and outlet were almost balanced (the average deviation was found to be less than

5%), suggesting that the carbon accumulation rate is slow, and the influence of coking
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on the MMR is negligible under the conditions selected in this study. Parameters
involved in the present approach were determined using a power-law fitting and ANN

training process using MATLAB code, and these values are listed in Table 3.1.

As shown in Fig. 3.5-(a), at the basic molar ratio (CH4:CO2:H,O = 2:1:1), both
ro.cn, and 1 g could be expressed by a power-law function of pcy,, as indicated in the
general empirical MMR expression (Eq. (3.11)). The results of Fig. 3.5 indicate that the
calculated rZg° and r;%° using the parameters of Table 3.1 can reproduce the

experimental values with the coefficients of determination (R?) greater than 0.98,

indicating that these parameters describe the complex MMR reaction well.

As shown in Figs. 3.5-(b), (c), (d), and (e), which correspond to programs 1, 2, 3,
and 4, respectively, at pcy, = 12 kPa, the dependences of rZ3° on p¢o, and py,o Were
weak above pco, and py, values of about 24 kPa, i.e. pco,/Pcn, and Pu,o0/Dcn, > 2.
At the same time, in programs 1 and 3, suppression of rggo was initiated because of its
promotion of the reverse WGS-reaction. In contrast, in programs 2 and 4, r;%° was

slightly increased by the forward-WGS reaction.

The slope of rZ3° in the range of py,o/pcy, < 2 in program 2 (where the only
reforming agent in the fuel is H,O) compared to that in the range of pco,/pcn, < 2 In
program 1 (where the only reforming agent in the fuel is CO,) is steeper. Moreover, the
value of rg}}f at saturation in program 2 was greater than that in program 1, reflecting
the faster kinetics of steam reforming compared to dry reforming. Similarly, CH,4
consumption was promoted as py, o increased (program 4) to a greater extent than as
DPco,increased (program 3) in the presence of CO, and HO, respectively, at 6 kPa in the
fuel stream. The profile of v/3° as a function of (pco, + Pu,0) Under pco, = Pu,o

(program 6) was found to be closer to that of program 2 than that of program 1 because

of the larger contribution from steam reforming.

For the partial replacement of CO, with H,O under the constant total pressure and

Pco, + Pryo = Pcn, (Program 5, Fig. 3.5-(f)), rZ3? varied linearly with py,o (0F pco,)-
Therefore, when pco, + Pu,0 = Pcu,» MMR can be regarded as a linear combination of

dry and steam reforming reactions.
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Fig. 3.5: Net reaction rates of MMR within the porous Ni-YSZ anode material at
700 °C for a fuel flow rate of 100 mL min* (fuel is the CH4-CO,-H,0-N, mixture). (a):
The profile of 13" as a function of p¢y, obtained in Step-1. (b—g): Profiles of r/°° as a
function of pco, or py,o obtained in Step-1l. M and A are measured r/;° and r;7)°,
respectively. [ and A are /3 and 17 ° estimated from the experimental trends by
extrapolation using a power law. Solid lines are the net reaction rates predicted by the
black-box model using ANN7°°; for (a) a power function was applied.
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The concurrent effect of CO, and H,0 in the MMR can be shown by the continuum
surfaces of the rate ratios, ZZg> and Z/2°, generated by ANN7°° (see Figs. 3.6-(a) and
(b)). The estimated net rates based on this ANN7°° well matched the measured values in

all programs, as shown in Figs. 3.5-(b—g).

(a) (b)
2.5
2
157
af)’
05 1:2:0\l s<— CH,;:€0,:H,0=2:1:1
0™~ 9 R ) ~ 9
0 v - : 9 e o< 6
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Fig. 3.6: The rate ratio surfaces of (a) CH4 and (b) H, generated by ANN7°0,
characterizing the concurrent effects of CO, and H,O in the MMR within the porous Ni-
YSZ anode material at 700 °C.

Similar reforming tendencies were also obtained at 750 and 800 °C as shown in
Figs. 3.7 and 3.8, respectively. The surfaces of the rate ratios at 750 and 800 °C are
shown in Fig. 3.9 and 3.10, respectively.

Comparing Figs. 3.5, 3.7 and 3.8, temperature dependence of reforming kinetics was
apparent. At the basic molar ratio (CHs:CO,:H,0 = 2:1:1), the slopes of 7 and r,;’
increased with increasing T; (compare Figs. 3.5-(a), 3.7-(a) and 3.8-(a)), reflecting the
thermally activated CH, pyrolysis.

As shown in Figs. 3.5-(b), 3.7-(b) and 3.8-(b), corresponding to program 1 (where
the only reforming agent in the fuel is CO,), the slope of rchL in the range of pco, /D,
< 2 became steeper as T; varied from 700 to 800 °C, indicating that Pco, dependency of

rCT,;'4 became stronger at higher temperature; hence, rg;_h more quickly reached to the

maximum, followed by the region insusceptible to p¢o,. The maximum TchL increased

slightly with increase of T;. It could be said that in the temperature range of 700-800 °C,
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the Kkinetics of dry reforming in Ni-YSZ anodes was strongly dependent on p¢o, and

temperature for pco,/pcu, < 2, Whereas less sensitive to pgo, and temperature for
Pco,/Pcu, > 2. The profile of TchL in program 2 (where the only reforming agent in the

fuel is H,O) showed similar trends (see Figs. 3.5-(c), 3.7-(c) and 3.8-(c)). These
reforming characteristics reflected the dependencies on temperature and gas
composition of the Arrhenius behaviors of dry and steam reforming of CH, over Ni-
based catalysts [4]. This emphasizes that the kinetics of each reforming process cannot
be expressed by a single model for arbitrary temperatures and gas compositions using
conventional approaches, moreover, the MMR cannot be considered as the sum of dry
and steam reforming, and any calculations adopting this assumption may result in
overestimations [13, 14]. Therefore, the ANN/FIS-based model developed in this study
is very effective to express the complex kinetics of MMR, especially applicable

temperature range can easily be extended by adding appropriate ANNTis,

In the range of (pco, + Pu,0)/Pcr, > 2 Under pco, = Py, o (Program 6) (see Figs.
35-(g) and 3.8-(g)), r° increased while 732° decreased with respect to

(pcoz + pHZO)/pCH4, denoting that WGS reaction was thermodynamically shifted to

reverse direction with increasing temperature.
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Fig. 3.7: Net reaction rates of MMR within the porous Ni-YSZ anode material at
750 °C for a fuel flow rate of 100 mL min* (fuel is the CH4-CO,-H,0-N, mixture). (a):

The profile of 3" as a function of p¢y;, obtained in Step-1. (b-g): Profiles of /> as a
function of pco, Or py,o obtained in Step-1l. M and A are measured r/;° and r;7>°,
respectively. [ and A are /3 and 17> estimated from the experimental trends by

extrapolation using a power law. Solid lines are the net reaction rates predicted by the
black-box model using ANN7>°; for (a) a power function was applied.
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Fig. 3.8: Net reaction rates of MMR within the porous Ni-YSZ anode material at
800 °C for a fuel flow rate of 100 mL min* (fuel is the CH4-CO,-H,0O-N, mixture). (a):
The profile of 53" as a function of p¢y;, obtained in Step-1. (b—g): Profiles of r¢°° as a
function of pco, Or py,o obtained in Step-1l. M and A are measured r33° and r3°°,
respectively. [ and A are 8% and 13> estimated from the experimental trends by
extrapolation using a power law. Solid lines are the net reaction rates predicted by the
black-box model using ANN&°°; for (a) a power function was applied.
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Fig. 3.9: The rate ratio surfaces of (a) CH, and (b) H, generated by ANN7°C,
characterizing the concurrent effects of CO, and H,O in the MMR within the porous Ni-
YSZ anode material at 750 °C.
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Fig. 3.10: The rate ratio surfaces of (a) CH; and (b) H, generated by ANN8°C
characterizing the concurrent effects of CO, and H,O in the MMR within the porous Ni-
YSZ anode material at 800 °C.

3.3 Model validation

Validity check of the ANN/FIS-based MMR model was carried out for the measured
temperature drop caused by CH,4 dry reforming in a planar-type paper-structured
catalyst (PSC) reformer reported in Ref. [15] with the dimension of 50 x 50 x 1.5 mm®,

and porosity and pore diameter of about 90 % and 20 um, respectively, (see Fig. 3.11-
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(@)) was mounted in an alumina housing as shown in Fig. 3.11-(b). A 240 um-thick
YSZ plate was placed on the top of the PSC to separate fuel and air simulating SOFC
configuration, and ceramic bond was pasted around the outer perimeter for gas sealing
(see Fig. 3.11-(c)). After heating to the testing temperature of 800 °C, 180 mL min*
simulated biogas (CH4/CO, = 1) was supplied to the PSC, corresponding to a GHSV of
2880 h™*. Temperature distribution caused by CH, dry reforming within the area of 40 x
40 mm?® was captured from the electrolyte side by an infrared camera (Mikron
MCS640/1S, LumaSense Technologies Inc., USA). The dry-basis of off-gas was
analysed by an automatic gas chromatograph (GC-20B, Shimadzu, Japan).

(a)
‘ RS B~y
%Ni Inorganic fiber
"
Inorganic
bindef/‘%')x'
(b)
Ther raPhV
C
Ceramic bond / °

YSZ plate

Simulated biogas
CH,/CO,=1

' Off-gas

Y SZ plate (240 um in thickness)

Fig. 3.11: PSC-based planar-type reactor simulating SOFC configuration (visualization
system of reforming reaction using infrared camera) [15]: (a) structure of paper-
structured catalyst (PSC), (b) schematic illustration and (c) photograph of the test bench.

As shown in Fig. 3.12, a CFD model of the planar-type PSC reformer consisted of

three computational domains, PSC, YSZ plate and air channel, was fabricated. The PSC
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material was assumed to be homogeneous and isotropic. Its physical parameters are
listed in Table 3.2. Details on the CFD model will be described in Chapter 4.

Calculation was carried out for the condition of Table 3.3.

Because the ANN/FIS-based MMR model was derived from the catalytic behavior
of Ni-8YSZ anode substrate, net consumption and production rates of gaseous species
involved in CHy4 conversion calculated by this model, ry (X = CH4, CO,, H,0, H, and
CO), were corrected to compensate the difference in catalytically-active surface area

between the anode and the PSC as follows,
Tx,cor = keortx (3.26)

,where ry .., is the corrected net consumption or production rate of X, and k., is the
correction factor determined so that the maximum temperature drop on the YSZ plate in

the experiment could be reproduced.

- Computational  Thickness/
Fuel inlet = a domain height

— — PSC 1.5mm
Airinlet — YSZ plate 240 um
v Air channel 8 mm

Fig. 3.12: 3D-CFD model of the planar-type PSC reformer.

Table 3.2: Physical properties of the PSC.

Porosity (epsc) / - 0.9 [15]
Density (p,) / kg m™ 2500
Specific heat capacity (C, )/ J kg K™ 1050 [16]
Thermal conductivity (kpsc) / W m™* K™ 1.6 [15]
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Table 3.3: Operating condi

tion.

Fuel (inlet)

Temperature / °C
Fuel composition / %
Velocity /ms*

800
CH4Z 50, COzi 50
0.144

Air (inlet)

Temperature / °C 800
Air composition / % O3: 21, N2 79
Velocity /ms™ 0.144

Measured and calculated temperature profiles (AT =T — 800 °C) are compared in

Fig. 3.13. In the experiment, total CH,4 conversion (;(CH4) was about 91 %. CH,; was

rapidly converted to syngas within the inlet region, leading to a maximum temperature
drop (AT,4,) Of about —88 °C at 6 mm from the inlet (blue). Further downstream, the
rate of CH, reforming was reduced due to decreases in the concentrations of CH,4 and
CO,, and thus AT was lessened. At 25 mm from the inlet, AT approached zero,
indicating that the local syngas production rate was nearly zero. By adjusting k., to
obtain the same AT,,,,, calculated profile of AT along fuel flow direction (red) was
well-matched with the experimental result. AT,,,,, was estimated to occur at about 4 mm

from the inlet corresponding to Zen, of 96%.

20

ANN/FIS-based MMR model
& o
-
% Calculated
g -20 X, = ~96%
(8}
(]
T .40
g Experimental
& 604 Xen, =~91%
g PSC: 50x50x1.5 mm®
g 804 Tturnace = 800 Ocl
[ GHSV = 2880 h"
CH,4/CO, =1
-100 T T T T
0 10 20 30 40 50
in Distance / mm out

Fig. 3.13: Temperature profile in the planar-type PSC reformer during CH4 dry
reforming at GHSV of 2880 h™*. Blue line is the measured profile [13]. Red line is the
calculated one using the MMR-model-incorporated CFD. Xen, indicates the total CH,4

conversion rate.
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The consistency of the profile estimated by MMR-incorporated CFD model with
experimental one for the planar-type PSC reformer proves that the ANN/FIS-based
MMR model is applicable for different types of Ni-based catalysts by selecting

appropriate k...

3.4 Conclusions

Expressing the simultaneous contribution of CH,4 dry and steam reforming (methane
multiple-reforming (MMR)) in Ni-based anodes is of great importance in numerical
works on DIR-SOFCs operating with biogas. Due to its complex Kinetics strongly
dependent on gas composition and temperature, MMR could not be fully modeled by
conventional approaches based on power-law model fitting, first order reaction kinetics
related to CH, partial pressure and Langmuir-Hinshelwood kinetics. Therefore, the
contribution of dry reforming in syngas production has commonly been ignored in the
calculations of consumption and production rates of gaseous species involved in the
catalytic CH, conversion so far, regardless of high CO, quantity in a fuel stream. This
simplification can cause inaccuracy in the numerical analysis of DIR-SOFC

performance.

This study has developed a new approach to express the complex kinetics of MMR
in the Ni-8YSZ anode with a single model adopting artificial neural network (ANN) and
fuzzy inference system (FIS), even if either dry or steam reforming is the main reaction

pathway. Moreover, applicable temperature range can easily be extended.

Although the ANN/FIS-based MMR model was established for a Ni-8YSZ anode in
a temperature range of 700-800 °C based on the reforming tests using button-type
anode-supported half-cells, it was revealed that the MMR model can be applied for
different types of Ni-based catalysts by adjusting a correction factor to compensate the

differences in catalytically-active surface area.

The validity of the ANN/FIS-based MMR model was verified by comparing
calculated and measured temperature profiles for a PSC-embedded reformer operated at
800 °C with the feed of simulated biogas (CH4/CO, = 1). Further validity checks under
practical operating conditions of biogas-fuelled SOFCs will be presented in Chapter 4.
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Numerical simulation is invaluable approach to understand physical and chemical
processes occurring within the cell, investigate effectiveness of various cell/stack designs,
and evaluate influences of operation parameters on SOFC performance. The estimated
results can be applied for optimizing cell/stack designs and operating conditions, as a result,
significantly lowering efforts, time and cost for developing SOFC-based power systems.
Biogas-fuelled SOFC is one of the most promising environmentally-friendly power

generation technologies, and therefore, mathematical modeling of it is of great importance.

