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Abstract

A detailed mechanistic model for solid oxide electrolyte direct carbon fuel cell (SO-
DCFC) is developed while considering the thermo-chemical and electrochemical
elementary reactions in both the carbon bed and the SOFC, as well as the meso-scale
transport processes within the carbon bed and the SOFC electrode porous structures. The
model is validated using data from a fixed bed carbon gasification experiment and the

SO-DCFC performance testing experiments carried out using different carrier gases and
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at various temperatures. The analyses of the experimental and modeling results indicate
the strong influence of the carrier gas on the cell performance. The coupling between
carbon gasification and electrochemical oxidation on the SO-DCFC performance that
results in an unusual transition zone in the cell polarization curve was predicted by the
model, and analyzed in detail at the elementary reaction level. We conclude that the
carbon bed physical properties such as the bed height, char conversion ratio and fuel
utilization, as well as the temperature significantly limit the performance of the SO-

DCFC.

Key words: solid oxide electrolyte; direct carbon fuel cell; elementary reaction;

modeling; heterogeneous chemistry

1. Introduction

Direct carbon fuel cells (DCFCs) have been examined both theoretically and
experimentally recently by in a number of research centers and laboratories because of
their potential as power sources in portable and stationary systems. DCFCs are generally
divided into two main categories [1, 2]: (1) Direct carbon fuel cells based on high
temperature, solid oxide electrolyte fuel cells (SOFCs), using a molten metal (tin) at the
anode, also known as liquid tin anode SOFCs (LTA-SOFC); (2) direct carbon fuel cells
based on high temperature, solid oxide electrolyte fuel cells (SO-DCFC) or molten

carbonate fuel cells (MCFCs), using a mixture of molten carbonates at the anode.

This work is focuses on the solid oxide electrolyte direct carbon fuel cells (SO-DCFC)
which are capable of conversing chemical energy in the solid carbon fuel into electricity.

These offer a number of advantages over the traditional carbon conversion technologies



as well as alternative DCFCs such as: the abundance of the fuel source, high theoretical
efficiency, high CO, emission reduction potential, relatively higher reaction activity
ascribed to its high operating temperatures, and avoidance of liquid electrolyte
consumption, leakage and corrosion [3]. Due to these advantages, some researchers have
investigated DFFCs for application in large-scale power plants [4, 5] considering their

potential merits for high efficiency and emission reduction.

SO-DCFC performance improvement relies on optimal electrochemical reactions,
carbon gasification and mass transport processes. Since experimental studies on SO-
DCFC are rather complex, expensive, and time-consuming, comprehensive mathematical
models are essential for the technology development. A validated mechanistic model
would offer means to gain insight into the complex physical phenomena governing fthe
uel cell performance that is not readily accessible experimentally, and it can also be

useful tool for cell design and operating condition optimization.

Modeling and experimental studies of SO-DCFCs have been reported recently by
several researchers [6-9]. Numerous SOFC models considering the intricate
interdependency among ionic and electronic conduction, gas transport phenomena, and
electrochemical processes have been reported in the literatures for pure hydrogen, syngas
or methane [10-20]. Hecht et al. [21] further reported a multi-step heterogeneous
elementary reaction mechanism for CH, reforming using Ni as catalyst. Janardhanan et al.
[22] developed an extended version of the mechanism evaluated for temperatures
between 220°C and 1700°C. We also developed a transient elementary reaction model
coupled with anodic elementary heterogeneous reactions (adsorption/desorption and

water-gas-shift reactions) and electrochemical kinetics for syngas operation (mixtures of



H,, H,O, CO, CO, and Ny) based on an anode supported button cell [3]. For the full
DCFC modeling, Liu et al [23] developed a comprehensive model of molten carbonate
DCFC (MC-DCFC) by considering global electrochemical kinetics, mass and charge
balance. Li et al. [24] further improved this model, and took into consideration both the
anodic electrochemical reaction mechanism and the effects of carbon fuel micro-
structures. The anodic reaction mechanisms with carbon black and graphite fuels were

discussed further.

Zhao et al. [25] developed the SO-DCFC model with carbon fuel from CH, cracking.
The model considered the global carbon gasification reactions, and analyzed the effect of
exchange current density and the anodic CO diffusion coefficients on the cell
performance. However, the simulation results were not experimentally validated, and the
detailed carbon gasification kinetics and the diffusion processes within the carbon bed

were not considered.

From the discussions above, it is clear that most of the kinetic modeling studies on
SO-DCFCs have focused on the fuel cell reaction kinetics, while detailed mechanistic
models coupling the carbon fuel bed and fuel cell reactions and transport processes are
rarely reported. In order to obtain the requisite insight into this coupling and to enable
the optimization of the overall performance of the fuel cell system, it is essential to
develop a combined mechanistic model based on the carbon gasification mechanism and
the SOFCs anode mechanism. Furthermore, for a given mathematical model, most of the
model parameters are determined from previous experiments or from the literature, some

are adjusted to ensure good agreement between the model results and the new



experimental data. In order to ensure model reliability, both comprehensive experimental

tests and model validations are needed.

