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Chapter 1

Introduction

1.1 Background

Solid oxide fuel cells (SOFCs) are one type of fuel cells using solid oxide electrolyte that
conducts oxygen ions from the air electrode (cathode) to the fuel electrode (anode).
Compared to other types of fuel cells, such as polymer electrolyte fuel cells (PEFCs), SOFCs
are characterized by their high operation temperature because typical ceramic electrolytes
show sufficient ion conductivity at a temperature higher than 600 °C 12,

This high operation temperature brings several advantages to SOFCs. One advantage is
that SOFCs do not require a precious metal catalyst such as platinum, which is necessary for
other type of low-temperature fuel cells. For instance, nickel is widely used as a catalyst for
the electrochemical reaction on the anode reactions and this makes SOFCs cost-competitive
among the renewable energy market. In fact, several models of SOFC power generation
systems for both business and home usage had already been commercialized from the several
manufacturers for more than ten years 3. Another advantage is the efficient heat utilization as

a system. Since the operation temperature is relatively high, it is possible to utilize excess



heat for a combined heat and power system (CHP) or a cogeneration system. When a
reformer which produces hydrogen from fuels such as hydrocarbons is used, the excess heat
can also be used for endothermic reforming reactions *. The heat generated in an SOFC stack
is transferred to the CHP or the external reformer by thermal radiation and convective heat
transfer from the stack surface, which can also be regarded as an external cooling process of
the stack for the SOFCs °. Fuel flexibility is also a strong advantage of SOFCs ®2L. Since
nickel can work as a catalyst for reforming/decomposition of various fuels such as
hydrocarbons and ammonia at the operation temperature of SOFCs, on-site production of
hydrogen from the fuels is realized. Therefore, it is allowed for us to choose a fuel depending
on the system requirement.

Contrary to the advantages described above, their high operation temperature gives the
strict restrictions in its material selection. Since the electrodes are exposed to strongly
reduced or oxidizing atmosphere with the high temperature, conventional metal-based
materials are not suitable and composite ceramic-based materials have to ensure a long-time
stability. In addition, their thermal expansion coefficients should be equivalent to those of
electrolyte materials to prevent the mechanical failure during thermal cycle in the operation
sequence. Finally, cost issue is also significant considering the current economic situation and
the competition against other energy devices. As the materials which meet these requirements,
Ni-YSZ (yttria-stabilized zirconia), Ni-GDC (gadolinium-doped ceria) or Ni-SDC
(samarium-doped ceria) are typical for the anode, LSM (lanthanum strontium manganite),
LSCF (lanthanum strontium cobalt ferrite) or LSC (lanthanum strontium cobaltite) are
typical for the cathode, and YSZ, GDC or LSGM (lanthanum strontium gallium magnesium
oxide) are typical for the electrolyte 2225,

Direct reforming of SOFCs has been attracting attention because it allows us to directly

supply various hydrogen carriers to SOFCs instead of using an external reformer #26-2, This
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operation is possible due to the high operation temperature of SOFCs and catalytic function
of nickel in the electrode for reforming/decomposition of the hydrogen carriers. The reformer
can thus be eliminated from the system, making it simple and cost-effective. An improvement
of the system efficiency is also expected when the endothermic reforming/decomposition
reaction in the stack is properly controlled because the endothermic reaction which proceeds
inside the stack can be regarded as an internal cooling process of the stack and contribute to
realizing a uniform stack temperature. Depending on the reforming/decomposition reaction
characteristics of the fuel, however, it is sometimes difficult to control the reaction rate on the
cells in the stack. It is often observed that the fuel reacts rapidly near the inlet of the cell so
that the local temperature sharply decreases. This causes not only the low performance of the
system but also the unacceptable thermal stress, resulting in the mechanical failure of the cell
29-31 To control the reaction and avoid the drawbacks of direct reforming process, it is
important to understand the reaction characteristics of the fuels.

Considering the reaction characteristics among various hydrogen carriers, methane,
which is the most commonly adopted fuel, is identified by its strong endothermic nature 3233,
It also has a feature that steam is required in the reforming process. Ammonia is recently
attracting attention as a hydrogen carrier. The reaction characteristics of ammonia is totally
different from that of methane 34", The endothermic reaction heat is relatively small and the
reaction does not require steam. This makes the ammonia decomposition reaction easy to
proceed. Detail comparison of hydrogen carriers is discussed in Chapter 2.

Mixing fuel is one method which directly affects the reaction system and controls the
reaction process. In fact, in the combustion field, this idea has already been widely
attempted *8. One common example of mixed fuel is bio-fuel mixing to gasoline or diesel 3940,
Although the original motivation is not controlling the reaction system but is from the
environmental concerns in this case, the effect of mixing on the reaction characteristics in
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heat engines, such as temperature, pressure, and exhausted gas compositions, has been widely
investigated. As for the fuel for SOFCs, however, the concept of mixing fuel has not been
widely spread despite its high fuel flexibility. Although a few studies are found which utilize
mixed fuel characteristics to suppress a coke formation on the electrode surface #!, no study
has been reported for more well-controlled flexible operation of SOFCs.

Considering the various aspects discussed above, the mixed fuel of methane and
ammonia is selected in this study. The main objective of this study can be summarized into
two parts: i) experimental clarification of methane—ammonia mixed fuel characteristics and
verification of possibility to adopt it as a fuel for direct reforming of SOFCs, ii) building up
the reaction model including the competitive adsorption phenomenon of methane and
ammonia and introducing the reaction rate formulae applicable to stack level simulations of

SOFCs fed with the methane—ammonia mixed fuel.



1.2 Outline of the Thesis

Chapter 2 presents the motivation of mixing methane and ammonia referring to the basic
knowledge of a surface reaction. The reaction characteristics of various hydrogen carriers are
compared and possible combinations of the fuels are discussed. The expected advantages of
the methane—ammonia mixed fuel are also considered.

Chapter 3 presents the experimental results of reforming characteristics of the methane—
ammonia mixed fuel on a Ni-YSZ catalyst. A small amount of the crashed catalyst is packed
in a quartz tube and a mixture gas of methane, ammonia, steam and balance argon is supplied.
The test section is placed in an electric furnace to control the catalyst temperature. The
exhaust gas compositions are measured by a gas chromatography varying the inlet gas
composition and the furnace temperature to clarify the effect of mixture.

Chapter 4 presents the experimental results of several important characteristics as a fuel
for solid oxide fuel cells of the methane—ammonia mixed fuel. The streamwise length of the
catalyst region packed in the test tube is increased to 21 mm and 42 mm and the temperature
distribution of the catalyst along the flow direction is measured by an infrared camera to
clarify the reaction region where one fuel is consumed dominantly. Comparing with two
different catalyst lengths, the proportion of two reactions, namely steam methane reforming
and ammonia decomposition, is estimated along the flow direction. Hydrogen production rate
and excess heat utilization of the mixed fuel are compared to those in the case of single fuel
of methane or ammonia.

Chapter 5 presents a reaction model and rate formulae of the steam methane reforming
and ammonia decomposition considering the situation where methane and ammonia coexist.
The concept of adsorption constant is introduced to describe the phenomenon which methane
and ammonia are competitively adsorbed on Ni—YSZ catalyst. The model is characterized by

5



its simple description of the reactions for a computationally-heavily large scale simulation.
By fitting the experimental results to the model, reaction rate formulae of the steam methane
reforming and ammonia decomposition are estimated. The validity of the reaction rate
formulae is examined by comparing the exhausted gas compositions of the numerical
simulation with those of the experiments.

Chapter 6 presents the summary of this research and suggestions for the future works.
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Chapter 2

Concept of Solid Oxide Fuel Cells
Directly Fed with Mixed Fuels

2.1 Motivation for Mixing Fuels

The concept of solid oxide fuel cells (SOFCs) directly fed with mixed fuels derives from
an idea that more flexible operation can be achieved if the differences of reaction characteristics
of each fuel are effectively utilized. It is also expected that it can be a solution for technical
difficulties that have not been solved so far and, as a result, prevent SOFCs from being more
widely pervasive.

As discussed in Chapter 1, various types of hydrogen carrier such as methane -3,
propane +°, methanol 3", ethanol *>"1%-13 dimethyl ether ¢, carbon monoxide -°, and
ammonia 2>?? have been considered as well as the conventional hydrogen as fuels for direct
reforming of SOFCs. This diversity of fuels is due to the high operation temperature 24 and
typical anode materials, such as Ni-YSZ (yttria-stabilized zirconia), contain Ni, which works
as a reforming/decomposition catalyst for hydrogen carriers 226, The reforming/decomposition

reactions of these hydrogen carriers are endothermic, thus, the heat generated by the
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electrochemical reaction in SOFCs can be effectively utilized for the reforming/decomposition
reactions in the anode, which improves the efficiency of the SOFCs 2'-?°. Since the
electrochemical reaction is a strongly exothermic reaction, it is ideal if the reforming reaction
has a strongly endothermic nature which compensates the reaction heat generated by the
electrochemical power generation.

Methane, which is the most commonly adopted fuel today, meets this requirement. The
steam methane reforming reaction is one of the strongest endothermic reactions among the
reforming of hydrogen carriers. However, one significant problem is its rapid reaction rate near
the inlet edge of fuel passages in cells. A large proportion of the supplied methane is reformed
near the inlet, resulting in a decrease in local cell temperature. This leads to not only a decline
of the cell performance but a steep temperature gradient, rather than a uniform temperature,
which generates unacceptable thermal stress and increase the risk of mechanical failure of
cells 30-%2,

Several approaches have been attempted to cope with this problem. Peters et al. 3% and Ni
et al. 3 proposed that methane be partially reformed by a reformer before it is supplied to
SOFCs to prevent the intensive reforming reaction near the inlet of the cells. Andersson et al. %
experimentally investigated the effects of the pre-reforming rate, reported the effectiveness of
using a pre-reformer, and successfully mitigated the temperature drop near the inlet. However,
the use of a reformer cannot be the best solution compared with the direct reforming operation
because SOFC system becomes more complicated. Boder et al. 3 proposed the method of
covering the surface of a Ni catalyst near the inlet region with Cu, which is a less active
reforming catalyst. They also successfully prevented the sharp temperature drop near the inlet
region. One drawback of this method is that there is little operation flexibility. The distribution
of the Cu cover should be determined in the design stage and cannot be tuned during the
operation, while in an actual operation, the reforming reaction needs to be controlled depending

14



on the operational load. The usage of ammonia as a directly supplied fuel to SOFCs is also
regarded as a method to prevent the steep temperature drop by utilizing the weakly endothermic
nature of the ammonia decomposition reaction %22, In this case, the local temperature drop
near the inlet can be moderate so that the cell performance can be maintained, but, in return,
the advantage of excess heat utilization is also moderate. The restriction of the fuel
concentration at the inlet can also be regarded the simplest way to challenge this problem. It
can prevent the steep temperature drop by suppressing the amount of endothermic reforming
reaction near the inlet, however, the heat utilization efficiency is sacrificed because the amount
of excess heat utilization is determined by the overall reactions taking place in the cells. So far,
there seems to be no simple method of simultaneously achieving the high excess heat utilization
and the suppression of the low-temperature region near the inlet in the direct reforming
operation of SOFCs.

In this study, we propose a new approach to this problem: mixing fuels. Since the surface
of a Ni catalyst is of primary importance for all reforming/decomposition reactions, if a mixed
fuel is supplied, the reactions may compete with each other and proceed selectively. If this is
the case, it provides us with an opportunity to delay the start of one (or more) reaction(s) by
simply tuning the composition of the supplied mixture gas. It may also be possible to control
the location and magnitude of the endothermic reactions.

To have the mixed fuel own the ideal functionality discussed above, we focus on two
different characteristics of the component fuels: reaction activity and endothermic/exothermic
nature. If the component fuels of the mixed fuel supplied to SOFCs have large differences in
their reaction activities, it is expected that one or more reactions which have larger reaction
activities proceed selectively when their concentrations are sufficiently high as a result of the
competitive reaction situation. This will end up with creating the several regions on the cells
where some specific reaction(s) is (are) dominant. Moreover, if these reactions have large
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differences in their amounts of reaction heat, since the thermal condition in each region is
mainly determined by the dominant reaction(s), the temperature profile in each region is
characterized by the endothermic/exothermic nature of the dominant reaction(s) in that region.
This indicates that, as a result, the overall temperature distribution in the cell is determined by
the reaction activities and endothermic/exothermic natures of the fuels in the mixed fuel.
Therefore, the components of the mixed fuel should be carefully selected on the basis of their

reaction activities and endothermic/exothermic natures.