In this Chapter, a comprehensive computational-fluid-dynamic (CFD) model of DIR-
SOFC running with biogas is described. This numerical model fully couples mass- and heat
transport, chemical and electrochemical processes occurring simultaneously inside the cell.
If a reaction model in which both steam and dry reforming of CH, in the anode are taken
into consideration (the methane multiple-reforming (MMR) process) (refer to Chapter 3) is
incorporated, the developed CFD model will become more realistic than conventional
approaches in literature that commonly neglect the contribution of dry reforming in syngas

production regardless of the presence of CO; in large quantity.

In Sec. 4.1, a comprehensive CFD model of DIR-SOFC considering the MMR process
is described. Method and procedure of model validation are mentioned in Sec. 4.2.
Numerical investigation on SOFC behavior under DIR operation with simulated biogas is
presented in Sec. 4.3. Sec. 4.4 demonstrates the imperfection of conventional modeling

approaches of MMR. Finally, important conclusions are summarized in Section 4.5.

41 A comprehensive CFD model for DIR-SOFCs considering MMR

To establish a numerical model for an SOFC, at first, the cell structure consisting of
various computational domains such as channels, electrodes and electrolyte was defined.
Then, each phenomenon within each domain was expressed by appropriate governing
equations. To reduce computing cost, in this study, the CFD model of SOFC was partially
simplified with assumptions commonly approved in the field of SOFC modeling. Details on
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the comprehensive CFD model of DIR-SOFC considering the MMR process for steady-

state evaluation are presented in the following sub-sections.

4.1.1 Cell description

In this study, only single unit of planar ASC was considered. The CFD model of ASC is
schematically illustrated in Fig. 4.1. The cell structure consists of porous electrodes
(cathode and anode) separated by a gas impermeable electrolyte film. Each electrode is
composed of a functional layer, where charge-transfer reactions ((1.1) for cathode, (1.2)
and (1.3) for anode) are promoted, and a current collector layer also acting as gas diffusion
layer. The interface between anode current collector layer (ACCL) and fuel channel was
considered to be the ground. The potential at the interface between cathode current
collector layer (CCCL) and air channel was assumed to be uniform and equal to the cell

voltage (V,.;;). Cell components were assumed to be homogeneous and isotropic.

Thickness
/height
) Wch
| ’h[uel
Fuel channel wall — ’ 5ACCL
Fuel flow channel (FC) — /" OarL
3 \ 5e
Anode current collector layer (ACCL) — 5CFL
Anode functional layer (AFL \ il \
Yy ( ) \“4."“ :.- \\M
Electrolyte h
Cathode functional layer (CFL) | 4T
Cathode current collector layer (CCCL) %o“‘
1
Air flow channel (AC) —>
Air channel wall —» A

Fig. 4.1: 3D-CFD model of an anode-supported SOFC considered in this study.
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In the CFD model, gas composition, fluid flow, velocity, pressure, temperature, current
density and overvoltages were evaluated by solving mathematical sub-models expressing

the corresponding physical and chemical processes.

4.1.2 Sub-model of mass transport

In the free-spaces of fuel and air channels and porous volume of both electrodes,
gaseous species were assumed to be ideal gas, and only laminar flow was considered. For
the steady-state evaluation, mass conservation of gaseous species in an infinitesimal free-

space volume can be given as
u-Vipw) +V-j=mn (4.1)

,where i denotes the ith species (i.e. CH4, CO,, H,0, H, and CO in the anode side, and O,
and Ny in the cathode side), w is the mass fraction, u is the fluid velocity, p is the weight
density, j is the mass diffusive flux and r is the net rate of production or consumption. The
first and second terms in the left-hand side of Eq. (4.1) are the convective and diffusive
terms in the flux, respectively, where the former expresses the contribution of the
movement of the gas mixture to the flux of the ith species, and the latter describes mass
transfer phenomenon driven by concentration gradients. The term in the right hand side
indicates the total mass variation of the ith species as the results of the chemical and

electrochemical reactions related to this species.

In fuel and air channels, u is usually low (Mach number < 0.3) [1], thus density of gas
mixture is dependent on gas components, temperature and pressures and is not affected by
fluid velocity. The following simplified version of Navier-Stokes momentum equation,
where time dependence, gravity force and inertial terms are neglected, can be applied

Vp = uv?u (4.2)

,where p is the absolute pressure. In porous domains where the contributions of shear
stresses to the momentum transport within a fluid is of importance, u was calculated by the

Brinkman momentum equation
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Vp=V- E{M(Vu + (Vvu)") — g,u(v - u)I}] — %u (4.3)
,where ¢ is the porosity and « is the permeability of a porous medium.

For the DIR-operation, anode gas is always a mixture of H,, CO, CH,4, H,O and
CO,, and therefore, diffusion of an individual gaseous species was coupled with others as
described by the Stefan-Maxwell interdiffusion model

. \%

Ji = —Pi Lit=1Dix (ka + ( — wi) ?p) (4.4)
,where N is the number of gaseous species in the fluid, x; is the mole fraction of the kth
species, Dy, is the binary diffusivity between ith and kth gaseous species, which can be
defined by the empirical Fuller-Schettler-Giddings formula

10—3T1.75 l l —2 1 1 %
Dy, = ) (+a) (4.5)

p M; Mg

,where T is the absolute temperature, V is the diffusion volume and M is the molecular
weight. In porous domains, D;;, was replaced by the effective diffusivity kaf I = (e/7)Dy

to consider the influence of the tortuosity (z) of the pore-network on the diffusion flux.

4.1.3 Sub-model of chemical reactions

Calculation flow to obtain the net consumption and production rates of CH4, CO,, H,0,
Hz and CO (rcw,, Tco,r Thy0, T, and 7¢q, respectively) involved in chemical reactions
occurring within SOFC anode is illustrated in Fig. 4.2. The MMR process was expressed by
the ANN/FIS-based model (refer to Chapter 3) and the rate of WGS reaction was
determined with the kinetics reported by Haberman and Young [2] for Ni-YSZ material as

follows

_ PH,PCcO,
Twes,adda = Kowes (pHZOPCO - —Keq WGS) (4.6)

,where ko wes and K., wes are the rate-constant and the equilibrium constant of WGS,

respectively, given by Egs. (4.7)—(4.9).
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kowes = 0.0171exp(~103191/RT) 4.7)
Keqwas = exp(—0.2935Z3 + 0.635122 + 4.17887 + 0.3169) (4.8)
Z = % —1 (4.9)

ANN/FIS-based model of
CH, multiple reforming

Pco, — Tx,MMR
CH, + CO, — 2H, + 2CO

Pco,
CH,+H,0 — 3H,+CO

PH0 H,0 +CO S H, + CO,

T L + :>TX

H,0 + CO S H, + CO,

Pp, ———

Tx,addweGs

Pco —

Additional WGS reaction

Fig. 4.2: Calculation flow to obtain net consumption and production rates of gaseous
species (X = CHy4, CO,, H,0, H, and CO) involved in chemical reactions occurring within
SOFC anode.

4.1.4 Sub-model of electrochemical reactions

Although both H, and CO are active species for anodic reactions, in the case of biogas-
fuelled SOFCs, the electrochemical oxidation of H, is predominant as discussed in Chapter

2. Hence, electromotive force (Nernst voltage), Eyernse, Was determined for H, oxidation as

RT 14 RT
Enernse = Eo + ;ln( Hy ) +=-1n(po,) (4.10)

PH,0

,\where E, is the electromotive force at standard pressure, R is the universal gas constant,

and F is the Faraday constant. As current flows, the cell voltage (V..;;) is dropped from
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Enernse due to various irreversible losses such as activation and ohmic losses. Using

Kirchhoff’s law, V,.;; of a single cell is expressed as
Veeu = Enernst — Uact’a(i) - nact,c(i) - ﬂohm(i) (4.11)

,where the subscripts a and c indicate anode and cathode, respectively, i is the current
density, n,_, is the activation overvoltage and n_, s the ohmic overvoltage. It should be
noted that py,, pu,o and po, vary with respect to i, and concentration losses are included in

the calculation of Eyepnst-

The correlation between current density and activation overvoltages can be expressed
by Butler-Volmer equation. For the anodic reaction, it is written as

= oo () e (5 )

and for the cathodic reaction

I =1ig,c [exp (4;5;1? nact,c) — exp (— % nact,c)] (4.13)

,where a is the charge-transfer coefficient, i, is the exchange current density as a function

of temperature and partial pressures of reactants and products as follows

Y1,a Y2,a
. PH, ' PH30 ’ __Ega
ioa = koa (2) (22 ) exp (- 222) 3] (4.14)
and
ine = koo (22=)" exp (—Es2) [3] (4.15)
0,c 0,c Poyref p RT .

,.where k, is the pre-exponential factor, y is the power factor indicating the dependence of
iy on the partial pressures of reactants and products and E,, is the activation energy for the

charge-transfer process.

Ohmic overvoltage is caused by the electrical resistances of the component materials.

Using Ohm’s law, it is expressed as

nohm == RtOti (416)
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,.where R;,; is the total area specific resistance of a single cell.

4.1.5 Sub-model of heat transport

For the steady-state evaluation, general heat equation solving temperature field is

expressed in the following form
pCpu VT + V- q = Qiotar (4-17)

,where C, is the specific heat capacity at a constant pressure, q is the heat flux vector and

Q:otar 1S the total heat source (a negative value corresponds to an endothermic process).
The first term in the left hand side of Eq. (4.17) is the heat convection term due to the
movement of the fluid, and therefore, vanished in the computational domain of electrolyte.
q varies corresponding to computational domain. In the free-spaces of fuel and air channels

and in the solid electrolyte, q can be calculated by the Fourier’s law of heat conduction
q=—kVT (4.18)

,where k is the thermal conductivity of fluid (k) or electrolyte (k.). In the porous domains
of electrodes, due to the simultaneous heat conductions in a fluid and a solid material, q

was defined as
q = —[eks + (1 — &)k, |VT (4.19)

,where k,, is the thermal conductivity of an electrode. q related to heat transfer through cell

wall is expressed as
—n.q = h(Tper —T) (4.20)

,where n is the normal vector of the wall surface, h is the heat transfer coefficient and T;..f
is the operating temperature. In addition, because the temperature of a channel wall, which
was assumed to behave as a blackbody, is usually fixed at T,.r in CFD calculations, q
associated with heat radiation between an electrode surface and a channel wall was

determined by
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—n.q = ea(TY; — T*) (4.21)
,where € is the emissivity of electrode surface and o is the Stefan-Boltzmann constant.

Considering conservation of energy, Qotq: 1S defined as

Qtotal = Qchem T Qelec (4-22)

\where Q.pem 1S the chemical heat source resulting from the MMR process and the

additional WGS reaction and is given by

Qchem = _[AHWGS(rWGS + rWGS,add) + AHcprep + AHpptrp + AHCGrCG] (4.23)

\where ry¢s, Tcp, Trp and ¢ are the net rate of WGS, CH, pyrolysis, reverse-Boudouard
and coal gasification reactions, respectively, simultaneously occur in the MMR process
(refer to Chapter 2), 1ryy6s aaq 1S the net rate of the additional WGS reaction (Eq. (4.6)) and
AH is the enthalpy change of a reaction. Electrical heat source, Q,;.., IS calculated under

closed-circuit condition as

Qetec = Qthermo + Qact + Q]oule (4-24)

where, Q:nermo aNd Q4. are the thermodynamic heat and the heat release caused by the
activation losses of anodic and cathodic reactions, respectively, determined by Egs. (4.25)

and (4.26), respectively,

TAS .
Qthermo = ;l (4-25)

Qact = (nact,a + nact,c)i (4.26)
,where AS is the entropy change of H, oxidation and Q. is the Joule heating given as

Qroute = Uohmi (4.27)

The sub-models assigned for computational domains in the comprehensive CFD model
of biogas-fuelled SOFC are summarized in Table 4.1.

71



Chapter 4 — Modeling and simulation of a DIR-SOFC operating with biogas

Table 4.1: The numerical sub-models for a biogas-fuelled SOFC considered in this study.

Numerical sub-models

Computational domains

FC | ACCL | AFL EL CFL |CCCL| AC
Convection
Navier-Stokes v v
Brinkman v v v v
Diffusion (Stefan-Maxwell)
In free-space v v
In porous domains v v v v
Heat transfer
In fluid flows v v
In solid materials v
In porous domains v v 4 v
Heat sinks
MMR process v v
WGS reaction v v
Heat sources
Thermodynamics v
Activation losses 4 4
Ohmic losses 4 v 4 4 4
Heat radiation v v
Chemical reactions
MMR process v v
WGS reaction v v
Electrochemical reactions
Current-voltage v v v v v
Anodic reaction v
Cathodic reaction v
Notes: FC fuel channel AC air channel
AFL  anode functional layer ACCL anode current collector layer
CFL  cathode functional layer CCCL cathode current collector layer
EL electrolyte layer MMR  methane multiple-reforming

WGS  water-gas shift

4.2 Model validation

4.2.1 Strategy of model validation

It is necessary to verify whether the MMR-incorporated CFD model being developed

can be a good approximation of a DIR-SOFC or not. Generally, the experimentally-
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obtained i-V curves reflecting the combined effects of various processes in a DIR-SOFC
were used as references for the CFD model validations. However, validity of the CFD
model has to be further evaluated by checking the consistencies with measured i-V curve
for the feed of H, (non-DIR operation), ohmic and activation overvoltages, temperature

distribution and reforming data.

During the sampling period of anode off-gas analysis using gas chromatograph, in-cell
pressure usually tends to increase due to an elevated backpressure in an anode exhaust pipe,
and this significantly influences cell performance. On the other hand, the pressure at the
anode outlet of the CFD model is always fixed at 1 atm during calculation, resulting in
mismatch between calculated and measured results. Besides, temperature distributions in
electrode and electrolyte cannot be precisely measured due to the presence of metallic
meshes for current collecting placed on the electrode surfaces of the reference SOFC.
Therefore, experimentally-obtained polarization curves can become good references for the
model validation. The flow of the model validation method proposed in this study (Three-

step strategy) is shown in Fig. 4.3.

Step-1: Model-parameter tuning for non-DIR operation. Polarization curve of a reference

SOFC was measured for the feed of humidified H, (Case-1). Parameters of exchange
current densities (ko /¢, Va/c and E,q/c) Were adjusted to obtain a good agreement
between the measured polarization curve of Case-I and the calculated one. To simplify the
adjustment process, v, and E, ., Were pre-selected from literature, and only ko, /. were

adjusted.

Step-11: Model-parameter tuning for DIR operation. Polarization curve of a reference SOFC

was measured for the feed of simulated biogas mixture (CH4/CO, = 1) with a certain fuel
flow rate (Case-Il). Calculated net consumption and production rates of gaseous species

involved in the MMR process (ry) were corrected as follows

Tx,.cor = kcorrx (4-27)
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where ry ., IS the corrected net consumption or production rate of X and k.., is the
correction factor to minimize the deviation between the measured polarization curve of

Case-11 and the calculated one in which the adjustments of Step-I were already reflected.