In this paper, a comprehensive elementary reaction mechanism for the SO-DCFC is
developed by coupling the electrochemical reactions, charge transport and mass transport
processes within the SOFC and the thermo-chemistry of the carbon bed. The model is
validated using experimental data obtained for simple carbon bed gasification setup as
well as for the SO-DCFC testing setup with different anode carrier gases and at various
carbon bed temperatures. The effects of the operating temperatures, carrier gas
composition and carbon bed properties on the SO-DCFC performances are systematically

investigated.

2. Experiment
2.1 SOFC button cell structure and fabrication

A Ni/Yttria-stabilized zirconia (YSZ) cermet electrode was used in SOFC button cells
that were fabricated by the Shanghai Institute of Ceramics, Chinese Academy of Sciences
(SICCAS) [26]. It consisted of a Ni/YSZ anode support layer (680um), a Ni/ScSZ anode
active interlayer (15um), a ScSZ electrolyte layer (20pum), and a lanthanum strontium
manganate (LSM)/ScSZ cathode layer (15um). The diameter of the cathode was 1.3 cm
and the diameters of all other layers were 2.6 cm. Before testing, silver paste was

deposited on the anode and the cathode surfaces by screen-printing for current collection.

2.2 DCFC testing setup and apparatus
The single carbon bed setup is illustrated in Fig. 1 [26]. A quartz tube loaded with

carbon fuel is formed as fixed bed and embedded in another quartz tube taht is heated in a



furnace keeping stable at the working temperature. CO; flows into the tube through the

inlet. For more detailed description see ref. [22].

The SO-DCFC system experimental setup plus the carbon bed are shown in Fig. 2 (a)
[26]. The button cell is located at the end of two coaxial alumina tubes and is impacted by
an alumina plate which is strained by springs. The Pt mesh is used as the cathode current
collector and is fixed to the porous cathode with silver paste screen-printed on the surface.
The oxidant flows into the inner tube to the cathode and passes through the porous Pt
mesh. A Ni felt (thickness 2 mm) is fixed to the anode support layer with silver paste to
collect anode current. The carrier gases are introduced to the inlet of the carbon bed
which is surrounded by an alumina tube. Due to the porous structure of foamed Ni felt,
the anode gases can reach the anode easily. For both the anode and the cathode, Pt wires
are used as voltage and current probes. A glass ring is used as sealant to separate the
anode gas and cathode gas. The impacted alumina plate with a through-hole of the same
diameter of the cell cathode is used to strain the carbon bed. The layout of the carbon bed
is exhibited in Fig. 2 (b). A ring Ni felt is used for auxiliary current collection. The

carbon bed is loaded in the middle of cell anode and a thick Ni felt at the bottom.

All of the devices are enclosed in one quartz tube and heated by a furnace to the
operational temperature. Pure H, is passed through the chamber for 1 h to fully reduce the
anode at a flow rate of 50 sccm (Standard Cubic Centimeter per Minute). Then, two kinds
of carrier gases, with different flow rates and at various temperatures are introduced into
the system. All the carbon fuel used is amorphous carbon black (Black Pearls 2000, GP-
3848, Cabot Company), the particle diameter of which is ranged in 150 to 200 um after

grinding and screening.



Fig. 1 Single carbon bed experimental system for carbon reaction kinetics
Fig. 2 Experimental setup of SO-DCFC system

2.3 Carbon bed gasification experiments

Fig. 1 describes the carbon gasification experimental setup. Argon carrier gas with
flow rate of 100 sccm is used to purge the gas chamber for one hour. The carbon bed is
then heated at a rate of 30°C min™ under the inert Ar atmosphere. Next, CO, with flow
rate at 40 sccm is introduced into the bed while the bed temperature is kept at 900, 925 or
950°C. The gaseous product compositions are determined using Gas Chromatography. In
practice, the gas produced via bed gasification is sampled every 3 minutes. The total mass
of the gas is obtained using Simpson Integral Law. The carbon conversion ratio Xc
defined as the net removal of the solid carbon from the bed carbon through gasification is

calculated by the following expression:

Xc=—2 (1)

where m is the total mass of carbon in CO gas and m, stands for the overall mass of

initial carbon fuel.

2.4 SO-DCFC performance characterization

The SO-DCFC is experimentally tested in different gaseous atmospheres at various
temperatures for the carbon bed and the fuel cell. The cell polarization curves are
measured using a four-probe method with an electrochemical workstation (IM6ex,
Zahner-GmbH, Germany). The SO-DCFC is kept at OCV condition for 30 minutes

before the polarization curve was measured. First, the carbon bed is packed with 50 mg



Black Pearls. CO, or Ar gas with different flow rates (40sccm Ar, Osccm Ar and 40sccm
COy) is introduced to the inlet of the carbon bed inlet, and air with flow rate at 100sccm
is introduced to the cathode. Polarization curves are measured at 800°C for both the
carbon bed and fuel cell. Second, 300 mg Black Pearls are loaded in the carbon bed and
the fuel cell setup is heated up to 850°C. 50 sccm CO, is flown into the bed and 100 sccm
O, into the cathode chamber. Then, the polarization curves are obtained at bed

temperatures of 800, 850, 900 and 950°C.