2.2 Reaction Characteristics of Hydrogen Carriers

Table 2.1 shows the steam reforming characteristics of typical hydrogen carriers 3~ The
amount of endothermic/exothermic heat and suitable temperatures for their reforming are
compared. It also contains the activation energy AE, the frequency factor A, and the powers on
the concentrations of reactant and steam when their reaction rates are expressed by the power-
law type equation, as described in Eq. (2.1) and (2.2).

r = k[X]" (2.1)

k =Aexp (— 2—’;) (2.2)
where [X] shows the concentration of reactant X and R is the ideal gas constant.

The interpretation of the term A[X]" is that it represents the probability of molecule
collisions which cause the reaction and that of the term exp(—AE/RT) is that the proportion of
the collisions which excess the activation energy of the reaction. Therefore, by comparing the
values of A[X]" and exp(-AE/RT), the reaction activity can be estimated.

As discussed in Section 2.1, the concept of mixing fuel is aiming at utilizing the differences

of reaction heat and reaction activity. In this point of view, the combination of hydrocarbons,
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such as methane or propane, or dimethyl ether and ammonia can be a suitable option. Although
alcohols such as methanol and ethanol have a larger reaction activity and methanol has a
relatively small endothermic nature, their suitable temperature for reforming is relatively low

compared to the hydrocarbons or ammonia, which makes it difficult to simply mix them as a

fuel.
Table 2.1 Steam reforming characteristics of hydrogen carriers.
0 Reforming The power | The power
AH"298 AE
Reactants 1, | temperature Al] 4 of fuel of water
[kJ mol~] [kJ mol~]
[°C] ni n2
CH4 206 600-800 | 1.42E+03 | 1.56E+05 1.29 -0.53
CsHs 497 600-800 | 7.90E+10 | 1.12E+05 1 -
CHsOH 49 250-350 | 7.29E+03 | 7.97E+04 0.11 -0.17
C2Hs0H 173 250-350 | 4.39E+02 | 2.30E+04 0.711 2.71
CHs0CHs3s 124 300-400 | 1.46E+10 | 1.98E+05 1.19 -0.73
NH; 46 600-800 | 9.84E+01 | 1.20E+05 0.69 -

2.3 Combination of Methane and Ammonia

Among several conceivable combinations of mixing fuels as discussed in the previous
section, we adopt the combination of methane and ammonia. This is because two fuels are quite
common and have been well studied as a fuel for SOFCs 1-320-22,

When the methane—ammonia mixed fuel is supplied to Ni-YSZ anode of SOFCs, it is
expected that the ammonia decomposition reaction selectively proceeds when the
concentration of ammonia in the fuel is large. As ammonia is consumed through passing the
catalyst, the steam methane reforming reaction gradually becomes active. If this is the case,
since the endothermic heat of ammonia decomposition is small and that of steam methane
reforming is large, the temperature distribution of the catalyst can be controlled by changing

the mixing composition in the mixed fuel.
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2.4 Reactions on Ni-YSZ Catalyst

2.4.1 Reactions to be Considered

The overall reactions of steam methane reforming and ammonia decomposition are
described by Eq. (2.3) and Eq. (2.4), respectively.

CH, + H,0 5 CO+3H,  AH%qgs = 206 ki/mol (2.3)
NH; 5 2N; +2H,  AH 65 = 46 ki/mol (2.4)

When these reactions proceed on the surface of nickel in Ni-YSZ catalyst, each of them is
composed of several elementary reactions. The kinetics for both steam methane reforming and
ammonia decomposition on various catalysts such as nickel and iron have been intensively
studied and several kinds of elementary reaction models have been constructed >4, These
elementary reactions on the surface can be categorized either in the following three steps:
adsorption, associative reaction, or desorption. When the mixed fuel is supplied, since two fuels
are exposed to the competitive adsorption condition, it is important to consider the adsorption

phenomena in the reaction model.

2.4.2 Adsorptions

When one fuel is supplied to a catalyst, it is adsorbed on the surface of the catalyst based
on its adsorption characteristic. When the adsorption phenomena on the surface can be regarded
as equilibrium, the adsorption constant is the value to describe the adsorption activity. The
proportion of the active sites on the surface that are covered by the adsorbed molecules is

expressed by coverage.
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2.4.2.1 Sequential Adsorption Reactions

When methane is supplied to Ni-YSZ catalyst, the adsorption of methane on the nickel
surface, which is described by Eq. (2.5), is composed of four sequential reactions, shown from

Eqg. (2.6) to Eq. (2.9).

CH, +4V o CHyy (2.5)
CH, +V — CHayg + Hyg (2.6)
CHj +V — CHypg + Hyg (2.7)
CH, +V — CHyg + Hyg (2.8)
CH+V — Cyy + Hyg (2.9)

where V shows a vacant site of the adsorption on the surface 448,

Once the elementary reactions, such as Eq. (2.6) to Eq. (2.9), are considered, it is necessary
to consider all elementary reactions to construct the reaction model. As a result, the reaction
rate estimation on the basis of the constructed model also requires the consideration of the
elementary reaction systems. Contrary to this, if the adsorption phenomena are represented by
Eq. (2.5) as an overall adsorption reaction, it is possible to regard CHaad as a reactant in the

reforming reaction, thus, the reaction model can be simpler and more practical.

2.4.2.2 Competitive Adsorption Conditions

When the mixed fuel of methane and ammonia is supplied to Ni-YSZ catalyst, two fuels
are competitively adsorbed depending on the magnitude of their adsorption constants “°. The
coverage of each species on the surface is determined by the relationship of all adsorption
constants and concentrations of the component gases, namely methane, ammonia, steam,
carbon monoxide, carbon dioxide, hydrogen, and nitrogen. As the reactions proceed, the
concentrations of methane and ammonia in the mixed fuel change, so that the coverage of each
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gas also changes, resulting in the change of the reaction rates of two fuels. Therefore, to
describe the reactions of the mixed fuel, it is significant to introduce the idea of competitive

adsorption by using the adsorption constants.

2.4.3 Associative Reactions

As mentioned in the previous section, one chemical reaction is usually composed of several
elementary reactions. Each elementary reaction, however, does not always occur at the same
rate, and the overall reaction rate is restricted by the slowest elementary reaction. This
elementary reaction is called rate-determining reaction. It is known that the associative reaction
on the surface is often rate-determining in the catalytic reaction process 3,

Since we adopted the model to handle the adsorption by an overall adsorption, as shown
in Eq. (2.5), instead of the sequential elementary reactions, as shown from Eq. (2.6) to Eq. (2.9),
it enables us to consider the associative reaction on the surface as one overall associative
reaction, represented by Eq. (2.10).

CHyaq + HyO,g © 6Hyg + COyy (2.10)

This assumption makes the model relatively simple and practical to introduce the reaction
rates of steam methane reforming and ammonia decomposition under the competitive

adsorption condition, as more detail is explained in Chapter 5.

2.4.4 Effect of YSZ on Reforming Reaction

It is reported that the catalyst support gives a large effect on the reaction rate of steam
methane reforming. Depending on the material of the support, the power of steam concentration
on the reforming rate is varied from —0.6 to 1 when the rate is expressed by the power-law type
equation as shown in Eq. (2.1) %% This is interpreted as the steam adsorption on the support.
Steam adsorbed on the active sites on the support, namely YSZ, affects the associative reaction
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of steam methane reforming on nickel. In the case of single fuel of methane, the effect of steam
adsorption on YSZ is automatically included in the reaction rate estimation. When the mixed
fuel of methane and ammonia is supplied, however, the adsorption of the gases on the YSZ
surface is changed because of ammonia and its decomposed gases. As a result, the reaction rate

of steam methane reforming on nickel is affected.

2.5 Hydrogen Reuse in SOFCs

Fig. 2.1 shows the schematic picture of surface reaction of the mixed fuel on Ni-YSZ
anode of SOFCs. Considering the difference of the activation energy of steam methane
reforming and ammonia decomposition, it is expected that ammonia decomposition
preferentially proceeds over steam methane reforming. If this is the case, when methane—
ammonia mixed fuel is supplied to SOFCs, hydrogen is first produced from the decomposition
of ammonia. This hydrogen is used as a fuel for the electrochemical reaction to generate
electricity and, as a result, steam is produced. This steam can be used for steam methane
reforming so that hydrogen is again produced and used for the electrochemical reaction. This
indicates that the hydrogen atoms originally contained in ammonia can act twice as a fuel for
the electrochemical reaction. The amount of steam supply can also be reduced. This is one
more advantage that can be expected from mixing methane and ammonia. This study only
covers the phenomena in the anode and does not include electrochemical reaction as SOFCs,

therefore, further research is needed to clarify the water reuse effectiveness.
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Fig. 2.1 Schematic picture of the reactions on a Ni-YSZ catalyst.
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Chapter 3

Fundamental Characteristics of
Methane—Ammonia Mixed Fuel
Reforming on Ni-YSZ Catalysts

3.1 Introduction

In the previous chapter, the trade-off relationship between the efficient utilization of the
excess heat and the prevention of the steep temperature drop near the inlet of the cell in solid
oxide fuel cells (SOFCs) is discussed. The steep temperature drop also causes the decline of
the hydrogen production by the reforming/decomposition because these reactions have a
positive temperature dependency 1°. Therefore, the challenges which should be tackled by our
new proposed method, namely mixing fuel, are summarized to the following three key factors:
i) efficient utilization of the excess heat of electrochemical reaction, ii) moderate temperature
distribution in the cell, and iii) high production rate of hydrogen.

As discussed, the combination of methane and ammonia is selected because of the large
differences in their reaction activity and endothermic nature. If the mixed fuel enables us to
delay the start of one (or more) reaction(s) by simply tuning the composition of the mixed fuel,

29



the trade-off relationship can be overcome and we may be able to accomplish the three key
factors discussed above. So far, to the best of the authors’ knowledge, not even basic data on
the reactions of any mixed fuel of hydrogen carriers on the Ni-YSZ (yttria-stabilized zirconia)
anodes of SOFCs with the aiming of controlling the reactions can be found in the literature, let
alone the mixed fuel of methane and ammonia.

Therefore, in this chapter, we aim to experimentally clarify the characteristics of the
reforming and decomposition reactions when methane—ammonia mixed fuel is supplied to a
Ni-YSZ catalyst. The effects of the mixture compositions and the catalyst temperature on the

conversion rates are investigated.
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3.2 Experimental

In this chapter, the fundamental characteristics of the a porous Ni-YSZ catalyst, which is
a typical anode material of SOFCs, are experimentally investigated. A small amount of the
catalyst is packed in a thin quartz tube while maintaining its temperature at a desired value
using an electric furnace. A mixture gas of methane, ammonia, steam, and balance argon is
supplied to the Ni—YSZ catalysts varying the supply gas composition and temperature. The
reaction rates of the steam methane reforming and ammonia decomposition are evaluated by

measuring the exhaust gas composition.

3.2.1 Reforming/Decomposition Reactions

When humidified methane is supplied to a Ni-based catalysts, a steam methane reforming
reaction, Eq. (3.1), and a water—gas shift reaction, Eq. (3.2), proceed as dominant reactions.
CH; + H,O - CO + 3H, AH,g5 = 206 kJ/mol (3.1)
CO+H,0 & CO, +H,  AH%gg = —41 ki/mol (3.2)
Steam methane reforming is a strongly endothermic reaction, which enables us to efficiently
utilize the heat generated by the electrochemical reaction in the cell of SOFCs. On the other
hand, it often causes an undesirable steep temperature drop near the inlet of the cell. Moreover,
the steam reforming of methane fuel requires at least twice as much steam as methane.

The ammonia decomposition reaction can be expressed by the following Eg. (3.3).
NH; = 3N +3H,  AH 5 = 46 ki/mol (3.3)

This is a weakly endothermic reaction and does not require a supply of steam, which is one of
the advantages of using ammonia as a fuel for SOFCs compared with the reforming of

hydrocarbons.
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3.2.2 Catalyst Preparation

The reforming reactions of the mixed fuel are expected to occur on the anode of the SOFCs.
To investigate the fundamental characteristics of the reforming reactions on the SOFC anode,
crushed anode of an SOFC is employed as a reforming catalysts. A typical SOFC anode is a
porous composite of Ni-YSZ (Ni:YSZ = 50:50 vol.%, 8 mol% Y203-ZrO2). The Ni-YSZ
catalyst was prepared as follows.