A 4

J 3

Model parameters initialization

A 4

* Non-DIR operation
Step I: parameter tunin
« Adjustments on exchange current densities 2tepLp g

+ Well-fitted with measured polarization curves Fuel: humidified H, (case )

A4

* DIR operation

Step lI: parameter tunin
* Correction on reforming model 2ep i p g

Fuel: simulated biogas (case )

« Well-fitted with measured polarization curves

* DIR operation

Failed

* No parameters adjustment Step Ill: validity check

* Well-fitted with measured

polarization curves ??

Fuel: simulated biogas (case Ill)

Passed
Notes:

« Fuel conditions of case Il and Ill are different.
¢ Polarization curves: i-V curve and IR curve

Fig. 4.3: Three-step strategy of model validation for the comprehensive CFD model of
DIR-SOFC applied in this study.

Step-111: Validity check under DIR operation. Polarization curve of a reference SOFC was

measured for the feed of simulated biogas mixture (CH4/CO, = 1) with a different fuel flow
rate from Case-Il (Case-IIl). The validity of the CFD model revised through Step-l and

Step-I1 is approved only if it can reproduce the experimentally-obtained polarization curve
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of Case-I1l without any further adjustments on model parameters. If it cannot reproduce the
measured polarization curve of Case-Ill, further adjustments of the parameters are

necessary, and the three-step model validation process is restarted from Step-I.

Reliability of the MMR-incorporated CFD model to simulate DIR-SOFC developed in
this study was evaluated by the above-mentioned validation strategy. In the following sub-
sections, experimental procedures to measure the polarization curves of a reference SOFC,
SOFC parameters pre-selected from literature and numerical methods to solve the CFD

model are described.

4.2.2 Experiments

Cell Fabrication

An anode-supported cell (ASC) shown in Fig. 4.4 was fabricated using a 20 x 20 mm?
squared-shaped half-cell based on Ni-8YSZ (8 mol% Y,03-ZrO;) anode substrate, same
type as that used in the reforming tests (refer to Chapter 3), provided by Saga Ceramic
Research Laboratory (Japan). Thicknesses of the component materials are listed in Table
4.2. To fabricate an ASC, at first, the paste of barrier layer made from Gdy10Cep.9002
(GDC) was screen printed on the surface of the electrolyte and dried. Next, the paste of
NiO:10ScSZ (10 mol% Sc,03-1 mol% CeO,-Zr0O,) with a weight ratio of 80:20 was screen
printed on the surface of the anode support as an anode current collector layer, followed by
sintering at 1200 °C for 5 h. The paste of cathode functional layer (CFL), which is the
mixture of  (Lap60Sr0.40)0.95(C0020F€080)O3.x and  Gdg10Cep900195 (LSCF-GDC)
(fuelcellmaterials, USA), was screen printed on the sintered GDC layer and dried. Then, the
LSCF paste (fuelcellmaterials, USA) was printed on the dried LSCF-GDC layer as a
cathode current collector layer (CCCL), subsequently sintered at 900 °C for 5 h to obtain

the porous cathode. The resulting ASC has a straight active area of 14 x 14 mm?.
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Current collector mesh
/ — CCCL (LSCF)
. CFL(LSCF-GDC)
Barrier layer (GDC)
Electrolyte (8YSZ)
“—— AFL (Ni-8YSZ)
Anode support (Ni-8YSZ)

ACCL (Ni-105c5Z)

T~ Current collector mesh

Firgure 4.4: Schematic illustration of ASC fabricated in this study.

Table 4.2: Materials and thicknesses of the ASC components used in this study.

Cell component Material Thickness / um
ACCL Ni-10ScSz 30
Anode support Ni-8YSZ 850
AFL Ni-8YSZ 10
Electrolyte 8YSZ 5
Barrier layer GDC 3
CFL LSCF-GDC 30
CCCL LSCF 35

Experimental Setup

The test bench for measuring the electrochemical performance of the prepared ASC is

shown in Fig. 4.5. The ASC was placed in an alumina cell housing, and then, ceramic bond

(Aron Ceramic, TOAGOSEI Co. Ltd., Japan) was pasted around the outer perimeter of the

cell for gas sealing, followed by heating from room temperature to the operating

temperature of 800 °C in 4 h. After the anode compartment was completely purged by

flowing 50 mL min™* of pure N in plane direction, the anode gas was switched from pure

N, to 50 mL min* of pure H, for the reduction treatment for 15 h.
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14 cm

ASC (cathode side)

Alumina housing

Fig. 4.5: Test bench for the electrochemical measurement of DIR-SOFC fuelled by
simulated biogas.

Electrochemical Measurement

Electrochemical performances of the reference ASC at 800 °C were measured using an
automatic SOFC testing system (TOYO Corporation, Japan) for the three different fuel
flows (Case-1: 100 mL min™* of humidified H, (3 vol% H,0), Case-1I: 80 mL min™* of
simulated biogas (CH4/CO, = 1), Case-111: 40 mL min* of CH4/CO, = 1). In each case, cell
voltage, activation and ohmic overvoltages were measured by current interruption method
within 2 A cm2. During these tests, 1 L min* of air was supplied to the cathode side in the

same direction of the fuel flow (i.e. fuel-air co-flow configuration).

4.2.3 SOFC parameters

Dimensions of Cell Components

In the CFD modeling, dimensions of the cell components of the reference ASC listed in
Table 4.3 were referred. The depth of electrochemical reaction zone from the
electrolyte/electrode interface (i.e. the thicknesses of the AFL and the CFL in the CFD
model) was assumed to be 20 um. The rest of the electrode substrate was regarded as the
current collector layer in the CFD model, that is, the thicknesses of the ACCL and the
CCCL were set to 870 and 40 pm, respectively.
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Table 4.3: Dimensions of the cell components.

Cell length () / mm 14
Cell width (w,p,) / mm 14
Air channel height (hg;,) / mm 8
Fuel channel height (hsye;) / mm 1
Anode current collector layer thickness (84¢c¢z) / pm 870
Anode functional layer thickness (84r;) / um 20
Electrolyte thickness (6,) / um 5
Cathode functional layer thickness (8¢g) / um 20
Cathode current collector layer thickness (8¢ccp) / um 40

Table 4.4: Physical properties of the cell components.

. Anode (g,) / -
Porosity Cathode (£,)/ - 0.35 [4]
. Anode (t,) / -
Tortuosity Cathode (r,) ] - 3.8 [4]
Anode (p,) / kgm> 3310 [4]
Density Cathode (p.) / kg m™ 3030 [4]
Electrolyte (p,) / kgm™® 5160 [4]
Anode (C,,) /Jkg ™ K™ 450 [4]
Specific heat capacity Cathode (C,.) / Jkg ™ K™ 430 [4]
Electrolyte (C,.) / Jkg " K 470 [4]
Anode (k) /Wm ™ K* 1.86 [4]
Thermal conductivity Cathode (k) /Wm K™ 5.84 [4]
Electrolyte (k,) /W m* K  2.16 [4]
lonic conductivity Electrolyte (gjone) / S m* 33400exp(-10300/T) [4]
. . Anode (0gjecq) /SM " 30300 [4]
Electronic conductivity Cathode (0utec) /S — 12800 [4]
- Anode (B,) / -
Charge transfer coefficient Cathode (5,)/ - 0.5 [4]
Anode (ig o)/ Acm?
0.1 0.5
PH, PH,0 __ 70000
Exchange current density ko.a (pHZ,re) (szo,ref) exp( RT ) [51  (4.28)
Cathode (io.)/ Acm?
Po, 03 130000
koo (522 exp (- 25) 6] (429

(ko4 and kg . were both determined in Step-I of the three-step model validation process)
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Physical Properties of the Cell Components

Although the physical properties of the cell components were not experimentally-
measured from the reference ASC, during model-parameter tuning (Step-1), the solution of
the CFD model was found to be more sensitive with respect to kg 4/. and k., than others.
Therefore, general physical properties of the cell components listed in Table 4.4 were

adopted in this study.

4.2.4 Numerical methods

In this study, the CFD model was discretized and solved by the commercial code of
COMSOL Multiphysics (COMSOL Group, Sweden) based on the FEM technique.
Fineness of the calculating mesh was adjusted so that the solution of the CFD model was
converged. The resulting calculating mesh of the CFD model used for the model validation
is illustrated in Fig. 4.6, and the numbers of mesh elements for the respective computational

domains are listed in Table 4.5.

Initial values and boundary conditions for the calculation corresponding to the
operating conditions were summarized in Table 4.6. Initial temperature and pressure of the
system were set to 800 °C and 1 atm, respectively. For the fluid flow calculations, inlet
temperatures of the fuel and the air streams were set to 800 °C as initial conditions. At the
outlets of the fuel and the air channels, pressure was assumed to be 1 atm. A constant
laminar-flow velocity was adopted as a boundary condition at the inlet of the fuel channel.
Corresponding to the total mass flow rate of a fuel, an appropriate magnitude of laminar-
flow velocity was pre-determined. The similar boundary setting strategy was applied to the

inlet and the outlet of the air channel.
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Fig. 4.6: Illustrations of (a) geometry and (b) calculating mesh for the MMR model-
incorporated CFD calculation used in the model validation.

Table 4.5: Numbers of mesh elements in computational
domains for a 14 x 14 mm? planar ASC.

Domains No. of mesh elements
Fuel channel 25000
ACCL 17500
AFL 7500
Electrolyte 7500
CCL 7500
CFL 12500
Air channel 50000
Total 127500

For the heat transport calculations, temperatures of the channel walls and the

surrounding walls of the cell were all fixed to 800 °C as boundary conditions.

Potential of the ground (the interface between ACCL and fuel channel) was fixed at 0 V.

V..;; (the potential at the interface between CCCL and air channel) can be calculated as
Veett = OCV = Vo (4.30)

,where OCV is the open-circuit voltage and V,,, is the total polarization. The following

Nernst expression was used for incorporating the measured OCV to the CFD calculation

Exernse = OCVpyy + o In (202220000} | MLy (P02 ) (430

PH,,0cV  PH,0 4F Po,,.0cv
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,where the subscript OCV indicates the open-circuit condition and OCV,,, is the
experimentally-obtained OCV. The second and the third terms in the right hand side of the

Eq. (4.31) represent concentration losses in anode and cathode sides, respectively.

Table 4.6: Operating conditions.

Fuel (inlet)
Temperature / °C 800
H,: 97, H,0O: 3 (Case-I)
CHy: 50, CO,: 50 (Case-1l and -111)
0.435 (Case-1)
Velocity / ms™ 0.348 (Case-Il)
0.174 (Case-111)

Fuel composition / %

Air (inlet)

Temperature / °C 800

Air composition/ %  O: 21, N»: 79
Velocity/ms ™’ 0.505

For each V,,,, iterative calculation was carried out to obtain the converged results of
current density, overvoltages, gas compositions, fluid flows, velocity, pressure, and
temperature. From the sub-models of chemical and electrochemical reactions, gas
compositions, reaction rates, current density and overvoltages were solved using
temperature and the partial pressures of reactants and products. Then, these obtained results
were used to determine the source terms in the sub-models of mass and heat transports to
update the distributions of fluid flow, velocity, pressure and temperature. After the
calculations of the sub-models of mass and heat transports, convergence check was carried
out by checking whether the relative deviation between the current and previous solutions
(relative tolerance (Eg. (4.32)) was less than 1e-3 or not. This calculation loop was

repeated until convergences of all results were satisfied.

H Xn—Xn—
Relative tolerance = |[2—2=1

(4.32)

n-1

,where X,,_, and X,, are the previous and current solutions, respectively.
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4.3 Results and Discussion

4.3.1 Model validation

Measured i-V curves of the 14 x 14 mm? reference ASC fuelled by 100 mL min* flow
of H, (3 vol% H,0) (Case-1) and 80 mL min* flow of CH4/CO, = 1 (Case-11) are shown in
Fig. 4.7-(a), where the calculated curves after the adjustments of k, , and k, . (Step-1) and
k.or (Step-11) for Case-1 and Case-Il, respectively, were also plotted for the comparison.
The calculated performances well fitted to the measured performances. As the fuel stream
was switched from H, to CH4,/CO, = 1, the cell performance was lowered. Cell
performance is, of course, strongly dependent on the fuel composition and temperature,
here determined by the MMR process and WGS reaction. Decrease in cell temperature,
resulting from the endothermic MMR, increased ohmic resistance of the electrolyte
components and the charge transfer resistances at both anode/electrolyte and
cathode/electrolyte interfaces.

The consistency of the results obtained from the MMR model-incorporated 3D-CFD
calculations with the experimental results for Case-11l (see Fig. 4.7-(b)) proves that the
developed method for the modeling of MMR can be used for the precise prediction of the
electrochemical performance of DIR-SOFCs (In Step-lll (validity check), parameter
adjustments were not made.). This indicates that the assumptions used in the MMR
modeling are reasonable, and the realistic distributions of the fuel composition, temperature,

and current density during DIR operation can be estimated.
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Fig. 4.7: i-V curves of the 14 x 14 mm? reference ASC under the operating conditions
listed in Table 4.6. (a) 100 mL min* flow of H, (3 vol% H,0) (Case-I (red)), 80 mL min™*
flow of CH4/CO, = 1 (Case-II (blue)), and (b) 40 mL min* flow of CH4/CO, = 1 (Case-111).
Scatter and line plots show the measured and calculated results, respectively.

Validity check was further conducted for another reference ASC with a surface area of
20 x 50 mm? shown in Fig. 4.8. This rectangular-shaped ASC was also based on a Ni-
8YSZ anode-supported half-cell provided by Saga Ceramic Research Laboratory composed
of a 920 um-thick anode substrate and a 5 um-thick electrolyte. The complete ASC was
fabricated through the procedure described in Sec. 4.4. Sizes of the computational domains
of the CFD model were adjusted to the geometry of this rectangular-shaped reference ASC,
that is, cell length (I.;) and channel width (w.,) were set to 20 and 50 mm, respectively,

and the thicknesses of ACCL (84¢¢) Were set to 930 um.

Alumina housin
ASC (cathode side &

50 mm

Fig. 4.8: Test bench of the electrochemical measurement for the 20 x 50 mm? DIR-SOFC
fuelled by simulated biogas. The prepared ASC was placed on the alumina housing to, and
then, the outer perimeter of the cell was sealed with ceramic bond.
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Fig. 4.9: i-V curves of the 20 x 50 mm? reference ASC at 800 °C with 100 mL min* flow
of H, (3 vol% H,0) (red) and 40 mL min* flow of CH4/CO, = 1 (blue). Scatter and line
plots show the measured and calculated results, respectively.

By the size enlargement from 14 x 14 to 20 x 50 mm?, ohmic resistance tended to
increase because of the difficulty of uniform current collection. Therefore, model-tuning in
Step-I was required to compensate this discrepancy, and was carried out by adjusting kg 4.
so that the CFD model can reproduce the polarization curve of Case-1 (100 mL min* of
humidified H; (3 vol% H,0)). Then, without adjustment of k.., of the MMR model, fuel
flow condition was switched from Case-l1 to Case-1ll (40 mL min™ of CH,CO, = 1
mixture). As shown in Fig. 4.9, again, a good agreement between the calculation and the
experiment was confirmed, demonstrating the validity of the ANN/FIS-based MMR model-

incorporated CFD calculation in this study.