3. Model development
3.1 Model assumptions and geometry

The following assumptions are made:

(1) The gases are ideal gases;

(2) The temperature within the cell and the carbon bed is uniform. All parameters
are evaluated at the given temperature;

(3) The electrochemical mechanism and the carbon gasification mechanism are
modeled using a set of elementary reactions that represent chemical reactivity
at the molecular scale;

(4) The charge transfer reactions take place at the three phase boundary (TPB) as
CON)+0O* (¥YS4)1l CO,(Ni)+(Y$8Z) +2e ;
(5) The microstructures of the electrodes are stable and homogeneous during the

experiment. The distributions of the two conducting phases (electronic and

ionic) in the electrodes are uniform.



A one-dimensional (1D) geometry for SO-DCFC is also assumed for the domains and
the boundaries labeled in Fig. 3. A 1D model is developed for the SO-DCFC with the

above assumptions and simplified model geometry.

Fig. 3 SO-DCFC model calculation domains and boundaries

3.2 Governing equations

3.2.1. Carbon gasification mechanism in the carbon bed and the SOFCs anode
mechanism

The carbon gasification mechanism used in this paper is summarized and reduced
from the reported carbon gasification reaction mechanisms in the published literature [27,

28]. The detailed reaction parameters are shown in table 1.

Table 1Reduced heterogeneous reaction mechanism for carbon gasification and

mechanism on the Ni-based catalysts

A simplified heterogeneous SOFCs anodic reactions mechanism described in the work
of Hecht et al. [29], Janardhanan and Deutschmann [30] and Zhu and Kee [31] is applied.
Elementary reactions and the corresponding kinetic parameters are also listed in Table 1.
The net molar production rate of gaseous or surface species in a heterogeneous reaction
and the reaction rate of each elementary reaction can be explained by mass action kinetics

formulations as described in detail in our previous studies [26].

3.2.2 Equations for the carbon gasification process

The overall carbon gasification reaction is given as C +CO, =2CO, which can be

modeled using a seven elementary reaction mechanism, as showed in Table 1. The



gasification mechanism vyields the following expression for the net rate of carbon atom

removal from the bulk carbon, Ric [32] (in unit of kg m-? s™):
Ric=M{k,[O(C)]+k;[CO][O(C)]+k,, [CO(C)]-k, [C:][COT} (2)
where M. is the mole weight of carbon.

The carbon conversion ratio x_ satisfies the following differential equation [32]:
-————=————=S,Ric 3)

S is the specific surface area of the char in unit of m? kg™*[32]:

SgC :Sgc, 0«/1— /8 In (1-Xc) (4)
where  is the structural parameter of the solid carbon fuel. The higher the value of

y , the greater the micro-porosity of the char. The overall net molar reaction rates of CO
and CO; according to the mechanism are:

Reo =k [CO,][C; ]-k, [O(C)]+k,[O(C)]+2k,[CO,][O(C)]

K4 [C,[COJ#k, [CO(C)I 4 [CO(C)CO] ©)

Reo: = —k11[CO2][Ci]+ ku[O(C)][CO] - k{O(C)][CO:] + ke[CO][CO(C)] (6)

Adsorbed species concentrations change due to the combined effect of the chemical
reaction and the evolution of the surface area of the carbonaceous fuel. Accounting for
these changes, the evolution in O(C) and CO(C) concentrations are described in the

equations below [28]

10



d[o(C)]
dt

={k;; [Cr][CO, ]k, [COI[O(C)]-k,[O(C)I}+A[O(C)IRic (")

% =[{k,[Cr][CO]-k,,[CO(C)],[COI[CO(C) H+AICO(C)IRic]  (8)

where A= SSQC*O[ S —ZJ , [C, 1= Gsies —[O(C)]-[CO(C)]

2
gC S gC,0 2

and csies 1S the surface carbon site concentration.

For the carbon bed, the gas phase mass conservation coupled with the Darcy’s law

gives [33]:
a(pg) —gC e coOnCo co2Cor 9
po + VIpu—S, VM(g+(1-g)gp)(M Rco+ Mco:Reon) 9)
u=—2vp (10)
n

where « is the permeability of the carbon bed, 7 is the gas dynamic viscosity and p is the

gas density, sand & are the bed and carbon particle porosities, respectively.

At the anode surface, the current density is expressed as isuwt . According to the
electrochemical reaction, the flux of CO or CO, equals toisust / (2F). Thus, the Darcy

velocity is:

u | , OZE(MCOZ —Mco)/p (11)

11



The transports of CO and CO, through the carbon bed are governed by the following

convection-diffusion-reaction equation [33]:

O(ce) me

RGE) | VD Vertcuy=S, R: 12
o ey e ey 12
&
Deff=—— Dco _co2 (13)
Thed

where ¢, , is the tortuosity of the carbon bed.

