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Abstract: The paper presents a mathematical model of a molten carbonate fuel cell with a catalyst
in the anode channel. The modeled system is fueled by methane. The system includes a model of
the steam reforming process occurring in the anode channel of the MCFC fuel cell and the model of
the cell itself. A reduced order model was used to describe the operation of the molten carbonate
fuel cell, whereas a kinetic model describes the methane steam reforming. The calculations of the
reforming were done in Aspen HYSYS software. Four values of the steam-to-carbon ratio (2.0, 2.5,
3.0, and 3.5) were used to analyze the performance of the reforming process. In the first phase, the
reaction kinetics model was based on data from the literature.

Keywords: MCFC; molten carbonate fuel cell; steam reforming

1. Introduction

The authors of the article have previously conducted work related to modeling the
reforming process. A mathematical model of a compact plate fin heat exchanger with
catalytic coating was presented in [1]. Four values of the steam-to-carbon ratio (2.0, 2.5,
3.0 and 3.5) were used to analyze the performance of the heat exchanger, which was
investigated in a temperature range of 500 to 750 °C. It was found that the relative prediction
error of the simulator did not exceed 3.5%.

The next step was to build a reformer that was more integrated with the fuel cell. In
the proposed solution, the reformer is placed inside the anode channel.

Zhang et al. [2] view fuel cells as promising devices for electrochemical energy con-
version, with their efficiency depending, to a great extent, on the efficiency of the oxygen
reduction reaction on the cathode side. Li et al. [3], in a study of conductive two-dimensional
M3;(C¢S303), monolayers as effective electrocatalysts for the oxygen reduction reaction,
emphasize that fuel cells are characterized by high conversion efficiency and low pollution.
The authors point out that the development of this technology is hampered by the inherent
sluggish kinetics of the oxygen reduction reaction on the cathode side. High temperature
fuel cells, i.e., MCFC and SOFC which operate typically in temperatures of over 600 °C,
have favorable conditions for the reforming of light hydrocarbons with nickel as a cata-
lyst [4]. McPhail et al. [4] note that carbon deposition and contaminant poisoning should be
scrutinized in terms of developing MCFC and SOFC. A study on fabricating MCFCs from
recycled electronic scrap and the impact of its resulting impurities on cell performance
is reported by Milewski et al. [5]. Fuel cells can be powered by various hydrocarbon
compounds, using steam reforming of the fuel to produce hydrogen. There are two types
of reforming: internal reforming and external reforming. Since internal reforming occurs
directly at the anode, the anode acts as both catalyst and electrode, so the hydrogen is
used in the electrochemical reaction of the fuel cell immediately after it is created [6-9].
The effectiveness of hydrogen production is limited by the geometry of the anode channel
and by the concentration and flow speed of gases (steam and hydrocarbon) in the anode
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channel. External reforming requires an independent steam reformer connected to the
installation before the anode channel. The geometry of the reformer can be optimized
to boost the efficiency of the reformer, and catalysts made of different materials can be
applied [10,11].

Methane is the most commonly selected hydrocarbon for research in high temperature
fuel cells [12-22], with more research being conducted on SOFC than MCFC. Other com-
pounds have been analyzed as well, particularly simple alcohols, glycerol and ethylene
glycol. Methanol is the simplest alcohol, containing only one carbon element; its reform-
ing occurs at around 200-300 °C, while sufficient steam-to-carbon ratio begins at 2:1 [23],
and its effectiveness depends strongly on the temperature and the catalyst applied [24].
Alcohols containing two or more carbon elements are not as easy to decay as methanol.
Ethanol requires higher temperatures and steam-to-carbon ratios starting from 650 °C,
while efficient steam-to-carbon ratios are above 2.8:1 [25-28]. Compounds containing more
carbon elements, like propanol [29-32], butanol [33-35], glycerol [36—-41], etc., during steam
reforming are broken down to simpler structures (ethanol, methanol, methane, carbon
oxide, carbon dioxide), and after that the same processes occur as long as the final form is
hydrogen and carbon dioxide.