4.3.2 Behavior of a DIR-SOFC fuelled by biogas

Behavior of the 14 x 14 mm? reference ASC for Case-I11 (40 mL min* of CH,/CO, = 1
mixture) was estimated by the experimentally-verified CFD model. Here, distributions of
chemical species, temperature and thermally-induced stress will be presented. Although

carbon formation is thermodynamically expected for the mixture of CH4,/CO, = 1, carbon
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accumulation was kinetically slow as observed in the reforming tests (Chapter 3), and

therefore, the formation of solid carbon was not considered.

4.3.2.1 Distribution of gaseous species

Distributions of gaseous species for the anode side under DIR operation with the direct
feed of biogas (CH4/CO, = 1) are shown in Figs. 4.10.

(a) CH, concentration at open-circuit condition / umol cm™ (b) CH, concentration at 2 A cm™ / umol cm”

A 568

Fuel channel

Fuel channel

o

AN
i Anode substrate _ F o i Anode substrate "o
(C) CO, concentration at epen-circuit condition / umol cm™ (d) CO, concentration at 2 A cm” / umol cm™
Fuel channel Ao Fuel channel Ao

Anode substrate 0

i Anode substrate 7.0 . vis
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Fig. 4.10: Cross sectional distributions of (a,b) CH,, (c,d) CO, (e,f) H20, (g,h) Ha, (i,j) CO
concentrations along the center-line of the fuel flow for the 14 x 14 mm? reference ASC of
Case-111 (40 mL min of CH4/CO, = 1); (ac,e,g,i) under open-circuit condition and
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(b,d,fh,j) at 2 A cm?2 ¥ and A indicate the minimum and maximum values of mole
fraction, respectively.

As shown in Fig. 4.10-(a), under open-circuit condition, CH4 conversion was almost
completed within the front half of the cell mainly by the dry reforming process (reaction
(1.6) listed in Table 1.5) in the anode substrate. Current load (here 2 A cm2) promoted CH,
conversion (see Fig. 4.10-(b)) because oxygen is supplied from cathode side through
electrolyte during power generation. H, produced by CH; dry reforming is
electrochemically oxidized by this oxygen to generate electricity and H,O as by-product
(reaction (1.2)) which contributes to CH,4 conversion through steam reforming reaction
(reaction (1.7)). Under open-circuit condition, profile of the CO, concentration was similar
to that of CH4 (compare (a) and (c)). However, under current load, that ((d)) was
completely different from CH, profile ((b)). This indicates the contribution of forward-
WGS reaction (reaction (1.8). CO produced by MMR (reactions (1.6) and (1.7)) reacts with

H,O derived from reaction (1.2) to reproduce CO, and Hs.

Under open-circuit condition, H,O was slightly produced. This is due to the reverse-
WGS reaction ((e)). At 2 A cm 2, H,O mole fraction increased along fuel flow direction
((f)), indicating that H,O production by reaction (1.2) overcomes H,O consumption by
reactions (1.7) and (1.8).

CH, conversion under open-circuit condition was localized at the fuel inlet side ((a)),
however H, production started from a little downstream position ((g)) because of reverse-
WGS. In the rear half of the cell, H, concentration within the anode was over 4 pmol cm™,
and nearly no contrast between anode and fuel channel was observed at the outlet,
indicating high diffusivity of H, within the porous anode material. During DIR operation at
2 A cm 2, H, was readily consumed, and H, depletion was observed especially within the
rear half of the anode substrate ((h)), suggesting that H, starvation may occur at higher

current density to cause fuel cell breakdown.

At the OCV, CO concentration was higher than that of H, (compare (g) and (i)) due to

reverse-WGS reaction, and thus reformate gas was attributed to molar ratio of H,/CO < 1.
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At 2 A cm 2, within the entrance region of the anode substrate the rate of shifting CO to
CO, was superior to the rate of CO production from MMR process; as a result, CO
concentration decreased to less than 5 pum cm™ ((j)). Toward downstream, syngas

production rate was quickly dropped, resulting in further decrease of CO concentration.

(a) (b)
06 0.6 0.6 06
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0.5 | Open-circuit condition - ““Los o5 ] Load condition: 2 A em?® Los
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Fig. 4.11: Calculated distribution of fuel composition along fuel flow direction in the 14 x
14 mm? reference ASC for Case-I11. (a) and (b) are the mole fraction profiles of gaseous
species under open-circuit condition and at 2 A cm 2, respectively.

The mole fraction profiles of gaseous species along the fuel flow channel under open-
circuit condition for Case-11l are shown in Fig. 4.11-(a). The results indicate that the

supplied CH, is not totally reformed (CH,4 conversion (lczu) is 84.3%). Due to the high

Dco, the WGS reaction is shifted to the reactant side (reverse-WGS), resulting in a higher
net rate of CO, consumption than that of CH, and a higher net CO production rate than that
of H,. Thus, the gas compositions are CH,/CO, > 1 and H,/CO < 1 over the channel length.
Dry reforming and the reverse-WGS reactions clearly predominate under open-circuit
conditions. Meanwhile, under the load condition of 2 A cm?, corresponding to a fuel
utilization of about 37% (see Fig. 4.11-(b)), a lower CH4 mole fraction at the channel outlet
(0.03) than that for open-circuit condition (0.048) was observed, indicating that syngas
production was promoted by H,O produced internally by the electrochemical oxidation of
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H., and slightly increasing Zen, from 84.3 to 89.8%. At a distance of 9 mm from the inlet,

the CO mole fraction gradually drops in the fuel flow direction, accompanied an almost
constant CO, mole fraction, reflecting that the WGS reaction is shifted to the product side
by the large quantity of H,O. The consumption of CO, by dry reforming is compensated
with CO, production by the WGS.

4.3.2.2 Heat balance

Chemical heat source (Q.nem ), €lectrical heat source (Q...) and total heat source
(Qtotar = Qcnem + Qerec) are plotted as a function of current density in Fig. 4.12. Under
open-circuit condition, dry reforming and reverse-WGS reactions are predominant,

resulting in  Q.pem Of about —3.8 W corresponding to X, of 84.3 %. With increasing
current density from 0 to 0.2 A cm 2, Qpem increased to about —4 W (+5.3 %) where Xen,

was 91.1 % (+8 %) due to the contribution of steam reforming in syngas production.
Further increase in current density to 2 A cm?, Q.pem decreased to —3.3 V (~17.5%)
mainly related to the partial substitution of steam reforming (AH,qgx= 206 kJ mol™) for dry
reforming (AH,ogx= 247 kJ mol™) and the slightly exothermic forward-WGS reaction
(AH,ogx= —41 k] mol™). At 2 A cm, the backflows of H,O (by-product of the anodic
reaction of H) and CO, (by-product of the forward-WGS reaction) could suppress the flow

of CH, entering the catalyst volume, in consequence, Xen, slightly decreased to 89.9% (—

1.3%), also weakly contributing to the decrease in Q.nem. With increasing current density
from 0t0 2 A cm 2, Q.0 increased to about 2.7 W. As Q,,¢,; Was always negative within 2
A cm? (see Fig. 4.12-(b)), it can be said that the cell should be operated at higher current
density so that thermally self-sustained operation can be achieved. DIR operation under this

condition is the most efficient way to collect thermal energy required for CH,4 reforming.
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Fig. 4.12: Heat source as a function of current density for the 14 x 14 mm? reference ASC
for Case-Ill: (a) chemical and electrical heat sources (Qcnem and Qg respectively) and
(b) total heat source (Qiorai = Qchem * Qerec)- Negative value of heat source indicates
endothermicity. Xew, indicates CH,4 conversion.

4.3.2.3 Distributions of temperature and thermal stresses

Figs. 4.13 and 14 provide the distributions of temperature inside the cell and thermally-
induced stress (first principal stress) in electrolyte, respectively, for the DIR operation with
the direct feed of biogas. Under open-circuit condition, considerably large temperature drop
of 119 °C and maximum thermally-induced stress of 165 MPa occurred within the front
half of the cell along fuel flow direction, because CH, conversion rapidly proceeds in this
region. At 2 A cm?, large portion of Q.. was recycled for endothermic CH,4 reforming
(see Fig. 4.12), and therefore, temperature drop was remarkably suppressed to have uniform

stress distribution in the electrolyte.
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(a) Temperature distribution at open-circuit condition / °C (b) Temperature distribution at 2 A cm™ / °C

A 800 A 834

Fuel channel a0 Fuel channel s

Anode substrate ¥ 6w Anode substrate 680

z v 689

Fig. 4.13: Calculated spatial variation of temperature within the anode side of the 14 x 14
mm? reference ASC of Case-111 (40 mL min™* of CH4/CO, = 1) (a) under open-circuit
condition and (b) at 2 A cm 2, showing temperature distributions in the electrolyte surface
and in the direction vertical to the electrolyte surface along fuel flow direction. ¥ and A
indicate the minimum and maximum values of temperature, respectively.

(a) First principal stress at open-circuit condition / MPa (b) First principal stress at 2 A cm™ / MPa
A 165 A -182
200 200
150 ‘ 150
O\)\ 100 O\y\, 100
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) -100 . -100
Y. I/"‘ v74.9 Y. I/"‘ v-87.4

Fig. 4.14: Calculated distributions of thermally-induced stress (first principal stress (a))
generated in the electrolyte plane of the 14 x 14 mm? reference ASC of Case-111 (40 mL
min™ of CH,/CO, = 1) (a) under open-circuit condition and (b) at 2 A cm2. ¥ and A
indicate the minimum and maximum values of o, respectively.
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Fig. 4.15: Calculated temperature profiles of the electrolyte and the ACCL along fuel flow
direction of the 14 x 14 mm? reference ASC of Case-111 (40 mL min* of CH4/CO, = 1) (a)
under open-circuit condition and (b) at 2 A cm 2. Rectangle indicates the position where the
maximum thermally-induced stress (first principal stress (o2 ;,qx)) OCCUTS.

Temperature profiles of the electrolyte (T,) and the ACCL (main reforming zone)
(T4cc) in the fuel flow direction under open-circuit condition and at 2 A cm 2 for Case-Il1
are shown in Fig. 4.15. Under open-circuit condition, T,cc., Significantly decreased by a
maximum of 119 °C, because of the endothermicities of the dry reforming and reverse-
WGS reactions, resulting in T, drop of about 53 °C at 1.5 mm from the inlet, where CH,
consumption was strongly enhanced by the high reactant partial pressures. Towards
downstream, the CH4 consumption rate was reduced due to the decrease in the reactant
partial pressures, and therefore, the T, drop was lessened. The maximum thermally-induced
tensile stress (as first principal stress) in the electrolyte, o7 4., Was calculated to be 165
MPa in the lowest T, region. Although the predicted oy .4, Was smaller than the fracture
strength of conventional electrolyte materials (about 236-275 MPa) [1, 7], if additional
stresses are generated, the total stress generated in the electrolyte may exceed the cracking
threshold of the dense electrolyte thin film. At 2 A cm™2, the maximum T, drop was 3 °C,

significantly lower than that under the open-circuit condition, and the value of g7 .4, Was
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calculated to be —18.2 MPa (compressive stress). As a result, the risk of electrolyte fracture

was strongly reduced during operation.

Above calculated results confirmed that under the DIR operation syngas production is
enhanced by steam reforming which is promoted with respect to load condition. Under
operating conditions considered in this study, complete CH4 conversion could not be
obtained even at high current densities because backflows of H,O and CO, could suppress
CH,4 transport to the anode substrate. Moreover, inevitably low H; mole fraction at the fuel
inlet region essentially reduces local electromotive force. These suggest that, in order to
enhance power characteristics, almost complete CH,4 conversion and rapidly-rising rate of
H, mole fraction at the fuel inlet region should be obtained. Calculated results also
confirmed that CH,; conversion mostly proceeds within the fuel inlet region and so
drastically inducing thermal stresses in electrolyte, suggesting that the trade-off between
thermo-mechanical stability and power generation must be carefully compromised in the

development of biogas-fuelled SOFC systems.

4.4 Imperfection of conventional modeling approaches of MMR

Distributions of fuel composition and temperature inside the DIR-SOFCs fulled by
biogas have been reported in many numerical works which considered only CH, steam

reforming as the main syngas production pathway [8-18].

Some works have considered MMR as the sum of dry and steam reforming processes
ignoring the concurrent effects of CO, and H,O in the catalytic CH4 conversion (hereafter
called parallel-reforming approach) [19, 20]. To investigate the risk of carbon deposition
under DIR operation with biogas, Girona et al. assumed that kinetic parameters, pre-
exponential factor and activation energy, for dry reforming within Ni-based cermet anodes
were exactly identical to those of steam reforming [19]. In their work, although i-V curve
of an ASC (anode thickness of 1.5 mm and surface area of 12.5 cm?) operated at 800 °C
with 210 mL min ! humidified biogas (CH4/CO, = 1 (6 vol% H,0)) could be reproduced, it
was unrealistic to apply this approach for general cases. Meng Ni evaluated the effect of
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methane humidification on the performance of landfill gas-fuelled SOFCs by applying dry
reforming kinetics experimentally-derived from Ru/y-Al,O3/Ni-Cr-Al catalyst (Egs. (4.33)-
(4.36)) and that of steam reforming reported by Haberman and Young (Egs. (4.37)—(4.41)),
which have been commonly used in numerical works of DIR-SOFCs running with
humidified CH, fuels [20].

Table 4.7: Kinetic model used in the Meng Ni’s parallel-reforming approach [20].

Reaction rate of CH, dry reforming (rypr) on Ru/y-Al,O3/Ni-Cr-Al catalyst [21]

kcoz Kco,Kch,Pco,PcH,
TMDR = 2 (4.33)
(1 + Kco,Pco, + KCH4pCH4)
83498
kco, = 1.17 - 107 exp (— T ) (4.34)
_ 49220
Kco, =3.11-10 3exp( T ) (4.35)
16054
Ky, = 0.653exp< o ) (4.36)
Reaction rate of CH, steam reforming (rysg) on Ni-based SOFC anodes [2]
3
PcoPH
TMsR = kf,MSR (pCH4pH20 % 2) (4.37)
eq,MSR
2395 231266
f.MSR = Texp <— RT > (438)
Koqusg = 1.0267 - 10exp(A(2)) (4.39)
A(Z) = —0.2513Z% + 0.36651Z3 + 0.5810Z2% — 27.134Z + 3.277 (4.40)
1000
Z=——-1 (4.41)
T
Consumption and production rates of gaseous species
YcH, = —TYMDR — TMSR (4.42)
Tco, = —TMDR (4.43)
TH,0 = —TMSR (4.44)
er = ZrMDR + 3rMSR (445)
Tco = 2Tmpr + Tmsr (4.46)
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Fig. 4.16: Distribution of fuel composition in fuel channel along fuel flow direction under
open-circuit condition in the 20 x 50 mm? reference ASC operating at 800 °C with 40 mL
min* simulated biogas (CH4/CO, = 1) calculated with (a) the ANN/FI1S-based MMR model
(this study) and (b) the parallel-reforming approach [20].
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Fig. 4.17: Comparison of calculated and measured i-V curves for the 20 x 50 mm?
reference ASC operating at 800 °C with 40 mL min* simulated biogas (CH4/CO, = 1);
Green: Calculated i-V curve with the ANN/FIS-based MMR model, Red: Calculated i-V
curve with the parallel-reforming approach [20]. Scatter plots: Measured i-V curve.