3.2.3. Equations for processes in SOFCs

Heterogeneous chemistry (Tabel 2 Egs. (14) - (19)) at the surface of the fuel cell
anode is used. The surface adsorbates are assumed to be uniformly distributed over the Ni
surface. The species molar production rates depend on the gaseous species concentration
and the surface species concentration, which are expressed by the coverage. The coverage

6, is the fraction of the surface active sites covered by the adsorbed species k. It is
assumed that the total number of surface active sites is conserved and the saturation

sorbent capacity is described by the maximum surface sites density I' [34]. The

uncovered Ni surface is treated as a dummy surface species.

Theoretical formulation and computational modeling of elementary charge-transfer
chemistry have been suggested by different researchers [35-39]. Here, the anode
electrochemical reactions were taken from the model of the patterned SOFC anode [40]

and validated by the polarization curves and EIS experimental results. CO charge transfer

pathway is considered in this study as CO(Ni)+O* (¥YSZ)[ CO,(Ni)+(YSZ)+2e .

12



Table 2 gives the electrode and electrolyte electrochemistry equations from Eq. (20) to

Eq. (37) and mass balance equations from Eq. (38) to Eq. (41).

Table 2 Summary of model equations for different processes in SO-DCFCs

3.3 Boundary conditions
According to the operation conditions and model simplifications, the boundary
conditions of the charge, mass and momentum balances’ partial differential equations are

listed in Table 3.

The boundary conditions “insulation” and *“continuity” indicate that the partial
derivative is zero or the flux of the variables is continuous at the boundary, respectively.

Ces_in @Nd ¢, ., In the table are the molar concentrations of gaseous species at the inlet

of the carbon bed and the cathode. “Pressure” P, stands for the ambient pressure

condition. At the interface of the anode and the carbon bed, the boundary conditions for
the surface species are “insulation”, which is different from the gaseous species. This is
because there is no surface species out of the anode. In addition, the gaseous species

exchange between the carbon bed and the fuel cell anode due to the electrochemical
reaction results in the flux at the corresponding interfaceq,, ='2i|:(Mco2 —Mco) . V,, is the

cell operation voltage in the calculation.

Table 3 Boundary conditions

13



3.4 Model parameters
The charge and mass balance equations from the model development section require

the effective reaction area, the TPB area and the TPB length. The parameter S___ can be

TPB
formulated using the percolation theory and the particle coordination number of the

binary random packing of spheres [41, 42, 43]. Similar to the calculation of S the

TPB !

parameter L., (TPB length) can also be calculated. Table 4 lists the porosity, mean pore

diameter, S, and S in each layer. The material conductivities and other parameters

TPB

are shown in Table 5 [26, 44, 45, 46].

Table 4 Pore structure parameters in porous electrode

Table 5 Properties and parameters for model calculation

3.5 Solution method

Model calculations are performed using the finite element commercial software
COMSOL MULTIPHYSICS®. The button cell performance is calculated at a given cell
voltage. The average current density at a given cell voltage is derived from the local ionic
current density in the electrolyte layer. A complete polarization curve is generated by

setting different cell voltages.

4. Results and discussion
4.1. Model calibration and validation
The mechanistic model of the SOFC operating on gaseous fuels has been validated in

our previous work [22]. The predicted and experimental polarization curves for various

14



CO/CO, mixtures at 750/800/850°C were obtained. The predicted polarization curves
agree well with the experimental data at 800°C with 10% CO, 90% CO, and 40% CO, 60%
COg, which are the base cases for model calibration. For more detailed description of the

calibration and validation see ref. 22.

Table 1 shows the kinetic data of the seven elementary reactions of the carbon
gasification mechanism for the Black Pearls 2000 used in this paper. In order to verify the
kinetic data from Lee et al. [32], a single bed carbon gasification experiment was

conducted.

Fig. 4 Char conversion ratio to time at 900/925/950°C both for experiments and

simulation

The experimental and simulation results shown in Fig. 4 indicate that the modeling
results (solid lines) agree well with the experimental data. Thus, the carbon gasification
mechanism is applicable to the carbon fuel used in this study. In addition, it is clear that

the carbon gasification rate increases as the bed temperature is raised.

4.2 The effects of the anode carrier gas on the SO-DCFC performance

Fig. 5 shows the experimental and simulated polarization curves with Ar and CO, as
carrier gases at different flow rates. The simulation results generally fit the experimental
data well, especially for predicting the anomalous curve shape at 0 sccm Ar flow rate (no
argon gas input while almost completely argon throughout the carbon bed for the initial
condition) at 800°C. Moreover, the corresponding experimental power density of the fuel
cell are measured and plotted as function of the current density in Fig. 6.

15



Fig. 5 I-V curves at different anode gaseous conditions

Fig. 6 Experimental power density curves at different anode gaseous conditions

When the gas at the carbon bed inlet is pure CO, flowing at the rate of 40 sccm, the
limiting current density is around twice as that in an Ar atmosphere flowing at the same
flow rate. The CO, rich atmosphere can promote the CO production reaction via the
Boudouard reaction, which raises the electrochemical reaction rate. On the other hand,
when the anode chamber is flooded with Ar, the cell performance is severely limited,
especially when the anode is purged at a high Ar flow rate (e.g. 40sccm in the

experiment).