NiO powder (Wako Pure Chemical Industries, Ltd.), YSZ powder (Tosoh Co.) and carbon
black (Asahi #15, Asahi Carbon Co., Ltd., 3.3 weight % to the total weight of NiO and YSZ)
as a pore-forming agent were mixed and ball-milled for 2 hours with zirconia balls (¢=4.0 mm)
and ethanol to disperse the powder particles. After the ball-milling, the ethanol was completely
evaporated using a hot stirrer at approximately 130 °C. The resultant powder was die-pressed
with a load of 64 MPa for 2 minutes to obtain a disk-shaped catalyst sample. The diameter of
the disk and its thickness were approximately 30 and 3 mm, respectively. The disk was then
sintered in a high temperature electric furnace at 1400 °C for 5 hours and crushed into granules.
By sieving them with a mesh, the granules whose sizes were from 250 to 500 pm were screened
and used as a catalyst. The catalyst after the sieving process is shown in Fig. 3.1. The granules
are green because the nickel in the granules exists as NiO. The NiO should be reduced to Ni
before the reforming experiments to function as a reforming catalyst. The NiO in the catalyst

was reduced by supplying hydrogen at 800 °C. The catalyst granules were dark gray.

3.2.3 Test Section

Fig. 3.2 shows a picture of the test section. The crushed Ni-YSZ catalyst (0.3 g) was
packed in a thin quartz tube whose inner diameter was 7.0 mm. Quartz wool was used to hold
the Ni-YSZ at the set position. The streamwise length of the catalyst was approximately 3 mm.
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Fig. 3.1 Crushed NiO-YSZ catalyst before the reduction process.

Fig. 3.2 Test section.

3.2.4 Experimental Apparatus

A schematic view of the experimental apparatus, which can be divided into three parts, is
shown in Fig. 3.3. The first part is the gas supply system. Methane, ammonia, argon and
hydrogen are supplied by mass flow controllers to precisely control their flow rates. Note that
hydrogen is supplied only in the reduction process of the catalyst at the beginning of the

experiments. Steam is supplied by passing methane and argon through a bubbler. The bubbler
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temperature is controlled using a constant-temperature water bath. The gas-containing steam is
heated by ribbon heaters to prevent the condensation of the steam inside the supply pipe. The
supply pipe for ammonia is also heated near the test section to avoid its functioning as a cooling
fin. The second part of the apparatus is the test section. A thin quartz tube containing the catalyst
is placed in an electric furnace. A thermocouple is attached on the quartz tube close to the
catalyst, and the power of the electric furnace is automatically controlled to set the temperature
of the test section. The last part of the apparatus is the gas analyzing system. After passing
through the test section, the mixture gas composition should be different from that of the
supplied gas depending on the degree of the reforming reactions. It firstly passes through a
sulfuric acid trap where the remaining ammonia is removed. Then the steam is removed by the
following cold trap. After removing ammonia and steam, the exhaust gas composition is
measured by a gas chromatograph (GC-8A, Shimadzu Co.) to evaluate the conversion rates of

methane and ammonia. The flow rate of the exhaust gas is measured using a film flow meter.

Mass flow Furnace
controller ( ~

CH I//
. wand |

Heater Sulfuric Cold
acid trap

Catalyst

Humudifier
NH; %ﬂ-ﬂw
\ ]
Film
Ar o Gas - flowmeter
chromatograp
Valve Exhaust

Fig. 3.3 Experimental setup for the reforming/decomposition experiments.
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3.2.5 Reforming and Decomposition Rates

The reaction rates of the steam methane reforming and ammonia decomposition are

calculated from the inlet/outlet gas compositions as follows:

CH, reforming rate = <fw¢$> X 100 = <1 — M) X 100 [%)] (3.4)

FCHy, in FCHy,in

NH, decomposition rate = (M> X 100 = (1 — M) x100[%]  (3.5)

FNHg, in FNHg, in
where VFcha,in and VFnhs,in are the volumetric flow rates of methane and ammonia at the inlet,
respectively. They are precisely controlled by the mass flow controllers. VFcHa4,out and VFn2,out
are those of methane and nitrogen at the outlet measured by gas chromatography, respectively.
The amount of converted ammonia is calculated from the nitrogen production because VFnH3out
cannot be measured since the remaining ammonia is completely removed at the sulfuric acid

trap. Note that the volume flow rates are all evaluated under the standard condition.

3.2.6 Experimental Conditions

The effects of the inlet gas composition and reaction temperature on the reforming
characteristics are investigated in this chapter. The inlet gas composition and furnace
temperature are varied while keeping the total gas flow rate at the inlet constant. It is set at 360
ml/min under the standard condition (sccm: standard cubic centimeters per minute). The
experimental conditions are summarized in Table 3.1. Xj in the table denotes the mole fraction
of species j. Note that the balance argon is not listed in the table for the sake of visibility.

When methane is supplied to the catalyst, a certain amount of steam should be mixed for
two reasons. The first reason is that the steam is needed for the methane reforming reaction.
The other reason is to prevent carbon formation on the catalyst. Precise control of the steam

flow rate is generally difficult, particularly when the flow rate is small, such as in this study.
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To achieve a reliable supply of steam, the bubbler temperature and gas flow supplied to the
bubbler were kept constant throughout the experiments, resulting in a constant steam flow rate
of 100 ml/min, which corresponds to X+20=0.28. The maximum flow rate of methane was set
at 60 ml/min so that the steam-to-carbon ratio, S/C, was higher than 1.7 to avoid the carbon
formation problem. The furnace temperature was varied in the range from 600 to 750 °C.

Fig. 3.4 shows the equilibrium gas compositions calculated in the temperature range from
100 to 800 °C under typical inlet gas compositions set in this study. The calculation was done
by CHEMKIN, a commercial software package. The figure shows that methane or ammonia
contained in the inlet gas is almost fully converted in the temperature range set in this study

when the gas reaches its equilibrium state.

Table 3.1 Experimental conditions.

Furnace Mole fraction
Case Temperature SIC
[°C 7] XcHa Xu20 XNH3
0.011/0.017/0.022/0.028

Xcha=0 - - -
/0.042/0.056/0.083/0.11/0.17

0/0.011/0.017/0.022 / 0.028
Xcra=0056 0.056 0.28 5.0
/0.042/0.056 /0.083/0.11/0.17

0/0.011/0.017/0.022/0.028
XchHa=011 600/650/700/750 | 0.11 0.28 2.5
/0.042/0.056/0.083/0.11/0.17

0/0.011/0.017/0.022/0.028
Xchs=014 0.14 0.28 2.0
/0.042/0.056/0.083/0.11/0.17

0/0.011/0.017/0.022/0.028
Xcha=017 0.17 0.28 1.7
/0.042/0.056/0.083/0.11/0.17

Balance argon is not shown in the table.
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Fig. 3.4 Equilibrium gas composition calculated under typical inlet gas compositions.

(a) Steam methane reforming and (b) ammonia decomposition.
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3.3 Results and Discussion

3.3.1 Reliability and Reproducibility

The ammonia decomposition may proceed as a gas phase reaction without the help of the
catalyst at an elevated temperature. To clarify the characteristics of the catalytic reforming
reactions, the gas phase decomposition of ammonia should be avoided in this study. Fig. 3.5
shows the results of a preliminary experiment on ammonia decomposition. This experiment
was conducted without the Ni—-YSZ catalyst. Only the quartz wool was packed in the quartz
test tube, and diluted ammonia, whose composition was XnH3=0.11, Xar=0.89, was supplied in
the temperature range from 600 to 850 °C. The total flow rate was 360 ml/min. The figure
shows that a small fraction of the ammonia is decomposed when the temperature is higher than
700 °C, implying the gas phase reaction of ammonia. It also shows that the gas phase reaction
can be limited to less than 1% of the supplied ammonia if the temperature is set at 750 °C or

less. The experimental conditions shown in Table 3.1 are determined on the basis of these

results.
3"_?\‘ 40 | L L L D |
> - Total flow rate=360 ml/min 1
E 3.0 F X,=0.11 —_—
=
B .
220 F -
e n
= ]
S
8 1.0 | -
3
= . -
Z 0.0 o & B, ), ] ., |

600 650 700 750 800 850
Temperature [°C]

Fig. 3.5 Gas phase decomposition rate of ammonia.
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The stability of the Ni-YSZ catalyst is also important for obtaining reliable experimental
results. The Ni-YSZ catalyst (0.3 g) is packed in the test section, and a durability test is
conducted by supplying a mixture gas of ammonia and argon at a constant flow rate at 700 °C.
The supplied gas composition is the same as that in the previous experiment, that is, Xnn3=0.11,
Xar=0.89. Fig. 3.6 shows the results of the durability test. A slight decrease in the reaction rate
can be observed at the beginning of the experiment. After 90 minutes, the activity of the catalyst
becomes stable, and the reaction rate is reasonably constant for approximately 20 hours, which
is sufficiently long to conduct one series of the experiments in this study. Following this result,
a waiting time of 90 minutes was set at the beginning of the experiments to ensure the stable
activity of the catalysts. In addition, to further confirm that the obtained results are not affected
by serious degradation of the catalyst, the reaction rate under a certain reference condition, i.e.,
ammonia flow rate of 40 ml/min with balance argon of 320 ml/min at 700 °C, is checked before
and after the experiments. It was found that in all the experiments in this study, the difference
in the reaction rate between before and after the experiment was less than 3.5%. This confirms

the stability of the catalyst.
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Fig. 3.6 Time variation of the NHs decomposition rate.
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Fig. 3.7 confirms the reproducibility of the experimental results. The Ni-YSZ catalysts
(0.3 g) prepared in different lots are packed in the test section, and their reaction activities are
compared under the same experimental conditions. As shown in Fig. 3.7, the methane
reforming rate and ammonia decomposition rate match each other well, which confirms the

reproducibility of the experimental results.
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Fig. 3.7 Reproducibility of the experiments.
(a) Steam methane reforming and (b) ammonia decomposition.
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3.3.2 Effect of Inlet Gas Composition

While keeping the total flow rate of the inlet gas at 360 ml/min, the inlet gas compositions
are varied at constant temperatures of 600, 650, 700 and 750 °C as summarized in Table 3.1.
Fig. 3.8 shows the amount of converted methane and the methane reforming rate at 600 °C.,
whereas the amount of converted ammonia and the ammonia decomposition rate at the same
temperature are shown in Fig. 3.9.

When the mole fraction of ammonia at the inlet is zero, only the methane reforming
reactions can occur in the test section. A certain amount of methane is consumed by the
reforming reactions as shown in Fig. 3.8. When the mole fraction of methane at the inlet is low,
the amount of methane consumed is naturally small whereas the reforming rate is high. The
addition of ammonia to the inlet gas significantly affects the reforming reaction. The methane
reforming reaction is suppressed and only the ammonia decomposition proceeds. Fig. 3.9
shows that the amount of converted ammonia and the ammonia decomposition rate are not
affected by the methane concentration in the supplied gas. Note that CH4=0 is the case when
no methane is included in the inlet gas. The existence of methane in the inlet gas and the
methane concentration have little effect on the ammonia decomposition reaction under this
condition.

Similar characteristics can be observed even when the temperature is increased to 650 °C.
Figs. 3.10 and 3.11 show the results at 650 °C corresponding to Figs. 3.8 and 3.9. In Fig. 3.10,
the reaction rate of the methane reforming is clearly decreased by the addition of ammonia to
the inlet gas. The suppression effect of ammonia on the methane reforming is significant. The
methane reforming rate is close to zero when the ammonia mole fraction is higher than 0.042.
A slight but clear difference from the results at 600 °C can be seen in Fig. 3.10. A small
proportion of the supplied methane is reformed even when ammonia is added to the inlet gas
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if the amount of added ammonia is small. The methane reforming reaction is not fully
suppressed when the mole fraction of the inlet ammonia is less than 0.04. Under this condition,
the methane reforming rate decreases with an increase in the ammonia mole fraction in the inlet
gas. The methane reforming rate is higher for the case with a higher methane concentration if
the inlet concentration of ammonia is the same. Another clear and interesting feature is found
in the ammonia decomposition rate shown in Fig. 3.11. The ammonia decomposition rate is
affected by the inlet methane concentration when the mole fraction of the inlet ammonia is less
than 0.04. In this range, the ammonia decomposition rate decreases with an increase in the
methane concentration.

