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ABSTRACT

Solid oxide cells (SOCs) are promising devices for clean energy utilization with high
efficiency. A solid oxide cell has a good reversible working mode characteristic. It can
work either as a solid oxide fuel cell (SOFC) to generate electrical power from fuels
or as a solid oxide electrolysis cell (SOEC) for utilizing excessive renewable power to
generate fuels. The SOC is environmentally friendly and has high efficiency in
converting energy between fuels and electrical power, which makes it a promising

next-generation device in utilizing traditional fossil fuels such as solid carbon.

In this work, 2D numerical models are developed for CO and electricity co-generation
in direct carbon solid oxide fuel cells (DC-SOFCs). The model is validated by
comparing the simulation results with experimental data from the literature.
Parametric simulations are conducted to understand the physical/chemical processes
in DC-SOFCs. Good performance of DC-SOFC is achievable even at a large distance
between the carbon bed and the porous anode, indicating the feasibility of large-scale
DC-SOFC applications. The DC-SOFC performance is found to decrease with
decreasing temperature due to the decreased Boudouard reaction kinetics. The molar
fraction of CO at the anode can be well controlled by adjusting the operating
conditions of DC-SOFC, enabling electricity and CO co-generation. Another finding
is that the current density in the DC-SOFC increases slightly along the cell length,
which is different from that in the Hj-fueled SOFC. The anode-supported
configuration is found to be beneficial in improving the electrical output of the DC-

SOFC but is unfavorable for CO generation.

By considering heat transfer effects, parametric simulations are also conducted to
investigate the effects of various operating and structural parameters on the thermal
behaviors of DC-SOFCs. It is found that the operating parameters greatly influence
the DC-SOFC thermal behaviors and the temperature field in DC-SOFC is highly non-
uniform. The position of peak temperature in the cell is highly dependent on the
operating potential. In addition, it is found that a smaller distance between the carbon
bed and the anode electrode is beneficial for improving the temperature uniformity in
the DC-SOFC. The breakdown of heat generation/consumption in DC-SOFC shows

that the anode processes contribute the most to the temperature variation in the cell.



Different from conventional DC-SOFC with CO, as gasification agent, a new DC-
SOFC using H»O as gasification agent is proposed and studied systematically by both
experiment and simulation. The performance of DC-SOFCs with two agents are
compared at different operating potential, temperature and anode inlet gas flow rate.
It is found that the H>O-assisted DC-SOFC significantly outperform the CO»-assisted
DC-SOFC. The higher performance of H»O-assisted DC-SOFC comes from: (1)
higher H>O-carbon gasification kinetics and (2) lower activation loss of H:
electrochemical oxidation. It is also found that a higher temperature could greatly
improve the performance of both kinds of DC-SOFCs. At a temperature of 1000K and
operating voltage of 0.5 V, the current density from the CO;-assisted DC-SOFC is
close to 0 while it is still above 1000 A m™ from the H,O-assisted DC-SOFC, allowing
the operation of H>O assisted DC-SOFC at reduced temperature. It is found that the
anode gas flow rate does not significantly affect the performance of DC-SOFC.

To further improve the performance of H2O assisted DC-SOFCs, Na;COs is added in
solid carbon for enhancing carbon gasification kinetics. The performance of DC-
SOFCs with and without catalyst are compared at different operating potential, anode
inlet gas flow rate and operating temperature. It is found that adding suitable catalyst
can significantly speed up the in-situ steam-carbon gasification reaction and improve
the performance of DC-SOFC. The potential of syngas and electricity co-generation
from the fuel cell is also evaluated, where the composition of H, and CO in syngas
can be adjusted by controlling the anode inlet gas flow rate. In addition, the
performance DC-SOFCs and the percentage of fuel in the outlet gas are both increased

with increasing operating temperature.

Lastly, carbon assisted solid oxide electrolysis cell (CA-SOEC) for H,O electrolysis
is proposed for syngas production with easy control of H2/CO ratio. 2D numerical
models are developed to study the effects of operating and design parameters on the
CA-SOEC performance. One important finding is that the carbon assisting is effective
in lowering the equilibrium potential of SOEC, thus greatly reduces the electrical
power consumption for H>O electrolysis. The CA-SOEC can generate electrical

power, CO and H: simultaneously at a low current density and sufficiently high



temperature. Compared with conventional SOEC for HoO/CO> co-electrolysis, CA-
SOEC is advantageous as CO and H» are produced in the anode and cathode,
respectively. This enables easy control of H2/CO ratio, which is helpful for subsequent
processes to synthesis other chemicals or fuels from syngas. Besides, CA-SOEC can
produce electricity rather than consuming it. The model can be used for subsequent
design optimization of CA-SOEC for effective energy storage and conversion.

The results of this study form a solid foundation for better understanding the
chemical/physical processes in DC-SOFCs and CA-SOECs with different kinds of
operating conditions. The models can be used for subsequent design optimization of
DC-SOFCs and CA-SOECs at a system level for thermal management and effective

energy storage and conversion.
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1. CHAPTER 1 INTRODUCTION

1.1 Background

Growing concern on energy crisis and environmental problems has driven worldwide
research attention into clean and high efficiency energy technologies. Although the
contribution from renewable solar and wind energy is increasing, fossil fuels are still
the major energy source and will continue to be the dominating energy source for the

coming decades|1-6].

Solid carbon is the major component of fossil fuels. It can also be obtained easily

from cheap and renewable biomasses such as waste wood and leaves. Compared with
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other fossil fuels, solid carbon such as coal has the characteristics of high energy
density, abundant in storage and cheap price. However, solid carbon fuels are usually
used in conventional thermal power plants which will produce significant amount of
pollutants and hazardous gases such as CO2, SOx and NOx as byproduct [7-9]. In
addition, the efficiency of power generation by thermal power plant is typically below
40% due to the Carnot cycle limitation or even about 30% if carbon capture and
storage is adopted to reduce the pollutant emission [10]. As carbon-based fuel will
continue to be the major energy source for a long time, more efficient and
environmentally friendly strategy using solid carbon fuel for power generation is of

practical importance, such as solid oxide fuel cells (SOFCs) [11-15].

The SOFC is an electrochemical device which can convert the chemical energy of a
fuel into electrical energy at an efficiency higher than that of a conventional thermal
power plant[16-18]. It is a whole solid-state device with an oxygen-ion-conducting
electrolyte being sandwiched between two porous electrodes. As the fuel and oxidant
are separated by the dense electrolyte, emission control in SOFCs is relatively easy.
As the operating temperature of SOFC is high (about 800°C), electrochemical reaction
kinetics are fast, thus low-cost catalyst such as Ni can be used[19-25]. For
comparison, low temperature fuel cells such as proton exchange membrane fuel cells
(PEMFCs) usually need expensive noble-metal catalyst (i.e. Pt). In addition, SOFCs
are fuel flexible and can use not only Ha, but also various hydrocarbon fuels, solid

carbon, and ammonia for power generation [26-29].

Renewable energy such as solar energy or wind energy is also a promising solution to
the energy crisis in the future. However, they are discrete in time and space, thus not
reliable for continuous energy supply[30-36]. Therefore, effective energy storage and
conversion technologies are critical for renewable energy applications to mitigate the
mismatch between energy supply and demand. Moreover, the development of smart
grid also needs effective energy storage and conversion devices, such as solid oxide

electrolysis cells (SOECs)[37-39].

An SOEC is the solid oxide cell (SOC) working in a reversed mode of SOFC[40-42].
The SOEC is therefore a high temperature electrochemical cell suitable for converting
excessive renewable power to fuels. The produced fuel can be stored and converted

back into electrical power via fuel cells when the renewable power is insufficient[43-
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47]. Compared with low temperature electrolyzers, the electricity requirement of
SOEC is relatively lower as a significant part of total energy needed for SOEC is in
the form of heat. In addition, the high operating temperature of SOEC enables the use
of non-noble metal catalyst, leading to lower cost than low temperature electrolyzer

systems[48-52].
1.2 Characteristics of SOCs

A typical fuel cell has two electrodes and one electrolyte as shown in Fig. 1.1(a). Fuels
(H2, CO) lose electrons to be oxidized in the anode. The electrons transfer through
outside circuit to the cathode, where oxidants (O2) are reduced. In this process, the
chemical energy is converted to electrical energy directly with high efficiency. The
produced gas (CO2 and H>0) are easy to be collected and post-processed, which also

eases the environmental problems.

a fe-
& S
8
Cathode t
g
Electrolyte — - O
Anode /
® H
®
® o
& o
“
b
o %9
02‘,“
Anode
Y &
Electrolyte — @ f
Cathode r 0 Lol é‘e'
L4 H
®
| ® o
s o & o

26



Figure 1.1 Schematic of a typical SOFC (a) and SOEC (b)

Fuel cells can be roughly separated into six kinds according to their different
electrolytes as shown in Table 1.1. Different kinds of fuel cells have different operating

temperature and transfers different kinds of ionic in electrolyte.

Table 1.1 Major types of fuel cells currently under development

Operating Temperature (°C) Electrolyte
PEMFC 60— 120 PEM
DMFC 60 —-120 PEM
AFC <100 KOH
PAFC 160 —220 H3PO4
MCFC 600 — 800 Molten Carbonate
SOFC 800 - 1000 O conducting ceramic

Like an SOFC, an SOEC usually consists of two porous electrodes and one dense
electrolyte. Porous electrodes provide transport paths (for ions, electrons and gases)
and reaction sites for the electrochemical reactions, while the dense electrolyte
separates the gases in different electrodes and allows oxygen ions transport from

cathode to anode.

In a typical SOEC as shown in Fig. 1.1(b), cathode gas (HO/CQO>) transports from
channel to triple phase boundary (TPB) reaction sites where they receive electrons to
be reduced to Hz and generate O* , which then transports from the cathode TPB sites
to the anode TPB sites through the electrolyte to form O» and release electrons. The
generated Oz transport from anode TPB sites to anode gas channel, and the released
electrons transport from anode TPB sites to cathode reaction sites through external

electric circuit to form a complete circuit cycle.
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1.2.1 Characteristics of SOFCs

An SOFC is a kind of fuel cell characterized by its solid electrolyte and high operating
temperature. Compared with other kinds of fuel cells, SOFC has following
characteristics [53-64]:

1) SOFC works at high temperature (commonly 1073 K~1273 K), which improves its

electrochemical reaction rates, ion/electron conductivities and gas transport rates.

2) The high electrochemical reaction rate of SOFC allows the use of non-noble metal

catalysts like Ni, which greatly decreases its cost.

3) CO is a poison to low temperature fuel cells but can be used as fuel in SOFC, which
means hydrocarbon fuels and solid carbon can be used in SOFC. The use of
hydrocarbon fuels and solid carbon separates SOFC from the hydrogen economy and

makes it possible to be used in very near future with a low fuel cost.

4) The high-quality waste heat in SOFC can be used by combining other industry
systems (such as combined heat and power system: CHP) with greatly enhanced

system efficiency.
5) The whole solid structure makes the cell to be highly reliable, long life and quiet.

6) Emission control in SOFCs is relatively easy as the fuel and oxidant are separated

by the dense electrolyte.

1.2.2 Characteristics of SOECs

Due to its excellent reversible working mode characteristic, an SOC can also be used
to electrolyze oxidants like H2O and CO; to generate H, and CO. The SOEC is a high
temperature electrochemical cell suitable for converting excessive renewable power to

fuels with following characteristics [65-72]:

1) Compared with traditional low temperature electrolysis methods, the electricity
requirement of SOEC is relatively lower as a significant part of total energy needed

for SOEC is in the form of heat.

2) The high operating temperature of SOEC enables the use of non-noble metal

catalyst, leading to lower cost than low temperature electrolysis systems.
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3) SOECs are capable of co-electrolyzing CO, and H>O to produce syngas (H> and
CO mixture), which can be further processed to gaseous or liquid fuels using Fischer-
Tropsch reactor. This offers an alternative way of utilizing the captured CO; for fuel

synthesis using excessive renewable power.
1.3 Principles of SOFCs

1.3.1 Thermodynamic mechanism

The output energy of an SOFC comes from the fuel chemical energy. The total amount
of energy released from a reaction equals to the enthalpy change of the reaction.
However, only part of the chemical energy can be converted into electric energy in an
SOFC while the remaining part is released in the form of heat. For a reversible
electrochemical reaction, the maximum electric power output is determined by the
Gibbs free energy change of the reaction[73-77]. Therefore, the maximum conversion

efficiency of fuel chemical energy to electric energy (i.e. thermodynamic efficiency)

in an SOFC is:

AG
Ntherom = AH (1.1)

where AG and AH are the Gibbs free energy (J) change and enthalpy (J) change of a
chemical reaction, respectively. The reversible open circuit voltage (OCV) of a fuel

cell can be calculated as:

AG
- (1.2)

where, E,., 1s the reversible open circuit voltage (V); n is the number of electrons

Eocv =

transfers in one electrochemical reaction. F is the Faraday constant (96,485 C/mol).

E,¢, of some typical reactions in fuel cells can be seen in Table 1.2.

Table 1.2 E,, of typical reactions at 25 °C and 980 °C

Reaction —AG° (k] mol™1) Eocy
25°C |980°C
H, +0.50, = H,0 55.64 119|097
C+0.50, = CO 32,81 0.71 1.16
C+0,= CoO, 94.26 102 |1.03
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CO +0.50, = CO, 61.45 1.33 0.90

CH, +20, = CO, +2H,0 |195.6 1.06 | 1.06

1.3.2 Electrochemical performance

The actual cell output voltage of the SOFC is usually lower than Ey ¢ due to various
overpotential losses including activation overpotential, ohmic overpotential and
concentration overpotential. The activation overpotential (1,.) is caused by the local
activation reaction barriers for electrochemical reactions. Ohmic overpotential

(Monmic) 1s caused by electron and ion transport in fuel cell.

Due to the transport resistance, the concentrations of the reactants/products at the
reaction sites can differ significantly from those at the electrode surface, causing
concentration overpotential (1.,,,) in fuel cell operation process. When a fuel cell
operates at a very high current density, the concentration overpotential could be so
high that the cell faces the problem of fuel starvation and the performance of the fuel
cell would decrease quickly. Thus, in model simulation, local gas concentration is used

to show the real local gas activity in fuel cell electrodes.

The actual output voltage of a fuel cell can be obtained by subtracting all the above-

mentioned overpotentials from the E, ¢y, as shown in Eq. (1.3) [78-81].

V = Eocv — Nact — Nohmic — Ncon (1.3)

1.3.2.1 Equilibrium potential

In the porous cathode, O, molecules diffuse through the porous cathode to the TPB,

where they are reduced to oxygen ions (O?%) via reactions (1.4) [82-84].

0, + 4e~ > 20%" (1.4)
The oxygen ions transport through the dense electrolyte to TPB in the anode, where
they electrochemically react with gaseous fuel molecules to generate electrons and

oxidants. For H» and CO molecules, the electrochemical oxidization reactions are

shown as reactions (1.5) and (1.6) [85-87].
H, + 0%~ -» H,0 + 2e~ (1.5)
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CO + 0% - CO, + 2e~ (1.6)

The overall electrochemical reaction for H, and CO can thus be expressed as:

H, + 0.50, —» H,0 (1.7)

CO + 0.50, = CO, (1.8)
The equilibrium potential for reactions (1.7) and (1.8) can be determined by Eq. (1.9)
and Eq. (1.10) [49, 88-92]. The concentration overpotentials are included in the

equilibrium potential as the gas partial pressures at the reaction sites are used in the

calculation.
1
0 RT PIIJ‘Z(PLZ)‘Z) /2
Ey, = Ep, + e In l—Pzﬁzo (1.9
pL Pk /2
Eco = E + 21 lCO‘E’L—OZ)l (1.10)
CO>

E° is the potential under standard conditions. R is the universal gas constant. T is the
operating temperature (K). F is the Faraday constant. P” is the local gas partial
pressure at the reaction sites. The value of E® for H> and CO fuel at a temperature

between 600K and 1200K can be calculated by Egs. (1.11) and (1.12)[47, 93, 94]:

ES, = 1.253 — 0.00024516T (V) (1.11)

EQp = 1.46713 — 0.0004527T (V) (1.12)
Thus, the Nernst potential using H> and CO as fuel can be calculated by Egs. (1.13)
and (1.14), respectively.