The main problem during the process of steam reforming is the production of pure
carbon (coke), which settles on the surface of the catalyst, lowering its active surface [42,43].
Carbon deposition can be avoided in part by lowering the temperature of the process or
increasing the steam-to-carbon ratio [42,44,45].

Most of the research available in the literature concerns the reforming process in
separate devices (reformers) or direct reforming in the fuel cell. The reforming process of
the catalyst located in the anode channel of the fuel cell has not been described.

2. Theory
2.1. Reforming Model

Chemical reaction speed depends on many factors, such as the catalyst used, tempera-
ture, and the leading reactions, among others.
Most chemical reactions can be written as follows:

AA+bB+... < kKK+IL+... 1)

wherea, b, ..., k, I, ... are the number of moles of substrates A, B, ... and products K,
L, ... of the reaction.

The general equation of the chemical reaction (1) is described using stoichiometric
coefficients a, b, k, I. Substrates and products are marked here with the capital letters A, B,
Kand L.

The reaction rate r in a specific, constant and closed volume can be represented by
Equation (2):

1d[A]  14d[B] 1d[K] 1d[L]

a dt b dt k dt [ dt @
where [7] is the concentration of component i.

-4 ®

There is a relationship between the degree of reaction, the partial pressures of the
reagents and some fixed factors. Rate equation in the system under consideration involves
a mass balance equation and reaction rate. The degree of occurrence for components A and
B in the reaction can be described as follows [46]:

r = k[A][B-[X]" @
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where k is the reaction rate coefficient, [] is the concentrations of reactants, [X] is the catalyst
impact, and b, ¢, x are the coefficients (orders of reaction) considering the type of catalyst,
reaction mechanism and its type.

Reaction rate k and temperature are related by the Arrhenius equation:

k= A-e 5T (5)

where Eua is the activation energy, and A is the pre-exponential coefficient. The values of
these coefficients (A and Ea) depend on the reaction.

The chemical reaction kinetics coefficients used in the Aspen HYSYS program to build
the mathematical model of methane steam reforming are shown in Table 1.

Table 1. Kinetics coefficients of chemical reactions used in the mathematical model.

Chemical Reaction A E,;, kJ/kmol
CHy4 + H,O «+ CO + 3H, 1 x 10° 107,300
CO + H,0 < CO, +Hy 1 x 1010 114,800

2.2. Fuel Cell Model

The general fuel cell concept is shown in Figure 1. The fuel cell is composed of an
anode and a cathode that are separated by an electrolyte. The anode and cathode are
made of nickel, whereas the electrolyte is made of lithium carbonate salts, which fill up the
porous matrix.

Direct Current (DC)

H,, CHy, CO =>

-« |
H2 COQ
Hzo + COQ « <= \ \ q> =D 02
V4 \
Anode l Cathode
Electrolyte

Figure 1. Working principle of MCFC.

The O, and CO, partial pressure difference between cathode and anode causes the
ion flow between the cathode and anode. The cathode reaction is as follows:

1
502+ COx +2e7 — coZ™ (6)

H, + CO3~ — CO, + HyO +2e (7)

Maximum theoretical voltage is defined as Emayx, and results from the partial pressure
difference of O, and CO, between both sides of the fuel cell. The fuel cell electric circuit is
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simulated as a current source with two resistors (Figure 2). Each fuel cell element (cathode,
anode and electrolyte) constitutes electrical resistance, defined as R;. The electrolyte has
both electrical and ionic conductivity, which is a disadvantage in this case. Electrons flow
in the opposite direction to ions. Ion flow is represented by I, whereas fuel cell electric
resistance is represented by R;. The current source defines maximum fuel cell voltage,
whereas the resistors represent fuel cell losses.