Figs. 3.12 and 3.13 show the results at 700 °C corresponding to the previous figures. Even
at this temperature, the suppression effects of the ammonia are clear. However, the methane
reforming reaction is not fully suppressed, particularly when the inlet methane concentration
is relatively high, as shown in Fig. 3.12. Fig. 3.13 shows that the effects of the methane
concentration on the ammonia decomposition are more visible than those shown in the previous
figure for 650 °C. The amount of converted ammonia decreases as the methane concentration
increases. The effects of the methane addition on the ammonia decomposition can be more
clearly observed in the ammonia decomposition rate. The ammonia decomposition rates are
much lower than in the case of CH4=0, under which only ammonia decomposition occurs.

The results at 750 °C are shown in Figs. 3.14 and 3.15. At this temperature, the methane
reforming reaction occurs under all inlet gas conditions set in this study, although the reaction
rate is lowered by the ammonia addition. The effects of the inlet methane concentration on the
ammonia decomposition are even clearer than the previous figures for the relatively lower
temperatures. Even the addition of a small amount of methane, XcH4=0.056, to the ammonia
fuel decreases the ammonia decomposition rate by 10%. The decrease in the ammonia
decomposition rate is significant when the inlet ammonia concentration is relatively low,
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XnH3=0.011-0.028. It is worth noting that the methane reforming reaction is relatively high
under the same condition.

The results shown in Figs. 3.8 to 3.15 reveal some fundamental and important features of
the reforming/decomposition reactions of the methane—ammonia mixed fuel on the Ni—-YSZ
catalyst. The methane reforming reaction is suppressed when ammonia is added to the fuel.
This effect is more prominent at relatively low temperatures. At 600 °C, the methane reforming
can be almost fully suppressed by ammonia addition. As the temperature increases, the
suppression effect becomes milder. Both reactions occur simultaneously although both reaction
rates are decreased if they are compared with the results for a pure methane reforming reaction
or a pure ammonia decomposition reaction. A careful examination of the figures shows a
competitive feature of the mixed fuel. The methane reforming reaction and the ammonia
decomposition reaction show a trade-off relationship, implying that they share the same
reaction sites on the catalyst and are competing for it. It is natural to assume that the main
reaction sites are on the nickel surface. Kishimoto et al. ® experimentally investigated the
ammonia decomposition reaction on the Ni-YSZ catalyst and successfully formulated a
reaction rate equation per unit area of Ni surface. A similar study was carried out by Sughihara
et al 3 for the methane reforming reactions. Their successful formulations of the reaction rate
equations per unit area of nickel support the assumption that the main reaction sites are on the
nickel surface. It can be expected that this assumption can also be applied to build up a model

for the reactions of the mixed fuel.
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Fig. 3.8 Reaction characteristics of the methane reforming at 600 °C.

(a) Converted methane and (b) methane reforming rate.
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Fig. 3.9 Reaction characteristics of the ammonia decomposition at 600 °C.
(a) Converted ammonia and (b) ammonia decomposition rate.
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Fig. 3.10 Reaction characteristics of the methane reforming at 650 °C.
(a) Converted methane and (b) methane reforming rate.
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Fig. 3.11 Reaction characteristics of the ammonia decomposition at 650 °C.
(a) Converted ammonia and (b) ammonia decomposition rate.
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Fig. 3.12 Reaction characteristics of the methane reforming at 700 °C.

(a) Converted methane and (b) methane reforming rate.
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Fig. 3.13 Reaction characteristics of the ammonia decomposition at 700 °C.
(a) Converted ammonia and (b) ammonia decomposition rate.
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Fig. 3.14 Reaction characteristics of the methane reforming at 750 °C.
(a) Converted methane and (b) methane reforming rate.
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Fig. 3.15 Reaction characteristics of the ammonia decomposition at 750 °C.
(a) Converted ammonia and (b) ammonia decomposition rate.
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3.3.3 Effect of Temperature

Figs 3.16 and 3.17 show the results obtained at different temperatures. The total flow rate
of the mixed gas was set at 360 ml/min. The inlet mole fractions of methane and steam were
kept constant at Xcr4=0.11 and XH20=0.28, respectively. A higher mole fraction of ammonia
indicates a lower concentration of balance argon. The amount of the converted methane and
the methane reforming rate are shown in Fig. 3.16, whereas the amount of converted ammonia
and the ammonia decomposition rate are plotted in Fig. 3.17.

In Fig. 3.16, the amount of converted methane is larger at a higher temperature when the
composition of the supplied gas is the same. Its value decreases with an increase of the
ammonia concentration in the supplied gas. There is a noticeable difference in its dependence
on the temperature. The converted methane is more sensitive to the inlet ammonia
concentration at a lower temperature, which can be confirmed from the slope of the curve. The
decreasing (negative) slope is steeper at a lower temperature, implying that the suppression
effects of the ammonia on the methane reforming reaction are more significant at a lower
temperature and moderate at a higher temperature. In the case of the ammonia decomposition
reaction shown in Fig. 3.17, on the other hand, a novel feature is observed in the decomposition
rate. Although the ammonia decomposition rate generally appears to be higher at a higher
temperature, its value drops under the conditions that the inlet ammonia concentration is low
and the methane reforming reaction is relatively active. The decrease in the ammonia
decomposition rate is more significant at a high temperature, implying that more of the reaction
sites on the nickel surface are occupied by the species associated with the methane reforming

reaction at higher temperatures.
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Fig. 3.16 Effect of temperature on the methane reforming.
(a) Converted methane and (b) methane reforming rate.
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Fig. 3.17 Effect of temperature on the ammonia decomposition.

(a

) Converted ammonia and (b) ammonia decomposition rate.
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3.4 Conclusions

The fundamental characteristics of the reforming and decomposition reactions of a
methane—ammonia mixed fuel on a Ni-YSZ catalyst were experimentally investigated. The
porous Ni—YSZ is a typical anode material of solid oxide fuel cells. A small amount of the
crushed Ni-YSZ anode was packed in a thin quartz tube, and a mixture gas of methane,
ammonia, steam and balance argon was supplied. The test section was placed in an electric
furnace to control the catalyst temperature. The exhaust gas compositions were measured by
gas chromatography varying the inlet gas composition and furnace temperature. The reaction
rates of the steam methane reforming and ammonia decomposition are evaluated by measuring
the exhaust gas compositions.

It was found that the steam methane reforming reaction was suppressed by adding ammonia
to the fuel. This suppression effect was particularly significant at relatively low temperatures.
The steam methane reforming was almost completely suppressed whereas the ammonia
decomposition reaction was not affected by the methane in the fuel at 600 °C. The suppression
effects became moderate at higher temperatures when the ammonia concentration was
relatively low. Under the conditions in which the methane reforming was sufficiently active,
the ammonia decomposition was suppressed. This trade-off of the two reactions shows that
they share the same reaction sites on the catalyst and are competing with each other. The
experimental results show that the ammonia decomposition generally preferentially occurs but
the methane reforming becomes non-negligible at higher temperatures when the ammonia

concentration is low.
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Chapter 4

Effects of Mixed Fuel Reforming
Reactions on Thermal Field of Ni-YSZ
Anode of SOFCs

4.1 Introduction

In the previous chapters, the ideal fuel for the internal reforming of solid oxide fuel cells
(SOFCs) has been discussed. High production rate of hydrogen, efficient utilization of the
excess heat of electrochemical reaction, and moderate temperature distribution of the cell are
the three key factors. Any kind of single fuel ¥°, however, cannot fully meet all these
requirements because the efficient utilization of the excess heat, moderate temperature
distribution in the cell, and high production rate of hydrogen are in trade-off relationship.

From the experimental results in Chapter 3, it is found that the ammonia decomposition
reaction preferentially proceeds compared to the steam methane reforming on Ni—YSZ (yttria-
stabilized zirconia) catalyst when the two fuels are simultaneously supplied. This fact provides
us with an opportunity to delay the start of one (or more) reaction(s) by simply tuning the
composition of the supplied mixture gas, thus, it may be possible to control the location and
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magnitude of the endothermic reactions along the flow direction. The amount of excess heat
utilization, on the other hand, should be determined by the overall reactions taking place in the
cells. Therefore, the mixed fuel of methane and ammonia has a possibility of simultaneously
achieving the high excess heat utilization and the suppression of the low-temperature region
near the inlet in the direct reforming operation of SOFCs.

Therefore, in this chapter, we experimentally clarify the thermal field of Ni-Y SZ catalysts,
which represents the Ni-YSZ anode of SOFCs. The temperature distribution of the catalyst
along the flow direction is measured at different mixture compositions to examine the
possibility of controlling the local temperature of the cells. The efficiency of heat utilization

and hydrogen production are also evaluated by measuring the exhausted gas compositions.

58



4.2 EXperimental

In this chapter, thermal field of the catalyst along the flow direction is experimentally
studied. The effect of the mixture composition in the mixed fuel on the temperature distribution
of the catalyst is investigated to examine the possibility of controlling the local temperature of

cells.

4.2.1 Reforming/Decomposition Reactions

When humidified methane is supplied to a Ni-based catalyst, a steam methane reforming
reaction, Eqg. (4.1), and a water—gas shift reaction, Eq. (4.2), proceed as dominant reactions.
CH, + H,0 5 CO+3H,  AH%qgs = 206 ki/mol (4.1)
CO + H,0 & CO, + H, AH 55 = —41 kJ/mol (4.2)
The strongly endothermic nature allows us to efficiently utilize the heat generated by the
electrochemical reaction in the cell of SOFCs. On the other hand, it causes an undesirable steep
temperature drop near the inlet of the cell, resulting in the mechanical failure of the cell and
decline of the reforming efficiency. Moreover, the steam reforming of methane fuel requires at
least twice as much steam as methane.

The ammonia decomposition reaction can be expressed by the following Eqg. (4.3).
NH; = 3N +3H,  AH 5 = 46 ki/mol (4.3)

This is a weakly endothermic reaction and does not require a supply of steam, which are the
advantages of using ammonia as a fuel for SOFCs compared with the reforming of

hydrocarbons.
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4.2.2 Catalyst Preparation

Ni—YSZ cermet (Ni:YSZ = 50:50 vol.%, 8 mol%Y203-ZrO2) was used as a catalyst. NiO
powder (Nickel (I1) Oxide, Wako Pure Chemical Industries, Ltd.), YSZ powder (TOSOH-
ZIRCONIA TZ-8Y, Tosoh Co.) were mixed with the addition of 3.3 wt% carbon black (Asahi
#15, Asahi Carbon Co., Ltd.) as a pore—forming agent and ball-milled for 1 hour with zirconia
balls and ethanol to disperse the particles. After milling, the ethanol was completely evaporated
using a hot stirrer at approximately 130 °C. The resultant powder was uniaxially pressed in a
die with a load of 64 MPa for 2 minutes to obtain a disk-shaped catalyst sample. The diameter
and thickness of the disk were 30 mm and 3 mm, respectively. The disk was then sintered at
1400 °C for 5 hours and crushed into granules. By sieving with a mesh, the granules with a size
ranging from 250 to 500 pum were screened and used as a catalyst. Note that NiO in the catalyst
was reduced into Ni before the experiments. A mixture of nitrogen and hydrogen was supplied
with a total flow rate of 100ml/min at a furnace temperature of 700 °C. The proportion of
hydrogen in the mixture gas was set at 5% for the first 20 minutes and then increased to 10%.
After that, the hydrogen concentration was increased by 10% every 5 minutes until it reached

100%. Finally, the catalyst was kept in pure hydrogen for 1 hour at 700 °C.

4.2.3 Experimental Setup

In the measurement of catalyst temperature distribution, 0.75 g and 1.5 g of the catalyst
were packed to form lengths of 21 mm and 42 mm in the flow direction, respectively, as shown
in Fig. 4.1 (a). The catalyst beds with sufficient lengths were employed to clearly observe the
distribution of the local temperature.