L pL 1
Py, (Pg,) /2

E., = 1.253 — 0.00024516T +§1nl l (1.13)

P 1520
rT, [Plo(P5,) 2
E., = 146713 — 0.0004527T + —In |—32—| (1.14)
2F Pto,
As concentration overpotential is already included in calculation of equilibrium
potential, the calculation of operating potential (Eq. (1.3)) can be reduced to Eq. (1.15)

as:

V = Eocv — Nact — Nohmic (1.15)

1.3.2.2 Activation overpotential

Activation overpotential is the energy loss involved in the electrochemical reaction,

which i1s related to the electrode kinetics at the reaction site. The Butler-Volmer
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equation (Eq. (1.16)) is widely used for determining the relationship between the
activation overpotential and the current density for different kinds of fuels like Ho/H>O
and CO/CO2[95-97].

=y o (22 e (22} 11

Here i, is the exchange current density representing the activity of the electrode, « is
the electronic transfer coefficient and n is the number of electrons transferred per

electrochemical reaction.

1.3.2.3 Ohmic overpotential

The ohmic overpotential in the DC-SOFC is caused by electron/ion conduction. The
ionic conductivity of the electrolyte and the ionic/electronic conductivities of the
electrodes are the dominate factors for ohmic overpotential. The ohmic overpotential

can be calculated with the Ohm’s law as shown in Egs. (1.17) and (1.18) [98, 99]:

i = —0TV(8) (1.17)
I = —0557V(Ds) (1.18)
Here 0y ¢5rand o5 are the effective ionic and electronic conductivities. @; and
@, are the ion conducting and electron conducting electric potentials, respectively. In

the porous electrodes, the effective conductivities are related to the structural

parameters including volume fraction and tortuosity as shown in Egs. (1.19) and
(1.20).

|4
0,°7 = ¢, ?f (1.19)
0,/ =, 2 (1.20)
S - S Ts .

Here 0; and oy are the intrinsic ionic and electronic conductivities

1.3.3 Chemical reactions

Apart from electrochemical reaction, chemical reaction is another key factor affecting
the performance of SOCs. In different kinds of SOCs, the key chemical reactions are
different. Overall, there are mainly three important chemical reactions in the following

studies.
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1.3.3.1 Boudouard reaction

Boudouard reaction is the key chemical reaction in DC-SOFCs. It occurs between
solid carbon and COz in anode chamber, which is described as shown in reaction (1.21)

[100-102].

C+C0, < 2C0 (1.21)
It should be noted that the initial CO2 comes from the oxidation of carbon by the initial
O2 in the anode chamber. When the SOFC is in operation, CO> can be continuously

provided from the electrochemical reaction.

1.3.3.2 Carbon steam gasification

When H>O is used as the gasification agent in DC-SOFCs, the main chemical reaction
rate in anode chamber is the water gasification reaction as shown in Eq. C + H,0 <

CO + H, (1.22) [103-105].

C+ H,0 & CO + H, (1.22)

1.3.3.3 Water gas shift reaction

Water gas shift reaction (WGSR) catalyzed by nickel in anode electrode also plays an
important role as shown in Eq. CO + H,0 < CO, + H, (1.23). This reaction
converts CO into H» and ensures H> to mainly participate in electrochemical reaction

[106].

CO + H,0 & CO, + H, (1.23)

1.3.4 Mass transport

In the gas channel and porous electrodes, both free molecular diffusion and Knudsen
diffusion are considered in this mass transport model. Free molecular diffusion
dominates in gas channel and large pores while Knudsen diffusion becomes significant
when pore sizes are comparable or smaller than molecular mean-free path. The

extended Fick’s model is used to describe gas transport in the channel and porous

electrodes as shown in Eq. N; = —%(ﬁﬂg—: — Dieff %) (i=1,..,n) (1.24):
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= _ L (BoyiP 9P _ effa(J’iP)) .
Nl o RT( u 0z Dl 9z (l - 1; ---;n) (124)
Where N; represents the flux of mass transport, B is the permeability coefficient, y; is
the mole fraction of component i, 4 is the dynamic viscosity of the gas mixture and

Deff .

.7 1s the effective diffusivity of species i. The effective diffusion coefficient (Die r1 )

considering both molecular diffusion coefficient (Die,flf ) and Knudsen diffusion

coefficient (Dl-ekff) and can be calculate as Eq. (1.25) [107-111]:

1 1 (-
D-eff = E(w‘f‘w) 1 (125)

' T Dim Dik
Here ¢ is the volume fraction of the pores, T is the tortuosity factor. Dfr{lf and kaf !
depend on the micro-structure of the porous electrode and operating conditions. More

detailed calculation procedures of these two parameters can be found in reference [112-

114].

1.3.5 Momentum transport
The general Navier-Stokes (N-S) equation is used to describe the momentum
conservation. For momentum conservation in channels, the N-S equation can be

described as shown in Eq. (1.26) [115-118]:

pZ—I: + puVu = =Vp + V[u (Vu + (Vu)T) — %,uVu] (1.26)
For momentum conservation in porous electrodes and the anode chamber, the N-S

equation is modified by including the Darcy’s term for momentum conservation:

p% + puVu = =Vp + V[u (Vu + (Vu)T) — %,uVu] — % (1.27)
Here p is the gas density, u is the velocity vector, p is pressure and ¢ is the porosity of

the electrode.

1.3.6 Heat transfer model

In DC-SOFCs, electrochemical reactions in TPB sites generates heat while the chemical
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reaction (Boudouard reaction) in anode chamber consumes heat. This will not only
result in the gradient of temperature along the cell length, but also along the cell width.
General heat balance equation is used to describe the heat transfer in the cell as [119-

121]:

pCpu - VT + V- (—=2ffVT) = Q (1.28)

Here C), is the fluid heat capacity at constant pressure, u is the fluid velocity field, A, ¢
is the effective thermal conductivity and Q is the heat source. In the porous structure of

electrodes, A5 can be calculated as:

Aeff = (1 - E)AS + Sll (129)

where A¢ and A, are heat conductivity of solid and liquid phase, respectively.

1.4 Recent research on direct carbon solid oxide fuel cells (DC-

SOFCs)

The direct use of solid carbon as a fuel in SOFCs offers a new strategy for efficient
and environmental friendly power generation. Due to its high efficiency and easy
emission control, the DC-SOFC has received more and more attention since
Nakagawa and Ishida’s first experimental study [122]. Lee et al. [123] performed
system exergy analyses of DC-SOFCs and found that the conversion efficiency of DC-
SOFCs was much higher than a carbon fueled SOFC system with separate carbon
gasification unit and SOFC unit. They also demonstrated a power density of 220 mW
cm? at 0.68 V at 1178 K. Li et al. [124] combined fluidized bed and DC-SOFC to
convert solid carbon into electricity for the first time. Based on GC analysis of the
reaction products, they proposed the CO> shuttling mechanisms in DC-SOFC: the
electrochemically produced CO; from CO at the TPB of SOFC diffuses to the C bed

for CO production from C through carbon gasification.

The gasification reaction between solid carbon and CO: is called as reversible
Boudouard reaction, which is a key reaction affecting the performance of DC-SOFC.

As reported by Wu et al.[125], adopting FenOn-alkaline metal oxide catalyst greatly
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enhanced CO formation rate in graphite (e.g. 19 times improvement at 800 °C) and
activated carbon (e.g. 6 to 155 times improvement at 800 °C depending on the surface
area). Benefited from the largely enhanced Boudouard reaction, they successfully
obtained a peak power density of 286 mW cm™ at 1123 K even without external CO»
feeding. Similarly, Tang et al. [126] significantly improved the performance of DC-
SOFC (10 times higher output power density at 1073K) by loading Fe-based catalyst
on the carbon fuel. Considering the importance of catalyst for Boudouard reaction in
DC-SOFCs, Li et al.[127] compared Ni, K and Ca additives in carbon black and found
that the catalytic effects were: K>Ni>Ca. Borja et al. [128] further studied the
synergistic effect of the carbonate catalysts and Li-K carbonate system displayed the
highest power densities compared with Li-Na, Li-Na-K, Li-Ba and Na-K carbonate
mixtures. Apart from the use of catalysts, the carbon structure also affects the
Boudouard reaction rate. Jiao et al. [129] treated coal char with alkali for structure
modification to enlarge its specific surface. The output power density of DC-SOFCs

was increased significantly from 62 mW cm to 220 mW cm™ at 1123K.

In addition, some researchers recently proposed using H>O instead of CO- as agent for
carbon gasification. Ong and Ghoniem [130] developed a 1D model to compare H>O
and COz as gasification agent for the indirect carbon fuel cell. The performance of
the carbon fuel cell with external carbon gasification was improved by 3-5 times with
H>O recycling from anode to the gasifier instead of CO> between 700 °C and 800 °C.
In addition, the thermal coupling between the carbon gasifier and the SOFC
significantly raises efficiency. More recently, experimental and modeling works on
DC-SOFC with internal carbon gasification by CO; and H,O were conducted by Xu
et al. [131]. Benefited from a much faster carbon gasification rate with H>O as agent,
a significant improvement of peak power density was found from 158 mW cm (with

CO7 as agent) to 385 mW cm™ (with H,O as agent) at 1123K.

Apart from being utilized in the SOFC, solid carbon can also be used in the SOEC. For
practical application of an SOEC, its electricity consumption needs to be further
reduced as the quality of electricity (i.e. exergy) is high. Recent studies have
demonstrated that by supplying low cost fuel (such as CH4 and solid carbon) to the
anode of SOEC (termed as fuel-assisted SOEC: FA-SOEC) for steam electrolysis could
significantly reduce the operating potential of SOEC, thus greatly reduce the electrical
power consumption [132, 133]. When fuel is supplied to the SOEC anode to consume
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the oxygen ions to reduce the oxygen partial pressure, the equilibrium potential can be
greatly reduced. If the fuel concentration in anode is sufficiently high and the operating
current is relatively low, the required potential for electrolysis could become negative.
This means that the FA-SOEC can generate electrical power rather than consume it
[134]. Therefore, the FA-SOEC can also be considered as an SOFC whose oxygen ions

come from H,O, instead of from Oz molecules.

1.5 Research gaps and main contents

The above-mentioned studies demonstrated the high efficiency and gas-electricity
cogeneration of DC-SOFC. However, most of them are experimental research and

only some preliminary modeling studies are available.

Firstly, the current literature is lacking a detailed analysis on the physical/chemical
processes of a DC-SOFC. In practice, the carbon fuel may be located at a certain
distance from the DC-SOFC anode. The effect of this distance on the DC-SOFC
performance is still unknown but it is an important factor for practical and large-scale
application of DC-SOFC. The previous studies on DC-SOFC employed the
electrolyte-supported configuration. It is unknown whether the anode-supported
configuration is favorable or not, as the chemical and electrochemical reactions in the
porous anode of a DC-SOFC are more complicated than a conventional SOFC running
on gaseous fuels. In addition, the characteristics of CO generation from the DC-SOFC

have not been well studied and understood yet.

Secondly, although the use of CO as a gasification agent has been demonstrated to be
feasible for DC-SOFC, the operating temperature of CO»-assisted DC-SOFC is
usually quite high, typically >1123K, due to the relatively low gasification kinetics
even with catalyst. The high operating temperature limits the choice of materials for
the interconnect and causes coarsening of catalyst particles in the long-term operation,

which in turn causes high cost and poor durability of DC-SOFC.

To fill the above-mentioned research gap, 2D mathematical models are developed for
an axisymmetric-tubular DC-SOFC. The models are validated with the experimental
data and parametric simulations are conducted to understand the physical/chemical

processes in the SOCs.
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In Chapter 2, the model is focused on the CO and electricity cogeneration
characteristics in DC-SOFCs. In Chapter 3, thermal effects on the DC-SOFC
temperature distribution are detailed studied. In Chapter 4, the effects of different
gasification agent (H2O/CO;) on DC-SOFC performance are compared based on
experiments and numerical simulation. In Chapter 5, experiments are conducted to
investigate the performance improvement brought by catalytical in-situ steam-carbon
gasification reaction. Numerical models are also developed to study the detailed
chemical/physical processes. In Chapter 6 the concept of carbon assisted solid oxide
electrolysis cell (CA-SOEC) is proposed and a 2D mathematical model is developed

for H>O electrolysis and syngas production.
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2. CHAPTER 2 MODELING OF DIRECT CARBON
SOLID OXIDE FUEL CELL FOR ELECTRICITY
AND CO CO-GENERATION

2.1 Introduction

SOFCs can offer a high efficiency to the energy conversion from solid carbons to
electricity power. On the other hand, solid carbons can significantly decrease the fuel
cost of SOFCs and providing a high volumetric energy density simultaneously. These
great benefits brought by the combination of solid carbons and SOFCs attracts a lot of
research interest from all over the world. Although a lot of experimental studies have
been conducted, the related theoretic analysis is quite limited and it is urgent to

understand the detailed physical/chemical processes in the DC-SOFC.

In this chapter, a 2D mathematical model is developed for an axisymmetric-tubular
DC-SOFC. The model is validated with the experimental data on DC-SOFC.
Parametric simulations are conducted to understand the physical/chemical processes

in the DC-SOFC with a focus on the CO and electricity cogeneration characteristics.
2.2 Model development

2.2.1 Model assumption and calculation domain

A 2D numerical model is developed to describe the electrochemical reaction, chemical
reactions, ion/electronic charge transport, mass transport and momentum transport in
a tubular DC-SOFC. In the literature, Liu et al.’s work on DC-SOFC provided detailed
experimental setup and operating conditions, such as the materials used, the operating
temperature, the thickness of cell components, etc. In their study, the current-potential
(I-V) characteristics of an electrolyte-supported tubular SOFC were measured. Thus,
their cell configuration is used for the present model and their experimental data are

used for model validation.

The schematic of the electrolyte supported tubular DC-SOFC is shown in Fig. 2.1(a).
Activated carbon is supplied to the anode chamber and air is supplied to the cathode
channel. The initial O2 in the anode chamber reacts with the activated carbon to
produce CO2, which reacts with carbon through the Boudouard reaction to form CO.

The produced CO molecules diffuse into the porous anode and reacts with O at the
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TPB to form CO> molecules, which subsequently diffuse back from the TPB to the
anode chamber to react with the carbon fuel for CO generation. These processes repeat
between the anode chamber and the porous anode to produce CO and generate

electricity as shown in Egs. (2.1, 2.3-2.5).

The electrochemical part of the cell has a length of 9mm, an inner diameter of
11.518mm and an outer diameter of 12mm. The thicknesses of the anode, electrolyte
and cathode are 20um, 201um and 20um, respectively. The thicknesses of anode and
electrolyte are exchanged when the anode-supported configuration is considered. The
modeled tubular DC-SOFC uses Ag-GDC composites (mixture of GDC (gadolinium
doped ceria, Ce0.8Gd0.201.9) and silver) as both electrodes and YSZ (yttrium
stabilized zirconium) as electrolyte. The two electrodes are porous enough for gas
transport and the electrolyte is dense enough to be gas-tight. The current density is

measured at operating potentials ranging from 0.2 V to 0.9 V.
The main assumptions are shown below.

(1) The electrochemical reactions spatially take place along the electrode
thickness within the porous electrode. The electrochemical reaction active
sites are assumed to be uniformly distributed in the porous electrodes. The two
conducting phases (electronic and ionic) in the porous electrodes are
continuous and homogeneous.

(2) The ionic and electronic charge transport processes take place in the PEN
(Positive Electrode-Electrolyte-Negative electrode assembly). The charge
transfer reaction can take place at TPB throughout the porous electrode.

(3) All gases (CO, CO2, Ha, H2O, Oz and N) are ideal gases. The gas flow is
incompressible.

(4) Temperature distribution in the DC-SOFC is uniform due to the small size of
the modeled cell.

(5) The volume of activated carbon fuel in the anode chamber does not change

with time.
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Figure 2.1 Schematic of (a) electrolyte supported DC-SOFC, (b) anode supported

2.2.2 Governing equations

DC-SOFC

The 2D model consists of the following sub-models: chemical reaction model,

electrochemical reaction model, mass transport model and momentum transport model.

2.2.2.1 Chemical reaction model

The chemical reaction model is used to calculate the reaction rate of the reversed

Boudouard reaction in the anode chamber:

C+ €0, & 2C0 (2.1)

It should be noted that the initial CO2 comes from the oxidation of carbon by the initial

O in the anode. When the DC-SOFC is in operation, CO> is continuously produced
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from the electrochemical reaction. The rate of reversed Boudouard reaction (R¢ ¢o2)

can be obtained as [135]:

R¢ coz = Kprexp(—Epr/RT)cco, (2.2)

2.2.2.2 Electrochemical reaction model

The electrochemical reaction model is developed to compute the electrochemical
reaction rate (related to current density) at given operating potential. As shown in Fig.
2.1, the gas mixture of CO/CO; flows in the anode while air is supplied to the cathode.
In the porous cathode, O> molecules diffuse through the porous cathode to the TPB,

where they are reduced to oxygen ions (O?) via reactions (2.3).