Another interesting phenomenon is that there exists a current density sluggish period
(the “S” shaped curve for the Osccm Ar inlet condition in Fig. 5 and Fig. 8&9) in which
the cell current density remains nearly the same while the cell voltage falls. The “S”
shaped curve reflects the coupling between the solid carbon gasification reactions and the
cell electrochemical reactions at the conditions where the consumption, production and

diffusion of CO; in the whole system play important roles.

Fig. 7 Distributions of CO and CO, throughout the SO-DCFC system

Fig. 8 Net production and consumption of CO, in the SO-DCFC

Fig. 9 Averaged concentration variation of CO and CO; in both carbon bed and fuel

cell

16



In order to explore this coupling in more detail, Fig. 7, Fig. 8 and Fig. 9 show the
modeling results at the same anode conditions: Osccm Ar flows at 800°C. All plots are
obtained for the same polarization process as in Fig. 5. Fig. 7 shows that the gradients of
CO or CO, concentration in the cell anode are much larger than those in the carbon bed,
indicating that the CO production rate by carbon gasification reaction is slower than its
consumption by the electrochemical oxidation reaction. CO diffuses from the carbon bed
where it is produced to the cell anode where it is consumed . Fig. 8 shows that the CO,
production at the anode and consumption at the carbon fit similar “S” shapes to that of
the current density. Fig. 9 shows the gaseous species concentration evolution, also

exhibiting the “S” shaped polarization curve.

From 125 s to 225 s, the current density exhibits a transition that corresponds to
the “S” shaped part of the polarization curve for zero Ar flow. We call this time period as
the “transition zone”. Before the transition zone, that is at lower current, CO accumulated
during the heat-up period is quickly consumed by the electrochemical oxidation reaction
resulting in a peak of CO, concentration in the fuel cell followed by a peak in the carbon
bed. The rising dashline shows the delay associated with CO, diffusion from the cell to
the carbon bed and the difference between CO, reaction rates in the carbon bed and the
fuel cell. During the transition period, CO, concentration in the fuel cell anode begins to
drop because of the growing CO, diffusion rate and the receding CO, production rate,
caused by the drop in the CO concentration that limits the electrochemical oxidation
reactions. Meanwhile, CO, in the carbon bed gradually accumulates, which is shown on
the right-hand side of the second (descending) arrow following the transition zone. This

analysis demonstrates that the gas transport between the carbon bed and the fuel cell

17



impacts the cell performance, limiting the fuel supply to the anode at intermodeiate

currents.

Furthermore, according to Fig. 6, the experimental maximum power density is around
274W m™ which occurs in the “transition zone” at 0 sccm Ar primarily due to the
coupling between the gasification and electrochemistry via CO-CO, transport between
the carbon bed and the anode, as described above. The peak power density occurs in the
condition of “0 sccm argon” which, however, is followed by a drastic decline in the cell
performance as the current increases slightly. Thus, according to the experimental data, it

is better to operate with CO, as the anode carrier.

4.3 The effects of the carbon bed temperature

The carbon bed temperature has multiple effects on the cell performance. Fig. 10
depicts the experimental and predicted polarization curves at different carbon bed
temperatures described in part 2.4 in detail. The modeling results match the experimental
data. Both of the experimental and simulated data suggest that, as the carbon bed
operational temperature increases, the cell performance improves and the open circuit
voltage increases. A higher carbon bed temperature results in higher carbon gasification
rate, and thus more CO is produced for the electrochemical reaction. Moreover, it can be
seen that the SO-DCFC performance is limited by the relatively low reaction rate of
carbon gasification. Although the cell can operate on CO at 800°C, under gasification
conditions, the impact of the gas diffusion on polarization results in the low CO

concentration at the cell anode.

Fig. 10 Polarization curves for different carbon bed temperature

18



A sensitivity analysis was conducted to evaluate the impact of the gasification
elementary reactions on the maximum power density when artificially increasing or
reducing the gasification rate by 20 percent. The temperature is fixed at 800°C, and 40

sccm CO;, flows into the carbon bed. Fig. 11 shows the modeling results, which indicate
that the elementary reactions RR.1 CO.+CrH @ﬁ] CO+0(C) and RR.2

Cv+O(C)——>CO+C: are the primary limiting elementary reaction steps for carbon

gasification . Fig. 12 further shows the elementary reaction rates of RR.1 and RR.2 in the
carbon bed at 800°C and 900°C, suggesting faster rates for these two elementary reactions
at higher temperature. In summary, the results from Fig. 11&12 indicate that the better
overall performance of the cell at higher temperature can be ascribed to the higher carbon

gasification reaction rates of the two elementary reactions of RR.1 and RR.2.

Fig. 11 Relative change of P, for the sensitivity analysis of carbon gasification

elementary reactions.

Fig. 12 Elementary reaction rates of RR.1 and RR.2 in carbon bed at 800°C and

900°C

Fig. 13 shows the CO, concentration distribution along the carbon bed and the fuel
cell anode. Since the CO produced by gasification in the carbon bed diffuses towards
both ends — the bed inlet and the fuel cell anode -, the CO concentration plots show
convex shapes. The corresponding concave distribution of CO, leads to the carbon
gasification reaction shown in Fig. 12 for the two key elementary reaction steps RR.1 and

RR.2.