Fig. 4.1 (b) shows a schematic picture of the gas supply system. A mixture gas of methane,
steam, ammonia, and balance argon were supplied to the Ni-YSZ catalyst. The flow rates of
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methane, ammonia, and balance argon were controlled by mass flow controllers. Steam was
supplied by passing methane and argon through a bubbler. The concentration of steam was
controlled to the desired values by changing the water bath temperature of the bubbler. The
catalyst temperature was controlled by an electric furnace, whose temperature was monitored
by a thermocouple attached to the quartz tube. The remaining ammonia and steam after the
reforming reaction were eliminated respectively by a sulfuric acid trap and a cold trap. The
flow rate of the exhaust gas was measured by a film flow meter. The exhaust gas concentration
was measured by a gas chromatograph (GC-8A, Shimadzu Co.) to evaluate the reaction rates
of methane and ammonia.

The electric furnace was slightly opened to measure the temperature distribution of the
catalyst with an infrared (IR) camera (TVS-8500, NEC Avio). The IR camera was equipped
with a 2-D InSb sensor with detection wavelength ranges of 3.4—4.1 um and 4.5-5.1 um. This
enabled us to measure the surface temperature of the Ni—YSZ catalyst through the quartz tube.
We performed a preliminary experiment to calibrate the IR camera. A K-type thermocouple
was attached to the surface of a Ni-YSZ catalyst (not crushed) and the catalyst was placed in
a quartz tube. Nitrogen was supplied to the catalyst so that no chemical reaction occurs. The
surface temperature of the catalyst was measured by using both the attached thermocouple and
the IR camera in a range of the furnace temperature from 600 to 750 °C. The emissivity of the
Ni-YSZ surface assumed in IR imaging was used as a tuning parameter so that the output of
the IR measurement can reproduce the temperature measured by the thermocouple. The
emissivity was set at 0.98. The root-mean-square error of the IR measurements estimated on

the basis of the thermocouple measurements is 0.5 K in the temperature range of this study.
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Fig. 4.1 Experimental setup. (a) Catalyst for the measurement of the temperature distribution

and (b) gas supply system.
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4.2.4 Experimental Conditions

Fig. 4.2 shows the flow rate of the gas composition in the mixed fuel. When the flow rate
of methane was 0 ml/min, that is a single fuel of ammonia without methane was supplied, the
flow rate of ammonia was 80 ml/min. The compositions of humidified methane and ammonia
in the mixed fuel were determined by considering that the total hydrogen production rate from
both methane and ammonia would become constant if the two fuels were completely converted
to hydrogen. The total flow rate of the inlet gas and the temperature of the electric furnace were

fixed at 360 ml/min and 700 °C, respectively.
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Fig. 4.2 Experimental conditions.
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4.2.5 Data Reduction

To evaluate the experimental results, the reaction rates of methane and ammonia were

calculated as

- A ou
CH, Reforming rate = (ﬁ) x 100 = (1 — %) X 100 [%], (4.4)
VFECH,, in VFCHy, in
NH; Decomposition rate = (M> x 100 = (1 —~ m) x 100 [%], (4.5)
FNHg, in VFNHg, in

where VFch4, in and VFnH3, in are the volumetric flow rates of methane and ammonia at the inlet
controlled by the mass flow controllers, whereas VFcha, out and VFnz, out are those of methane

and nitrogen at the outlet measured by gas chromatography, respectively.

4.2.6 Stability, Durability, and Reproducibility

To confirm that the catalyst was not degraded during the experiment, the reaction rate
under the reference condition, i.e., an ammonia flow rate of 40 ml/min with balance argon of
320 ml/min at the inlet, was examined at the beginning and end of each series of experiments.
In all cases, the difference in ammonia decomposition rate between the beginning and end of
the experiment was less than 3.5%, which confirms the stability of the catalyst and the

reproducibility of the results.
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4.3 Results and discussion

As discussed in the previous chapter, the ammonia decomposition reaction preferentially
proceeds over the steam methane reforming reaction. Moreover, the steam methane reforming
reaction has a strongly endothermic nature, which is suitable for efficient heat utilization,
whereas the ammonia decomposition reaction has a weakly endothermic nature, which can
realize a gentle temperature distribution. From these characteristics, in the case of using the
mixed fuel, it can be predicted that ammonia decomposition preferentially proceeds mainly in
the upstream region of the cell, thus avoiding the steep temperature drop around the inlet, and
methane steam reforming, which probably follows the decomposition of ammonia, enables the
high efficiency of heat utilization to be retained. Therefore, the temperature distribution along
the length of the Ni—YSZ catalyst was investigated by using an IR camera. The hydrogen

production rate and the amount of endothermic heat of both reactions were also examined.

4.3.1 Measurement of Thermal Field

In this analysis, the amount of the catalyst was increased to 0.75 g and 1.5 g, which were
equivalent to the streamwise lengths of 21 mm and 42 mm, respectively. To clearly recognize
changes in local temperature on the catalyst caused by the reactions, a subtraction process was
applied to the thermal images obtained by the IR camera as follows. First, a thermal image
when argon was supplied was obtained as a reference, as shown in Fig. 4.3 (a), then another
image was obtained when the fuel was supplied, as shown in Fig. 4.3 (b). Fig. 4.3 (c) was then
obtained as the difference between the two. There appears to be a temperature distribution in
the spanwise direction; however, this is due to the measurement of the cylindrical tube from
the side. Therefore, the temperature at the center of the flow channel was used as the
representative temperature at each position x in the evaluation.
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The flow rate of ammonia was 80 ml/min when a single fuel of ammonia without
methane was supplied. The compositions of humidified methane and ammonia in the mixed
fuel were determined by considering that the total hydrogen production rate from both methane
and ammonia would become constant if the two fuels were completely converted to hydrogen.
The total flow rate of the inlet gas was fixed at 360 ml/min and the temperature of the electric

furnace was fixed at 700 °C.
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Fig. 4.3 Thermal images of the catalyst (a) without and (b) with reactions. (c) Difference

between (a) and (b).
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4.3.2 Temperature Distribution

Figs. 4.4 (a) and (b) show the one-dimensional distributions of the temperature drop in the
flow direction at the center of the flow channels with the catalyst lengths of 42 mm and 21 mm,
respectively. For the catalyst with a length of 42 mm, as shown in Fig. 4.4 (a), when the mole
fraction of ammoniais 0, i.e., humidified methane is supplied without ammonia, there is a sharp
drop in local temperature at the upstream edge of the catalyst. This is because of the strongly
endothermic nature of the reforming reaction. As the mole fraction of ammonia increases, the
magnitude of the temperature drop decreases and the peak position moves downstream, as
shown by a white arrow. When the mole fraction of ammonia further increases, another peak
appears at the upstream edge, as shown by a black arrow. This is associated with the
endothermic ammonia decomposition. Fig. 4.4 (a) clearly shows that the temperature
distribution can be controlled by tuning the inlet composition of the mixed fuel.

For the catalyst with a length of 21 mm, as shown in Fig. 4.4 (b), the temperature
distribution where the catalyst is placed is almost the same as that in the upstream half of the
catalyst with a length of 42 mm. On the other hand, in the downstream half, where no catalyst
is placed, no peak of the temperature drop caused by steam methane reforming is observed.
This is because there is no catalyst in the downstream half and the steam methane reforming
reaction, which is delayed because of the ammonia decomposition reaction, cannot take place.
Regarding the ammonia decomposition reaction, since it proceeds preferentially in the
upstream region, a peak position similar to that observed in Fig. 4.4 (a) is also observed in

Fig. 4.4 (b), as shown by a black arrow.
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4.3.3 Hydrogen Production Rate

Figs. 4.5 (a) and (b) show the reaction rates of steam methane reforming and ammonia
decomposition with the catalyst lengths of 42 mm and 21 mm, respectively. They also show
the total hydrogen production rate from both reactions for each catalyst length. Note again that
the compositions of humidified methane and ammonia in the mixed fuel are determined by
considering that the total hydrogen production rate from both methane and ammonia would
become constant if the two fuels were completely converted to hydrogen.

For the catalyst with a length of 42 mm, as shown in Fig. 4.5 (a), the hydrogen production
rate slightly increases up to an ammonia mole fraction of 0.11. When the mole fraction of
ammonia is more than 0.16, on the other hand, the hydrogen production rate starts to decrease.
This is associated with the drop in the methane reforming rate caused by the reaction preference
of ammonia decomposition at a high ammonia concentration.

For the catalyst with a length of 21 mm, as shown in Fig. 4.5 (b), the methane reaction and
hydrogen production rates decrease with increasing ammonia even though the ammonia
decomposition rate itself slightly increases up to a mole fraction of ammonia of 0.056. This
indicates that sufficient steam methane reforming cannot take place within the catalyst with a
length of 21 mm owing to the reaction preference of ammonia decomposition. It is worth
mentioning that no steam methane reforming reaction is observed when the mole fraction of
ammonia is larger than 0.14.

Fig. 4.5 (c) shows the differences in the reaction rates of methane and ammonia between
the two lengths of the catalyst. Since the temperature distribution in the catalyst with a length
of 21 mm is almost the same as that in the upstream half of the catalyst with a length of 42 mm,
shown in Figs. 4.4 (a) and (b), it can be considered that the composition of the gas exhausted
from the catalyst with a length of 21 mm represents that of the gas passing through the upstream
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half of the catalyst with a length of 42 mm. Therefore, the differences in the reaction rates of
methane and ammonia between the two lengths of the catalyst shown in Fig. 4.5 (c) represent
the estimated rates of the reactions that proceed in the downstream half of the catalyst with a
length of 42 mm. It is shown that up to an ammonia mole fraction of 0.14, the estimated reaction
rate of methane increases. This indicates that the region where the methane reforming reaction
proceeds shifts to the downstream part of the catalyst because a longer region of the catalyst
from the inlet was occupied mainly by the preferential reaction, namely, the ammonia
decomposition reaction. When the mole fraction of ammonia is more than 0.14, on the other
hand, the estimated reaction rate of methane reforming rapidly decreases. This is because the
amount of ammonia remaining after passing through the upstream half of the catalyst increased;
thus, the downstream half of the catalyst was also used mainly for the ammonia decomposition
reaction, resulting in the reduced activity of the steam methane reforming reaction. From these
results, it can be predicted that the remaining ammonia when the ammonia mole fraction is
high can be consumed if the catalyst is further longer. Furthermore, this shows that the region
of the catalyst in which steam methane reforming proceeds can be controlled by changing the

composition of the mixed fuel.
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Fig. 4.5 Reaction rates and hydrogen production rate with the catalyst length of (a) 42 mm,
(b) 21 mm, and (c) the difference of the two which represents the estimated rate of the reactions

proceeding in the downstream half part of the catalyst with 42 mm length.

4.3.4 Heat Utilization

Fig. 4.6 shows the amounts of endothermic heat associated with the steam methane
reforming and ammonia decomposition reactions when the catalyst length is 42 mm. It also
includes the average, minimum, and maximum temperatures within the catalyst for each
condition. It is shown that the total amount of endothermic heat decreases with increasing mole
fraction of ammonia, resulting in an increase in average temperature. This is because the
amount of endothermic heat of the ammonia decomposition reaction is smaller than that of the

steam methane reforming reaction.
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When the ammonia concentration in the mixed fuel is 0.10, as shown by a red column in
Fig. 4.5 (a) and Fig. 4.6, the hydrogen production rate is maximized; its amount is larger than
that for the single fuel of humidified methane and that for the single fuel of ammonia. In
addition, although the amount of endothermic heat is 27% smaller than that of the single fuel
of humidified methane because of the less endothermic nature of the ammonia decomposition
reaction, it is 98% larger than that of the single fuel of ammonia, indicating the efficient
utilization of the heat generated by the electrochemical reaction. Furthermore, the difference
between the maximum and minimum temperatures within the catalyst is 56% smaller than that
in the case of humidified methane without ammonia and almost equivalent to that of the single
fuel of ammonia without methane. From these results, it can be clearly concluded that the
mixed fuel has advantages in terms of hydrogen production rate, temperature distribution, and

heat utilization over the single fuels of humidified methane and ammonia.
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4.3.5 Hydrogen Reuse in SOFCs

Considering the fact that ammonia decomposition preferentially proceeds over steam
methane reforming, there is one more advantage that can be expected from mixing methane
and ammonia. When methane—ammonia mixed fuel is supplied to SOFCs, hydrogen is first
produced from the decomposition of ammonia. This hydrogen is used as a fuel for the
electrochemical reaction to generate electricity and, as a result, water is produced. This water
can be used for steam methane reforming so that hydrogen is again produced and used for the
electrochemical reaction. This shows a possibility that the hydrogen atoms originally contained
in ammonia can act twice as a fuel for the electrochemical reaction. The amount of steam
supply can also be reduced. To clarify the reuse of water in the methane—ammonia mixed fuel

in SOFCs, further research is needed.
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4. Conclusions

To control the temperature distribution and make it gentle along the flow direction in the
anode of SOFCs while efficiently utilizing the heat generated by the electrochemical reaction,
the concept of mixing fuels was examined. The combination of methane and ammonia, which
have large differences in their reaction activity and endothermic nature, was adopted based on
the fundamental reforming characteristics of the mixed fuel on the Ni—-YSZ catalyst obtained
in Chapter 3.