0, + 4e™ > 20%" (2.3)
The oxygen ions transport through the dense electrolyte to TPB in the anode, where

they electrochemically react with CO molecules to generate electrons and CO»:

2C0 + 20?% - 2C0, + 4e” (2.4)
The overall electrochemical reaction can be obtained by combining Eq. (2.3) and Eq.

(2.4) as:

2C0 + 0, » 2€0, (2.5)
The operating potential from the DC-SOFC can be determined using the equilibrium

potential and the various overpotential losses:

V'=E + Nactan + Nact,ca + Nonmic (2.6)
E is the equilibrium potential (Nernst potential) when the current density is 0. 77, 18
the activation overpotential reflecting the energy barrier needed for the
electrochemical reaction to proceed. 1,,mic 1S the ohmic overpotential related to the
ionic/electronic conduction. The concentration overpotentials are not explicitly

included in Eq. 2.6 as they are included in the equilibrium potential calculation.

In the DC-SOFC, the equilibrium potential including concentration overpotential for

reactions (2.5) can be determined by Eq. (2.7).

Eco = 146713 — 0.0004527T + —In [PC"(P"Z l (2.7)

Péo,
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Activation overpotential is calculated by the Butler-Volmer equation as shown in Eq.
(2.8).

= oo (22059 —exp () o

The ohmic overpotential can be calculated with the Ohm’s law:

i = -7V () (2.9)
Is = _O-s.effv((z)s) (2.10)
0,5 = o, ‘T’—ll 2.11)
0, = o, Z— (2.12)

The conductivities, porosities and volume fractions of ionic/electronic phases are
summarized in Table 2.1 Model parameters. The tortuosity can be found in Table 2.4

Model tuning parameters, and it is a tuning parameter for model validation.

Table 2.1 Model parameters[136, 137]

Parameters Value or expression Unit

Ionic conductivity

GDC % » 10(6:66071 - 32208, Sm’!

YSZ 334 x 10% T Sm’

Electronic conductivity

Ag 1.59¢8 Sm’!
(0.0038T—0.1134) )

Porosity

Cathode 0.46

Anode 0.46

Electrode volume fraction

GDC 0.21

Ag 0.79
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STPB

Cathode layer 2.14 x 10° m’m™

Anode layer 2.14 x 10° m’m

2.2.2.3 Mass transport model

In the porous electrodes of DC-SOFC, both free molecular diffusion and Knudsen
diffusion are considered. Free molecular diffusion dominates in large pores and
Knudsen diffusion becomes significant when pore sizes are comparable or smaller
than molecular mean-free path. The extended Fick’s model is used to describe gas

transport in the porous electrodes as:

_ 1 (BoyiPdP  _eff 0yiP)\ .. _
Np=—— (—“ Z DD (i =1,..,n) 2.13)
eff _ 1 1
D" = (W + W) (2.14)
im ik
DT and D/ depend on the micro-structure of the porous electrode and operatin
im ik g
conditions.
2.2.2.4 Fluid flow model

The general N-S equation is used to describe the momentum conservation. In the gas

channels, the N-S equation can be described as:

pZ—I; + puVu = —Vp + V[u (Vu + (Vu)T) — %,uVu] (2.15)

In the porous electrodes and the anode chamber, the N-S equation is modified by

including the Darcy’s term for momentum conservation:

guu

pg—lz + puVu = —Vp + V|[u (Vu + (Vu)T) — %,uVu] ——— (2.16)

Here p is the gas density, u is the velocity vector, p is pressure and ¢ is the porosity of

the electrode.

2.2.3 Boundary conditions

The electric potentials are specified at the outer boundaries of cathode and anode as
working potential and zero potential, respectively. The insulation condition is applied

to the bottom and top of the cell.
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Inflow gas mole fraction is specified at the inlet of the cathode. The convective flux
boundary condition is specified at the outlets of the cathode and anode. Zero flux is
assumed at the end of anode chamber, electrolyte/electrode interface and the ends of

electrodes.

Standard gas flow rate (standard cubic centime per minute: SCCM) is specified at the
cathode while pressure condition is specified at the outlet. No-slip condition is applied

to the end of anode chamber, electrolyte/electrode interface and the ends of electrodes.

2.2.4 Model parameters

For model validation, the values of material properties and operation parameters are
set to be the same as the experimental conditions in ref. [138] as shown in Table 2.1,
Table 2.2 and Table 2.3. The electrochemical characteristics of the model are validated
with the experimental data using Hy as a fuel for SOFC. The exchange current density
for CO oxidation in DC-SOFC (i ., ) is assumed to be 0.45 times that of H> oxidation
in a Hp-fueled SOFC. The rate of Boudouard reaction depends on reaction area and
activity of catalyst. These effects are fully considered by tuning the equilibrium
parameter (Kp,-). In the parametric simulations, the parameters are varied to evaluate
their effects on the DC-SOFC performance. The tuning parameters used for the base-

case simulation are summarized in Table 2.4.

Table 2.2 Operation parameters for model validation (H2-SOFC)

Parameter Value Unit
Anode inlet gas flow rate for | 50 SCCM
Cathode inlet gas flow rate 10 SCCM

Anode inlet gas composition H> (97%) + H20 (3%)

Cathode inlet gas composition | Air

Temperature 1123 K

Table 2.3 Operation parameters for model validation (DC-SOFC)

Parameter Value Unit
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Anode inlet gas flow rate 0
Distance between anode chamber and electrode, D, | 59 um
Cathode inlet gas flow rate 10 SCCM
Cathode gas composition Air
Temperature 1123 | K
Table 2.4 Model tuning parameters
Parameter Value Unit
Cathode tortuosity 3
Anode tortuosity 3
H: exchange current density, iy, 1000 Am=2
02 exchange current density i, 400 Am=2
CO exchange current density, i:o 450 Am-2
H: charge transfer coefficient, ay, 0.5
CO charge transfer coefficient, acg 0.5
O2 charge transfer coefficient, a,, 0.5
Equilibrium constant of Boudouard reaction | 6 X /s
1013

2.2.5 Model solution

The model is solved at certain cell potential, inlet gas flow rate, inlet gas species mole
fraction, and temperature. The outputs of the model are the distributions of current
density, species concentration, chemical reaction rates and others. The calculations

software COMSOL

are performed using the finite element commercial

MULTIPHSICS®.
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2.3 Results and discussion

2.3.1. Model validation

In this section, the modeling results of current-potential characteristics are compared
with experimental data for model validation. The model tuning parameters are
summarized in Table 2.4. The comparison between simulation and experiment is
shown in Fig. 2.2. The quite small difference between the modeling results and
experimental data validates the present model. A proper mesh density is also chosen
by conducting the grid-independence validation shown in Fig. 2.2(c). In the
subsequent parametric simulations, the same DC-SOFC structural parameters and
tuning parameters are used but the operation temperature, potential and the distance
between the carbon chamber and the porous anode (D) are changed to investigate

their effects on the DC-SOFC performance.
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Figure 2.2 Model validation for (a) H>-SOFC, (b) DC-SOFC and (c) grid-

independence.

2.3.2 Effect of distance between carbon and anode

In the DC-SOFC, CO for electrochemical reaction comes from Boudouard reaction
between carbon and CO;. Since COsz is produced from the electrochemical reaction

in steady-state operation, the counter-diffusion of CO and CO; between the carbon
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chamber and the TPB in the porous anode could be a limiting factor for DC-SOFC
performance under certain conditions. As the distance between carbon chamber and
anode electrode could play an important role, both the absolute value of D, and
relative value of D, (R = D../Lce;;) are studied and discussed in this section. The
effects of D, on DC-SOFC performance are shown from Fig. 2.3 to Fig. 2.5. The

detailed operation conditions are shown in Table 2.5.

Table 2.5 Operation parameters for D, effect study in DC-SOFC

Parameter Value Unit
Operating potential 0.2-09 Vv
Anode inlet gas flow rate 0

Distance between anode chamber and electrode, D, | 59 - 4559 | um

Cathode inlet gas flow rate 10 SCCM
Cathode gas composition Air
Temperature 1123 K

The output current density of DC-SOFC is found to increase with decreasing D, (Fig.
2.3a). The distance effect is more pronounced at a low operating potential (or high
current density) but is small at a high operating potential. This phenomenon is caused
by both gas transport and electrochemical reaction kinetics. As can be seen in Fig.
2.4, the molar fraction of CO in the carbon chamber is very high (>0.89) under
different D, conditions. When D, is very small (D., = 59um, R., = 0.007), the
CO fraction in the porous anode is also high and very close to that in the carbon
chamber. With increasing D, (D., = 4559um, R .. = 0.51), the transport of CO
from the carbon chamber to the TPB in the porous anode becomes difficult. Thus, the
molar fraction of CO in the porous anode decreases with increasing D.,. When the
DC-SOFC is operated at a lower potential (0.2V), the current density is higher and
more CO is consumed by electrochemical reaction at the TPB in the porous anode,

which causes significant concentration gradient of CO in the porous anode.
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Consequently, the performance reduction of DC-SOFC is larger at a lower operating

potential and a larger D,.

It should be noted that although the performance of DC-SOFC decreases with
increasing D, the performance is still very good even at a large D, (D., = 4559um,
R.. = 0.51), as can be seen from Fig. 2.3b. This result indicates that it is feasible to
develop large-scale DC-SOFC system since the distance between carbon fuel and

anode electrode does not reduce the DC-SOFC performance too much.

It is also found that the current density increases slightly along the cell length in the
DC-SOFC (Fig. 2.5). For comparison, the current density decreases significantly
along the cell length when gaseous fuel like H> and CO is used in SOFC. This is
because the CO fuel can be produced from the carbon chamber along the cell length
in the DC-SOFC, which results in negligible CO concentration gradient along the
channel. However, for H> or CO fueled SOFC, the electrochemical consumption of
the fuel causes a large fuel concentration gradient along the channel, which results in

decreased local equilibrium potential and current density along the cell length

direction.
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Figure 2.3 Effect of D, on (a) DC-SOFC output current density, (b) output power
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2.3.3 Effect of operating temperature

The effects of operating temperature on DC-SOFC are shown in Fig. 2.6. The detailed

operating conditions are shown in Table 2.6.

Table 2.6 Operation parameters for temperature effect study in DC-SOFC

Parameter Value Unit
Operating potential 0.7 A%
Anode inlet gas flow rate 0

Distance between anode chamber and electrode, D, | 59 - 4559

pm
Cathode inlet gas flow rate 10 SCCM
Cathode gas composition Air

Temperature 973 -1273 | K

As expected, the current density of the DC-SOFC increases with increasing operating
temperature (Fig. 2.6a). This is mainly due to the faster Boudouard reaction kinetics
at a higher temperature, producing more CO from CO> and carbon for electrochemical
reaction. In addition, the electrochemical reaction kinetics and the ionic conduction
are both improved at a higher temperature. It can also be found from Fig. 2.6b that
the molar fraction of CO at the anode outlet is quite high even at a large D, when the
DC-SOFC is operated at a high temperature (1273K). This result indicates that the
CO molar fraction at the DC-SOFC outlet is high and controllable, which
demonstrates the feasibility of using carbon fuel in DC-SOFC for electricity and CO

co-generation at a high temperature.

The performance of DC-SOFC with a large D, can also be improved by increasing
temperature as can be seen in Fig. 2.6a. The performance of DC-SOFC with 4559 pm
D, at 1223K is very close to that with a D, of 59um at an operating temperature of
1123 K. This good performance of DC-SOFC is also benefited from the fast
Boudouard reaction kinetics at higher temperature. In addition, the CO molar fraction

is much increased at a higher temperature in the DC-SOFC with large D, which again
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indicates that the electricity and CO co-generation at an industry level by DC-SOFC

could be feasible.
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Figure 2.6 Effect of temperature on (a) output current density, (b) anode outlet CO

molar fraction at 0.7 V operating potential and different D, cases.
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2.3.4 Comparison between electrolyte-supported and anode-supported

DC-SOFC

In Liu et al.” work and in the above simulations, the electrolyte-supported
configuration is employed for the DC-SOFC. However, previous studies on SOFC
suggested that the anode-supported configuration could offer better cell performance
due to the greatly reduced ohmic loss and the only slightly increased concentration
loss. As the gas diffusion in the DC-SOFC is more complicated and is coupled with
the Boudouard reaction, whether the anode-supported configuration is still the optimal
configuration for DC-SOFC and how much performance improved can be achieved
are still unknown. In this section, the performance of DC-SOFC with the anode-

supported configuration is studied and compared with the electrolyte-supported case.

The schematic of anode supported DC-SOFC can be seen in Fig. 2.1 (b) and the

detailed operating conditions are shown in Table 2.7.

Table 2.7 Operation parameters for anode supported DC-SOFC

Parameter Value Unit
Operating potential 02-09 |V
Anode inlet gas flow rate 0

Distance between anode chamber and electrode, D, | 59,4559 | um

Cathode inlet gas flow rate 10 SCCM
Cathode gas composition Air
Temperature 1123 K

The performance comparison between the electrolyte-supported DC-SOFC and the
anode-supported DC-SOFC is shown in Fig. 2.7. The performance of the anode-
supported DC-SOFC is much better than that of the electrolyte-supported DC-SOFC.
This result means that the decrease in ohmic loss of the electrolyte is greater than the
increase in concentration overpotential in the anode-supported DC-SOFC. In addition,
it can be seen from Fig. 2.8a that CO concentration from the anode-supported DC-

SOFC is still very high even at large current density (27500A m2) when D,, is small
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(59um). However, CO concentration in anode is substantially decreased to be below
0.8 (Fig. 2.8b) when D, is large (4559um) and the operating potential is small (0.2A).
The results mean that the anode-supported configuration is beneficial to the electrical
power output of the DC-SOFC but not favorable for CO generation. To improve the
CO generation, a small D, and a relative high operating potential are recommended

in anode-supported DC-SOFC.
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Figure 2.7 Performance comparison between electrolyte-supported and anode-

supported DC-SOFC:s at different D,
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Figure 2.8 Effect of operating potential and D, on CO molar fraction distribution in
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2.4 Conclusions

A multi-physics model considering electrochemical reaction, chemical reactions,
ionic/electronic charge transport, mass transport and momentum transport is
developed to characterize the performance of a tubular DC-SOFC. The model is
validated by comparing the simulation results with experimental data by Liu’s group

[138]. Parametric simulations are conducted to evaluate the effects of distance
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between the carbon chamber and the porous anode on DC-SOFC performance. In
addition, the temperature effect on DC-SOFC performance and the CO generation
characteristics of the DC-SOFC are also studied.

It is found that the distance between carbon chamber and anode electrode D, could
affect the performance of DC-SOFC to some extent. As D, is increased, the
performance of DC-SOFC decreases. However, it is also observed that the
performance of DC-SOFC with large D, is still good enough, indicating that the
practical and large-scale DC-SOFC applications could be feasible.

The operating temperature significantly affects the DC-SOFC performance. At a high
temperature, the molar fraction of CO at the outlet of DC-SOFC is high and it is
feasible to convert the carbon fuel for electricity and CO co-generation. However, at
a lower operating temperature, both the average current density and the CO molar
fraction at the DC-SOFC outlet are decreased, primarily due to the low Boudouard
reaction rate. This study clearly demonstrates the feasibility of controlling the CO

generation from DC-SOFC for CO and electricity co-generation.

Compared with gaseous fuel-fed SOFC, the current density of DC-SOFC is found to
slightly increase along the cell length, due to the generation of electrochemical fuel

along the cell length by the Boudouard reaction.

Electrolyte-supported and anode-supported DC-SOFCs are also compared to
understand the effects of support-type on the electrical power output and CO
generation characteristics. It is found that an anode-supported DC-SOFC has a much
better electrical power output than that of an electrolyte-supported DC-SOFC.
However, the anode-supported configuration is not favorable for CO generation,
especially at a largeD.,. To improve CO generation, small D, and relatively higher

operation potential are recommended for an anode-supported DC-SOFC.

The present model can be used for subsequent thermodynamic analysis for system

design optimization.