Distributions of fuel composition in fuel channel along fuel flow direction under open-
circuit condition obtained by the ANN/FIS-based MMR model (this study) and the parallel-
reforming approach are compared in Fig. 4.16. Under open-circuit condition, both

modeling approaches provided almost same profiles. Xen, of about 95% was calculated and
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syngas production through dry reforming was almost completed within 20 mm from the
inlet. As shown in Fig. 4.17, within 0.5 A cm™ no differences between i-V curves obtained
by both MMR models can be seen. However, in the mole fraction profiles of CH4, CO, and
CO in the AFL obtained at 0.5 A cm 2, difference was obvious. The ANN/FIS-based MMR
model could give a smooth profile (Fig. 4.18-(a)), whereas the parallel-reforming model
resulted in discontinuous profile (Fig. 4.18-(b)), indicating that the present approach
adopting ANN/FIS-based MMR can be applicable for the complex system where both CO,

and H,0 contributions to CH,4 reforming are rather large.

(a) (b)
0.8 0.8 0.8 - 0.8
ANN/FIS-based MMR model Independent dry and steam reforming
20 x 50 mm?2 DIR-ASC 20 x 50 mm?2 DIR-ASC
o, Cco 0,
064 co 800°C Lo.6 0.6- 800°C Lo.6

40 mL min"l CHy/CO, = 1

Load condition (0.5 A cm2)

40 mL mint CHy/CO, = 1
Load condition (0.5 A cm'2)

0.4 0.4 0.4 Lo

Mole fraction in the AFL / -
Mole fraction in the AFL / -

0.2 H,0 0.2 0.2 F0.2
CO. CO.
cH, 2 cHy, ?
0.0 T '/- T T 0.0 0.0 T '/- T T 0.0
0 10 20 30 40 50 0 10 20 30 40 50
Distance from anode inlet / mm Distance from anode inlet / mm

Fig. 4.18: Distribution of fuel composition in AFL along fuel flow direction at 0.5 A cm™
in the 20 x 50 mm? reference ASC operating at 800 °C with 40 mL min* simulated biogas
(CH4/CO; = 1) calculated with (a) the ANN/FIS-based MMR model (this study) and (b) the
parallel-reforming approach [20].

During i-V calculation with the parallel-reforming approach, rypr and rysg Were
simultaneously solved with the same pcy,, and thus the r¢, calculated by (Eq. 4.42) caused
overestimation under the condition in which both CO, and H,O are major components,
leading to negative CH,4 concentration within a local catalyst volume. In the CFD
calculations adopting the parallel-reforming approach for the Case-11 and -111 (14 x 14 mm?
reference ASC), i-V curves could not be given because of divergence of calculation. These
comparisons emphasized that CFD calculations incorporating the ANN/FIS-based MMR

model can provide meaningful and realistic estimations at arbitrary operating conditions.
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4.5 Conclusions

With the aim of achieving a powerful numerical tool to find an optimal operating
condition and a cell design for the stable operation of DIR-SOFCs fuelled by biogas, a
comprehensive CFD model composed of the following sub-models was developed .

e Gas convections in free-spaces of channels and porous electrodes were expressed by

Navier-Stokes equations and Brinkmann equations, respectively.
e Mass diffusion in porous electrodes was described by Stefan-Maxwell model.

e The consumption and production rates of gaseous species involved in the
simultaneous dry and steam reforming of CH, (methane multiple-reforming) in the anode

were estimated by ANN/FIS-based model developed in Chapter 3.

e Electromotive force and current density were calculated with Nernst equation and
nonlinear Butler-Volmer equation, respectively, with the assumption that H, is the

predominant reactant for generating electricity as demonstrated in Chapter 2.
e Closed-circuit calculations were conducted using Kirchhoff’s law and Ohm’s law.

e Temperature filed was determined by general heat transfer equation in conjunction

with Fourier’s law.

The consistency of the MMR-model-incorporated CFD calculation with the measured
performance of DIR-SOFC fuelled by CH4-CO, mixture was confirmed through a three-
step model validation process consisting of two model-parameter-tuning steps, model
fitting steps with the data experimentally obtained under non-DIR and DIR operations,
followed by a validity check whether the established-model can reproduce a performance of
DIR-SOFC under an arbitrary operating condition. The ANN/FIS-based MMR model
developed in this study can express the complex internal reforming behavior of Ni-YSZ
anode during operation. Compared to conventional approaches in literature considering
MMR as a sum of CH, dry and steam reforming (ignoring the concurrent effect of CO, and

H,O on the catalytic CH,4 conversion), the CFD model developed in this study was proved
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to be able to provide more reliable and meaningful estimation on behavior of internal

reforming SOFCs at any operating conditions.

Using the developed comprehensive CFD model of DIR-SOFC considering MMR,

further numerical analyses will be conducted and presented in Chapter 5 for the advanced

DIR concepts to control the internal reforming reaction.
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Chapter 5 — Advanced DIR concepts for SOFCs operating with biogas

In order to improve thermo-mechanical stability and enhance output power of DIR-
SOFCs operating with biogas, internal reforming rates have to be properly controlled. In
this Chapter, two DIR concepts with gas-barrier mask and in-cell reformer are numerically
investigated by using the comprehensive CFD model of SOFC considering the

simultaneous dry and steam reforming of CH,4 discussed in Chapter 4.

5.1 Introduction

The aim of this study is to numerically evaluate the effectiveness of the proposed DIR
concepts for biogas mixtures. Fig. 5.1-(a) shows a schematic of single anode-supported cell
(ASC) where CH,4 reforming within the anode substrate is uncontrolled (hereafter called
Normal). Fig. 5.1-(b) illustrates a concept with a patterned gas-barrier mask (made from
dense yttria-stabilized zirconia (YSZ)) sintered on the anode surface (Concept-I).
Depending on the mask pattern, mass fluxes of the reactant gases into the porous anode, in
other words, the internal reforming rate can be controlled. In this study, the coverages of
the gas-barrier mask were set to 66.7%, 50%, 33.3% and 0% for the 1st, 2nd, 3rd and 4th
quarters, respectively, along fuel flow direction. Fig. 5.1-(c) shows an in-cell reformer
concept (Concept-11). A sheet of Ni-loaded paper-structured catalyst (PSC) [1] is placed on

the anode.

For each case in Fig. 5.1, two types of ASC (Ni-YSZ) that have electrolyte thickness
(d.) of 5 um and cathode thickness (d.) of 60 um but different anode thicknesses (d,) of
950 (ASC-A) and 200 um (ASC-B) were considered.

The comprehensive CFD model of DIR-SOFC considering MMR developed in this
study (Chapter 4) was used in this evaluation. In Concept-I, the 5 um-thick gas-barrier
mask (patterned YSZ layer) was applied on the anode surface (see Fig. 5.1-(b)). The impact
of the gas-barrier mask on collecting current was not considered. In Concept-II, the volume
of the fuel channel (1 mm in height) was filled with a Ni-loaded PSC-sheet having porosity

of 90%. Component materials of PSC and SOFC were assumed to be homogeneous and
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isotropic. Physical parameters of the PSC and the SOFC components are listed in Tables

3.2 and 4.4, respectively.

Schematic illustration Photograph

Normal: single ASC

Top: anode side

(@)

Bottom: cathode side

Concept-l: single ASC + gas-barrier mask

Top: anode side

>
(b) aow & eif;‘és

Gne'®

M YSZ mask (gas impermeable)
psC

¥ Anode surface

Bottom: cathode side

Concept-ll: single ASC + in-cell reformer

Top: anode side
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Fig. 5.1: Schematic illustrations and photographs of DIR-concepts studied in this study.

Initial system temperature and pressure were set to 800 °C and 1 atm, respectively.
CH4/CO, = 1 mixture (800 °C) was fed to the fuel channel at total molar flow rate in a
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range from 2.73 x 107° to 1.36 x 10 mol s™, equivalent to volume flow rate (fr,e;) in a
range of 40-200 mL min* at 25 °C. On the other hand, 2.73 x 10® mol s of N,/O, =
79/21 mixture (800 °C) was supplied to the air channel.

5.2 Results and discussion

For the proposed DIR concepts (Concept-l1 and Il) with ASC-A and ASC-B, CH,
conversion, temperature distribution and thermally-induced stresses under open-circuit and

load conditions with f,,; = 200 mL min* were investigated, then, a proper design was

discussed.

5.2.1 Case study for the thick anode substrate (ASC-A, d, = 950 um)

CH,_conversion under open-circuit condition

Fig. 5.2 presents the profiles of the calculated ¢y, along fuel flow direction for the
ASC-A under open-circuit condition with the feed of 200 mL min™ simulated biogas
(CH4/CO; = 1 mixture). Here, the CH,4 conversion in the free-space of the fuel channel was
neglected. In the Normal ((a)), CH,4 conversion takes place only in the anode. Maximum
rcn, OF about 466 pmol cm 2 s occurred at the fuel inlet region because of the highest
Pcu, and pco,, and towards downstream, r¢y, decreased due to the drops of pcy, and pco, .
rcu, decreased from the surface of the anode towards the anode/electrolyte interface,

reflecting mass transport limitation of gaseous species within the porous domain.
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Fig. 5.2: Calculated net consumption rate of CHy4 (r¢y,) for the cases of (a) Normal, (b)

Concept-I and (c) Concept-11 with ASC-A under open-circuit condition at 800 °C with the
feed of 200 mL min! simulated biogas (CH4#/CO, = 1 mixture). ¥ and A in (a)—(c)
indicate the minimum and maximum values of ¢, , respectively.

By applying the gas-barrier mask (Concept-1), mass fluxes of CH4 and CO, entering the
porous anode at the fuel inlet side were suppressed, and hence, the maximum ¢y, was

341

reduced to 326 umol cm to have partially equalized 7, along fuel flow direction (see

Fig. 5.2-(b)). Total CH,4 conversion (ZCH4) was 78.4% at the fuel outlet for the Concept-I,
which was 8.2% less than that for the Normal. In the case of Concept-Il, the catalytically-
active surface area was significantly increased to remarkably enhance the r¢y, at the fuel
inlet region (see Fig. 5.2-(c)), resulting in Xen, of 99% (47 and 52% in the 950 pum-thick
anode substrate and the 1000 um-thick PSC, respectively). As a result, the mole fractions of

CH,4 and H, more rapidly dropped and rose, respectively, compared to the Normal and

Concept-I (see Fig. 5.3).
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Fig. 5.3: Profiles of CH, and H, mole fractions in fuel channel along fuel flow direction for
the cases of Normal, Concept-1 and -1I calculated for ASC-A under open-circuit condition
at 800 °C with the feed of 200 mL min™* simulated biogas (CH4/CO, = 1 mixture).

Temperature distribution and thermally-induced stresses under open-circuit condition

Due to the endothermicity of CH, reforming, temperature drop and inhomogeneous
temperature distribution within the ASC-A were confirmed as shown in Figs. 5.4-(a)—(c).
With the feed of 200 mL min* simulated biogas (CH4/CO, = 1 mixture), for the Normal,
the maximum temperature drop in the electrolyte (AT, 4) Was 66 °C at the anode inlet
region (see Fig. 5.4-(d)), resulting in the maximum thermally-induced stress (first principal
stress (04 max)) Of 167 MPa.

In comparison with the Normal, 26% smaller AT, and more homogeneous
temperature distribution resulting in 21% smaller ¢ 4, can be achieved with Concept-I.
On the other hand, Concept-Il led to severer temperature drop and steeper temperature
gradient along fuel flow direction since almost CH, in the fuel stream was converted to
syngas within the first half of the cell length. Consequently, AT, ., and 0J ;,qx rose 18.2

and 13.8%, respectively, compared to the Normal.
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Fig. 5.4: Calculated temperature distribution for the cases of (a) Normal, (b) Concept-I and
(c) Concept-1l1 with ASC-A, and (d) the profiles of electrolyte temperature along fuel flow
direction under open-circuit condition at 800 °C with the feed of 200 mL min simulated
biogas (CH4/CO; = 1 mixture). ¥ and A in (a)—(c) indicate the minimum and maximum
temperatures, respectively. Rectangles in (d) indicate the positions where the maximum
thermally-induced stress (first principal stress (o7 ,qx)) OCCUTS.
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Power generation characteristics

Current-voltage (I-V) characteristics of the ASC-A for the three cases are plotted in Fig.
5.5. Below 1 A cm? (fuel utilization (Ur) < 20%), power densities were comparable since
the impact of concentration losses are insignificant and cell voltage drop is mainly related
to activation and ohmic overvoltages. Further increasing current density, differences
became noticeable. Maximum power density (P,.) increased in the order of Concept-I
(1.08 W cm?), Normal (1.17 W cm2) and Concept-11 (1.25 W cm ?), reflecting the order of
the syngas production rate mentioned in the previous part. In Concept-1l, WGS reaction
promoted within the PSC-sheet readily shifts CO to H, under high current density. This

also contributes to the power enhancement.

1.2 15

=
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Power density / W cm™2
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T
o
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800 °C —aA— Concept-|
200 mL min™ CH,/CO, =1 —o— Concept-Il
T T

0.0 T
0 1 2 3 4

Current density / A cm2

Fig. 5.5: Calculated I-V characteristics for the cases of Normal, Concept-1 and -IlI with
ASC-A at 800 °C with the feed of 200 mL min* simulated biogas (CH4/CO, = 1 mixture).

Proper design for ASC-A

Fig. 5.6 shows the CH,4 conversion (;(CH4) of internal dry reforming at 800 °C under

open-circuit condition for the cases of the Normal, Concept-1 and Concept-1l. In the fr,;

range of 40-120 mL min?, Zen, > 90% close to equilibrium (95.8%) were obtained.

Although Xen, for the three concepts were comparable, it should be mentioned that the rate
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of H, production within the fuel inlet region increased in the order of Concept-1, Normal

and Concept-Il as discussed above. Further increase of ff,,; to 200 mL min?, Xen, for the

Normal and Concept-l reduced to about 80% because CH,4 conversion was kinetically
limited, whereas that for Concept-I1 did not decrease even with high fuel flow rate over 120

mL min* due to the positive effect of PSC to promote syngas production (see Fig. 5.7).

100

80+

800 °C
CH,/CO, =1
Open-circuit condition

20+

T T T
40 60 80 100 120 140 160 180 200

fruer / ML min

Fig. 5.6: Calculated CH,4 conversion (ZCH4) of internal dry reforming (Fuel: CH,/CO, = 1

mixture) for the cases of Normal, Concept-I and -1l with ASC-A at 800 °C under open-
circuit condition in the ff,,.; range of 40-200 mL min. Dash line indicates Zen, calculated

at equilibrium condition.
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Fig. 5.7: Profiles of H, mole fractions in fuel channel along fuel flow direction for the cases
of (a) Normal, (b) Concept-1 and (c) Concept-1l calculated for ASC-A at 800 °C under
open-circuit condition in the fr,; range of 40-200 mL min™*.