19



Fig. 13 Concentration distributions of CO, and adsorbed oxygen species O(C) at

800°C and 900°C

Moreover, the surface concentration of adsorbed oxygen species O(C), which is an
important intermediate species for carbon gasification in reaction RR.1 and RR.2 is
shown in Fig. 13. It is clear that the O(C) surface concentration has the same trend as the
two reaction rates, which implies the dominatant roles of reaction RR.1 and RR.2 for

carbon gasification processes.

4.4 The effects of the fuel cell working voltages and the carbon bed geometry

Fig. 14 Power density P and carbon utilization 7ear curves for different cell work

voltages

Fig.14 depicts the modeling results for the cell power density and carbon utilization at
different operating voltages (90%, 80%, 60% 50% and 40% of the OCV are selected) at
800°C with 40 sccm CO, as the anode carrier gas. Here, the carbon utilization is defined
by the following expression:

Uy / (4F) (43)
B J-(I/Z)RcoDangc "

Thehar
H
Where 1, is the bed radius, isuf is the current density at the interface between bed and cell

anode, Rco is the net production rate of CO in the carbon bed. The numerator in the
expression stands for the equivalent consumption of carbon per unit time purely due to

the electrochemical reaction co(niy+0* (¥sz)0  CO,(Ni)+(¥52)+2e” at the interface of

carbon bed and cell anode, while the denominator is the total equivalent carbon

20



consumption per unit time in carbon bed. Specifically, according to the Boudouard

ReactionCO, + C =2CO, the net rate of carbon consumption equals to half of the net

production rate of CO, resulting in the net production of CO per unit bed height and per

1/ 2)RcolmSec

unit time expressed as . Thus the total net production rate of CO is

1/ 2)RcolmSgc

obtained by integrating along the carbon bed height showed as the

denominator in the expression of carbon utilization above.

Fig.14 indicates that when the cell voltage is lower, at around 60% of OCV, the output
power density P is close to the maximum value. Moreover, the effect of the intrinsic
carbon bed properties, such as the carbon conversion and the carbon utilization (averaged
over the carbon bed) on the performance are also important. Fig. 15 reveals the
relationship between the carbon conversion and carbon utilization. It shows that the
carbon utilization stays almost the same while the conversion increases up to 0.65 and
then sharply rises resulting mainly from the fast consumption of the carbon bed.
Analyzing the data presented in Fig. 14 and Fig. 15, we conclude that the optimized
working condition for the SO-DCFC is 60% of OCV, corresponding to an averaged
carbon conversion of 0.65, which is the limit before the carbon bed replinshed. This
operating condition ensures that the fuel cell is at a relatively stable working environment
with a steady power density of about 190W m™ and carbon utilization of some 30% and

at a relatively high output voltage of 60% OCV.

Fig. 15 The relationship between carbon utilization eta«.r and conversion X_
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The carbon bed height is another key parameter, when the radius of the bed is fixed at
the same value as the cell cathode. The working voltage of fuel cell is set to 60% of the
OCV, which is the optimized condition described above, while the bed height is arranged

between 0.001m to 0.1m, as illustrated in Fig. 16.

Fig. 16 Power density and carbon utilization degree for different carbon bed heights

Fig. 16 shows that a higher carbon bed height ensures higher carbon utilization, and
improves the power density. However, it should be noted that these two parameters do
not continue to increase beyond a certain bed height (e.g. larger than 0.1 m for the present
conditions). In fact, the cell performance is limited by both the carbon bed height and the
carbon utilization. With increasing of the bed height, more CO is supplied to the anode
hence raising the power density. When the carbon bed is high enough, the cell
performance is not be limited by the CO production rate anymore but mainly by the
electrochemical reaction rate. At the same time, the carbon utilization basically stays

constant or even falls down.

5. Conclusion

A mechanistic SO-DCFC model is developed by considering the thermochemical and
electrochemical elementary reactions in both the carbon bed and the SOFC, as well as the
transport processes within carbon bed and within SOFC electrode porous structures. The
model is validated using the data from both fixed bed carbon gasification experiments
and the SO-DCFC performance tests carried out with different carrier gases and at
various temperatures. The analyses of the experimental and the modeling results show the
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strong influence of the carrier gases on the cell performance. Namely, a higher CO, flow
rate at the carbon bed inlet contributes to a better cell performance with the maximum
power density of nearly 213 W m™ at temperature of 800°C. On the other hand, higher
argon flow rate results in worse cell performance with the maximum power density of

nearly 274 W m at the same temperature.

The coupling of the carbon fuel gasification and the electrochemical oxidation on the
SO-DCFC performance which result in a transition zone of the cell polarization curve
was predicted and analyzed at the elementary reaction level. The elementary reactions of
RR.1 and RR.2 are found to be of key importance for the carbon gasification process.
According to the numerical simulation, higher temperature leads to faster reaction rates
of the two key elementary reactions RR.1 and RR.2 providing more CO for the
electrochemical reaction in the anode. As a consequence, higher bed temperature enables

better cell performance.