Overall, the study results in this chapter show the attractive possibility for gas and
electricity cogeneration with DC-SOFCs. This kind of SOFC uses cheap fuel (solid
carbon) to generate both CO and electricity, which has great economy advantageous.

The modeling results also indicate that a higher temperature, smaller D, and anode
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support SOFC is more favorable in real applications. The good performance of DC-

SOFC at large D, further suggests its application in industry.
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3. CHAPTER 3 THE THERMAL EFFECT IN DIRECT
CARBON SOLID OXIDE FUEL CELLS

3.1 Introduction

In last chapter, the characteristics of DC-SOFCs in electricity power and CO
cogeneration have been analyzed by assuming a uniform temperature distribution due
to the small cell size. The key reactions in the DC-SOFC are Boudouard reaction
(endothermic) and CO electrochemical oxidization (exothermic). The different
thermal features of these two reactions brings a quite different thermal impact to the
cell especially at a larger scale. Considering that the temperature distribution in DC-
SOFCs not only affects the chemical reaction and electrochemical reaction of the cells,
but also affects the life time of DC-SOFCs due to the heat management and thermal
stress. In this chapter, the previously developed model is extended to study the thermal

effects on the DC-SOFC temperature distribution.
3.2 Model development

3.2.1 Model assumption and calculation domain

A 2D numerical model including the electrochemical and chemical reactions,
ionic/electronic charge transport, mass/momentum transport and heat transfer is
developed for a tubular DC-SOFC. This model is an extension from our previous
work [17], which has been well validated. Compared with our previous work, cell
length in this model has been extended from 9mm to 90mm, and thermal effect has

also been considered to investigate the cell temperature distribution.

The schematic of the electrolyte supported tubular DC-SOFC is shown in Fig. 3.1(a).
Carbon fuel is supplied to the anode chamber and air is supplied to the cathode
channel. Initial CO/CO; comes from the reactions between carbon fuel and initial O
in the anode chamber. CO molecules produced in anode chamber diffuse into the
porous anode electrode and react with O* through electrochemical reaction at TPB
sites where CO2 molecules are then formed and electrons are released. After that, the
produced CO, molecules in anode electrode diffuse back to the chamber and react with
solid carbon to produce more CO molecules through Boudouard reaction. These

processes repeat continuously between the anode chamber and the anode electrode to
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maintain CO/COz cycling while generating electricity, related formulas are shown in

Egs. (3.1-3.5).
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Figure 3.1 Schematic of the electrolyte supported DC-SOFC(a) and model validation
for DC-SOFC.

The main assumptions in this model are shown as below.

(1) The electrochemical reactions take place on TPBs, which are assumed to be
uniformly distributed in the whole porous electrodes. The two conducting phases

(electronic and ionic) in the porous electrodes are continuous and homogeneous.
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(2) The ionic and electronic charge transport processes take place in the PEN

assembly.

3) All gases (CO, CO2, O, and N;) are ideal gases. The gas flow is

incompressible.

4) The volume of activated carbon fuel in the anode chamber does not change in

the steady state model.

(5) Thermal radiation is assumed to be negligible.

3.2.2 Heat transfer model

This model is developed based on the model in last chapter, apart from the governing

equation introduced in Chapter 2, heat transfer model is also included.

In DC-SOFCs, electrochemical reactions in TPB sites generates heat while the chemical
reaction (Boudouard reaction) in anode chamber consumes heat. This will not only
result in the gradient of temperature along the cell length, but also along the cell width.
General heat balance equation is used to describe the heat transfer in the cell as:

pCyu - VT + V- (=2 fVT) = Q (3.1)
where Cp, is the fluid heat capacity at constant pressure, u is the fluid velocity field, A, ¢
is the effective thermal conductivity and Q is the heat source. In the porous structure of
electrodes, A5 can be calculated as:

Aesr = (1 —&)As + €4y (3.2)
where A and A; are heat conductivity of solid and liquid phase, respectively. Value of

above material property parameters are listed in Table 3.1.

Table 3.1 Material thermodynamic properties [139]

Parameters Value | Unit

Thermal conductivity
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Carbon 1.59 W m'K!

Electrode 13.54 | Wm'K!

Electrolyte 2.7 W m'K!

Specific heat capacity

Carbon 887.5 | Jkg'K'!
Electrode 390 J kg'K!
Electrolyte 300 J kg'K!
Density

Carbon 1700 | kg m
Electrode 6870 | kgm’
Electrolyte 2000 | kgm?

3.2.3 Boundary conditions
The electric potentials are specified at the outer boundaries of cathode and anode as
working potential and zero potential, respectively. The insulation condition is applied

to the bottom and top of the cell.

Inflow gas mole fraction is specified at the inlet of the cathode. The convective flux
boundary condition is specified at the outlets of the cathode and anode. Zero flux is
assumed at the end of anode chamber, electrolyte/electrode interface and the ends of

electrodes.

Standard gas flow rate (SCCM) is specified at the cathode while pressure condition is
specified at the outlet. No-slip condition is applied to the end of anode chamber,

electrolyte/electrode interface and the ends of electrodes.

Thermal insulation condition is applied to the outer boundary of cathode chamber, the
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end of anode chamber and the ends of electrodes and electrolyte. Gas temperature is

specified at the cathode inlet.

3.2.4 Model parameters

The values of material thermal properties and tuning parameters are summarized in
Table 3.1 and Table 3.2, more detailed information can be found in Chapter 2. In the
parametric simulations, the parameters are varied to evaluate their effects on the DC-

SOFC performance, detailed operating parameters are listed in Table 3.3 to Table 3.5.

Table 3.2 Model tuning parameters

Parameter Value Unit
Cathode tortuosity 3

Anode tortuosity 3

02 exchange current density ig, 400 Am™?
CO exchange current density, i:o 450 Am™2
CO charge transfer coefficient, acg 0.5

O2 charge transfer coefficient, a,, 0.5

Equilibrium constant of Boudouard reaction | ¢ » 1013 . % 1/s

3.2.5 Model solution
The model is solved at certain cell potential, inlet gas flow rate and inlet gas
temperature. The output of the model is mainly the temperature distribution. The

calculations are performed using the finite element commercial software COMSOL

MULTIPHSICS®.

67



3.3 Results and discussion

3.3.1 Model validation

This model is an extension of our previous model, which has already been validated by
comparing the simulation results and experimental data from the literature as shown in

Fig. 3.1(b). More detailed information about the model validation can be found in

Chapter 2.

3.3.2 Effect of applied voltage

The relationship between operating potential, current density and average electrolyte

temperature at given operating conditions are shown in Fig. 3.2. The detailed operating

conditions are listed in Table 3.3.
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Figure 3.2 Effect of operating potential on cell current density and temperature

Table 3.3 Operation parameters for operating potential effect study in DC-SOFC

Parameter

Value

Unit

Operating potential

0.6-1.0

\Y%
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Anode inlet gas flow rate 0

Cathode inlet gas flow rate 400 SCCM
Cathode gas composition Air
Cathode inlet gas temperature 1073 K

As can be seen in Fig. 3.2, when operating potential decreases from 1.0 V to 0.6 V, the
cell current density increases from 754 A m™ to 5417 A m>. The average electrolyte
temperature decreases slightly when the operating potential decreases from 1035 K at
1.0 Vto 1029 K at 0.9 V and increases quickly to 1104 K at 0.6 V. The electrochemical
reaction rate and overpotential losses are higher at a lower operating potential, leading
to more heat generation. However, more CO; can be generated at a higher current
density, which in turn leads to a higher rate of the endothermic Boudouard reaction and
more heat consumption in the anode chamber. These combined effects result in the
slightly temperature decrease when operating potential decreases from 1.0 V to 0.9 V.
With a further decrease of operating potential from 0.9 V to 0.6 V, the temperature of
DC-SOFC is increased substantially, indicating that the heat generation from the
electrochemical reactions and overpotential losses is higher than heat consumption by

Boudouard reaction.

The temperature distribution of the DC-SOFC is shown in Fig. 3.3. At an operating
potential of 1.0 V, the temperature decreases along the DC-SOFC length and the peak
temperature occurs at the cathode inlet. While at an operating potential of 0.6 V, the
temperature increases along the cell length and the peak temperature occurs at the
cathode outlet. The different temperature distribution patterns are caused by the
electrochemical and chemical processes in the DC-SOFC. At a high operating

potential, the heat generation from electrochemical reaction and overpotential losses is
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lower than heat consumption by endothermic Boudouard reaction, leading to a decrease
of cell temperature. While at a relatively lower operating potential, exothermic
processes are greatly enhanced due to increased current density, which in turn increase

the temperature of DC-SOFC.
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Figure 3.3 Cell temperature distribution at 1.0 V, 0.65 V and 0.6 V operating

potential.
The temperature of the anode temperature is found to be always lower than the cathode
temperature at the same cell length position, as endothermic Boudouard reaction takes
place in the anode chamber. It is important to point out that the temperature distribution
of the DC-SOFC is almost uniform at an operating potential of about 0.65V. For long-
term and stable operation DC-SOFC, the uniform temperature distribution is desirable

to reduce the thermal stress in the cell. The results of the present study clearly
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demonstrate that the temperature uniformity of DC-SOFC can be achieved by

controlling the operating conditions.

Fig. 3.4. shows a breakdown on heat generation/consumption from different
components in the cell. It can be seen that the porous anode and the anode chamber
contribute most to the heat generation and consumption, respectively. At an operating
potential of 1.0 V, the heat consumption by Boudouard reaction in the anode chamber
is slightly higher than the heat generation from electrochemical reaction and
overpotential losses, which well explains the thermal effect in Fig. 3.3. In the porous
anode, the entropy change due to electrochemical reaction contributes to over 90% of
heat generation in the anode while activation loss in anode contributes to about 9.85%.
At an operating potential of 0.6, both the heat generation and heat consumption are
substantially enhanced and the heat generation from electrolyte and the cathode are not
negligible. The total heat generation is found to be higher than the heat consumption,
again in consistence with the results in Fig. 3.3. Compared with the 1V case, the anode
activation loss contributes to about 29% of the total heat generation in the anode at
0.6V. The results suggest that the heat generation/consumption in the anode is the key
for controlling the temperature field of DC-SOFC. Thus it is possible to adjust the
operating parameters to control the chemical and electrochemical processes in the

anode to control the temperature distribution in DC-SOFC.
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Figure 3.4 Breakdown of heat power from different components in the cell

3.3.3 Effect of cathode inlet gas temperature
Inlet gas temperature will also affect the temperature distribution in the cell. Detailed

operating parameters are listed in Table 3.4.

Table 3.4 Operation parameters for cathode inlet gas temperature effect study in DC-

SOFC
Parameter Value Unit
Operating potential 0.6-1.0 v
Anode inlet gas flow rate 0
Cathode inlet gas flow rate 400 SCCM
Cathode gas composition Air
Cathode inlet gas temperature | 1023 - 1173 | K
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As shown in Fig. 3.5, at a potential of 1 V, cell temperature decreases from inlet to outlet
along the cell length at cathode inlet gas temperature from 1023K to 1173K. It can also
be found from Fig. 3.5 that the temperature gradient along the cell length increases with
increasing cathode inlet gas temperature. As shown in Fig. 3.6(a), when the operating
potential is 0.6V, cell temperature increases from inlet to outlet along the cell length.
However, it should also be noted that when cell operates with a relative high cathode
inlet gas temperature (1123 K), the peak temperature could occur at the middle of the
DC-SOFC. This is because electrochemical reaction rate is very high at a high

temperature and low operating potential and oxygen is almost exhausted in the cathode
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channel (Fig. 3.6(b)), resulting in nearly zero electrochemical reaction and no heat
generation in the end of the DC-SOFC. For comparison, the rate of endothermic
chemical reaction is still high throughout the anode chamber, decreasing the

temperature of DC-SOFC in the downstream.

ar A 0.21
B
sl
a x10° b 02
1S Br
1.16 751 018
7t 7k
1.14 851 018
61 sk
Py —~ 014
S 1.12 a 5.5
o 5 o .
Yt —
E’ St o st 012
E 3
g R 1 ast
o g 01
&l & o ‘
Q
2 2
4‘3 1.08 g 351 0.08
2] -
. sl 7] L
(= A 3
1.06 25} 0.08
2t N
0.04
1.04 15}
r 1t 0.02
1.02 0.5F
Inlet température: 1023 K 1073K 123K ok ¥1iox10*

Figure 3.6 Cathode inlet gas temperature effects on cell temperature distribution at
0.6 V operating potential (a) and cathode O> molar fraction (b) with 1123 K inlet gas

temperature.
3.3.4 Effect of distance between carbon and anode electrode
Previous study has shown how the distance between carbon fuel and anode electrode
(D.e) will affect the performance of DC-SOFC [140]. As the thermal conductivity of
gas is much smaller than that of solid carbon, the increase of D, will surely increase
the variation of temperature in the cell. Thus the effect of D., on the temperature

distribution of the cell is discussed, detailed operating parameters are listed in Table

3.5.
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Table 3.5 Operation parameters for D, effect study in DC-SOFC

Parameter Value Unit
Operating potential 0.6-1 A%
Distance between anode chamber and electrode, D, | 59 - 2059 um
Anode inlet gas flow rate 0
Cathode inlet gas flow rate 400 SCCM
Cathode gas composition Air
Cathode inlet gas temperature 1073 K
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Figure 3.7 Effects of D, on the temperature distribution in the cell with 1073K

cathode inlet gas temperature and 0.7 V operating potential

Fig. 3.7 shows the effects of D, on the temperature distribution in the cell with 1073K
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cathode inlet gas temperature and 0.7 V operating potential. Distance between carbon

and anode electrode surface varies from 59 pm to 2059 pm in this study. As can be seen

from Fig. 3.7, when D_, is quite small (59 um), the gradient along the cell width is quite

small. With the increase of D, there occurs an obvious temperature boundary between
solid carbon and anode gas channel and the gradient along the cell width becomes quite

large.

Besides, it is observed from Fig. 3.8 that the CO molar fraction in anode decreases
quickly with the increase of D, which is due to the increased gas transport difficulty
and lower chemical reaction temperature caused by larger D,,. Thus, it is also important

to keep a small distance between carbon fuel and anode electrode when cell is placed

horizontally.
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cathode inlet gas temperature and 0.7 V operating potential

3.4 Conclusions

A multi-physics model considering electrochemical reaction, chemical reactions,
ionic/electronic charge transport, mass/momentum transport and heat transfer is
developed to characterize the temperature distribution of a tubular DC-SOFC.
Parametric simulations are conducted to evaluate the effects of operating potential,
cathode inlet gas temperature and distance between the carbon fuel and anode electrode

on DC-SOFC temperature distribution.

It is found that the operating potential has a great effect on the temperature distribution
of the cell. With the decrease of operating potential, the overall cell temperature
increases quickly. Besides, the temperature gradient also changes from negative to
positive along the cell length with the cell operating potential decreasing from 1.0 V to
0.6 V and a relative even temperature distribution of the cell is found when the operating
potential is around 0.65V. It is also observed from the breakdown analysis that most of
the heat is generated from anode electrode, where entropy change heat is the majority

part compared with other processes.

Cathode inlet gas temperature is also found to play an important role on the temperature
distribution of the cell. When the operating voltage is high (1.0 V), cathode inlet gas
plays as the outer heat source and it plays as the outer heat sink when the operating
voltage is low (0.6 V). It should also be noted that when the cathode inlet gas
temperature is high (1123K), cathode oxygen may be exhausted in the cell, which not
only causes a peak temperature point in the middle position of the cell length but also

decreases cell’s electrochemical performance.

The effect of distance between carbon fuel and anode electrode on temperature
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distribution is also studied in this work. It is found that the temperature gradient
increases quickly along the cell width with the increase of D, due to the small thermal

conductivity of the gas.
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4. CHAPTER 4 MODELING OF DIRECT CARBON
SOLID OXIDE FUEL CELLS WITH H:0 AND CO:
AS GASIFICATION AGENTS

4.1 Introduction

The systems studied in Chapter 2 to Chapter for use CO> and the carbon gasification
agent in anode chamber. Catalysts are necessary in these systems because of the slow
Boudouard reaction rate. However, the pre-process of solid carbon for catalyst mixture
is complex, which results in additional fuel cost. H2O is regarded as an alternative
gasification agent due to its fast carbon gasification reaction rate. Therefore, H2O is
adopted as the gasification agent in this chapter for experiment conduction and model

development.
4.2 Model development

4.2.1 Model assumption and calculation domain

2D mathematical models are developed to simulate the chemical/electrochemical
reaction, ion/electron transport and mass/momentum transport in DC-SOFCs with
CO; and H20 as agents. The schematics of the CO: assisted DC-SOFC and H>O
assisted DC-SOFCs are shown in Fig. 4.1. Solid carbon is placed in the anode chamber
and H>O (or CO») is also supplied to the anode. Solid carbon in anode chamber is very
close to the porous anode. The surface area of button cell is 0.45 cm?. The thickness of

anode, electrolyte and cathode are 400um, 8um and 24um, respectively.
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Figure 4.1. Schematic of H>O assisted DC-SOFC(a) and CO; assisted DC-SOFC (b).
Model assumptions are as follows:

(1) In H20 assisted DC-SOFCs, H> and CO both participate in the electrochemical
reactions and share the TPB sites, which is proportional to their relative local

concentration.