Figs. 5.8 shows the profiles of electrolyte temperature along fuel flow direction for the
proposed DIR concepts at 800 °C under open-circuit condition for different fr,e;. AS fryer
increased from 40 to 200 mL min*, the Normal ((a)) resulted in AT, pmax Varying from —41
to —66 °C. For the Concept-l with gas barrier-mask ((b)), more homogeneous electrolyte
temperature distribution could be obtained. AT, 4, Was drastically reduced, —31 and —49
°C at 40 and 200 mL min™, respectively. For the Concept-II ((c)), syngas production was
accelerated in the first half of the anode substrate, generating steeper temperature gradient

With AT, e, Of 45 and —79 °C at 40 and 200 mL min ", respectively.
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Fig. 5.8: Calculated profiles of electrolyte temperature along fuel flow direction for the
cases of (a) Normal, (b) Concept-l and (c) Concept-ll with ASC-A under open-circuit
condition at 800 °C in the f,; range of 40-200 mL min ™™,

Maximum thermally-induced stress, 6 ,,.4,, under open-circuit condition was plotted in
Fig. 5.9. 07 ax for the Concept-1 was 20 % smaller compared to the Normal at the same
ffuet, in contrast, 8-14% higher 0o max Was generated for the Concept-11. Although, the
estimated g 4, Values were lower than the fracture strength of YSZ (reported as 236 MPa

[2]) for all cases, Concept-I was confirmed to be effective to suppress the risk of electrolyte
fracture during DIR operation.
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Fig. 5.9: Calculated maximum thermally-induced stress (o7 ,,4,) for the cases of Normal,
Concept-I and -1l with ASC-A under open-circuit condition at 800 °C in the f,; range of
40-200 mL min ™,

Fig. 5.10 shows the maximum power density, B, .., and corresponding fuel utilization
(Utp,.,,.) estimated for Normal, Concept-I and Concept-1l with the ASC-A at 800 °C. In
the frye range of 40-80 mL min?, B, for the three concepts were comparable and
increased with increasing fr,.; even under Usp > 70%, indicating that, in this fr,.
region, concentration losses are negligibly small for all cases. Further increase of ff,,, to

200 mL min*, whereas P,,,, for Normal and Concept-Il continuously increased, for the

Concept-I it was converged.

For the 20 x 50 mm? ASC with a 950 um-thick anode substrate (Normal), Xen, WaS

over 80% for all f;,.; being studied, and hence, the positive impact of in-cell reformer
(Concept-1l) on the power enhancement was not pronounced (< 7%). For the stable
operation at Uy p > 70 %, Concept-I is considered to be a good choice due to comparable

P4 10 oOther concepts (see Fig. 5.10) and lower risk of electrolyte fracture (see Fig. 5.9).
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Fig. 5.10: Maximum power density, P4, ((2)) for the cases of Normal, Concept-1 and -II
calculated for ASC-A under open-circuit condition at 800 °C in the fy,,; range of 40-200

mL min~. (b) is the fuel utilization at B,y (Usp, ).

There are many approaches in literature to improve thermo-mechanical stability of DIR
SOFC such as increasing Ni particle size [3], partially blocking catalytically-active surface
with alkaline earth metals [4, 5], substitution of Ni with Cu [6, 7], and controlling mass
transport by an additional thick chemically-inert diffusion-layer on the anode surface [8, 9].
However, these technical approaches resulted in the significant reduction of output power.
Obviously, the thin gas-barrier layer (Concept-1) in this study is significantly effective and

can be adopted for practical applications.

5.2.2 Case study for the thin anode substrate (ASC-B, d, = 200 um)

For the ASC-B with thinner anode substrate running with the feed of 200 mL min™
simulated biogas (CH4/CO, = 1 mixture) at 800 °C, as shown in Fig. 5.11-(a), the profile of
H, mole fraction of Concept-l was comparable to the Normal, and Xey, the anode outlet
was 54% similar to 58% for the Normal. Within the first 20 mm of the cell length, the
decreasing rate of CH4; mole fraction of Concept-1 was lower than that of the Normal,
indicating the suppression of maximum 7y, with Concept-l, which resulted in more

homogenous distribution of the electrolyte temperature than the Normal (see Fig. 5.11-(b))
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to have 20% smaller 6 .4, (= 88 MPa) in comparison to the Normal (110 MPa). With
Concept-II, Xcp, Was remarkably boosted to about 96% (26 and 70% in the 200 um-thick

anode substrate and the 1000 um-thick PSC, respectively). As a result, the H, mole fraction

was considerably higher than those with the Normal and Concept-1, potentially providing

the enhancement of electrochemical performance.

(@)

0.8

CH,4 mole fraction in fuel channel / -

Fig. 5.11: Profiles of (a) CH4 and H, mole fractions and (b) electrolyte temperature along
fuel flow direction under open-circuit condition at 800 °C with the feed of 200 mL min™*
simulated biogas (CH4/CO, = 1 mixture) calculated for ASC-B. Rectangles in (b) indicate
the positions where the maximum thermally-induced stress (first principal stress (o2 max))

occurs.

Fig. 5.12: Calculated I-V characteristics of ASC-B at 800 °C with the feed of 200 mL min™
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Power generation characteristics for the three cases with ASC-B were plotted in Fig.
5.12. P,yqy Of 1.45 W cm 2 for the Concept-11 was 41 and 53% higher than those for the
Normal and Concept-1, respectively, due to remarkably higher py, by the promotion of

reforming reaction with Concept-I1 (see Fig. 5.11-(a)).

Proper design for ASC-B

Fig. 5.13 shows the Zen, of internal dry reforming at 800 °C under open-circuit

condition for the cases of the Normal, Concept-l1 and Concept-1l. For the Normal and

Concept-I, Xew, monotonically decreased from about 90% to less than 60 % with increasing
fruer, indicating that the reforming kinetics becomes the rate determining process. On the
other hand, Concept-Il exhibited ;(CH4of over 90 % for the whole range of fz,.;, showing

the considerable contribution of the in-cell reformer (here, PSC) in syngas production (see
Figs. 5.13 and 5.14).
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Fig. 5.13: Calculated CH,4 conversion (ch4) of internal dry reforming (Fuel: CH4/CO, =1

mixture) for the cases of Normal, Concept-1 and -1l with ASC-B at 800 °C under open-
circuit condition in the f,.; range of 40-200 mL min*. Dash line indicates Zen, calculated

at equilibrium condition.
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Fig. 5.14: Profiles of H, mole fractions in fuel channel along fuel flow direction for the
cases of (a) Normal, (b) Concept-I and (c) Concept-11 calculated for ASC-B at 800 °C under
open-circuit condition in the fz,.; range of 40-200 mL min ™.

In the case of Concept-1, again, temperature distribution in the electrolyte became more
homogeneous compared to the Normal, resulting in smaller AT, .4, (compare Figs. 5.15-
() and (b)) and 20-25 % less g a4, (Se€ Fig. 5.16). Concept-I1 caused larger AT, 4, With
steeper electrolyte temperature gradient than the other DIR concepts (see Fig. 5.15-(c)),

leading to noticeably higher 6,4, (see Fig. 5.16).
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Fig. 5.15: Calculated profiles of electrolyte temperature along fuel flow direction for the
cases of (a) Normal, (b) Concept-l1 and (c) Concept-1l with ASC-B under open-circuit
condition at 800 °C in the fr,; range of 40-200 mL min ™™,

Due to the higher syngas production rate (see Fig. 5.14), Concept-II is superior to the
Normal and Concept-1 in terms of power generation at fr,,; > 80 mL min* (see Fig. 5.17-
(@), increasing fuel utilization of the cell (see Fig. 5.17-(b)). For the thin anode substrate, in

spite of higher o, 4., Concept-11 with in-cell reformer was proved to be effective for

elevating power generation.
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Fig. 5.16: Calculated maximum thermally-induced stress (o, ,q,) for the cases of Normal,
Concept-I and -1 with ASC-B under open-circuit condition at 800 °C in the f,; range of
40-200 mL min ™,
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Fig. 5.17: Maximum power density, P, ((2)) for the cases of Normal, Concept-1 and -II
calculated for ASC-B under open-circuit condition at 800 °C in the f,,; range of 40-200

mL mint. (b) is the fuel utilization at P, (Ut prar):

5.2.3 Effect of anode thickness

With the feed of 200 mL min — 1 simulated biogas (CH4/CO, = 1 mixture), as shown in
Fig. 5.18, in the cases of Normal and Concept-I, B4, With thinner anode substrate (ASC-
B) became lower than those with thicker one (ASC-A), reflecting that the degree of
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catalytic CH, conversion is a predominant factor of the performance. Therefore, the
application of an additional catalyst layer must have positive impact on the performance
enhancement. In fact, for both ASC-A and ASC-B, increase in B,,,, by the application of
PSC (Concept-I1) was confirmed, however, its effect was more pronounced for the thinner
anode substrate (ASC-B). As a result, B4, of ASC-B with Concept-Il exceeded that of
ASC-A with the same concept by 16%. To explain this positive trend, the effect of the
anode thickness in Concept-11 on the electrochemical performance at the total polarization
(Vpor) 0f 0.6 V was described in Fig. 5.19. For the ASC-B with thinner anode substrate,
H»O (product of the anodic reaction) was easily drained out of the anode. As a result, py, o
build-up within the AFL under high current densities (the decrease in electromotive force)
can be suppressed. These results indicate that the anode thickness is an important factor of
cell design for the DIR-operation, where PB,,,, IS governed by both syngas production rate

and mass transport limitation.

2.0 2.0
Il Normal 800 °C
Concept-| 200 mL min't CH,/CO, = 1
I Concept-Il

1.5 1.45 1.5

1.0

0.5

0.0- - 0.0

ell types used in this study

Fig. 5.18: Calculated maximum power densities (P,,4,) at 800 °C with the feed of 200 mL
min* simulated biogas (CH4#/CO, = 1 mixture), showing the effects of Concept-1 and
Concept-I1 for different thicknesses of anode substrate.
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Fig. 5.19: Calculated profiles of Nernst voltage (electromotive force) and py, o within the
AFL along fuel flow direction at the total polarization (V,,;) of 0.6 V for the Concept-II
with ASC-A and ASC-B at 800 °C with the feed of 200 mL min™ simulated biogas
(CH4/CO, = 1 mixture). I,,; is the average output current density.

As mentioned in the previous section, to ensure the mechanical stability in the DIR
operation, Concept-1 was effective, and therefore, the combination of the Concept-I and
Concept-I1 for thinner anode substrate may bring about the best operating condition in
terms of both mechanical stability and electrochemical performance.

53 Conclusions

Control of internal reforming rate is a key to enhance power generation and improve
thermo-mechanical stability of DIR-SOFCs running with biogas. Here, the effects of the
anode gas-barrier mask ((Concept-1) shown in Fig. 5.1-(b)) and the in-cell reformer using
paper-structured catalyst (PSC) ((Concept-I1l) shown in Fig. 1-(c)) were numerically
evaluated using the CFD model developed in Chapter 4. Two types of 20 x 50 mm? ASC
(Ni-YSZ) that have electrolyte thickness of 5 um and cathode thickness of 60 um but
different anode thicknesses (d,) of 950 (ASC-A) and 200 um (ASC-B) were considered.

For both types of ASC, Concept-I with gas-barrier mask, which can control mass flux

of fuel entering the anode along fuel flow direction, was confirmed to suppress rapid
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syngas production within fuel inlet region, leading to homogeneous temperature
distribution over the cell. In comparison to normal ASCs (Normal) in which reforming rates
are not controlled, about 20% decrease in the maximum thermally-induced stress was
estimated with a slight loss (about 8%) of maximum power density, indicating that the use
of anode gas-barrier mask is effective to reduce the risk of electrolyte fracture. Concept-I
could be a good choice for stable operation under fuel utilizations over 70%, especially for

ASC-A with thick anode substrate having high content of Ni catalyst.

Concept-Il increases the total catalytically-active surface area, promoting syngas
production. At a fuel flow rate of 200 mL min*, total CH4 conversion decreased to about
80% and less than 60% for normal ASC-A and -B, respectively, because CH4 conversion
was kinetically limited. On the other hand, those of ASC-A and -B for Concept-Il were
higher than 90%, by which the maximum power density was boosted by 7 and 40%
compared to normal ASC-A and -B, respectively, although the risk of electrolyte fracture
was increased. The effect of Concept-11 was more pronounced for ASC-B with thin anode

substrate having low content of Ni catalyst.

In practical applications, anode thickness (or amount of metallic Ni in anode substrate)
is an important factor to select a proper cell design for DIR operation. For ASCs with thick
anode substrates, Concept-1 is promising approach to achieve stable operation without
noticeable drop in power generation. For ASCs with thin anode substrates, application of
Concept-I1 is effective to maximize power density, however elevation of thermal stresses
has to be taken into consideration. Requirements of efficiency and mechanical stability may
be simultaneously met by a mixed concept of Concept-I and -11 (Concept-111) which will be

studied in the future work.
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Chapter 6 — Conclusions

6.1 Conclusions

Solid oxide fuel cell (SOFC) is a highly efficient energy conversion device which
directly generates electricity through the electrochemical reaction of a fuel with oxygen.
SOFC is attributed to all solid state construction (ceramic and metal) and high operating
temperature (600-1000 °C), making it an attractive power generator due to cell/stack design
flexibility, multiple fabrication options, multi-fuel capability (H,, CO, hydrocarbons, etc.),
and high quality waste heat. Under the catalytic activity of metallic Ni particles embedded
in anode materials, hydrocarbons fed to the anode quickly react with H,O and CO, to
produce syngas, H, and CO, subsequently electrochemically oxidized at the triple-phase
boundary (TPB) of anode to generate electricity and heat. This is called direct internal
reforming (DIR) operation by which enhancement of electrical efficiency and system
downsizing are expected. Biogas, CHs-CO, mixtures obtained from the anaerobic
fermentation of organic matters from garbage, livestock manure and agricultural waste, can
thus be used as a direct fuel for SOFCs. Since biogas is considered as one of energy carriers
derived from the solar energy, distributed power generators based on biogas-fuelled SOFCs
is promising technology for sustainable development, especially in developing countries

where H; infrastructure is an unrealistic option.

In order to achieve stable DIR operation with biogas, the risk of electrolyte fracture due
to the endothermicity of reforming reactions and the degradation of anode performance
caused by carbon deposition can simultaneously be suppressed by properly selecting
operating conditions such as operating temperature, the degree of fuel humidification
(steam-to-carbon (S/C) ratio in fuel stream), and fuel utilization. Numerical simulation is
invaluable approach to understand physical and chemical processes occurring within the
cell, investigate effectiveness of various cell/stack designs, and evaluate influences of
operation parameters on SOFC performance. The estimated results can be applied for
optimizing cell/stack designs and operating conditions, as a result, significantly lowering

efforts, time and cost for developing SOFC-based power systems. For this purpose, this
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study aims to develop a comprehensive computational fluid-dynamics (CFD) model of
DIR-SOFC running with biogas coupling mass and heat transport, chemical and

electrochemical processes occurring simultaneously within the cell.