In addition, it is shown that the carbon bed physical properties such as bed height, char
conversion as well as the temperature are closely related to the cell performance. Higher
carbon bed height benefits the output power density and ensures larger carbon utilization

until it reaches a saturation value (e.g. 0.1m for the current simulative situation).
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Nomenclature

o

o >

O O

Csites

0(C)
CO(C)

o O

pre-exponential factor in sticking coefficient expression
pre-exponential factor (in terms of cm, mol and s)
temperature exponent in sticking coefficientexpression
concentration (mol m )

bulk carbon atom
surface carbon site concentration (mol m?)

free carbon site
adsorbed oxygen atom species on carbon site
adsorbed carbon monoxide species on carbon site
specific double-layer capacitance (F m 9)
activation energy in sticking coefficient expression (Jmol )
diffusion coefficient (m”s %)
activation energy (kJ mol )
parameter in Eq. (37) (130 kmol )
carbon utilization degree
Faraday constant (96,485 C mol %)
exchange current density (Am ?)
current density at the interface of carbon bed and cell anode

volumetric Faradaic current (Am )

species of j adsorbed on the surface of Ni
reaction rate constant (in terms of m, mol and )
number of species

molecular weight (kg mol )

N temperature exponent fraction number of electronic or ionic conductor

n

e

=]

Q UV © =2

number of electrons participating in the reaction

total number of particles per unit volume

numiber of the reactions

pressure (Pa)

whole range connection probabilities of same kinds of particles

source term of charge balance eguations (A m °)
mean radius of the electronic conductor particle (m)
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gas constant (8.314 J mol* K
c net rate of the removal of the carbon atoms from the bulk carbon (kg m?s™)

A 0

Ri source term of mass balance equations (kg m *s )
s molar production rate (mol m s %)

s° initial sticking coefficient

S effective reaction area per unit volume (m? m °)

Sic gpecific surface area of the activated carbon (m?kg?)
Seco initial specific surface area of the activated carbon (m kg
S Ni active surface area per unit volume (m?m %)
Sste TPBactivearea perunitvolume (2 m 9)

u velocity of gaseous spedies (m's*)

Voed volume of carbon bed

V.V

1Yk diffusion volume
W molecular weight of the gas-phase species in sticking coefficient reaction (kg mol ™)

c carbon conversion ratio
X molar fraction of gas-phase species K
yA coordination number
Greek letters
o transfer coefficient
B tuning parameter (€2 *m?)
Y parameter modeling the rate constant from sticking coefficient
r surface sites density (mol m 9)
& pporosity
& parameter modeling the species coverage
&p carbon particle porosity
U ovempotential (V)
K permeability (ms™)
0

contact angle between the electronic and ionic conductors particles (rad)
surface coverage of species K

Ky parameter modeling the species coverage

4 stoichiometric coefficient
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conductivity (Sm )

tortuosity

species symbol

structural parameter of carbonaceous fuel

< N ™ Q

Subscripts
ac anode chamber

act active layer

an anode

ca cathode

ec electrochemical reactions

el electronic conductor particles
elec electronic

g gas-phase species

i reactions index

io ionic conductor particles
ion ionic

k species index

Kn Knudsen

OCV  opencircuit voltage

ref reference

S surface species

sp support layer

Superscripts

0 parameter at equilibrium conditions
bulk bulk phase

eff effective

TPB three-phase boundary
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Table 1Reduced heterogeneous reaction mechanism for carbon gasification and

mechanism on the Ni-based catalysts

Carbon gasification mechanism

Elementary reactions A " (kimo?)  E?(kJmol?)
RR.1f 5e-3 -- 185e3
+ +
RR.1r COr+CrH gl CO+O(C) 108 - 89.7¢3
RR.2 Co+O(C) ——> CO+Cs 1el3 28e3 375e3
RR.3 Cv+C024+0(C) —— 2CO+0(C) le-4 -- 58e3
RR.4f = 0.89 -- 148e3
RR.4r Cr-COH @j@ o) 1e13 53e3 455e3
RR.5 CO+CO(C)—— CO2+2Cs 1.01e7 -- 262e3
The heterogeneous reaction mechanism on the Ni-based catalysts
Adsorption and desorption reactions A® (cm, mol, s) 0 EC (kI mol)
R.1f . : le-2 -- 0
ﬂ
R.Lr O, +Ni(s)Ni() EfE O(s)+0(s) 4283623 -~ 47495
R.2f . le-5 -- 0
ﬂ
R.2r CO, *Ni(s)H 5 €O, () 6.447e7 - 25.98
R.3f 5e-1 -- 0
i 3.563el11 -- 111.27
R ar CO +Ni(s)H ) CO(s) L
Ocos) -50.0
Surface reactions
R.4f 5.2e23 -- 148.10
R.Ar C(s)+O(s)d @j@ CO(s)+Ni(s) 1.354e§2 -3 116.12
Ocos) -50.0
R 2e19 -- 123.6
- CO(s)+O(s)H i CO, (s)+Ni(s) Ocors,” 50.0
R.5r 4.563e23 -1 89.32