(2) TPBs are distributed uniformly in the whole porous electrode. Both ionic- and
electronic- conducting phases in the porous electrodes are homogeneous and

continuous.
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(3) Gases in the model (CO, H>O, H», Oz, N») are ideal gases and incompressible gas

flow in the gas channels.
(4) Temperature distribution in the cell is uniform due to its small size.

(5) The volume of carbon fuel in the anode chamber does not change with time.
4.2.2 Governing equations

4.2.2.1 Chemical reactions

When using CO?2 as gasification agent in DC-SOFCs, Boudouard reaction plays a key
role as it produces CO to maintain the electrochemical reaction. This key reaction (Eq.
(4.1)) converts carbon and CO> into CO. Here solid carbon is the energy source and
CO is an energy carrier that transports the chemical energy from solid carbon to the

anode TPB. The reaction rate of Boudouard reaction is calculated as Eq. (4.2)[141]

C+C0O, o 200 4.1)
_ Kipco,
RC‘COZ N 1+Kzpcot+K3pco, (4.2)

When H>O is added in DC-SOFCs, the main chemical reaction rate in anode chamber
becomes water gasification reaction (Eq. (4.3)) instead of Boudouard reaction as water
gasification has a much higher reaction rate. The reaction rate of water gasification

reaction is calculated as Eq. (4.4)

C + H,0 < CO + H, 4.3)
_ K4pH20
RC_HZO - 1+K5pH2+K6pH20 (44)

Besides, WGSR catalyzed by nickel in anode electrode also plays an important role as
shown in Eq. (4.5). This reaction converts CO into H> and ensures H> to mainly
participate in electrochemical reaction. The Reaction rate of WGSR is calculated by

Eqgs. (4.6-4.9).[142]
CO + H,0 & CO, + H, (4.5)

DH,P
Ryesr = ksf(pHZOpCO - HZTSCOZ) (4.6)

—-103191
RT

Kps = exp(—0.2935Z3% + 0.6351Z% + 4.1788Z + 0.3169 (4.8)

ks = 0.0171exp(

) (mol m Pa?s) (4.7)

Z=""-1 (4.9)
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Overall, in H>O assisted DC-SOFCs, water gasification reaction becomes the key
chemical reaction instead of Boudouard reaction. This change ensures a faster gas fuel
supplement and brings in H; in the fuel cell. WGSR in anode electrode largely
improves the percentage of H> component in gas fuel and makes H» as the main
intermediate between solid fuel and anode electrode. Faster gas fuel production rate
and better electrochemical reaction activity are thus achieved by introducing H>O into

DC-SOFCs.

4.2.2.2 Electrochemical reaction

In CO»-assisted DC-SOFCs, CO is the only fuel to be electrochemically oxidized.
While in H»>O-assisted DC-SOFCs, both H> and CO will be produced in chemical

reactions and participate in the electrochemical reactions.

As air is supplied to the cathode of SOFC, O2 molecules are reduced to form oxygen

ions (O%) via Eq. (4.10)

0, + 4e~ > 20 (4.10)
The oxygen ions flow through the ionic-conducting electrolyte to the anode, where
they react electrochemically with CO/Hz molecules, form CO2/H>O and release

electrons as shown in Eq. (4.11) and Eq. (4.12):

CO+ 0% - CO, + 2e~ (4.11)
H, + 0%~ - H,0 + 2e~ (4.12)
The operating potential can be calculated by thermodynamic equilibrium potential and

operating overpotential losses as shown in Eq. (4.13):

V= Eeq — Nact — Nohmic (4.13)
The equilibrium potential (E,g) is determined by the thermodynamic property of the
reaction. In CO»-assisted DC-SOFC, as only CO participate in the electrochemical

reaction, the equilibrium potential can be calculated by the Nernst equation (Eq.

(4.14)).

However, for H>O-assisted DC-SOFC, both H> and CO can participate in the
electrochemical reaction. In the present study, the equilibrium potentials for CO fuel
and H; fuel can be determined by Eq. (4.14) and Eq. (4.15) respectively. It should be
noted that the equilibrium potentials calculated by Eq. (4.14) and Eq. (4.15) are equal
at an open circuit condition. When current is extracted from DC-SOFC, the
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equilibrium potentials for H> fuel and CO fuel become different due to the different

overpotential losses involved in electrochemical oxidation of H, fuel and CO fuel.

L pL 1/

Eco = E +21n l%l (4.14)
CO5

o , R, |Ph, 5 )'/2

EHZ = EHZ + Eln lﬁ (415)
The value of E2, and E ,32 can be calculated by Eq. (4.16) and Eq. (4.17):

E2o = 1.46713 — 0.0004527T (V) (4.16)
Ef,2 = 1.253 — 0.00024516T (V) (4.17)

Butler-Volmer equation is adopted to describe the relationship between the activation

overpotential and the current density as shown in Eq. (4.18).

i = o {exp () — exp (-2at) | (4.18)

RT

Considering temperature effect, i can be further expressed as Eq. (4.19).

@)

ip =y exp(— T (4.19)

where y (Am?) is the pre-exponential factor and E,, is the activation energy level.

The ohmic overpotential (1,5mic) 1S caused by ionic/electronic conduction. Thus it is
related to the current intensity and ionic/electronic conductivity of the cell. 17,pm;c can

be calculated by Ohm law, more detailed information can be found in Chapter 2.

4.2.2.3 Mass transport

3

The rate of mass transport (N;, mol m~3 s™1) in channels and porous electrodes can

be calculated by the general Fick’s model as shown in Eq. (4.20)[112]:

_ _ 1 (BoyiP0P _ eff 0iP)) .. _
Ni=—-—( e ) (i =1,..,n) (420)
Df IT is the overall effective diffusion coefficient of component i (m?s™"), which can be

further calculated by Eq. (4.21) for gas diffusion in the porous electrodes [114]:

eff _ € 1 1 _

kaf T and D;ﬁf (m? s') are respectively the Knudsen diffusion coefficient and

molecular diffusion coefficient. It should be noted that only the molecular diffusion is
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considered in the gas channels as Knudsen diffusion becomes significant only when

the mean-free path of the molecular species is comparable or larger than the pore size.

4.2.2.4 Momentum transport

The N-S equation including the Darcy’s term is used to describe the momentum

transport of gas species in porous electrodes as shown in Eq. (4.22):

suu

p(;—lz + puVu = —Vp + V[u (Vu + (Vu)T) — g,uVu] - (422)

where p (kg m™) is the gas density and u (m s™!) is the velocity vector. When the last
term on the right side is neglected, Eq. (4.21) is reduced to conventional N-S equation

for momentum conservation in gas channels.

4.2.3 Boundary conditions

The electric potentials are specified at the outer boundaries of cathode and anode as
working potential and zero potential, respectively. The insulation condition is applied

to the bottom and top of the cell.

Inflow gas mole fraction is specified at the inlet of the cathode. The convective flux
boundary condition is specified at the outlets of the cathode and anode. Zero flux is
assumed at the end of anode chamber, electrolyte/electrode interface and the ends of

electrodes.

Standard gas flow rate is specified at the cathode while pressure condition is specified
at the outlet. No-slip condition is applied to the end of anode chamber,

electrolyte/electrode interface and the ends of electrodes.

4.2.4 Model parameters

The modeled button cell uses Ni-YSZ composites (mixture of YSZ and nickel) as
anode, bilayer YSZ/SDC (samaria-doped ceria) electrolyte and LSCF (lanthanum
strontium cobalt ferrite) as cathode. Material properties such as ionic and electronic
conductivities are listed in Table 4.1. Widely used chemical and electrochemical

reaction and other tuning parameters are adopted and listed in Table 4.2.

Table 4.1 Material properties[ 137, 139, 143-145]

Parameters Value or expression | Unit
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Ionic conductivity

Ysz 334x 10%e T | Sm

SDC % Sm’!
10548077722

LSCF 100, 102.51289—%

Electronic conductivity

LSCF % Sm’!
104.32576+%

Ni 3.27 x 10° — Sm’!
1065.3T

Porosity

Cathode 0.2

Anode 0.6

Anode volume fraction

YSZ 0.4

Ni 0.6

StpB

Cathode layer 2.14 x 105 m’m

Anode layer 2.14 x 105 m’m

Electrode tortuosity 3
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Table 4.2 Reaction parameters

Parameter Value Unit
Chemical reaction
K, 9.32 x 10™* | s mol kg'' m?
K, 1.25 x 1073 | Pa’!
K; 3.82x 1075 | Pa’!
K, 2.19 x 1073 | s mol kg''m?
Ks 9.88 x 10~* | Pa’!
K, 8.13 x 10~° | Pa’!
Electrochemical reaction
VH, 2.944 x Am?
1010
Eact,n, 1.2 x 10° J mol!
Yo, 1.39x10° | Am?
Eacto, 1.2 x 10° J mol’!
Yco 1.673 x 10° | Am™
Eact,co 1.2 x 10° J mol!
Ay, 0.75
Aco 0.5
4.2.5 Model solution

The model is solved at given operating conditions such as electric potentials,
temperature, inlet gas flow rate and mole fraction. The output of the model includes

distributions of the electrochemical reaction rates, chemical reaction rates and mole
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fraction of gas species in the cell. The commercial software COMSOL

MULTIPHYSICS® is employed for the numerical simulation.

4.3 Results and discussion

4.3.1 Model validation

Single cells were prepared and tested for model validation of DC-SOFCs with both
CO2 and H2O as agents. The fuel cell employed Ni-YSZ anode-supported anode,
bilayer YSZ/SDC electrolyte and LSCF cathode. For the fuel cell test, the cell was
sealed onto a quartz tube by means of silver paste and silver layers were printed onto
the anode and cathode surfaces for current collection. The solid carbon was fixed by
asbestos in the anode chamber. A quartz tube was positioned beneath the carbon layer
for introducing CO2 and H20. The inlet gas flow rate of anode was set as 30 SCCM
(standard conditions). 10 SCCM H>O was carried into anode by 20SCCM N in the

test. The operating temperature was kept constant at 850 °C during the test. Current-

voltage values were collected based on the four-terminal configuration. The schematic
designs for fuel cell tests and other detailed information of the testing procedures could

be found in ref.[125].

The modeling results of current-voltage characteristics for both COz-assisted DC-
SOFCs and H>O-assisted DC-SOFCs are compared with experimental data as shown
in Fig. 4.2. The quite small difference between the modeling results and experimental
data validates the present model. The same structure and tuning parameters are used

in the subsequent parametric simulations.

87



' A C+CO,-Exp
a 0.8 A e C+CO, - Sim
0.6 -
>
o 044
(@)]
8
= A
>
0.2 4
0.0 1
I 4 | U I L 1 E I e I U I
0 1000 2000 3000 4000 5000 6000
Current density (A m?)
b 08-
v C+H,O-Exp
] Vv C+H,0 - Sim
0.6
S 044
M)
(@)}
8 1
=)
> 0.2
0.0
1 ! I v I ! | ! |
4000 6000 8000 10000 12000

Current density (A m™®)

Figure 4.2 Model validation for DC-SOFCs with COz(a) and H>O(b) as agents.
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4.3.2 Effect of applied voltage

The voltage-current density-power density curves of DC-SOFCs with two kinds of

agents are shown in Fig. 4.3. The detailed operating conditions are listed in Table 4.3.

Power density (W m™)
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Figure 4.3 The voltage-current density-power density relationships of DC-SOFCs

with CO; and H>O as agents

Table 4.3 Operation parameters for operating potential effect study in DC-SOFCs

Parameter Value Unit
Operating potential 0-0.8 A%
Anode inlet gas flow rate 30 SCCM
Cathode inlet gas flow rate 10 SCCM
Anode gas composition for H20 assisted DC-SOFC | H20 100%

Cathode gas composition Air

Temperature 1123 K
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It is found that the performance of DC-SOFCs with H>O as agent is much higher than
that with CO; as agent, which is consistent with the previous study[130]. For DC-
SOFCs with H>O as agent, the peak power density reaches 3852 W m™ at 0.48V, which
is more than two times of that with CO> as agent (1579 W m™ at 0.44V).

This significantly higher performance of H>O-assisted DC-SOFC is mainly caused by
2 factors. Firstly, faster carbon gasification kinetics by H>O agent offers a higher mole
fraction of fuel (both CO and Hy) and thus higher open circuit voltage. Secondly, with
H» participating in electrochemical reaction together with CO, a much higher
electrochemical reaction rate could be obtained in H2O assisted DC-SOFCs. As can be
seen from Fig. 4.4(a, b), the carbon gasification rate in H>O assisted DC-SOFCs ranges
from 6.45 mol m> s to 20.7 mol m> s at 1123 K and 0.5 V operating potential.
While the carbon gasification rate in CO2 assisted DC-SOFCs only ranges from 2.71
mol m3 s to 12.4 mol m™ s”!. Consequently, the fuel mole fraction (H, + CO) in H,O
assisted DC-SOFCs is much higher than that (CO) in CO; assisted DC-SOFCs at the
same applied voltage as shown in Fig. 4.4(c, d) and thus the higher performance could

be obtained.

90



Al124 4 30.7
a gr : b |
20 20
0.9 1 0.9 ]
18 18
0.8 1 0.8 J
_— e
g 15 16
2 =
E 0.7 b E 0.7 4
g 14 g 14
S 0.6 1 2 0.6 ]
E 1z E 12
H 0.5 1 W 0.5 1
L L
E 10 E 10
& 0.4 1 & 0.4 1
g . 8 :
.g 0.3 B ..g 0.3+ i
8 - A i
0.2 | 0.21 J
4 4
0.1 J 0.1, |
5 2
ol | 0
o 0
vl ¥ 645
a0l | A013 400 | Aoz46
C d
0.24 0.24
350+ - 350
200+ _ 0.22 300 0.22
—_ —_
g g
4 o
3 250+ 4 0.2 g 250 0.2
b= o
2 5
4]
'g 200 B § 200 o1s
o.l8 .
8 g
g g
ﬁ 150+ 150
=1 ois B 0.16
8 g
B 100
A 100 4 A
0.14 014
sof B 50
0.1z 012
ol i o
vo.ll ) ) ) _ v 0.229

Figure 4.4 The carbon gasification rate with CO> (a) and H>O (b) as agents in carbon
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91



4.3.3 Effect of anode inlet H>O mole fraction

As H>O is carried into anode by N in the experiments, the anode inlet H2O mole
fraction only reaches about 33%, which is at a quite low level. Thus, it would be
necessary to study the effect of inlet HoO mole fraction on the performance of DC-

SOFC. The related operating conditions are listed in Table 4.4.

Table 4.4 Operation parameters for anode inlet H>O mole fraction effect study in

DC-SOFCs
Parameter Value Unit
Operating potential 0.5 A%
Anode inlet gas flow rate 30 SCCM
Cathode inlet gas flow rate 10 SCCM

Anode gas composition for H20 assisted DC-SOFC | 1% - 99%

Cathode gas composition Air

Temperature 1123 K

As can be seen in Fig. 4.5, the current density of DC-SOFC increases significantly
with the increase of inlet H2O mole fraction. The DC-SOFC only has a current density
of 2000 A m™ at 1% inlet H>O mole fraction, while 7000 A m™ is reached with 35%
inlet HoO mole fraction. With the further increase of inlet H>O mole fraction, only a
small increase of current density is achieved due to the limited steam carbon
gasification reaction rate. This tendency is also indicated by the change of H/H>O
mole fraction ratio in anode. As shown in Fig. 4.6, the molar ratio of Ho/H>O is quite
small (<0.06) at 1% inlet H>O mole fraction, and it increases 2 more times (~0.2) at
35% inlet H,O mole fraction, which is almost at the same level with 99% inlet H,O

mole fraction.
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and 99%(c) mole fraction of H>O in anode inlet gas
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4.3.4 Effect of anode inlet gas flow rate

For Ho-fueled SOFCs, a higher anode inlet gas flow rate ensures a higher anode fuel
concentration and higher current density at certain operating potential. For internal
reforming SOFC, it is more complicated as the fuel (H2 and CO) for electrochemical
reaction is different from the hydrocarbon fuel. On the one hand, more hydrocarbon
fuel may favor the internal reforming reaction, producing more H> and CO. On the
other hand, high flowrate of the hydrocarbon fuel may also dilute the concentration of
H> and CO fuel for electrochemical reaction if the reforming reaction is not high

enough. The related operating conditions for this section are listed in Table 4.5.