Under DIR operation, both H, and CO are electrochemically-active species at the TPB.
The contribution of each as an active fuel to SOFC power generation with the direct feed of
simulated biogas mixtures (CH4:CO2:N, = 20: fro, :(60 — fr0,)) was first investigated.
Under open-circuit condition, CH, reacted with CO; in dry reforming reaction, producing
H and CO. Reverse-WGS reaction was promoted with increase of CO, flow rate (f¢,,) at a
constant CHy flow rate (f¢y,). In consequence, the partial pressure of H,O (by-product of
reverse-WGS reaction) was elevated, leading to increase in the concentration of O(Ni),
which was produced internally from the dissociation of H,O on the Ni surface. Oxygen
partial pressure in anode side (po,,,) also increased with increase of oxygen carrier content
(here, COy) in the fuel stream. Impedance data measured at anode side revealed that both
surface diffusion of electrochemically-active species to the TPB and charge-transfer
reactions were significantly accelerated with increasing O(Ni) concentration and po, .
These electrochemical behaviors were identical with those of Ni-based anodes fuelled by
H,. Because the electrochemical oxidation of CO is known to be suppressed by the
presence of H,O to form O(Ni), it can be concluded that in the DIR operation H; is the
predominant active fuel for power generation, even though H,/CO ratio is as low as 0.3.
The electrochemical contribution of CO to power generation can thus safely be neglected in

numerical calculations of DIR-SOFCs operating with biogas.

Generally, syngas production in biogas-fuelled SOFCs is governed by the simultaneous
CH, conversions with CO; and H,O (the methane multiple-reforming (MMR) process).
Due to its complex kinetics strongly dependent on gas composition and temperature, MMR
could not be fully modeled by conventional approaches based on power-law model fitting,
first order reaction kinetics related to CH, partial pressure and Langmuir-Hinshelwood
kinetics. In this study, a complete MMR model, which can calculate the consumption and

production rates of gaseous species involved in CH4 conversion at arbitrary temperatures
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and gas compositions (CH4-CO,-H,0-H,-CO mixtures), was developed using an
approximation method adopting Artificial Neural Network (ANN) and Fuzzy Inference
System (FIS). The MMR process in Ni-based SOFC anodes can thus be expressed by a
single model, even if either dry or steam reforming is the main reaction pathway. Moreover,
applicable temperature range can easily be extended. Although the ANN/FIS-based MMR
model was established for a Ni-8YSZ anode in a temperature range of 700-800 °C based on
the reforming tests using button-type anode-supported half-cells, it was revealed that the
MMR model can be applied for different types of Ni-based catalysts by adjusting a

correction factor to compensate the differences in catalytically-active surface area.

The comprehensive CFD model for DIR-SOFCs operating with biogas was established
using well-known mathematical models of mass and heat transport, and electrochemical
oxidation of H; in conjunction with the developed ANN/FIS-based MMR model. The
consistency of the MMR-model-incorporated CFD calculation with the measured
performance of DIR-SOFC fuelled by CH4-CO, mixture was confirmed through a three-
step model validation process consisting of two model-parameter-tuning steps, model
fitting steps with the data experimentally obtained under non-DIR and DIR operations,
followed by a validity check whether the established-model can reproduce a performance of
DIR-SOFC under an arbitrary operating condition. Compared to conventional approaches
in literature considering MMR as a sum of CH4 dry and steam reforming (ignoring the
concurrent effect of CO, and H,O on the catalytic CH4 conversion), the CFD model
developed in this study was proved to be able to provide more reliable and meaningful

estimation on behavior of internal reforming SOFCs.

Using the developed comprehensive CFD model of DIR-SOFC considering MMR,
further numerical analyses were conducted for two DIR concepts to control the internal
reforming reactions in two types of Ni-YSZ anode-supported cells (ASCs) that have
electrolyte thickness (d.) of 5 um and cathode thickness (d.) of 60 um but different anode
thicknesses (d,) of 950 (ASC-A) and 200 um (ASC-B).
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e In Concept-1, a thin patterned gas-barrier mask is sintered on the anode surface to
control mass flux of fuel entering the anode along fuel flow direction. It was confirmed to
suppress rapid syngas production within fuel inlet region, leading to homogeneous
temperature distribution over the cell and 20% reduction in maximum thermally-induced
stress compared to normal ASCs, in which internal reforming rates are not controlled.
Accompanied with only slight drop (about 8%) in power generation, Concept-1 could be a
good choice for stable operation under fuel utilizations over 70%, especially for ASC-A

with thick anode substrate having high content of Ni catalyst.

e In Concept-11, a sheet of Ni-based paper-structured catalyst (PSC) is placed on the
anode as an in-cell reformer, increasing the total catalytically-active surface area. Syngas
production was confirmed to be promoted by which boosting maximum power density by 7
and 40% compared to normal ASC-A and ASC-B, respectively, although the risk of
electrolyte fracture was increased. The effect of Concept-11 was more pronounced for ASC-

B with thin anode substrate having low content of Ni catalyst.

e In practical applications, anode thickness (or amount of metallic Ni in anode
substrate) is an important factor to select a proper cell design for DIR operation. For ASCs
with thick anode substrates, Concept-I is promising approach to achieve stable operation
without noticeable drop in power generation. For ASCs with thin anode substrates,
application of Concept-Il is effective to maximize power density; however elevation of

thermal stresses has to be taken into consideration.

6.2 Outlook for future work

In this study, a comprehensive CFD model for DIR-SOFCs operating with biogas
considering MMR was successfully developed. The model can provide more reliable and
meaningful estimation on cell behaviour at any operating conditions compared to
conventional approaches, and can be considered as a powerful numerical tool for

developing DIR-SOFCs operating with biogas. In pursuit of realizing highly efficient and
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robust power generating systems based on biogas-fuelled SOFCs, the following research

works can be conducted in future adopting the developed CFD mode.

1. A mixed concept of Concept-I and -1l (Concept-li1). The effect of Concept-II in

improving power generation is more pronounced for ASCs with thin anode substrates,
although thermal stresses are increased. To ensure the mechanical stability in the DIR
operation, Concept-I is effective, and therefore, the combination of the Concept-1 and
Concept-I1 for thin anode substrates may bring about the best operating condition in terms
of both mechanical stability and electrochemical performance.

2. Development of functionally-graded PSCs. To minimize the risk of electrolyte

fracture caused by rapid CH,4 conversion within the fuel inlet region of a PSC, the use of
functionally-graded PSCs, in which amount of Ni loaded is gradually increased along fuel
flow direction, is a promising option. By appropriate designs (profile of Ni-loaded amount
along fuel flow direction), both complete CH4 conversion and homogeneous temperature
distribution in electrolyte is expected to be simultaneously obtained under open-circuit

condition (see Fig. 6.1).

Open-circuit condition

Operating temperature

CH, mole fractionin PSC /
Electrolyte temperature / °C

0

0 o Cell length
Fuel flow direction

Anode inlet Anode outlet

[ Psc1 | psc2 | psca | Psc4 |

Fig. 6.1: Profiles of (a) CH, mole fraction in fuel channel and (b) electrolyte temperature
along fuel flow direction expected to be simultaneously obtained with functionally-graded
PSC (here, 4 PSCs with Ni-loaded amount elevated in the order of PSC1, PSC2, PSC3 and
PSC4) for achieving complete CH4 conversion with minimum risk of electrolyte fracture
under open-circuit condition.
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3. Study on modeling of DIR-SOFCs operating with anode off-gas recirculation. As

shown in Fig. 6.2, biogas stream (fp;o44s) Can be mixed with a portion of anode off-gas
(farecir) and then supplied to the anode. By this fuel supply configuration, carbon removal
is promoted due to elevated S/C ratio of the fuel stream (ffy.;); in addition, less
temperature drop can be obtained because reforming rates are reduced with decrease in the
partial pressure of CH,4 in the fuel stream. The use of anode off-gas recirculation can
improve overall system efficiency due to the elimination of external humidifier. However,
increase in oxygen-carriers content in the feeding stream can lower maximum power
density. Therefore, the degree of the recirculation of off-gas (k rcir) IS an important factor

and should be defined for practical systems.

fa,recir = ka,recirfa,off

fbiogas Aé)ﬂﬁ

fai‘r —

fa,off

— fc,off

SOFC single unit

Fig. 6.2: Configuration illustration of anode off-gas recirculation for DIR-SOFCs operating
with biogas. fpiogas — biogas flow; fr,.; — fuel flow; £, ;- — anode off-gas flow; f;;, — air
flow; f.orr — cathode off-gas flow; f,,ccir — anode recirculation flow; kg, ecir —
recirculation factor in a range of 0-1.
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Appendix A — Effects of H,O and CO, on the electrochemical oxidations of Ni-based
SOFC anodes with H, and CO as a fuel

A.1  Effect of H,O

For the electrochemistry of H, at TPB of anode, the overall surface reaction is

globally formulated as
H, + 0% (YSZ) S H,0 + (YSZ) + 2e (Ni) (A1)

,where ()’ denotes the surface to which the species is attached. H, molecule reacts with
an oxygen ion on the YSZ surface (0> (YSZ)) to release two electrons accompanied by
steam production. Reaction path of the heterogeneous reaction is rather complex. The
reaction is promoted by the presence of H,O (see Fig. A-1) [1-3]. Hj-spillover
mechanism has commonly been used to explain this promotion for Ni-based SOFC
anodes [3, 4]. Considering a Ni-based anode, the heterogeneous electrochemistry of H,

is illustrated in Figure A.2-(a) and described as follows:

+. Adsorption on the Ni surface:
H, + 2(Ni) 5 2H(Ni) (A.2)
H,0 + (Ni) 5 O(Ni) + H, (A.3)

+. Surface diffusion of hydrogen atom over the Ni surface to the TPB:

H(Ni) — H(Ni)Tps (A.4)
H(Ni) + O(Ni) — H(O)(Ni) + (Ni) (A.5)
H(O)(Ni) — H(O)(Ni)ree (A.6)

+. Diffusion of hydrogen atom from the Ni surface to the YSZ surface:
H(Ni)tpg + (YSZ)1ps — H(YSZ)1pg + (Ni)1rs (A7)
H(O)(Ni)tes + (YSZ)1ps — H(YSZ)1ps + O(Ni)1prs (A.8)
+. Charge-transfer reactions:
0% (YSZ) + 2H(YSZ)1pg — H20 + 26 (YSZ)near T8 (A.9)

& (YSZ)near e — € (Ni) (A.10)

127



Appendix A — Effects of H,O and CO, on the electrochemical oxidations of Ni-based
SOFC anodes with H, and CO as a fuel

With pure H, as a fuel, the formation of H(Ni) species (reaction (A.2)) is the first
step of the electrochemical oxidation process. Then, H(Ni) species diffuse over the Ni
surface to the TPB (reaction (A.4)), and subsequently to the YSZ surface (reaction
(A.7)) where they combine with O? (YSZ) species to form gaseous H,O (reaction (A.9)).
Simultaneously, two electrons are released to the YSZ surface near by the reaction site
and subsequently received by metallic Ni (reaction (A.10]). Therefore, the surface
diffusion rate of H, to TPB and the electronic conductivity of the cermet electrode in the

region vicinity to the TPB strongly affect the rate of H, oxidation.
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Fig. A.1: Electrochemical behavior of a porous Ni electrode at 1000 °C for different
H.O vol% in H, gas: (a) anode activation overvoltage and (b) impedance spectra,
showing the positive effect of H,O on promoting the surface diffusion of H; to the TPB
and the charge-transfer reaction of H, [3].

As H,0 appears in anode gas composition, H,O is dissociated on the Ni surface to
form O(Ni) species and H, (reaction (A.3)). H(Ni) species can diffuse to active O(Ni)
sites (reaction (A.5)), and subsequently travel over active O(Ni) sites toward the TPB
(reaction (A.6)), and then diffuse to the YSZ surface (reaction (A.8)) to take part in
charge-transfer reactions. O(Ni) concentration increases with increase of the partial
pressure of H,O (pp,0), and thus the total surface diffusion rate of H, to the TPB is
significantly enhanced with elevated py,,. In addition, the partial pressure of oxygen in
anode (po,.) Vvaries proportionally to py,o, accounting for increase of interfacial

conductivity of anode [1, 3]; in consequence, the rates of charge-transfer reactions
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(reactions (A.9) and (A.10)) are accelerated with increase of py, . As a result of these,

the rate of the electrochemical oxidation of H, is promoted with increasing py, 0.

(@)

0 @ , ®
(H e
Anode PR P W Anode ,v [ H,
electrode v (H N {H Y electrode -
(H 5 Y AN
o) 5.Q é
Electrolyte 0 o Electrolyte o> or
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—> desorption

— surface diffusion

=P H, spillover

--> dissociative adsorption
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-3 non-dissociative adsorption — surface diffusion

Figure A.2: Mechanism illustrations of the electrochemical oxidations of (a) H, and (b)
CO on Ni-based SOFC anodes, showing effect of H,O to both reactions. In H, oxidation
(a), the surface diffusion rate of H(Ni) to the TPB is promoted by H,-spillover through
O(Ni). In CO oxidation (b), the surface diffusion of CO(Ni) is blocked by O(Ni).

1.25
° w100 pm pattern
&T;o” * 50 um pattern
hl? 4 o 20 pm pattern
2 < 10 pm pattern
1.00 s !Eq. * ., pm p
-n 17 % ° L S
% In P. o? <& ¢ L PN
I L= 08 ‘.
[ ] © * Y
0.75 .ﬁﬁ%oo—’ﬁ
= B % oMy o ¢
9 & Tt OE.I dryH, B g
Do %o l;',l:! 2w %o
osol 22 ®e o o
- °
e ° o [
=4 dry CO ¢ “a g
[ 0¢
oo
025 me
I.: L
'R 0;\ wet CO
[0
i = %
0.00 — B0 - R . : .
0.0 0.1 0.2 0.3 04 0.5 06
Amps/fem? of Ni

Fig. A.3: i-V characteristics of Ni patterned anode at 850 °C with pure H,, pure CO and
humidified CO (4 vol% H,0) in Ar diluent. Data is shown for patterned anodes

constructed by 3-mm-long parallel strips of Ni with different widths (10, 20, 50 and 100
pm) [6].

In the case of the electrochemical oxidation of CO in Ni-based SOFC anodes, the
reaction rate is commonly found to be governed by the adsorption rate of CO on the Ni

surface, the surface diffusion rate of CO(Ni) to the TPB and the rate of charge-transfer
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reactions between CO(Ni) and O* [5-7]. In the work of Sukeshini et al., anode
activation overvoltage with humidified CO (4 vol% H,0) at low current densities was
dramatically increased compared to that with pure CO (see Fig. A.3) [6], indicating that
the rate of CO oxidation was reduced because of decrease in CO(Ni) concentration
accompanied by the coverage of O(Ni). Moreover, this result revealed that CO(Ni)
cannot diffuse over O(Ni) to the TPB, and hence the surface diffusion of CO(Ni) is
blocked by O(Ni) (see Fig. A.1-(b)).