E max

- |+

Fuel Cell
f

E xternal
L oad

©

Figure 2. Modeled electric circuit [47].
Based on Ohm’s law and Kirchoff’s law, fuel cell voltage is defined as follows:

Emax_ﬂf'imax'rl
%-(1—1”)4—1

where Enax is the maximum theoretical voltage, 1ris the fuel utilization factor, ipay is the
maximum current density, r; is the specific ionic resistance, and r; is the specific electric

resistance.
Equation (9) uses parameters of current and resistance with reference to the total active

area of the fuel cell:

®)

Enmcrc =

©)

1=

I
A

r=R-A (10)
where A is the area of the fuel cell.

2.3. Maximum Voltage Eqx

The fuel cell produces electricity and heat while remaining at a constant temperature,
which makes the process isothermal. In this case, maximum work performed may be
described by Equation (11):

LmaXZM-R.T-ln% (11)
ou

where M is the amount of moles taking part in work performed, and p is partial pressure.
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It is necessary to specify the amount of moles taking part in the process and the
difference between partial pressure on both sides (cathode and anode stream) before
maximum work performed may be determined. In the case of MCFC, work is performed
by O, and CO, flowing through the cathode side to the anode side. Maximum power
generated by the fuel cell depends on the flow of ions through electrolyte, as transported
by O, and CO, particles. Using Faraday’s law, it is possible to describe the current in the
fuel cell with an equation:

I=n-M-F (12)

where n is the electric load transported by carbonate ions, M is the amount of moles
transported in time period, and F is Faraday’s constant.
In the case of the MCEC, a single CO3 = element, during movement from cathode to

anode, can carry 4 electrons; thus, the parameter “n” equals 4. Summarizing the above
considerations, the Nerst equation compatible for MCFC analysis can be presented thus:

2
e R. Tl PO, cathode * PCO,.cathode
max — 4F n

c (13)
POy anode * PCOy.anode

2.4. Maximum Current Density iy,

The maximum current generated by a single cell depends on the amount of fuel and/or
oxidizer. Where 100% of the fuel delivered to the fuel cell is utilized, maximum current
density is achieved. However, maximum current also depends on the total active area of
the fuel cell. The larger the fuel cell area, the bigger the current that can flow. The maximum
current is, however, usually given as I/ cm?; thus, this value is called current density and
described as imax:

. 2F - NH, equivalent
max = ——————— (14)

where 1y eguivalent 1S the defined hydrogen flow.

2.5. Ionic Resistance rq

Ionic resistance is a function of electrolyte thickness and temperature in each layer of
the MCFC. It is described with the equation:

i m n
rn = Zrl,anode,i + Zrl,electrolyte,j + ;rl,cathode,k (15)
! ]

The fuel cell matrix is soaked with electrolyte. The ionic resistance of each layer of the
fuel cell can be described with the equation:

(Selectrolyte

T electrolyte = (16)

Ul,electrolyte

where ¢ is the electrolyte layer thickness, and ¢ is the ionic conductance.
The literature contains various methods for defining the ionic conductance of the
electrolyte. For example, Kai Sundmacher et al. [48] suggested the following definition:

1 &

= —eT
o1 B e (17)
where B1, B, are the empirical parameters depending on the material the electrolyte is

made of (for example: 1 =3.34 x 107%S/m; B, = 1.03 x 10* K).

The carbonates used to produce the electrolyte for the MCFC have a good ionic
conductance at high temperature. Although the literature contains no strict dependences
between temperature and ionic resistances, there are papers presenting equations for this
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definition [47,49]. Thus, based on the literature, ionic conductance of the electrolyte can be
described by:

—Eact
g = 0‘0 - RT (18)

where o (5/cm); E;+ (kJ/mol) are the coefficients related to the material of which the
electrolyte is made of [47].