Table 4.5 Operation parameters for anode inlet gas flow rate effect study in DC-

SOFCs
Parameter Value | Unit
Operating potential 0.5 A%
Anode inlet gas flow rate 1-30 | SCCM
Cathode inlet gas flow rate 10 SCCM

Anode gas composition for H20 assisted DC-SOFC | 100%

Cathode gas composition Air

Temperature 1123 | K

For DC-SOFCs with CO: as agent, the increase of anode inlet gas flow has a negative
effect on its performance at an operating temperature of 1123K. As can be seen in Fig.
4.7, with the anode inlet gas flow rate increasing from 1 SCCM to 30 SCCM, the
current density of CO; assisted DC-SOFC decreases from 3500 A m?2to 3100 A m™.
This is mainly caused by relative slow Boudouard reaction rate, which has become the
rate-determining step in DC-SOFCs. As a result, CO; produced by electrochemical
reaction is already enough for carbon gasification at 1123K and the inlet CO> will only

dilute the fuel in DC-SOFCs.
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Figure 4.7 The effect of anode inlet gas flow rate on current density of DC-SOFCs
with COz and HO as agents at 0.5 V and 1123 K

In H2O assisted DC-SOFCs, the carbon gasification rate is faster and benefits more
from the increase of anode inlet gas flow rate in the beginning. Until when the steam
carbon gasification rate cannot catch up with the further increase of inlet gas flow rate,
fuels in anode are also diluted by inlet H>O, which results in the decrease of the current

density of DC-SOFC.

4.3.5 Effect of operating temperature

The related operating conditions for this section are listed in Table 4.6. As can be seen
from Fig. 4.8, the current density of both H2O-assisted DC-SOFC and CO; assisted
DC-SOFC is increased at a higher temperature. For COz-assisted DC-SOFCs, with
temperature increasing from 923 K to 1123 K, the current density is increased from 37
Am™to 3293 Am™ when the temperature is increased from 923K to 1123K. This huge
increase indicates that a relative higher temperature is very necessary for CO> assisted
DC-SOFCs as Boudouard reaction rate is quite slow at a relatively lower temperature.
For H,0-assisted DC-SOFCs, the current density is 372 A m™ at 923 K, which is
almost 10 times of the current density of CO»-assisted DC-SOFCs. When the operating
temperature reaches 1048 K, the current density of H>O-assisted DC-SOFC reaches
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3439 A m, exceeding the current density of CO; assisted DC-SOFCs at 1123K.
Finally, H,O assisted DC-SOFCs achieves 7690 A m™ at 1123 K, which is still more
than 2 times higher than that of CO; assisted DC-SOFCs. Both H>O and CO> assisted
DC-SOFCs benefits from the increase of operating temperature. Apart from general
improvement of electrochemical reaction kinetics as for most SOFCs, faster chemical

reaction kinetics as a higher temperature also brings great benefits for DC-SOFCs.

Table 4.6 Operation parameters for temperature effect study in DC-SOFCs

Parameter Value Unit
Operating potential 0.5 \Y
Anode inlet gas flow rate 10 SCCM
Cathode inlet gas flow rate 10 SCCM

Anode gas composition for H20 assisted DC-SOFC | 100%

Cathode gas composition Air

Temperature 923 -1123 | K

It should also be noticed that H>O assisted DC-SOFCs still has an acceptable output
power density at relatively lower temperature. Thus, using H>O as agent is very

promising for DC-SOFCs at a wider range of temperature.
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Figure 4.8 The effect of operating temperature on current density of DC-SOFCs with
H>0 and CO: as agents at 0.5 V operating potential

4.4 Conclusion

A multi-physics model is developed to study the performance of DC-SOFCs with H>O
and CO> as agents. Parametric analyses are carried out to investigate the effects of
operating potential, anode inlet gas mole fraction/flowrate and operating temperature
on the performance of DC-SOFCs. The performance of DC-SOFCs with two different
agents are also compared to see the improvement by adding H>O for carbon

gasification in DC-SOFCs.

Benefiting from faster carbon gasification, H>O-assisted DC-SOFCs has a much
higher fuel concentration in anode than CO»-assisted DC-SOFCs. Coupled with faster
electrochemical reaction kinetics by H> fuel, using H>O as agent significantly
improves the performance of DC-SOFCs compared with CO> agent. As can be seen
from the Power-Voltage curve, H,O-assisted DC-SOFC achieves a peak power density
of 3852 W m?, which is more than 2 times higher than CO.assisted DC-SOFCs.
Besides, H2O- assisted DC-SOFC has a much better potential for operating at wider
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temperature range due to its fast gasification reaction kinetics. It is also found that a

high anode inlet gas flow rate is not necessary for DC-SOFCs.

98



5. CHAPTER 5 EXPERIMENTAL AND MODELING
OF HIGH PERFORMANCE DIRECT CARBON
SOFC WITH IN-SITU CATALYTIC STEAM-
CARBON GASIFICATION REACTION

5.1 Introduction

In-situ catalytic steam-carbon gasification is a very attractive strategy as not only a
higher power density can be expected due to faster steam-carbon gasification rate, but
also higher fuel concentration at the anode outlet can be obtained for wider
applications such as fuel and electricity co-generation. Therefore, there is a need to
systematically investigate the improvement brought by in-situ catalytic steam-carbon

gasification in DC-SOFCs.
5.2. Model development

5.2.1 Model assumption and calculation domain

The chemical/electrochemical reaction, ion/electron conduction and mass/momentum
transportation are fully coupled in the 2D mathematical DC-SOFC models. The
schematics of DC-SOFC using H>O as agent is shown in Fig. 5.1. Solid carbon is
placed in the anode chamber (near the porous anode) and H>O is supplied from the
anode inlet for steam-carbon gasification. The button cell has a surface area of 0.45
cm? with the thickness of its anode, electrolyte and cathode being 400um, 8um and
24um, respectively.
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Figure 5.1 Schematic of DC-SOFC using H»O as gasification agent.

Model assumptions are as follows:

(1) Both Hz and CO participate in the electrochemical reactions and the TPB sites they

shared is proportional to their local concentration percentage.
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(2) TPB sites are distributed uniformly in the whole porous electrode. Both ionic- and
electronic- conducting phases in the porous electrodes are homogeneous and

continuous.

(3) Gases in the model (CO, H>O, Ha, Oz, N») are ideal gases.

(4) Temperature distribution in the cell is uniform due to its small size.

(5) The volume of carbon fuel in the anode chamber does not change with time.

5.2.2 Governing equations

Compared with last chapter, the steam-carbon gasification reaction rate is largely
boosted due to the catalysts added in anode chamber. The catalytical steam-carbon
gasification reaction rate can be calculated by Eq. (5.2)[141]. Different tuning

parameters (listed in Table 5.2) are used when catalyst is adopted for the reaction.

C+H,0 < (CO+H, (5.1
_ KiPH,0
Re.rz0 = 1+K;pH, +K3PH,0 (52)

As CO; is formed in the electrochemical oxidation of CO, the Boudouard reaction (Eq.

(5.3)) is also considered. Its reaction rate can be calculated by Eq. (5.4).

C +CO, & 2C0 (5.3)
_ K4Dco,
RC‘COZ - 1+Kspcot+KsPco, (5.4)

Due to the co-existence of H>O and CO, WGSR catalyzed by nickel in porous
electrode is also considered as shown in Eq. (5.5). Its reaction rate can be calculated

by Egs. (5.6-5.9) [36].
CO + H,0 & CO, + H, (5.5)

DH,P
Ryesr = ksf(pHZOpCO - %) (5.6)

—103191

ks = 0.0171exp( —

) (mol m Pa?s) (5.7)

Kys = exp(—0.2935Z3 + 0.6351Z% + 4.1788Z + 0.3169) (5.8)

Z="2-1 (5.9)
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5.2.2.4 Model solution

Electric potentials are specified at the two electrodes while two ends of the cell are
electrically insulated. Inflow gas mole fraction and flow rate (SCCM) are given at the
inlets. The outflow condition is specified at the outlets of the gas channels. Zero flux
is specified at the end of the electrodes and pressure condition is specified at the outlets

of the two gas channels.

The model is solved at given operating conditions such as electric potentials,
temperature, inlet gas flow rate and mole fraction. The output of the model includes
distributions of the electrochemical reaction rates, chemical reaction rates and mole
fraction of gas species in the cell. The commercial software COMSOL

MULTIPHY SICS® is employed for the numerical simulation.

5.2.3 Boundary conditions

The electric potentials are specified at the outer boundaries of cathode and anode as
working potential and zero potential, respectively. The insulation condition is applied

to the bottom and top of the cell.

Inflow gas mole fraction is specified at the inlet of the cathode. The convective flux
boundary condition is specified at the outlets of the cathode and anode. Zero flux is
assumed at the end of anode chamber, electrolyte/electrode interface and the ends of

electrodes.

Standard gas flow rate (SCCM) is specified at the cathode while pressure condition is
specified at the outlet. No-slip condition is applied to the end of anode chamber,

electrolyte/electrode interface and the ends of electrodes.

5.2.4 Model parameters

The cell uses Ni-YSZ composites as anode, bilayer YSZ/SDC as electrolyte and LSCF
cathode. Material properties, chemical/electrochemical reaction and other tuning

parameters are adopted and listed in Table 5.1 and Table 5.2, respectively.

Table 5.1 Material properties [137, 139, 143-145]

Parameters Value or expression Unit

Ionic conductivity
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Ysz 334 x 10% T Sm”

SDC 100 4548077202 Sm’!
T

LSCF % w 102512892507 Sm’!

Electronic conductivity

LSCF 100 104.32576+1204'26 Sm’!

Ni 3.27 X 10% — 1065.3T Sm’!

Porosity

Cathode 0.2

Anode 0.6

Anode volume fraction

YSZ 0.4

Ni 0.6

StpB

Cathode layer 2.14 x 10° m’m™

Anode layer 2.14 x 10° m’m™

Electrode tortuosity 3

Solid carbon

Activated carbon (Aladdin, Shanghai, China; A. R.)

Table 5.2 Reaction parameters [146]

Parameter

Value Unit

Chemical reaction without catalyst

K

1.03 x 1073 | s mol kg'm™

K>

9.88 x 10™* | Pa’!
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K3 8.13x 1075 | Pa’!

K, 3.11 x 10~° | s mol kg'' m?
Ks 1.25x 1073 | Pa’

K 3.82x 1075 | Pa’
Chemical reaction with catalyst

Ky 3.87 x 1072 | s mol kg m™
K> 9.88 x 10™* | Pa’!

K3 8.13x 107> | Pa’'

K, 1.17 x 1073 | s mol kg"' m™
Ks 1.25x 1072 | Pa’

Ke 3.82x 1075 |Pa’
Electrochemical reaction

Yh, 3.68x10° | Am?

Eact,n, 1.2 x 10° J mol!

Yo, 348 x10° |Am?

Eacto, 1.2 x 10° J mol’!

Yco 1.67 x 10° | Am™

Eact,co 1.2 x 10° J mol!

ay, 0.5

Aco 0.5

Qo, 0.85
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5.2.5 Model solution

The model is solved at given operating conditions such as electric potentials,
temperature, inlet gas flow rate and mole fraction. The output of the model includes
distributions of the electrochemical reaction rates, chemical reaction rates and mole
fraction of gas species in the cell. The commercial software COMSOL

MULTIPHY SICS® is employed for the numerical simulation.
5.3 Results and discussion

5.3.1 Experiments for model validation

The fuel cell adopted in this study for model validation employed Ni-YSZ as anode
supporting the bilayer YSZ/SDC electrolyte and LSCF cathode. Na>xCO3 was adopted
as the catalyst to enhance the steam-carbon gasification reaction. For a typical
synthesis, 0.015 mole catalyst was dissolved into 30 ml de-ionized water. Then 1 mole
carbon was added to the solution under vigorous stirring for 12 hours. The colloid was

dried at 110 °C for 4 hours and then calcined at 500 °C in nitrogen for 2 hours.

For the fuel cell test, the bottom cell was sealed onto a quartz tube by silver paste. The
anode and cathode surfaces were printed with silver layers for current collection. 0.2
g solid carbon was fixed by asbestos in the anode chamber. A quartz tube was
positioned beneath the carbon layer for introducing steam. The inlet gas flow rate of
anode was set as 90 SCCM (standard conditions). 30 SCCM H>O was carried into
anode by 60SCCM N in the test. The operating temperature was kept constant at 850

°C during the test. Current-voltage values were collected based on the four-terminal

configuration..

The modeling results of current-voltage characteristics for DC-SOFCs using H2O as
agent are compared with experimental data as shown in Fig. 5.2. The quite small
difference between the modeling results and experimental data validates the present
model. The same structure and tuning parameters are used in the subsequent

parametric simulations.
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Figure 5.2 Model validation for DC-SOFCs using H>O as agents without (a) and
with (b) catalyst.
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5.3.2 Effect of applied voltage

The voltage-current density-power density curves of DC-SOFCs using H>O as agent

are shown in Fig. 5.3. The detailed operating conditions are listed in Table 5.3.

Table 5.3 Operation parameters for operating potential effect study in DC-SOFCs

Parameter Value Unit
Operating potential 0-1 v
Anode inlet gas flow rate 90 SCCM
Cathode inlet gas flow rate 10 SCCM
Anode gas composition H>O

Cathode gas composition Air

Temperature 1123 K
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Figure 5.3 The voltage-current density-power density relationships of DC-SOFCs

using H>O as agents with and without catalyst.
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As can be seen in Fig. 5.3, the cell with in-situ catalytic steam-carbon gasification has
a much better performance compared with the cell without catalyst. By adding
catalyst, the peak power density of the cell increases from about 3000 W m™ to 4600
W m, with the maximum current density increasing from about 10000 A m™ to 23000
A m. This significant performance improvement is mainly caused by the faster steam-
carbon gasification kinetics. As can be seen in Fig. 5.4(a) and Fig. 5.4(b), the peak

steam-carbon gasification reaction rate increases from 11.1 mol m> s’ to 292 mol m-

3 1

s with most parts in catalytic carbon layer being larger than 50 mol m™ s,
Consequently, the mole fraction of the fuel (both H> and CO) in anode is significantly
improved from about 0.1 to about 0.4 as shown in Fig. 5.4(c) and Fig. 5.4(d). The high
fuel concentration indicates the potential for syngas and electricity co-generation in

DC-SOFC with in-situ catalytic gasification.
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Figure 5.4 The carbon gasification rate (mol m™ s™!) without (a) with (b) catalyst in
carbon layer and mole fraction of fuel without (c) and with (d) catalyst in anode of

DC-SOFCs at 0.8 Vand 1123 K

It should also be noted that the fuel concentration distribution in anode is significantly
affected by both steam-carbon gasification reaction and applied voltage. As can be
found in Fig. 5.5(a), the H> mole fraction obtains a sharp increase to 0.4 in carbon
layer at 0.9 V applied voltage, while it decreases quickly to 0.2 in the area close to
anode at 0.1 V applied voltage. The relationship between electrochemical performance
and syngas molar fraction on anode surface is further shown in Fig. 5.5(b). The syngas
molar fraction exceeds over 80% at small operating current density, while declines to
less than 50% at 23000 A m™. Thus, a high operating potential is more favored to

maintain a high fuel concentration in the anode outlet gas.
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Figure 5.5 (a)Distribution change of H> mole fraction in anode with catalytic
gasification at 0.9 V and 0.1 V operating potentials and 1123K; (b) I-P characteristics

and syngas molar fraction change at different operating current densities.

5.3.3 Effect of anode inlet gas flow rate

In DC-SOFCs using H>O as agent, steam is introduced to the anode inlet as it
participates in the carbon gasification reaction, however, the inlet steam can dilute fuel

concentration on the other hand. Thus, it should be careful to choose a suitable steam
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flow rate in operation. For the study of anode inlet gas flow rate effect, the operating

parameters are listed in Table 5.4.