A.2 Effect of CO,

In the work of Jiang and Virkar, power generation characteristics measured at 800
°C for H, diluted with H,O were found to be higher than those for H; diluted with CO,
at the same degrees of dilution [8] (see Fig. A.4). Derived from these experimental data,
limiting current densities (i;;,) and the corresponding fuel utilization (Uy) are listed in
Table A.1. As shown in Table A.1, Uy of about 33% was obtained for Hp-H,O system as
the partial pressure (py,) in fuel stream increased from 0.2 to 0.5 atm. For H,-CO;
system, Uy varied from 20 to 26.1% for py, in a range of 0.19-0.5 atm. These values
showed that concentration losses in two fuel systems were negligible small, and limiting
current densities were mainly governed by the adsorption rate of H, on the Ni surface
and the surface diffusion rate of H, to the TPB. With decrease of py,, the adsorption
rate of H, on the Ni surface was reduced by the coverage of H,O in H,-H,O system or
CO; in H,-CO, system, primarily leading to decrease in i,,. ij;, obtained with the H,-
CO; system is 20-44% smaller that with the H,-H,O system at the same py,, indicating
that the surface diffusion of H; to the TPB in the H,-CO, system was not promoted as in
the H,-H,O system (by O(Ni)). It could be inferred that CO, adsorption on the Ni

surface might not lead to the formation of O(Ni) as in H,-H,O systems.

Sumi et al. reported that open-circuit voltage in CO-CO, systems decreased with
increase of partial pressure of CO, (pco,) due to elevated p,, , [9]. In addition, fuel
streams with low CO/CO, ratio could prevent solid carbon produced from CO
disproportionation (2CO S C + COy,).
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Fig. A.4: i-V characteristics of anode supported-SOFC (anode thickness of 1.1 mm and
surface area of 1.1 cm?) at 800 °C with fuel flow rate of 140 mL min*: (a) fuel: Hp-H,0
mixture and (b) fuel: H,-CO, mixture [8].
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Table A.1: Limiting current density (i;;,,) and fuel utilization (Ur) derived from

Fig. A.4.
Fuel: H,-H,0 Fuel: H,-CO,
py, latm iy, [ Acm? Ur 1 % igim | A CM 2 Ur 1 %
0.19-0.2 1.25 34 0.7 20
0.32-0.34 2 32 1.4 23.8
0.5 3 32.6 2.4 26.1
A.3  Conclusions

(1]

(2]
(3]
[4]
(5]

O(Ni) produced from the dissociation of H,O on the Ni surface accelerates the
surface diffusion of H, to the TBP via H,-spillover mechanism, promoting the

electrochemical oxidation of H,.

The adsorption of CO on the Ni surface is significantly suppressed by the
coverage of H,O (O(Ni)), and thus the electrochemical oxidation of CO is

dramatically reduced if H,O is present in gas composition.
The adsorption of CO, on the Ni surface does not lead to the formation of O(Ni).

CO, can maintain anode performance against carbon formation caused by

Boudouard reaction.
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B.1 Introduction

An Artificial Neural Network (ANN) is a computational model based on the structure
and functions of biological neural networks. An ANN can be trained to express the internal
relationship and estimate system behavior without any physical equations. ANNSs are thus
universal approximators which produce output data as a response to a specific combination
of input data. The use of ANNs is effective if systems of interest are difficult to be
described adequately with conventional approaches because of the large number of

variables and the great diversity of data.

B.2 History

The concept of ANNs as computing machines was first introduced in 1943 by
McCulloch and Pitts [1]. Their works showed that any arithmetic or logical functions could,
in principle, be represented by a network of artificial neurons (see Fig. B-1). In 1958,
Rosenblatt and his colleagues demonstrated the capability of a single neuron consisting of a
summing node followed by a hard-limiter (see Fig. B-2(a)) to perform the classification of
two linearly-separable patterns (two classes are able to be separated by a line). Although
this simple ANN, namely a single-layer perception network, was limited as a binary
classifier (whether an input belongs to a specific class or not), it has been acknowledged as
the first practical application of ANNs. At the same time, Widrow and Hoff introduced a
training algorithm for a single-layer linear perceptron network, of which output data is the
linear combination of input data (see Fig. B-2-(b)). During the 1960s—70s, theories of
ANNs were slowly developed due to the lack of new ideas and powerful computers to
realize them. From the 1980s, personal computers and workstations rapidly matured in
capability, leading to significant increase in new concepts for ANNs. One of the key
developments in the 1980s was the learning algorithm based on the backward propagation
of error (so-called backpropagation algorithm), which was reported independently by

several different researchers. By this achievement, complex multilayer ANNs can

134



Appendix B — Overview of Artificial Neural Network

successfully be trained for arbitrary tasks. At the present, ANNs find countless applications
in aerospace, transportation, telecommunications, securities, speech, robotics, banking,

medical, etc.

In the field of fuel cell modeling, Saengrung et al. trained an ANN to predicted output
voltage and current of a commercial proton exchange membrane fuel cell (PEMFC) stack
with respect to air flow rate and stack temperature [2]. Arrigada et al. developed an ANN-
based simulator receiving fuel utilization, cell voltage, fuel flow rate and fuel inlet
temperature as input data for estimating operational parameters of solid oxide fuel cell
(SOFC) including air flow, current density, air and fuel outlet temperatures, and mean solid
temperature [3]. Milewski and Swirski trained an ANN for predicting i-V curves of an
SOFC associated with working conditions (current density, temperature, fuel and air flow
rates) and cell structure (electrolyte thickness, anode thickness and porosity) [4]. Marra et
al. reported a neural network estimator of 5-cell SOFC stack for diagnostics applications
[5]. This network could predict cell degradation (the drop in cell voltage) over long-term
operation with respect to current density, fuel flow rate and inlet temperature, air flow rate

and operating time.

B.3 Principle

An artificial neuron is the basic processing element of an ANN. Simulating basic
functions of biological neurons, an artificial neuron receives input data (x) from other
sources, processes them in some way, and then outputs the final result (y) to the next

neurons (see Fig. B.1). The correlation between x and y is numerically expressed as
y = @(wx +b) (B.1)

where x = [x4,..,x,]T is the input vector ([.]T is the transpose of the vector); n is the
number of inputs; y is the output value; w is the weight vector, of dimension n X 1; b is the

bias; and ¢(.) is the activation function (see Fig. B.3).
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Figure B.1: Illustrations of (a) biological neuron [6] and (b) McCulloch-Pitts’s model of
artificial neuron.
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Figure B.2: Single-layer perceptron network: (a) Rosenblatt’s neuron model and (b)
Widrow-Hoff’s neuron model.
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Figure B.3: Typical activation functions used in ANNSs [7].
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Figure B.4: Schematic illustration of the feed-forward multilayer ANN. Circle indicates
the artificial neuron (computing node). Arrow indicates the connection between two
neurons. N is the number of neurons in the input layer. L is the number of hidden layers. H,
is the number of neurons in the k™ hidden layer. M is the number of neurons in the output

layer. R™*™ is the real matrix having m rows and n colums.
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As shown in Figure B.4, an ANN is typically organized in interconnected layers,
consisting of one input layer, several hidden layers and one output layer. Each layer is
composed of a number of artificial neurons. A neuron in one layer receives output values
from all neurons in the preceding layer, and delivers its output value to all neurons in the
next layer. Usually, neurons in a layer contain the same type of activation function to
simplify the learning process. The response of an ANN with respect to input data is
governed by the number of layers, the number of neurons in each layer, as well as the

weights, bias and activation function of each neuron.

A multilayer ANN with appropriate design, weights and biases can exactly reproduce
the relationship between inputs and outputs of a practical system. Network parameters are
determined through a learning (or training) process, in which weights and biases are
adjusted so that for the same input data (x;,,) the deviations between system and network
outputs (ysys and y,y., respectively) are minimized. Backpropagation learning algorithm
has commonly been used in conjunction with an optimization method such as gradient

descent, and the learning rule (parameter-adjustment mechanism) is described as follow

9C(xin

whi(s +1) = wh(s) — a 22 (B.2)
LJ

bE(s +1) = bf(s) — ¢ 52 (B.3)

,Where wi’fj is the weight of the i™ neuron in the layer k (input, hidden and output layers)
for its jth input; b is the bias of the corresponding neuron; «a is the learning-rate constant; s
is the iteration; and C(x;;,) is the cost function which is usually expressed in terms of the
square error as

C(x;,) =eTe (B.4)
where e = ys,s — Your IS the network error with respect to x;,. Depending on ¢(.),

9C (xin) /0w and OC (x;,) /dby are analytically determined.
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Prior to the learning process, all wi’fj and b¥ are set to random values, and « is pre-
defined. In the first iteration (s = 1), y,,. is calculated with respect to x;,, subsequently, e
and C(x;,) are sequentially solved. If C(x;,) is larger than a pre-defined threshold ¢,

9C (xin) /0w and OC (x;,) /dbf are determined, followed by the adjustments of w;; and

b¥ (Egs. (B.2) and (B.3)). The learning process is repeated until C(x;,) < ¢ is satisfied, and

network parameters are said to be converged.

With a well-trained ANN, outputs of the practical system can quickly be estimated from
inputs without the detailed descriptions of system processes. Therefore, the ANN can be

considered to be the black-box model of the system.
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C.1 Introduction

In everyday situations, instead of manipulating precise valuations, human brain uses
linguistic descriptions to express information (e.g. velocity) as degrees of truth (e.g. too
slow, slow, fast and too fast), and makes judgments in imprecise terms (e.g. if the car
velocity is too slow then push the acceleration pedal hard). A fuzzy inference system (FIS)
is a computational model which processes data in the same manner that human brain does,
in which a given input is mapped to an output using fuzzy logic. Different from classical
logic, a statement in fuzzy logic is no longer true (1) or false (0) but rather as partially truth
(many values between 0 and 1). By adopting FIS, experience of people in solving a
problem can be encoded. The problem can thus be solved without knowing its

mathematical descriptions, which are mandatorily required by conventional approaches.

C.2 History

Fuzzy sets and fuzzy logic were first introduced in 1965 by Zadeh [1]. In its early days,
fuzzy logic theory was not well received because some of mathematical terms had not yet
been explored. In 1973, he published a paper introducing the concept of linguistic variable
to express a variable in terms of fuzzy sets. This work provided the methodology of
designing controllers using fuzzy logic theory, attracting other researchers to develop fuzzy

logic theories and apply FIS to practical applications.

In 1975, Mamadani and Assilian succeeded in controlling a steam engine with a fuzzy
controller using a set of control rules based on experience from manual operation [2]. Their
work has been acknowledged as the first practical application of FIS. Moreover, they
showed that processes that had never been successfully automated before could be

controlled by FISs which encoded experience of human operators.

In 1982, Holmblad and @stergaard established a fuzzy controller with 27 rules to

control the wet process cement kiln for a cement plant in Denmark, known as the first
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industrial application of FIS [3]. This work was greatly impressive since the plant was

attributed to time-varying, nonlinear behavior and only few measurements available.

In 1985, Yasunobu and Miyamoto of Hitachi demonstrated the feasibility of FISs for
automatically controlling acceleration, braking and stopping of trains in a subway system
[4]. In 1987, these FIS-based automatic train operation systems were realized to the Sendai
Subway System. Although at least one human operator must still be aboard each train to
take over in case of a breakdown or other emergency, it was the first time that the safety of

large numbers of people was entrusted, even in part, to a fuzzy control device.

In 1988, the Laboratory for International Fuzzy Engineering (LIFE), a cooperative
arrangement between 48 companies to pursue fuzzy research, was found in Japan, leading
to “fuzzy boom” in industrial applications as well as consumer goods from the end of 1980s.
Some practical applications adopting FIS can be listed as group control in elevators
(Hitachi), ventilation systems in expressway tunnels (Toshiba), city garbage incinerator
(Mitsubishi Heavy Industries), water treatment plant (Fuji), vacuum cleaner (Matsushita),
air conditioner (Mitsubishi), washing machine (Hitachi), fuzzy autofocus still camera

(Canon).

FISs have been successfully applied to many fields such as automatic control, data
classification, decision analysis, expert systems, and computer vision. FISs are associated
with a number of names, such as fuzzy-rule-based systems, fuzzy expert systems, fuzzy

modeling, fuzzy associative memory, fuzzy logic controllers, and (simply) fuzzy systems.

C.3 Principle

In FIS point of view, a mathematical variable z (e.g. temperature) is considered as a
linguistic variable having N linguistic values, V;—, y, (e.g. N = 3, V; = ‘cold’, V, = ‘warm’
and 3 = ‘hot’). Each V; is expressed by a fuzzy set, Z;, usually having a shape of triangle

(see Fig. C.1-(a)), or trapezoid (see Fig. C.1-(b)), or is a singleton-type (see Fig. C.1-(c)),
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corresponding to a membership function, u;(z), which maps the real value of z into a
membership value in a range of 0-1. y;(z) = 1 indicates that z is absolutely V;, whereas

u;(z) = 0 means that z is absolutely not V;. 0 < y;(z) < 1 shows that z = V; is partially

true.

(a) (©)
u(z)

Z

l ,,,,,,,,,,,,,,,,,

z z 0 4

a b C a

0 ,z<aorz=c 0 ,Zz<aorz=>d 0 ,z+a

. e ={] 273

_)Ji——=(E—-a),a<z=<b (z—a) ,a<z<b
u(z) b—a u(z) = b—a

(z—c),b<z<c 1 bz<c

b—c

cfd(z_d) ,c<z<d

Fig. C.1: Typical fuzzy sets: (a) triangle-shape, (b) trapezoid-shape and (c) singleton-type.

Considering a simple FIS having an input x and an outputy. V,;—, y and V,,;_, yare
linguistic values of x and y, respectively. Fuzzy sets of x, X;—, y, are triangle-shape (see
Fig. C.2-(a)) while fuzzy sets of y, Y;_; y, are singleton-type (see Fig. C.2-(b)). Operation
of a FIS to map a real value x;, to a real value y,,; is performed through three following

processing steps (see Fig. C-3).
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Fig. C.2: Example of fuzzy sets for a variable: (a) input, x, and (b) output, y. N = 3.
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Fig. C.3: Operation mechanism of a FIS to map x;,, into y,,; using fuzzy sets in Fig. C-2
and weighted average as defuzzification method.
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Step 1: Fuzzification. All u, ;-1 y(x = x;,) are computed.

Step 2: Inference. The correlation between x and y is expressed by a set of N IF-THEN

rules as follow
IF xis V,; THEN y is V.
The strength of the ith rule is represented by u, (x;;,).

Step 3: Defuzzification. Since Y;—, y, are singleton-type, the final y,,; can be determined

as a weighted average value:

y — Z:?=1 l‘x,i(xin)Yi
ouUt ™ 33 i (ein)
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