2.6. Ionic Resistance r,

In addition to ionic conductivity, MCFC cells are also characterized by electric conduc-
tivity. Electric conductivity, as well as air and carbon dioxide leaks, reduce the maximum
possible cell voltage. However, the more loaded the cell, the less impact these factors have.
Electrical conductivity can be determined from the equations presented above. When the
fuel cell does not produce electricity, the fuel utilization factor is equal to zero: 17y =0, so
using Equation (8) we get:

EmaX
E = 19
ocv %J+1 (19)

Electrical resistance can be determined in the same way as ionic resistance:

)
rp = (72 (20)

Using Equations (19) and (20), it is possible to determine the electronic conductivity in
the following form:
5- Emax — EOCV (21)

1 - Eocv

The mathematical model of a fuel cell was built in a spreadsheet using Equations (6)—(21).
The mathematical model presented in the article is a combination of two mathematical
models. A reduced order model was used to describe molten carbonate fuel cell operation
and a kinetic model for methane steam reforming.

0y =

3. Experiment

The experimental stand consists of an integrated electronic device equipped with
control and regulation elements (thermocouples, thermostats, electric heaters, mass flow
regulators, current and voltage measurements and regulators) all controlled by software
created in the LabView environment. The experimental stand is connected to the following
media: hydrogen, CO,, N, and compressed air. The additional elements required for the
experiments were: methane delivered from a bottle, and water delivered via a peristaltic
pump. Water mixed with methane was delivered through the anode channel filled with
the catalyst, and was heated to the required temperature by electric heaters, which also
kept the temperature of the fuel cell at the required level. CO; and air were delivered to
the cathode channel, and heated to the required temperature. The fuel cell used in the
experiments was between the gas delivery manifolds.

Figure 3 shows the cathode, anode, current collectors (anode and cathode), matrix
(at the bottom of the figure), gas collectors (cathode on the right, anode on the left) and a
catalyst located in the anode channel of the gas collector. Figure 3 also shows gaskets made
of vermiculite (elements with the center cut out).
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Figure 3. Materials for assembling the MCFC with a catalyst in the anode channel.

The dimensions of the cathode (and cathode current collector) were 4.5 x 4.5 cm, and
the anode (and anode current collector) was 5 x 5 cm, which means the active surface area
of the cell was 20.25 cm?2 (4.5 x 4.5 cm).

The dimensions of the matrix were 7 x 7 cm. The method of producing this type of
matrix is described in [50]. The matrix was impregnated with 5.2 g electrolyte (62%mol
Li2C03 and 38%mol K2C03).

Then, 2 g of catalyst was placed in the anode channel. Water was fed through a
capillary to the anode flow using a peristaltic pump.

The anode current collector and catalyst after operation in a methane-fueled MCFC
are shown in Figure 4.

4

FA e M‘h

Figure 4. Anode current collector (bottom) and catalyst (top) after working in a methane-fueled
MCEC.
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4. Results and Discussion

The results of experimental examination of an MCFC fueled by pure hydrogen are
shown in Figure 5. In addition, Figure 5 presents the prediction of our model with respect
to experimental data and shows good accordance with it.

[ Experiment @ Model
1.1 -

09 |-®

0.8 —Et&%@&
0.7 Y

0.6 %
0.5 %\

0.4

Cell voltage, V

0.3 =
0.2 . \ 1 .
0 0.01 0.02 0.03 0.04 0.05
Current density, A/cm?

Figure 5. Polarization curves for MCFC fed by hydrogen.

The results revealed that the fuel cell used for testing was relatively poor, but all fuel
cells used for testing were manufactured in the same way. This enabled us to accurately
investigate and define the impact of the reforming process itself on the catalyst located in
the anode channel.

Figures 6 and 7 show the current-voltage curves of fuel cells operating on methane at
temperatures of 550 °C and 650 °C, respectively. Both experiments (Figures 6 and 7) were
performed for various S/C, i.e., 2, 2.5, 3 and 3.5. The discrepancy between the simulation
results and experimental data was slightly bigger for the data presented in Figure 5, but
it can still be assumed that the model can predict fuel cell performance during operation
with methane.