It was found that when the mixed fuel is supplied to the catalyst with a length along the
flow direction, as the mole fraction of ammonia in the mixed fuel was increased, ammonia was
preferentially consumed near the inlet and the reaction region of steam methane reforming on
the catalyst was moved downstream, resulting in the shift of the position where the temperature
of the catalyst sharply drops. The temperature distribution can be controlled by tuning the
compositions of methane and ammonia in the mixed fuel.

When the mixture ratio of methane to ammonia was suitably adjusted, a higher hydrogen
production rate was achieved compared with the cases of a single fuel of humidified methane
and a single fuel of ammonia. The temperature difference within the catalyst was 56% smaller
than that in the case of humidified methane and the amount of endothermic heat was 98% larger
than that in the case of ammonia. Moreover, it shows a possibility that the hydrogen atoms
originally contained in ammonia are used twice as a fuel for electrochemical reaction in an
SOFC. Therefore, methane-ammonia mixed fuel has advantages in terms of hydrogen
production rate, temperature distribution, and heat utilization over the single fuels of
humidified methane and ammonia, and the concept of mixing fuels with large differences in
their reaction activity and endothermic nature is an attractive option for realizing the more
flexible operation of SOFCs.
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Chapter 5

Formulation of Mixed Fuel Reaction
Rate on Ni-YSZ Catalyst

5.1 Introduction

Solid Oxid Fuel Cells (SOFCs) are a promising technology owing to their high power
generation efficiency. One of the important characteristics of SOFCs is their fuel flexibility.
Because electrolytes of the SOFCs are typically oxygen—ion conducting ceramics, the fuel is
not limited to hydrogen. Various kinds of fuel such as methane *-3, propane 8, methanol 3%,
ethanol °127Y7, dimethyl ether 821, carbon monoxide 222, and ammonia 262 can be used in
SOFCs. The high operation temperature of SOFCs gives an additional advantage from the
energy efficiency point of view: the excess heat can be effectively utilized in the endothermic
reforming process of hydrocarbon fuels to generate hydrogen, which can also be regarded as a
cooling process of the stack. A separate reformer is usually placed next to the SOFC stack today.

Since the typical SOFC anode such as Ni-YSZ (yttria-stabilized zirconia) contains nickel,
which can function as a reforming catalyst, it is possible to directly supply hydrocarbon fuels

or ammonia to the SOFCs to perform on-site reforming on the anode. It is an advanced
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operation mode of SOFCs and called as a “direct reforming”. This operation eliminates the
separate reformer so that the system can be simple and cost-competitive. The excess heat is
internally utilized for the endothermic reforming process and this can be regarded as the
internal cooling process of the stack. In spite of the intensive investigations on the direct
reforming SOFCs 2%-%2, there are still challenges to realize this operation mode. Its impact on
the temperature field is one of them. When methane is used as a fuel, for instance, the reforming
reaction proceeds rapidly near the inlet of the anode channel, resulting in a decrease of the local
cell temperature owing to its strongly endothermic nature. This generates unacceptable thermal
stress and increase the risk of mechanical failure of cells 333, When the weakly endothermic
fuel such as ammonia is adopted, it is possible to obtain the relatively uniform temperature
distribution, but the excess heat utilization is sacrificed because the amount of endothermic
heat is small.

The idea of this study is to use a mixed fuel of methane and ammonia combining the
advantages of the fuels having different characters. The experimental results presented in the
previous chapters are positive, showing the feasibility of the proposed method to control the
temperature field in the SOFC stacks. Because of the difficulty to experimentally measure the
temperature field of an operating SOFC, it is significant to introduce the numerical simulation.
One of the key factors to build up the numerical model of SOFCs fed with the mixed fuel is
how to describe the direct reforming reactions. Since the experimental results indicate that the
steam methane reforming and ammonia decomposition reactions interact each other, the
reaction model should be able to describe the interactions of both fuels.

One straightforward method is to employ an elementary kinetics model considering all
elementary reactions involved in the reforming and decomposition reactions 368, The
competitive nature of the two reactions will be automatically considered in this method.
However, the computational load will be high particularly if it is applied to a stack level
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simulation. In a stack level simulation of direct reforming SOFCs, an overall reaction model,
in which the reaction rates are described with power-law expressions, is often employed
because of its reasonable computational load 2249, Since the power-law model is obtained by
fitting to a reliable experimental data, the obtained rate equation should be used within the
range of the experimental condition. One challenge in the power-law model is how to introduce
the competitive nature of the two reactions. To the best knowledge of the author, there is no
simple method describing the two competitive reactions which is practically applicable to a
stack-level simulation.

In this chapter, we propose a new reaction model to describe the two competitive reactions
by implicitly considering the surface reaction model: adsorption, associative reaction, and
desorption. The model can describe the mixed fuel condition by introducing the adsorption
constants of the participating gas species on the surface, but without considering each
elementary reaction. By fitting to the experimental results reported in Chapter 3, the reaction
rate formulae of the steam methane reforming and ammonia decomposition which can be used
even in the mixed fuel system are introduced. Furthermore, the effect of the YSZ support on
the rate of steam methane reforming is examined considering the steam and ammonia

adsorptions on YSZ.
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5.2 Reaction Model

To describe the competitive nature of the two reactions, the adsorption and desorption
phenomena of all chemical species on the nickel surface are considered. On the other hand, the
associative reactions of steam methane reforming and ammonia decomposition on the nickel
surface are regarded as the smallest components of overall reactions and the elementary
reactions which consist these associative reactions are not taken into account. To achieve this
goal, we propose a new reaction rate description method of the associative reactions on the
surface. It does not require the use of elementary reactions and, instead, a constant which should

be obtained from the fitting of the experimental data is introduced.

5.2.1 Reactions to be Considered

The overall reactions of steam methane reforming and ammonia decomposition reactions

are described as Eqg. (5.1) and Eq. (5.2), respectively. Water—gas shift reaction is given by

Eq. (5.3).
CHy +H,0 » CO+3H,  AH%g5 = 206 ki/mol (5.1)
NH; = 3N +3H,  AH55 = 46 ki/mol (5.2)
CO+H,0 & CO,+Hy,  AH%gs = —41 ki/mol (5.3)

In this study, it is assumed that these surface reactions proceed in three steps: adsorption,
associative reaction, and desorption. The adsorption and desorption reactions of all chemical
species are in equilibrium states and the reaction rates are determined by the associative
reactions on the nickel surface.

The adsorption and desorption of the chemical species in the steam methane reforming and

ammonia decomposition can be described as follows;
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K
CH, + V <=3 CHyaq (5.4)

KH,0

H,0 +V <> H,0,4 (5.5)
K

H, + 2V & 2H,4 (5.6)

K

CO + V5 CO,q (5.7)
Kcoz

C02 + Ve COZad (58)
KNH3

NH3 + Ve NHSad (59)
K

N, + 2V & 2N,y (5.10)

where V shows the vacant reaction sites on the nickel catalyst and the subscript “ad” means
adsorption on the nickel surface. Kcha, Kh2o, Kh, Kco, Kcoz, Knnz, and Ky are the equilibrium
constants.
The associative reactions of methane and ammonia on nickel surface are described as
follows:
CHyaq + HyO0,q & 6Hyg + CO,q (5.11)
NHj.q < 3Hzg + Nyg (5.12)
Note that in the elementary reaction model these reactions are further divided into several
elementary reactions. Instead, in this analysis, these reactions are regarded as the smallest
components of the reaction model.
When the coverage of each species j (j = CHs, H20, H, CO, CO2, NHs, N, V) is denoted
by 8, the equilibrium constants of the reactions shown in Eq. (5.4) to Eqg. (5.10) are expressed

with the coverages and partial pressures of the gases.

_ _fcny
Kcn, = Pors, Oy (5.13)
Kip o = —120 (5.14)
H20 = Ph,00v '
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Ky = ey (5.15)
Koo = =<0 (5.16)

Pcobv

_ bcoz
Keoa =3 oy (5.17)
Ky, = —s (5.18)

NH3 PnpgOv '

Ky = -2 5.19
N — PN29v2 ( : )

where Pcha, PH20, PH2, Pco, Pcoz, Pnnz, and Pz are the partial pressures of methane, steam,

hydrogen, carbon monoxide, carbon dioxide, ammonia, and nitrogen.

5.2.2 Reaction Rate

In this analysis, the associative reaction on the nickel surface is assumed to be the rate-
limiting step so that the overall reaction rates of steam methane reforming and ammonia
decomposition can be represented by their associative reaction rates. Since the associative
reaction takes place on the surface, its reaction rate can be expressed by the products of
coverage of the participating species, &, and vacant reaction site, &. The power of each
coverage is usually the stoichiometric value. This is because the probability of the association
of chemical species including vacant sites can be calculated by the power of the coverages with
their stoichiometric values.

When the associative reaction is regarded as the smallest component of the reactions, the
sequential elementary reactions will be represented by one associative reaction. In this case,
the probability of a certain number of the sequential associations of a chemical species with
vacant sites should be represented by the probability of one association of a chemical species
with a certain number of neighboring vacant sites. However, these two probabilities are

generally different, so that the probability description of one associative reaction should be
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adjusted to successfully represent the probability of the sequential associations. To achieve this,
we introduce a constant as the power of the coverage of vacant site &, which will be shown in

the following examples.

5.2.2.1 Reaction Rate of Steam Methane Reforming

When the reaction rate of the associative reaction of the steam methane reforming on the
catalyst surface, shown in Eq. (5.11), is described on the basis of the proposed model, the rate

equation can be expressed as follows;

Rswr = ksmr " Och, 0,000 — kswr 01°0co (5.20)
AEsyr™T

kSMR+ = ASMR+eXp (— %) (5.21)
_ _ AEsmr™

ksmr = Asur™ €xp (— %) (5.22)

where ksmr* and ksmr™ show the reaction rate constants of forward and backward reactions so
that their temperature dependence can be described by Arrhenius equations, shown in Egs.
(5.21) and (5.22). The power of & is a constant a. This can be explained as follows. If the
elementary reactions on the surface are considered, four hydrogen atoms in methane are
adsorbed step-by-step on nickel. In this case, the number of vacant sites which is required for
each adsorption step is just one. These reactions proceed sequentially so that the probability of
methane adsorption as a whole can be calculated as the products of the probability of each step.
On the other hand, if the stoichiometric number of vacant sites for Eq. (5.20) is adopted as a,
namely a = 5, the term &2 shows the probability that five neighboring vacant sites located next
to the adsorbed site can be used for the reaction. Clearly, the probability of the products of each
sequential step in which only one adjacent vacant site is required and the probability of the
existence of five continuous vacant sites are not necessarily the same. Therefore, the value of

a, which is expected to be around 5, should be obtained by fitting the experimental data.
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5.2.2.2 Reaction Rate of Ammonia Decomposition

The reaction rate of ammonia decomposition can be calculated in the same manner as the
case of methane. When the reaction rate of ammonia decomposition on nickel surface can be

determined by its associative reaction on the surface, the reaction rate can be expressed as

follows;
_ + b -5 3
Rapc = kapc 9NH39V — kapc On Oy (5.23)
AEapc™
kADC+ = AADC+eXp (— %) (5.24)
_ _ AEapc™
kapc = Aapc™ exp (— %) (5.25)

where kapc™ and kapc™ show the reaction rate constants of forward and backward reactions so
that their temperature dependence can be described by Arrhenius equation, shown in Egs.
(5.24) and (5.25). The power of & is a constant b. As discussed in the case of methane, it is
expected that the constant b takes a value around 3 and it should be obtained from the fitting

of the experimental results.