Table 5.4 Operation parameters for anode inlet gas flow rate effect study in DC-

SOFCs

Parameter Value Unit

Operating potential 0.5 A%

Anode inlet gas flow rate 1-200 | SCCM

Cathode inlet gas flow rate 10 SCCM
Anode gas composition H>O

Cathode gas composition Air
Temperature 1123 K

As can be seen in Fig. 5.6, the performance of the fuel cell increases first at small
anode gas flow rate, while decreases quickly at large flow rate. A small steam flow
rate is more suitable for the fuel cell as it reaches the peak current density at 10 SCCM
in this case. However, no significant decrease of current density is observed in a wide
flow rate range when catalyst is added in the fuel cell. Besides, a large steam flow rate
is more favored under the fast in-situ catalytic gasification reaction with its peak

current density being obtained at 40 SCCM flow rate.
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Figure 5.6 The effect of anode inlet gas flow rate on current density of DC-SOFCs
with H>O as agents at 0.5 Vand 1123 K

In addition, the mole fraction of H2 and CO in anode is also significantly affected by
inlet steam flow rate as can be seen in Fig. 5.7(a). Apart from different electrochemical
reaction kinetics, the reaction rate of WGSR is another key factor to the mole fraction
change of H, and CO (as shown in Fig. 5.7(b)) since steam-carbon gasification
produces equal amount of H, and CO. At small gas flow rates, more H> than CO is
consumed by electrochemical reaction due to the faster reaction kinetics of Ha, in the
meanwhile, the lack of steam favors WGSR to convert H, and CO; into H>O and CO
in anode (shown as negative value of WGSR in Fig. 5.7(b)). As a result, more CO than
H; is left in anode. With an increase of steam flow rate, the WGSR rate turns to positive
and keeps growing, while the Boudouard reaction rate remains at a small value.
Consequently, the mole fraction of CO keeps decreasing, while the mole fraction of
H> kgeps rising to exceed CO and remains at a relative high level. This phenomenon
indicates that the outlet gas composition from anode can be adjusted by controlling

the inlet gas flow rate.
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Figure 5.7 The effect of anode inlet gas flow rate on fuel mole fraction (a) and

chemical reaction rates (b) in anode surface of DC-SOFCs at 0.5 V and 1123 K

5.3.5 Effect of operating temperature

The operating temperature affects not only the electrochemical kinetics but also the

chemical reaction rate, thus, both the output power and the fuel percentage (H> & CO)
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in outlet gas will be significantly changed at different operating temperature. For the

study of temperature effect, the operating parameters are listed in Table 5.5.

Table 5.5 Operation parameters for temperature effect study in DC-SOFCs

Parameter Value Unit
Operating potential 0.5 A%
Anode inlet gas flow rate 90 SCCM
Cathode inlet gas flow rate | 10 SCCM
Anode gas composition H>O

Cathode gas composition Air

Temperature 923-1173 | K

As can be seen in Fig. 5.8(a), the current density of DC-SOFC with H2O as agent is
increased at a higher temperature. The existence of catalyst improves the performance
of DC-SOFC especially at a low operating temperature, where a large improvement
can be found (4 times improvement at 923 K and 1.4 times improvement at 1173 K).
Although the output electricity power improvement by adding catalyst is not that
significant at high operating temperature, the fuel percentage in outlet gas is largely
improved as shown in Fig. 5.8(b). Benefited from faster chemical reaction kinetics as
a higher temperature, the fuel percentage in outlet gas increases from 0.15% at 923 K
to 20% at 1173 K without catalyst, while a percentage of 85% of fuel in the outlet gas
can be obtained with the help of catalyst at 1173 K. The high fuel concentration
indicates an excellent potential for fuel (H2 & CO) and electricity cogeneration in DC-

SOFC with in-situ catalytic steam-carbon gasification.
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5.4 Conclusion

Both experimental testing and mathematical modeling are conducted to study the
performance of DC-SOFCs with in-situ catalytic gasification of carbon by H>O. The
model is compared and validated by experimental results. Parametric analyses are
carried out to investigate the effects of operating potential, anode inlet gas flowrate
and operating temperature on the performance of the cell. The performance of DC-
SOFCs with and without catalyst are also compared to evaluate the improvement by

adding catalyst for steam-carbon gasification in DC-SOFCs.

In-situ catalytic steam-carbon gasification largely increases the gas fuel production
rate for electrochemical reaction, which brings a significant improvement of output
power density. A peak power density of about 4600 W m™ is obtained with the help of
catalyst compared with that of 3000 W m™ without catalyst. The high fuel percentage
in anode outlet gas is also obtained due to the faster gasification reaction with catalyst.
It is found that the mole fraction of H2 and CO in the outlet gas is significantly affected
by the inlet gas flow rate. The mole fraction of CO is larger than H> at small inlet gas
flow rate (< 100 SCCM), while H> exceeds CO at high inlet gas flow rate (> 100
SCCM). Thus, it could be possible to adjust the fuel component by controlling the
inlet gas flow rate. The operating temperature also significantly affect the fuel
percentage in outlet gas, where a high fuel percentage (84% at 1173 K) can be
obtained, indicating the possibility for fuel and electricity co-generation in DC-SOFC

with H2O as agent by integrating in-situ catalytic steam-carbon gasification.
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6. CHAPTER 6 MODELING OF DIRECT CARBON-
ASSISTED SOLID OXIDE ELECTROLYSIS CELL
FOR SYNGAS PRODUCTION AT TWO
DIFFERENT ELECTRODES

6.1 Introduction

Previous chapters have introduced the characteristics of SOCs for electricity power
and fuel cogeneration using solid carbon. In this chapter, the electrolysis mode of
SOCs are studied. An SOEC model is developed to study its potential for syngas
production at two different electrodes. For practical application of SOEC, its
electricity consumption needs to be further reduced as the quality of electricity (i.e.
exergy) is high. Recent studies have demonstrated that by supplying low cost fuel
(such as CH4 and CO) to the anode of SOEC (termed as fuel-assisted SOEC: FA-
SOEC) for steam electrolysis could significantly reduce the operating potential of
SOEC, thus greatly reduce the electrical power consumption. When fuel is supplied to
the FA-SOEC anode to consume the oxygen ions so as to reduce the oxygen partial
pressure, the equilibrium potential can be greatly reduced. If the fuel concentration in
anode is sufficiently high and the operating current is relatively low, the required
potential for electrolysis could become negative. This means that the FA-SOEC can
generate electrical power rather than consume it. Therefore, the FA-SOEC can also be
considered as an SOFC whose oxygen ions come from H>O, instead of from O

molecules.
6.2 Model development

6.2.1 Model assumptions and calculation domain

Numerical model of tubular CA-SOEC is developed by coupling governing equations
of electrochemical reactions, chemical reactions, ion/electronic charge transport, mass
transport and momentum transport. Due to the excellent reversible operating
characteristic of fuel cell, the electrochemical properties of the cell in the fuel cell

mode are adopted for the electrolysis mode.

The schematic of the tubular CA-SOEC unit is shown in Fig. 6.1. One end of the anode

chamber is sealed. Activated carbon powder (Aladdin, 8-16 mesh) is supplied to anode
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chamber and water vaper is supplied to the cathode channel. The carbon powder reacts

with Oa (from the initial rest air) in anode chamber to form CO» in the first stage, which

further react with carbon through Boudouard reaction to produce CO. The CO gas is

then diffused to the TPB sites in the porous anode to reacts with 0% form CO..

Subsequently, the electrochemically produced CO; diffuses back to anode chamber to

react with carbon to form CO. This reaction route repeats between anode chamber and

anode electrode in the steady operating state, with net CO production and electricity

generation as shown in Eqgs (1, 3-5).
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Figure 6.1 Schematic of CA-SOEC

The cell in the present study has a length of 9cm (L), an inner diameter of 11.5mm

and an outer diameter of 12.0mm. The thickness of anode, electrolyte and cathode are

20um, 201pm and 20um, respectively. In addition, the tubular CA-SOEC uses Ag-

GDC for both anode and cathode, and YSZ for electrolyte. The materials of both

electrodes are porous enough for gas transport and the electrolyte is dense enough to

separate gases of anode and cathode. The current is measured at operating voltage

ranging from 0.7 V to -0.1 V, where positive voltage means the cell generates

electricity and negative means the cell consumes electricity.

The main assumptions are listed as following:

The electrochemical reactions spatially occur along electrode thickness within the

porous electrodes. The active sites for electrochemical reactions are assumed to be
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uniformly distributed in the porous electrodes. The two conducting phases (electronic

and 1onic) are considered to be homogeneous in the porous electrodes.

The ionic and electronic charge transport processes take place in PEN. The charge

transfer reactions are assumed to take place all through the porous electrodes at TPB.

All of the gases (CO, CO2, H2 and H20) are considered as ideal gases. The flow is

considered to be incompressible.
Temperature distribution is uniform in CA-SOEC.
The volume of activated carbon in anode chamber does not change.

6.2.2 Governing equations

The micro-scale tubular CA-SOEC model couples the process of electrochemical
reactions in porous electrodes, chemical reactions in chamber, ion/electronic charge
transport in electrolyte and electrodes, mass & momentum transport in channels and

electrodes.

6.2.2.1 Chemical reaction model

In the anode side, reversed Boudouard reaction is considered as the governing reaction

at the solid carbon-gas phase interface, as shown in Eq. (6.1).

C+C0,s2C0 (6.1)
where the initial CO2 comes from the reaction between carbon and initial O2 in anode.
When CA-SOEC starts to operate, CO2 can be electrochemically produced. The
reversed Boudouard reaction rate is calculated by Eq. (6.2)[147]:

Ry = krbexp(_Erb/RT)CCOZ (6.2)
6.2.2.2 Electrochemical reaction model

As shown in Fig. 6.1, the CO/CO> gas mixture and HoO/H; mixture are at the anode
and cathode, respectively. In the porous cathode, H-O molecule diffuses through the
porous electrode to the TPB sites in the whole cathode, where it is reduced to oxygen

ions (O*) and H; via reactions (6.3).

H,0 + 2e™ - H, + 0%~ (6.3)
The oxygen ions transport through the dense electrolyte to TPB at anode, where they

lose electrons and form CO> molecules with CO as described in reaction (6.4).
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CO + 0% - CO, + 2e~ (6.4)

The overall electrochemical reaction can be written as:

CO + H,0 - CO, + H, (6.5)

In operation, the required potential (V) applied to SOEC can be expressed as:

V'=E + Nact,an + Nact,ca + Nonmic (6.6)
where E is the equilibrium potential (Nernst potential) related with thermodynamics;
Nace 1S the activation overpotentials reflecting the electrochemical activity of the
electrodes; Nyonmic 18 the ohmic overpotential influenced by ionic and electronic
conduction. It should be noted that the concentration overpotentials are not included
in Eq. (6.6) as the gas partial pressure at the reaction sites (TPB) are used in the

calculation of equilibrium potential.
Equilibrium potential (Nernst potential)

In CA-SOEC, the equilibrium potentials for reactions (6.5) can be separated to two
parts of partial equilibrium potential in cathode and anode as shown in Egs. (6.7) -

(6.8).

RT Plg O,ca

EH2‘H20.Ca = Ell’l( PI§2 ca) (67)
RT PCLO an

Eco-cozan = ;ln(—PCLOZ ) (6.8)
an

where R is the universal gas constant; T is temperature (K); F is the Faraday constant
and P¢y, Péo,, P, and Pjj o are the local partial pressures of CO, CO2, Hz and H20 at

the TPB (reaction sites), respectively. The overall Nernst potential in CA-SOEC is the
standard overpotential plus the difference of cathode and anode partial equilibrium

potential as

E=E°+ Ey,_n,0.ca — Eco-cozan (6.9)

where

E° = AG/nF (6.10)

for temperature range between 873K and 1273K, E° can be expressed as:

E® =—0.178 + 1.626 x 107* (V) (6.11)

Activation overpotential
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The activation overpotentials are related to the activation energy barriers for
electrochemical reactions to proceed. The Butler-Volmer equation is widely used for
determining the relationship between the activation overpotential and the current

density:

=y o (222) e (€)1

where i is the exchange current density, a is the electronic transfer coefficient and n

is the number of electrons transferred per electrochemical reaction.
Ohmic overpotential

The ohmic overpotential in a FA-SOEC consists of ionic ohmic overpotential and
electronic ohmic overpotential. The ionic and electronic conductivity of electrode and
electrolyte materials can be found in Table 6.1. The ohmic overpotential can be

calculated by the Ohm’s law:

iy =—07TV (@) (6.13)
s = _O-s.effv(@s) (6.14)
Where 0; .5rand o, ¢y are the effective ionic and electronic conductivity, @; and

@, are the ion conducting and electron conducting electric potentials, respectively. In
porous electrodes, they are related with the structure parameters including volume

fraction and tortuosity as:

0l =6, -2 (6.15)
l

0,/ =, 2 (6.16)

S - S Ts .

where 0; and g, are the intrinsic ionic and electronic conductivity as listed in Table

6.1.

Table 6.1 Model parameters [53]

Parameters Value or expression Unit

Ionic conductivity

GDC % % 10(6:66071 - 532292, Sm™!

[148]
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YSZ 334 x 10% T Sm”

Electronic conductivity

Ag 1.59¢8 Sm!
(0.0038T—0.1134 ))

Porosity

Cathode 0.46

Anode 0.46

Electrode volume fraction

GDC 0.21

Ag 0.79

StpB

Cathode layer 2.14 x 10° m’m™

Anode layer 2.14 x 10° m’m™

6.2.2.3 Mass transport model

In the porous electrode, gas diffusion occurs by means of both free molecular diffusion
and Knudsen diffusion. Free molecular diffusion dominates in large pores and
Knudsen diffusion becomes significant when pore sizes are comparable or smaller
than molecular mean-free path. The extended Fick’s model is used to describe gas
transport in the porous electrodes as:

N, = —R—;(ﬁﬂg—: — D7) (1 =1,..,m) (6.17)
Where N; represents the flux of mass transport, B, is the permeability coefficient, y;
is the mole fraction of component i, u is the dynamic viscosity of the gas and Die IT is

the effective diffusivity of species i. In an SOEC where both molecular diffusion

(D eff ) and Knudsen diffusion (Diekf ! ) are important, Die I can be written as:

im

1 1
D/ = (7 + oz (6.18)

im
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Deff

o and kaf f depend on the micro-structure of the porous electrode and operating

conditions.

6.2.2.4 Momentum conservation model

The general Navier-Stokes equation is used to describe the momentum conservation.

For momentum conservation in channels, the equation can be described as:

P+ puvu = —Vp + Vlu (Vu + (Vu)T) — 2 uvu (6.19)
For momentum conservation in porous electrodes and anode chamber, the equation is
modified by including the Darcy’s term for momentum conservation in the porous
layer:

pg—lz + puVu = =Vp + V[u (Vu + (Vu)T) — g/xVu] — % (6.20)

where p is the gas density, u is the velocity vector, p is pressure and ¢ is the porosity

the electrode.

6.2.3 Boundary conditions

The electric potentials are specified at the outer boundaries of cathode and anode as
working potential and zero potential, respectively. Insulation condition is applied to

the bottom and top of the cell.

Inflow gas mole fraction is specified at cathode. The convective flux boundary
condition is specified at the outlet of the cathode and anode. Zero flux is assumed at

the end of anode chamber, electrolyte/electrode interface and the ends of electrodes.

Standard gas flow rate (SCCM) is specified at cathode while pressure condition is
specified at the outlet. No slip condition is applied to the end of anode chamber,

electrolyte/electrode interface and the ends of electrodes.

6.2.4 Model parameters

For model validation, the values of material property and operation parameters are
consistent with experiments[ 138], as shown in Table 6.1, Table 6.2 and Table 6.3. The
electrochemical characteristics of the model are validated by the experimental data
using H> as SOFC fuel. The DC-SOFC exchange current density (ig ,) 1S assumed to
be 0.45 times of H>-SOFC exchange current density (i ) as shown in experiments.

The reaction rate of Boudouard reaction is affected by reaction area, activity of catalyst
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et al. These effects are validated by tuning the equilibrium parameter k,,. The
electrochemical parameters used in CA-SOEC are the same with those validated in
DC-SOFC model due to the reversible characteristic of cell. The tuning parameters
used for base-case simulation are summarized in Table 6.4. In parametric studies, those

parameters are varied to evaluate their effects on the CA-SOEC performance.