The research demonstrated that fuel cell performance is highly dependent on operating
temperature, although the relationship between fuel cell performance and the S/C ratio was
less evident. This can be seen especially in Figure 8, where the maximum powers achieved
by the cell were compared at different S/C ratios, and at two different temperatures. The
reason behind this was that a relatively high flow of methane, with respect to fuel cell
active area, i.e., 20.25 cm? was supplied with 3 N1/h of methane. Only one exception
was observed during fuel cell testing at temperature 650 °C, with S/C = 2, where fuel cell
performance was clearly registered.
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[l Experiment ® Model

11

Cell voltage, V

0.2 . ‘
0 0.005 0.01 0.015 0.02 0.025 0.03
Current density, A/cm?

Figure 6. Polarization curves for MCFC fed by methane for 550 °C and S/C =2,25, 3, 3.5.

0 Experiment ® Model
1.1

0.8 -
0.7

0.6 -

Cell voltage, V

0.5 -

0.3 -

0.2 ]
0 0.01 0.02 0.03 0.04

Current density, A/cm?

Figure 7. Polarization curves for MCFC fed by methane for 650 °C and S/C =2,25, 3, 3.5.
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Maximum power W/cm?
0.014

0.012

0.01

0.008
0.006
0.004
0.002

0

sfc20 s/c25 s/c3.0 s/c3.5 s/c2.0 s/c25 s/c3.0 s/c3.5
Temp. 550°C Temp. 650°C

Figure 8. Comparison of maximum power achieved by the fuel cell during experiments.

When the fuel cell was operating at 550 °C, the best fuel cell performance was observed
with S/C equal to 3.0. However, it has to be highlighted that the difference in performance
was not significantly larger with respect to the test results of the other S/C. Clearly, at this
temperature, the steam reforming process takes place less efficiently, resulting in lower fuel
cell performance. In the experiments performed at 650 °C, the highest power achieved by
the fuel cell was at the 2.5 S/C ratio. The fuel cell achieved better power results at all other
S/C ratio experiments at higher temperatures (Figure 8).

Most of the reported research focuses on the performance of the reforming reaction,
while comparative fuel cell power density is not deeply discussed. Dicks [7] states the
operating temperature of MCFC is high enough for the steam reforming reaction inside
the stack. The author carried out laboratory testing to characterize the catalytic steam
reforming. The research was oriented at examination of the methane conversion rate as a
function of time, whereas the performance of MCFC was not discussed.

Clarke et al. [6] examined the steam reforming of hydrocarbon in internal reforming
MCEC. The authors reported the performance of three types of DIR-MCFC catalyst. They
reported that the OCV for a non-reforming cell was bigger by 0.4 V than for DIR-MCFC.
The voltage corresponding to current density 150 mA /cm? did not differ.

The comparison of MCFC performance operating with different anodic gas compo-
sition was reported by Bove and Lunghi [12]. The authors examined single cell MCFC
operating with natural gas and various types of biogas. The tests revealed the performance
of MCFC with biogas is very close to MCFC with natural gas—the maximum power density
varies ca. 15%.

Our study concentrated mainly on MCFC performance as a function of operating
temperature and S/C ratio. The results were compared with results obtained for pure
hydrogen as a reference.

5. Conclusions

A mathematical model was built of the MCFC cell and methane reformer inside the
MCEFC anode channel. This article combines two models: reduced order model for molten
carbonate fuel cell operation and the kinetic model for methane steam reforming. The model
was then validated and calibrated based on the data from experiments. It was noticeable
that the materials used to construct the cells were characterized by quite low performance,
but all the tests shown were for the same materials, so the impact of the reforming process
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itself for the catalyst located in the anode channel can be seen. Temperature had a huge
impact on fuel cell performance. The results of the experiments showed that fuel cell
performance was about 30% worse when the temperature was reduced from 650 °C to
550 °C. It was noticeable that the steam-to-carbon ratio of 2.0 was too low for methane fuel
with the current catalyst applied, whereas S/C ratios of 2.5 and higher delivered better fuel
cell performance results.
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