5.2.2.3 Reaction Rates under Mixed Condition

When the associative reactions on the surface are regarded as a rate-limiting step, the
reaction rates of the steam methane reforming and ammonia decomposition are expressed by
Egs. (5.20) to (5.23). The species considered are methane, ammonia, steam, hydrogen, carbon
monoxide, carbon dioxide and nitrogen. The sum of the coverages of all species is unity;

Och, + On,0 + 0y + 6o +0co, + Oy, + O+ 0y =1 (5.26)
From Eqgs. (5.13) to (5.19) and Eqg. (5.26), the coverages of each species can be described as

follows;
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6y = : (5.27)

1+Kch,PcHy +KH,0PH 01,/ KHPH, K coPco+Kco, Pco, tKNH3 PNH; +/KNPN,

QCH = KCH4PCH4 (5 28)
4 1+KcH,PcHy+KHy0PH,0+/KnPH, +KcoPco+Kco,Pco, HENHg PNHg +/KNPN,
Ou,0 = D010 (5.29)
2 1+Kcn, PcHy tKHy0PHy0 1,/ KHPH, YK coPco+Kco, Pco, T KNH; PNHS T4/ KNPN,
0, = JKnPiy (5.30)
1+KcH,PcHy KH,0PH 01/ KHPH, K coPco+Kco, Pco, tEKNH3 PNH; +/KNPN,
9 _ KcoPco (5 31)
o 1+Kcn, PcH, +KH,0PH,0 1,/ KHPH, TKcoPco+Kco, Pco, TKNH3 PNH; T,/ KNPN,
Bco, = 2007 700z (5.32)
2 1+KcH,PcHy tKH,0PH,01/KHPH, TKcoPcotKco, Pcoy +KNH PNHg +/KNPN,
Oni, = L (5.33)
3 1+KcH,PcHs tKH,0PH,0+ /KHPH, HKcOPcot Ko, Pco, + KNHg PNHg +/KNPN,
VENPN
Oy = 2 (5.34)

1+Kcn, PcHy +KHy0PHy 01,/ KHPH, YK coPco+Kco, Pco, T KNH; PNHS T4/ KNPN,

By substituting from Egs. (5.27) to (5.34) to Egs. (5.20) and (5.23), the reaction rates of the

two reactions can be calculated.

5.2.2.4 \Water-Gas Shift Reaction

In this analysis, it is assumed that water—gas shift reaction is in equilibrium state. The

equilibrium constant Keq was can be calculated by the empirical equations as follows #;

Keqwas = exp(—0.2935Z3 + 0.635127 + 4.1788Z + 0.3169) (5.35)
Z=""-1 (5.36)

5.2.3 Adsorption Constant

The adsorption constant of each species on nickel surface can be calculated from Van’t
Hoff equation, as shown in Eq. (5.37). The changes of enthalpy and entropy indicate the
differences between the standard enthalpy and entropy in the gaseous phase and those in the
adsorbed phase on nickel, respectively.
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K; = exp (— %) = exp (_ AH;;‘AS)

where AG, AH and AS denote the changes of Gibbs free energy, enthalpy and entropy,

(5.37)

respectively.

The properties adopted for our calculation are summarized in Table 5.1. The changes of
enthalpy AH and entropy AS of steam, hydrogen, carbon monoxide and carbon dioxide due to
the adsorption are cited from the DFT calculation results 2. Those of methane are obtained
from the thermal data based on the experiment *3. Those of nitrogen are obtained from the DFT
calculation *4. Regarding ammonia, although several reports can be found about the change of
enthalpy AHnws, the values are different depending on the reports 44, Moreover, there seems
to be no valid report on the change of entropy ASnns associated with the adsorption on the
nickel surface. Therefore, we introduced the values of AHNH3, ni @and ASnhs, ni from our fitting

calculation.

Table 5.1 Kinetic model parameters used for calculation

Reaction AH [kJ mol™] AS [J molt K]
CH, + V < CH,q —41.6 -194
£H20 -18 -83
H,0 +V <> H,0,4
K
H, + 2V & 2H,4 —92 -129
K
CO 4V €5 C0,q -121 -132
K
CO, + V3 COypug -28 ~103
Knu3 Not Available Not Available
NHz +V <= NHzaq Fitting Fitting
K
N, + 2V < 2N,4 173 -91.6
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5.2.4 Effect of Catalyst Support

It is reported that the catalyst support affects the reaction rate of steam methane reforming.
One of the possible reasons is the difference of the steam adsorption on the support, which
depends on the support material. Its characteristics difference varies the rate of the steam
methane reforming on the catalyst from —0.6 to +1 order when the rate is expressed by the
power-law type equation 8. When the single fuel of humidified methane is supplied, the effect
of steam adsorption on the support, namely YSZ, is automatically included in the reaction rate
estimation on nickel in the proposed model. When the mixed fuel of methane and ammonia is
supplied, however, the steam adsorption on YSZ surface may change because of ammonia and
its decomposed gases. It may affect the reaction rate of steam methane reforming on nickel.
Therefore, we revise the proposed model to include the possible effects of the steam adsorption
change on YSZ.

Assuming that the steam adsorption on YSZ, described as G20, ysz, has some effects on
the steam adsorption on nickel, the reaction rate of steam methane reforming is modified as
follows;

Rswr = ksmr 0ch, f (B0, vsz)On,00v® — ksmr ™ On°0co (5.38)
where f is some kind of function associated with the steam adsorption on YSZ, and G420, vsz is
the coverage of steam on YSZ. The adsorption phenomenon of steam on the YSZ surface is

described as the same manner on the nickel surface as shown in Eq. (5.29).

Oh,0,vsz =

KH,0, YszPH,0
1+KcH,, YszPcH, YKH,0, YszPH,0 1/ KH, YszPH, +Kco, YszPco+Kco,, YszPco, T KNHg, YszPNH; T/ KN, YszPN,

(5.39)

where Kchas, sz, Kh2o, sz, KH, ysz, Kco, sz, Kcoz, vsz, KnHs, vsz, and Kn, ysz are the equilibrium
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constants of adsorption for each species on YSZ.

Here, we estimated the order of the adsorption constant of each gas referring to the value
adsorbed by other materials 6474%-52 |t is also assumed that the adsorption of ammonia is
dominant and adsorption constants of other gases can be neglected. Therefore, Eq. (5.39) can

be modified as;

KH,0PH,0

On,0,vsz = (5.40)

KNHg PNHg

When the reaction rate of the steam methane reforming is described by Eq. (5.38), the
function f should meet the physical requirement of the equation form, that is, f = 1 when the
ammonia supply is zero and f =0 when the supplied gas is only ammonia. To be consistent with

these physical requirements, we changed Eq. (5.40) to Eq. (5.41).

KH,0PH,0

On,0,vsz = (5.41)

KH,0PH,0*+KNH3 PNH;4

In addition, since there is no information of the absolute value of adsorption constants on
YSZ, it is not reasonable to estimate them. Here, what is important is the relativity of the
adsorption strength of steam and ammonia on YSZ surface. Therefore, we define the ratio of
adsorption constant of steam Kn2o, ysz to adsorption constant of ammonia Knns, vsz as a relative

value of adsorption constants Krei_H20-nH3, Ysz. Then, the function f can be described as follows;

Ph,0

f (6,0 vsz) = (5.42)

PH,0+Krel_Hy0-NHg, YSZPNH;
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5.3 Numerical Model

To be compared with the experimental data presented in Chapter 3, a 1-D simulation model
is developed which represents the test section of the experiment. The reaction models proposed

in the above sections are implemented.

5.3.1 Problem Statement and Assumptions

Fig. 5.1 shows the schematic diagram of the 1-D model of the test section in Chapter 3. Xi
is the mole fraction of species j in the cell i, and Ti is the temperature of the cell i. The geometry
of grids in the calculation are described in Table 5.2. The microstructure of the Ni-YSZ catalyst
is given as shown in Table 3, referring to the experimental measurement 3. Veat and Vrea in
Eq. (5.44) are the volume of the catalyst and test section, respectively. Weat and pcat in EQ. (5.45)

denote the weight and density of the catalyst, respectively.

£=10—7= (5.43)
Vear = -2 (5.44)
cat
2
V;«ea — Xd*XL (5.45)

4

In the test section, the packed catalyst is modeled as a porous body. To calculate the
reforming/decomposition reactions through the porous catalyst, following assumptions are
made:

1. Steady state.

2. Uniform flow only for x direction.

3. No pressure drop. (The effect of the porous catalyst for flow is not assumed)

4. Gases and catalyst are the same temperature. (Thermal equilibrium state)

5. Streamwise mass diffusion is negligible.
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6. Porous catalyst is isotropic and homogeneous.

— X L

O
i |

' Y
b4

Quartz

Flow | Ni-¥SZ
# catalyst

Xy | A | Xy
A I T

T T 7T
O O Q¢

Fig. 5.1 Schematic of the 1-D model representing the test section in Chapter 3.

Table 5.2 Model geometry.

Catalyst length L

Quartz tube inner
diameter d

Size [mm]

2.8

7.0

Number of grids 1.0x103

Table 5.3 Microstructure parameters of Ni-YSZ catalyst.

Parameter Value
Porosity ¢ [-] 0.544
Ni—Pore contact area density S’ni-pore [M? M~ 5.57x10*
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5.3.2 Governing Equations

In this simulation, following equations are considered to describe the phenomena.

1. Continuity equation

a —_—

a(pv) =0 (5.46)
2. Energy equation

aT _ @ (,0T

vy =—(A5)+Q (5.47)

3. Mass transfer equation
oOM;X; _
pr——= S; (5.48)

where p is the density of the mixed gas, v is the velocity of the flow, C, is the molar heat
capacity, A is the effective thermal conductivity, Q is the source term for heat transfer, M; is the
molar mass of each species j, Xj is the mole fraction of each species j, and S; is the source term

for mass transfer.

5.3.3 Physical Properties

The properties of the mixed gas vary depending on its temperature and composition.

Density

Density of the mixed gas can be calculated based on the ideal gas law as follows;

0

where M is the average molar mass.

Effective molar heat capacity at constant pressure

Molar heat capacity of the mixed gas can be calculated with the heat capacity of each

component gas.
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where Yj is the mass fraction of each species. Heat capacity of each component gas is given as

a function of temperature based on the property data >,

Viscosity
Viscosity of the mixed gas can be calculated by the semi-empirical model that includes

viscosity of each component gas .

_y (Kt ) 5.51
# Z] (Zka4>j,k (5.51)

Viscosity of each component gas can be obtained as a function of temperature. @ « is a
dimensionless number calculated by a semi-empirical Bromley and Wilke equation as

follows °6:

112
e () (2]

Effective thermal conductivity

Effective thermal conductivity of the mixed gas can be calculated by the semi-empirical

model that includes thermal conductivity of each component gas *°.

A= 2,-( X2 ) (5.53)

TrXi®j
where Jj is given as a function of temperature based on the property data >.

In this numerical model, it is assumed that the gas and solid phase in the flow go to thermal
equilibrium immediately. Therefore, the heat transfer between gas and solid phase can be
represented by the effective thermal conductivity of the gas and solid. The effective thermal
conductivity of the porous media is given by Eq. (5.54). The value ¢ is a constant which is
determined by the ratio of thermal conductivity of mixed gas to that of solid, and ¢ = 0.040 is

adopted °'.
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P+=x

(1-¢)

et = Agas X {e +— jgas} (5.54)
3" Aeat.

where the thermal conductivity of Ni-YSZ is assumed 11.0 W m* K regardless of the

temperature.

5.3.4 Source Terms

The source terms for the mass transfer equation expressed by Eq. (5.48), S;, are associated
with the generation and consumption of the gas species participating the steam methane
reforming, Sswmr, j, water—gas shift reaction, Swas ,j, and ammonia decomposition, Sapc,j. Seven
mass transfer equations corresponding to CH4, H20, Hz, CO, CO2, NH3 and N> are solved.