6.2.5 Model solution

The model is solved by setting a certain cell voltage/inlet gas flow rate/temperature.
The outputs of the model are the distributions of current density, species concentration,
chemical reaction rates and others. The calculations are performed using the finite

element commercial software COMSOL MULTIPHSICS®.
6.3 Results and discussion

6.3.1 Model validation

In this section, the modeling results of current-voltage characteristics are compared
with experimental data for model validation. The comparison results between
simulation and experimental data are shown in Fig. 6.2 and good agreement between
them is observed. In the subsequent parametric simulation, the same cell structure
parameters and tuning parameters are used and the length of the cell is extended to
90mm to increase the utilization of cathode gas. The operation temperature, voltage,
inlet gas flow rate and the distance between carbon chamber and anode electrode (D)

are varied to study their effects on CA-SOEC performance.

Table 6.2 Operation parameters for model validation (H2-SOFC)

Parameter Value Unit
Anode inlet gas flow rate for | 50 SCCM
Cathode inlet gas flow rate 10 SCCM

Anode inlet gas composition H> (97%) + H20 (3%)

Cathode inlet gas composition | Air

Temperature 1123 K
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Table 6.3 Operation parameters for model validation (DC-SOFC)

Parameter Value | Unit
Distance between anode chamber and electrode, D, | 59 um
Cathode inlet gas flow rate 10 SCCM
Cathode gas composition Air
Temperature 1123 | K

Table 6.4 Model tuning parameters

Parameter Value | Unit

Cathode tortuosity 3

Anode tortuosity 3

H: exchange current density, iy, 1000 Am™?

O2 exchange current density ig, 400 Am™?

CO exchange current density, i:o 450 Am™?

H: charge transfer coefficient, ay, 0.5

CO charge transfer coefficient, acq 0.5

02 charge transfer coefficient, a,, 0.5

Equilibrium constant of Boudouard reaction | 6 X /s
1013
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Figure 6.2 Model validation for (a) H>-SOFC and (b) DC-SOFC

6.3.2 Effect of applied voltage

The effects of operating voltage on CA-SOEC electrolysis of H2O and its detailed

operation conditions are shown in Fig. 6.3 and Table 6.5, respectively.

Table 6.5 Operation parameters for operating potential effect study in DC-SOFC
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Parameter Value Unit

Operating voltage -0.1-0.7 |V

Cathode inlet gas flow rate | 100 SCCM

Cathode gas composition H>O

Temperature 1123 K

Fig. 6.3 shows that the CA-SOEC can work both on fuel cell mode and electrolysis
cell mode. When CA-SOEC is working at fuel cell mode, it generates electricity
spontaneously and its open circuit voltage is about 0.7 V. In such a fuel cell, water is
the oxidant, which is reduced to H> at cathode while carbon is oxidized at anode as
fuel. The high short current density of CA-SOEC (3000 A m™) also indicates that it

can generate hydrogen at a high rate even without any electrical power supplement.
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Figure 6.3 Effect of operating voltage on CA-SOEC performance at 1123K

Compared with conventional SOEC, CA-SOEC electrolysis not only operates at a
much lower voltage, but also realizes gas-electricity co-generation. The co-generation

is very attractive and enables SOEC to consume carbon for H> production at a high

efficiency and a low cost.
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It is also found that the molar fraction of CO at the anode outlet (Fig. 6.4) is very high
(almost close to 1) under different operating voltages and the molar fraction of the rest
gas (CO») is very low. On the other side (cathode), H» is generated by the electrolysis
of H>0 in cathode. CO and H; produced separately at two different electrodes of CA-
SOEC can be stored or mixed to produce syngas with any desired H>/CO ratio, which
can overcome the problem of syngas composition control in H2O/CO» co-electrolysis
by conventional SOEC. The easy control of syngas composition by CA-SOEC can
greatly facilitate subsequent processes of syngas for various chemical or fuel

generation.
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Figure 6.4 Effect of operating voltage on anode outlet CO molar fraction in CA-

SOEC at 1123K.

6.3.3 Effect of operating temperature

The effects of operating temperature on CA-SOEC performance are shown in Fig. 6.5

and Fig. 6.6. The detailed operation conditions are shown in Table 6.6.

Table 6.6 Operation parameters for temperature effect study in DC-SOFC

Parameter Value Unit
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Operating voltage 0,02,04,06 |V

Cathode inlet gas flow rate | 100 SCCM

Cathode gas composition | H2O

Temperature 973 - 1203 K
1.0 5

1 ——0V
0.9 —= 02\

—~—06V

0.7;
06:
0.5-
04-
03:
&2;

- M
0.1

0.0% : . ]

| T . |
1000 1050 1100 1150 1200 1250
Operating temperature (K)

Cathode outlet H, molar fraction

Figure 6.5 Effect of temperature on CA-SOEC cathode outlet H> molar faction at

different operating voltages.
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Figure 6.6 Effect of operating temperature on anode outlet CO molar fraction in CA-

SOEC at 0V and 0.2V operating voltages.

It is found that the H> molar fraction at the cathode outlet of CA-SOEC increases
significantly with increasing temperature at a low operating voltage such as 0.2V or
OV. However, the H> molar fraction only increases slightly at a higher operating
voltage, i.e. 0.4V and 0.6V. This phenomenon is due to the temperature-dependence
of the electrochemical/chemical reaction kinetics and the ionic conductivity. The
increased temperature can increase the electrochemical reaction kinetics, ionic
conductivity, and the Boudouard reaction rate. As a higher rate of Boudouard reaction
can produce more CO, it can increase the anode partial equilibrium potential thus
increase the current density at a given operating voltage. In addition, the concentration
overpotential is very significant when the current density is high, especially when the
gas concentration at the TPB is close to zero. The higher CO concentration can
significantly enlarge the limiting current density, thus significantly improve the
performance of CA-SOEC at a high current density (or low operating voltage). When
the operating voltage is close to 0, the H> molar fraction at the cathode outlet can reach
almost 100%. Under this condition, the CA-SOEC is actually an electrochemical
reactor, producing H> and CO at the two electrodes without generating or consuming
electricity. For comparison, in the conventional chemical reactors based on reforming
reaction to convert carbon or hydrocarbon fuels for syngas production, both H and
CO are produced in the same reactor and it is usually difficult to control the gas
composition. In the proposed CA-SOEC, it is feasible to collect pure H, from CA-
SOEC at a reasonably high temperature and the CO molar fraction at the anode outlet
can also be kept at a high level as shown in Fig. 6.6. The overall benefits resulted by
higher temperature is a higher output current density (at a given voltage) and a higher
anode outlet CO molar fraction as well. To this end, it indicates that CA-SOEC has a

great potential for electricity and syngas cogeneration at high temperature.

6.3.4 Effect of gas flow rate at the cathode inlet

The gas flow rate at the cathode inlet is also varied to examine its effect on CA-SOEC

electrolysis of H>O at different applied potentials and temperature. This gas flow rate
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changes from 50 SCCM to 300 SCCM with different applied voltages and

temperatures. More detailed operation conditions can be seen in Table 6.7.

Table 6.7 Operation parameters for inlet H>O flow rate effect study in DC-SOFC

Parameter Value Unit

Operating voltage 0,0.2 A%

Cathode inlet gas flow rate | 50 — 300 SCCM

Cathode gas composition H>O

Temperature 1073, 1173 | K

Ahigher flow rate of the H>O leads to higher reactant concentration in the downstream,
which helps increase the cathode partial equilibrium potential and overall cell
performance. However, increasing higher cathode flow rate also brings the problem of
low reactant utilization as can be seen in Fig. 6.7: when the cathode flow rate is small,
almost 100% H>O can be converted to H» at high temperature (1173K) and OV voltage.
At lower temperature and higher operating voltage, the conversion ratio of H,O
decreases quickly. Therefore, a higher temperature is favored and the cathode flow
rated should be carefully considered as it is not only related with the reactant
utilization but also the extra pump work. The determination of the optimal flow rate

requires a detailed thermodynamic analysis.
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Figure 6.7 Effect of cathode inlet gas flow rate on outlet H> molar fraction at 1073K
and 1173K operating temperatures and 0V and 0.2V operating voltages.

6.3.5 Effect of distance between carbon and anode electrode

Since the source of CO for electricity generation is the Boudouard reaction between
carbon (from carbon chamber) and CO: (from electrochemical reaction in anode
electrode), the transport of CO from carbon chamber to anode TPB sites and CO; from
TPB sites to carbon chamber is crucial to cell performance. When the cell is placed in
a flatwise orientation, the distance between carbon surface and upside anode surface
becomes larger as carbon is continuously consumed. Even though the bottom of
carbon bed touches the anode, there is a distance between upside of carbon bed and
the upside anode surface. It is expected that the distance between carbon chamber and
anode electrode, noted as D.,, play an important role in the transport of CO and CO»,
which is discussed in this section from the simulated results in Fig. 6.8 and Fig. 6.9.

The detailed operation conditions are shown in Table 6.8.

Table 6.8 Operation parameters for D, effect study in DC-SOFC

Parameter Value Unit

Operating voltage 0 A"
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Distance between anode chamber and electrode, D, | 59 — 4559 pum

Cathode inlet gas flow rate 100 SCCM
Cathode gas composition HO
Temperature 1073 -1273 | K

As expected, the cathode outlet H» molar fraction of CA-SOEC increases with
decreasing D, (Fig. 6.8). Compared with low operating temperature, the performance
of CA-SOEC working at a high temperature has a much higher improvement with
decreasing D... This phenomenon is caused by both gas transport and electrochemical
reaction rate. Besides, a higher temperature ensures a high outlet H> molar fraction
even at larger D, conditions. As can be seen in Fig. 6.9, the molar fraction of CO at
anode outlet is very close in different D, conditions at high temperature. When D,
is very small (D., = 59um), the CO fraction in anode electrode is very close to 1. As
D, is increased, the transport of CO from carbon chamber to anode active sites (TPB)
becomes more difficult. Thus, the molar fraction of CO decreases in anode active sites

with the increase of D, especially at a low temperature (973K).
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Figure 6.8 Effect of operating temperature on cathode outlet H> molar fraction at

different D, situations.
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6.4 Conclusions

A multi-physics FEM model including electrochemical reactions, chemical reactions,
ion/electronic charge transport, mass transport and momentum transport is developed
to characterize the performance of a CA-SOEC. The model is validated by comparing

the simulation results with experimental date of Liu’s group.

It is found that the performance of CA-SOEC is highly dependent on the operating
temperature. At a higher temperature, CA-SOEC can co-generate electricity and CO
simultaneously in a more efficient way. For comparison, the performance of CA-
SOEC is greatly reduced at a low temperature due to the low Boudouard reaction rate.

Compared with conventional H2O/CO: co-electrolysis for syngas production, CA-
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SOEC is advantageous as H> and CO are produced at two different electrodes. The
separate generation of H, and CO allows easy control of syngas composition, which

is critical for subsequent chemical or fuel production.

It is also found that the performance of CA-SOEC is largely affected by the distance
between carbon chamber and anode electrode D... With the increase of D, the
performance of CA-SOEC decreases, demonstrating that a smaller D, is
recommended in the design of CA-SOEC in real applications for co-generation.
Another point that should be noted is the choice of cathode inlet gas flow rate by

considering the reactant utilization and pump work.

A new carbon deliver system need to be well designed for CA-SOEC’s continuous
operation. And the most efficient operation condition depends on the actual demand.
If only CO and H> is needed, a short current operating condition is recommended. If
both electricity and syngas are needed, then a more detailed energy/exergy analysis is

also needed in the future.
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CONCLUSION

Utilizing solid carbon in SOFCs not only improves the energy conversion efficiency
from chemical energy to electricity of the solid carbon, but also decreases the fuel cost
of the SOFC, which makes SOFCs more competitive in the market. This paper focused
on the detailed analysis of chemical/physical processes in DC-SOFCs through
validated numerical models. Experiments are also conducted to study the effects of
different gasification agents on the performance of DC-SOFCs. Moreover, the concept
of CA-SOEC is proposed to generate H, and CO at two different electrodes by
electrolyzing H>O.

1 Numerical models are developed for electricity and CO co-generation in DC-

SOFC

(1) D, is an important factor to the performance of DC-SOFC. A large D,
results in a low performance of DC-SOFC due to the limited transportation of
CO from carbon layer to anode.

(2) Operating temperature is another key factor to DC-SOFC’s performance. High
temperature facilitates both chemical reaction (carbon gasification) and
electrochemical reactions (fuel oxidation and oxygen reduction) as well as ion
transport through the dense electrolyte, which maintains the large molar
fraction of CO electrochemical reaction sites to get a better performance.

(3) The high molar fraction of CO at the outlet offer the promising potential for
electricity and CO co-generation in DC-SOFCs.

(4) The current density of DC-SOFC is found to slightly increase along the cell
length due to the generation of CO along the cell length, which is different
from SOFCs fed with H> fuel.

(5) The anode-supported DC-SOFC has a much better electrical power output than
that of an electrolyte-supported DC-SOFC. However, the anode-supported

configuration is not favorable for CO generation, especially at a large De..

2 Thermal effects in DC-SOFCs are investigated

(1) The operating potential has a great effect on the temperature distribution of the

cell. The small operating potential results in the high overall cell temperature
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(2) Most of the heat is generated from anode electrode, where heat generated from
entropy change is the majority part compared with other processes.

(3) Cathode inlet gas temperature plays an important role on the temperature
distribution of the cell. At high operating potential, cathode inlet gas functions
as the outer heat source and it works as the outer heat sink at low operating
potential.

(4) The temperature gradient increases quickly along the cell width with the

increase of D, due to the small thermal conductivity of the gas.

3 Experiments and numerical models are conducted to systematically study the

performance of the proposed new DC-SOFC with H20 gasification agent

(1) H20-assisted DC-SOFCs has a much higher fuel concentration in anode than
CO»-assisted DC-SOFCs.

(2) Coupled with faster electrochemical reaction kinetics by Ha fuel, using H>O as
agent significantly improves the performance of DC-SOFCs compared with
CO> agent.

(3) H2O-assisted DC-SOFC allows the operation at reduced operating
temperature.

(4) Ahigh anode inlet gas flow rate is not necessary for DC-SOFCs.

4 The effects of catalytical in-situ steam-carbon gasification on the performance

of DC-SOFC:s are studied.

(1) In-situ catalytic steam-carbon gasification largely increases the gas fuel
production rate and significantly improves the performance of the DC-SOFC.

(2) The high fuel percentage in anode outlet gas can be obtained.

(3) The mole fraction of H> and CO in the outlet gas can be adjusted by controlling
the inlet gas flow rate.

(4) The operating temperature significantly affects the fuel composition in outlet
gas, and it is possible for fuel and electricity co-generation in DC-SOFC at

high temperature.

5 Models are developed for syngas generation by H20 electrolysis in a CA-SOEC.

(1) At high temperatures, the CA-SOEC can co-generate electricity and CO

simultaneously.
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(2) In CA-SOEC, H: and CO are produced at two different electrodes, which
allows easy control of syngas composition.

(3) The performance of CA-SOEC is largely affected by D... A smaller D, is
recommended in the design of DC-SOFEC in real applications for co-

generation.

Future Work

Based on the work in this paper, there are still several studied to be conducted in the

future:;

1. Develop models for the study of thermal effects of DC-SOFCs with H20
as gasification agent.
The thermal effects related to detailed temperature distribution are not
considered in the previous numerical model of DC-SOFCs with H,O as
gasification agent due to the small size of the cell. In the future, the model
should be extended to a larger size and related parametric studies should be

conducted.

2. Thermodynamic efficiency analysis of DC-SOFCs with H20 as
gasification agent.
With in-situ steam gasification reaction, the heat released from SOFC can be
utilized by chemical reactions in the anode. The efficiency of DC-SOFC can
thus be significantly higher than SOFC. Therefore, it is very important to

develop numerical models for its thermodynamic analysis.

3. Syngas production characteristics of CA-SOECs with H20 as gasification
agent.
In the CA-SOEC:s for steam electrolysis, H> can be generated in the cathode
while both Hz and CO are generated in the anode. Therefore, a higher H> ratio
can hopefully be obtained in the syngas of SOEC outlet. Furthermore, most of
H: in the outlet syngas is separated, which means the ratio of H> to CO can be

more flexibly adjusted in CA-SOECs compared with HO and CO co-
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electrolysis in SOEC:s. It is very meaningful to develop such numerical models

for the study of flexible syngas generation in CA-SOECs.
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