& Arrhenius parameters for the rate constants are written in the form: k = Alexp(~E / RT)
Y For k2 and kdr, the activated energy is fit to the normal distribution because the activated energy for

species in the two reactions is not the same all through the carbon surface sites:

o E. 1 (E-E,)?
k=] Aexp(——)d exp(— 2 )dE
J, Aexp(-—2) T o)

¢ Arrhenius parameters for the rate constants are written in the form: k = ATnexp(-E / RT)

d Coverage-dependent activation energy
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Table 2 Summary of model equations for different processes in SO-DCFCs

Processes Model equations
Anode Ni/YSZ electrode heterogeneous chemistry
Ky +K; Kg +K;
Gaseous adsorption-desorption reactions Y= D vire (14
k=1 k=1

Kg +Ks

N ’
Net molar production rates $o=> (v —vi)k [ e (25)
i=1 k=1

E- Kg+Ks c 0
Rate constant k. = AT" exp| ——— | I 94 exp| — 2Kk 16
i A p ( RT ) 1 k p ( RT j ( )

0
Rate constant of adsorption reactions Kk, :S—‘ RT_ an
r”\N2zw
KS
y=2va (19
k
SP=aT"exp _4 (19)
' ' RT
Electrode electrochemistry
Current source Q. =g calrps (20)

Length-specific current density i, .. = 2F (K Covsz)Ceo, (i) — kct,bCCO(Ni)CoZ' (YSZ)) (22)

nF
RT

Charge transfer reaction rate constants k. =k, exp(—(l— a)

nan] (22)

anF
kct,b = kgtb exp( R.el. Uan] (23)

Anode electrode overpotential Nan =Veteoan ~Vionan ~Viet.an  (24)
[
P D
o2 FLTPBC(OYSZ)C(C)OQ(M)
[
kcotb = 8,coz 0 (26)
2FLTPBCco(Ni)Coz'(YSZ)
- _ AGg,
Exchange current density loco, = Keo, EXP(= D@

Charge balance
Electrode charge balance equations V(-c""VV.)=Q (28)

lonic charge at the cathode electrode V[(—Uﬁfnf,posvvion,pos) = Qionpos (29)

. Con anF 1-a)nFn,
= _IO,caSTPB,ca {C(;jlk exp|: ;Tnca :l_ eXp _% (30)
02

Electronic charge at the cathode electrode VE(—G:eC,CaVVe,ecyca) = Quec.ca = ~Qion.ca (31)

eff

lonic charge at the anode electrode V(=050 20V Vignan) = Qion pos = Qan (32)
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Electronic charge at the anode electrode  VI{(=Giee anV Veree.an) = Qetec.an = ~Qan (33)
. ff
lonic charge at the electrolyte Vi(-o ii,n,e|ectm|yteVVion,aecthe) =0 (34)

Cathode local overpotential s = Veiecca — Vionca — Vierea  (35)

RT 02
Open circuit voltage (OCV) Voo = Eln[ Cg‘z j (36)
. ] PRT E 0, \0-25
Cathode exchange current densit I, = exp| ——= 2 37
g y 0,ca 4F p RT (pca ) ( )

Mass balance

Mass balance in a porous electrode £ g + V(—DEﬁVckyg ) =R, (38)
-1 at
o (ot e ®
Cathode Faraday’s law Ro, :% (40)
N+2 Kg+Ks+2

Gaseous and surface species R, =S -8, =S*"- > (vi —vi )k [1] ci (41)
k=1

i=1
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Table 3 Boundary conditions

Boundary I?]nic Ehlectronlc Mass balance Momentum balance
charge charge
a
B.C1 — — Cgas_in Pressure R,
B.C2 Insulation 0 Continuity for gaseous  Inward flux g,, /Insulation for
species surface species
B.C3 Continuity  Continuity Continuity Continuity
B.C4 Continuity Insulation Insulation Insulation
B.C5 Continuity Insulation Insulation Insulation
B.C6 Insulation v C Pressure P,

ca

gas_ca

% model geometric boundaries are labeled in Fig. 3
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Table 4 Pore structure parameters in porous electrode

Cell layer Porosity Meanpore  Srps(M*m”)  Lipg(mMm?®)  Sy(m*m?)
diameter(um)
Anode support 0.335 0.193 2.22e5 2.76e7 3.97e6
layer
Anode active 0.335 0.129 3.33e5 6.20e7 5.96e6
layer
Cathode layer 0.335 0.161 2.66e5 3.97e7 -
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Table 5 Properties and parameters for model calculation

Property and parameter Value or expression Unit
lonic conductivity (o)

Scsz 692F4exp(-9681T)  Sm*
YSz 334E4e(-10300T)  Sm*
Electronic conductivity (o, )

LSM A2E7Texp(-1150T)  Sm*
Ni 327E6-10653T  Sm*
Equivalentionic conductivity of eleciolye lyer (0 yrone ) B62ES5T2+0083T46343  sm’
Conoentration of oxygen interstitcl inthe YSZ(C _.. ys, ) 4454 molm?®
Concentration of oxygen vecancy inthe YSZ(C ;) 46583 molm?®
Maximum surface sites density (1) 26E5  molm®
Cathode tortuosity (7., ) 1o J—
Ni felt curent collector porosity 06° —

& Experimentally measured
® As received
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