The source term of energy equation Q consists of reaction heats of steam methane
reforming Qsmr, ammonia decomposition Qapc, water—gas shift reaction Qwas and the radiant
heat from the electric furnace Qy, as shown in Eq. (5.55). The reaction heat of each reaction can
be calculated by Eqgs. (5.56) to (5.58). S’ni-pore IS the total area of Ni facing the pores in the
catalyst %3, Fwes denotes the reaction amount of water—gas shift reaction, while AHsmr, AHapc,
and AHwgs are the enthalpy changes by the steam methane reforming, ammonia decomposition
and water—gas shift reaction, respectively. Tr,r and T denote the temperature of the electric
furnace and the mixed gas, respectively. Here, the emissivity of the catalyst « was set at 0.98.

o denotes the Stefan-Boltzmann constant.

Q = Qsmr *+ Qapc + Qwas + Ot (5.55)
QsMR = SNi-poreRsMRAHsMR (5.56)
Qapc = Sni-poreRapcAHapc (5.57)
Qwas = FwasAHwes (5.58)

aJ(Tfor_T‘})

Qf = (5.59)

Veat
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5.3.5 Fitting Experimental Data

In this analysis, the experimental data reported in Chapter 3 is used for fitting the
parameters of the proposed reaction model. Table 5.4 summarizes the experimental conditions
used for the fitting. The parameters to be fitted are shown in Table 5.5. For the steam methane
reforming, the constant a in Eq. (5.38), the forward and backward reaction constants: k" and k’
are fit. Note that the reaction rate constants, shown in Egs. (5.21) and (5.22), have temperature
dependence. Therefore, the values of frequency factors and activation energies for both forward
and backward reactions (Asmr*, Asmr™, AEswr’, and AEswr™) are fit. For the ammonia
decomposition, the constant b in Eq. (5.23), the forward and backward reaction constants: k*
and k= (Aapoc’, Aapc™, AEapc’, and AEapc”), the enthalpy and entropy changes of ammonia
caused by adsorption, AHad nH3, Ni @nd ASadg nH3, Ni, and the relative value of adsorption
constants Krel_H20-NH3, Ysz, Which represents the effect of YSZ as a catalyst support are fitted.
The fitting calculation is to minimize the root mean square of the deviation between the

experimental data and numerical results, as shown in Eqg. (5.60).

2
RMS = \/%Z?](x/;lzxp,l - /',SIM,I) (5.60)
where N is the number of the experimental conditions, species j denotes either CHs or NHs,
and x;, exp,1and Xj, sim, 1 denote the conversion rates of experiment and simulation of species j,

respectively.
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Table 5.4 Experimental conditions.

Faz0
Fuel No. | F sccm F sccm T[°C
ana fscom] | T P [scom] [°c]
: 4/6/8/10/15/
Mixed |144|20/40/50/60 100 2030 /40 / 60 600/ 650/ 700/ 750
Table 5.5 Fitting parameters.
Reaction rate Sequential Adsorption Relative
constant association constant adsorption
Reaction k*and k- representing KnHs3 constant
(A", A, value (AHad_NH3Ni, Krel_H20-NH3, YSZ
AE*,and 4E") aorb ASad_NH3, Ni) (Arel and AErer)
Steam me_thane v v B v
reforming
Ammonia Y Y Y B

decomposition
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5.4 Results and Discussion

To verify our proposed model and its reaction rate expressions, the experimental data of
the mixed fuel reported in Chapter 3 are numerically fit. Fit parameters for each reaction are

shown in Table 5.5.

5.4.1 Steam Methane Reforming under Mixed Condition

The reaction rate model of the steam methane reforming when the mixed fuel is supplied
is described by Eq. (5.38). As discussed in the section 5.2.2, the reaction rate constants of the
steam methane reforming reaction, both forward one and backward one, are functions of
temperature which can be described by the Arrhenius type equations. Therefore, in the fitting
process, the reaction rate constants are fit to the Arrhenius model. As shown in Table 5.5, the
reaction rate constants ksmr™ and ksmr™ (Asmr*, Asmr™, AEsmr", and AEsmr"), relative adsorption
constant Krei_H20-NH3, vsz (Arel and AErer), the sequential association representing value a are the
parameters to be fit. As summarized in Table 5.4, one hundred and forty four experimental data
with different temperatures and concentrations of methane and ammonia are used.

Fig. 5.2 shows the methane reforming rate as a function of a concentration of ammonia in
the mixed fuel when the inlet fuel is 700 °C. When the reaction rate constants
ksmr"=1.13x102%exp(-1.46x105/RT), ksmr™=5.00x 1024exp(-3.12x105/RT), the relative
adsorption constant Krel H20-NH3, Ysz=5.55x10-1%xp(-2.6419x 105/RT), and the sequential
association representing value a=5, the RMS value defined by Eq. (5.60) reaches minimum.
The simulation model successfully reproduces the results of the experiments. Note that the
value of a reaches 5, which indicates that the probability of sequential reactions of hydrogen
dissociation from methane is equivalent to the probability of association of five neighboring
vacant sites.
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Fig. 5.2 Fit results of Methane reforming rate at 700 °C.

5.4.2 Ammonia Decomposition under Mixed Condition

The reaction rate model of the ammonia decomposition when the mixed fuel is supplied is
described by Eqg. (5.28). As the steam methane reforming, the reaction rate constants of the
ammonia decomposition can be described by the Arrhenius type equations. Therefore, in the
fitting process, the reaction rate constants are fit to the Arrhenius model. As summarized in
Table 5.5, the reaction rate constants kapc* and kaoc™ (Aapc”, Aapc™, AEapc™, and AEapc”), the
enthalpy and entropy changes of ammonia caused by adsorption, AHad nH3, Ni @0d ASad_NH3, Ni,
and the sequential association representing values b are the parameters to be fit. One hundred
and forty four experimental data with different temperatures and concentrations of methane
and ammonia, which are also used to make the fitting of the reforming rate calculation, are

employed.
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Fig. 5.3 shows the ammonia decomposition rate as a function of a concentration of
ammonia in the mixed fuel when the inlet fuel is 700 °C. When the reaction rate constants
kapc™=1.50x%10*exp(-1.00x 105/RT), kapc™=5.00x 1025 exp(-3.12x 105/RT), the enthalpy and
entropy changes AHad nHs, ni=——9 kJ mol™ and ASag nhs, ni=0 J molt K, and the sequential
association representing value b=3, the RMS value defined by Eq. (5.60) reaches minimum.
The simulation model successfully reproduces the results of the experiments. Note that the
value of b reaches 3, which indicates that the probability of sequential reactions of hydrogen
dissociation from ammonia is equivalent to the probability of association of three neighboring
vacant sites. The changes of enthalpy AHad_nts, ni=—9 kJ mol™ and entropy ASnws, ni=0 J mol™
K can be considered reasonable values referring to the report which studies the adsorption

phenomena of other materials 75860,
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Fig. 5.3 Fit results of Ammonia decomposition rate at 700 °C
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5.4.3 Temperature Dependency of the Proposed Model

Fig. 5.4, Fig. 5.5, and Fig. 5.6 are the fit results of the mixed fuel when the temperature is
at 750, 650, and 600 °C, respectively. In all cases, it can be confirmed that the simulation results
successfully reproduce the experimental results, as the case at 700 °C.

Figs. 5.7 and 5.8 show the temperature dependence of the reaction rates constants of the
steam methane reforming and the ammonia decomposition reactions, both forward and
backward ones. It is confirmed that their temperature dependence clearly fit on the Arrhenius
plot. Note that the simulation results shown in Figs. 5.2 to 5.6 already adopted the reaction rate

constants as a function of temperature shown in Figs. 5.7 and 5.8.
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5.4.4 Reaction Rate Formulae under Mixed Condition

The parameters obtained by the fitting calculation are shown in Table 5.6. The final results
of reaction rate formulae of the steam methane reforming and ammonia decomposition

reactions on the basis of our model are expressed as follows;

1.46x105

Rsyr = 1.13 X 10%° exp (— e )90H4f(9H20, vsz)Oh,000°

3.12x10°

6
—5.00 x 10%*exp (— — )eH 0o (5.61)

1.00x105

3
e )HNH39V

Ranc = 1.50 x 10% exp (—

3.12x10°
RT

3
—5.00 x 10%5exp (— ) 0y Oy  (5.62)
where the coverage value of each species is expressed from Eq. (5.27) to (5.34), the adsorption
constant of each species is expressed by Eq. (5.37) with using the enthalpy and entropy changes

shown in Table. 5.1 and our fit results (AHag_nnz, ni=—9 kJ mol™ and ASag Nz, ni=0 J mol? K1),

and the function f which represents the relative adsorption effect on YSZ is described by

Eq. (5.42).
Table 5.6 Parameters obtained from fitting calculation.
Steam methane reforming Ammonia decomposition
Asvr" = 1.13E+20 Aapc’ = 1.50E+04
Reaction rate Eswr™ = 1.46E+05 Eapc” = 1.00E+05
constants Asvr = 5.00E+24 Aapc™ = 5.00E+25
Esvr = 3.12E+05 Eapc™ = 3.12E+05
Sequential
association a=5 b=3
representing value
Adsorption - AHad_nH3, Ni = =9 kJ mol?
constant - ASad NH3,Ni= 0] mol? K1
Relative K
. rel_H20-NH3, YSZ
adsorption B pas -
constant = 5.55E-10 exp(26419/T)
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5.4.5 Validity of the Model of Catalyst Support

As discussed in section 5.2.4, it is predicted that the catalyst support, namely YSZ, gives
some effect on steam methane reforming, thus, to describe it, we introduced the relative value
of adsorption constants of ammonia to steam on the surface of YSZ: Krel_H20-NH3, Ysz. TO
confirm the validity of the model, the temperature dependency of the relative adsorption
constants Krel_H2o-NH3, sz 1S examined. Furthermore, the calculation without the model is

conducted to confirm the effect of the model in the simulation.

5.4.5.1 Temperature Dependence of Relative Adsorption Constant

As discussed in section 5.2.4, the relative adsorption constant should be represented by
Arrhenius type equation because both adsorption constants of steam and ammonia follow the
Arrhenius equations. By fitting the experimental results with four different inlet temperatures,
we succeeded in obtaining the temperature dependence of relative adsorption constant

Krel H20-NH3, Ysz, @ shown in Eq. (5.75).

2.6419><105)

Kiel H20-NH3, vsz = 5.55 X 10710 exp (— o7

(5.75)

where R denotes the ideal gas constant. The figure is shown in Fig. 5.9.
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Fig. 5.9 Temperature dependence of relative adsorption constant Krei H20-NH3, YsZ.

5.4.5.2 Comparison with and without the Relative Adsorption Model

Fig. 5.10 shows the simulation results without the relative adsorption model when the inlet
temperature is 700 °C. As clearly shown in Fig. 5.10 (a), even if the concentration of ammonia
in the mixed fuel is increased, the reforming rates of methane in all conditions do not decrease
sufficiently as the case with the relative adsorption model, shown in Fig. 5.3. On the other hand,
the decomposition rates of ammonia have little changes. This indicates that the ammonia
adsorption on YSZ support plays an important role in the reaction rates of steam methane

reforming when the mixed fuel is supplied to Ni-YSZ catalyst.
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Fig. 5.10 Fit results without the relative adsorption model at 700 °C.
(a) Methane reforming rate and (b) ammonia decomposition rate.
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5.5 Conclusions

To describe the reaction phenomena of the mixed fuel of methane and ammonia on the Ni-
YSZ catalyst, a reaction model is proposed. The model includes the adsorption constants of
conceivable chemical species to describe the competitive adsorption condition in the mixed
fuel, on the other hand, it does not get into the elementary reaction model, which makes the
model computationally friendly and applicable even to a larger scale simulation. The model
also considers the effect of catalyst support, namely YSZ, on the rate of steam methane
reforming.

By fitting the experimental data to the model, the reaction rate formulae of the steam
methane reforming and ammonia decomposition that can describe the mixed fuel condition are
successfully introduced. The new reaction rate formulae can reproduce the all experimental
results which are obtained at different temperatures and different mixture compositions. This
indicates that the new formulae can be regarded as more general expressions of the reaction
rates compared to the equations reported so far and can be applicable to all kinds of numerical
simulations. It was also found that YSZ, the catalyst support, gives some effect on the rate of
steam methane reforming. The comprehensive study of the effect of a catalyst support on the

reforming rate is expected to fully understand the phenomena.
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Chapter 6

Conclusions

6.1 Conclusions

Use of a methane—-ammonia mixed fuel for solid oxide fuel cells is proposed. The
reaction characteristics of the mixed fuel on Ni-YSZ catalysts is experimentally investigated.
The reaction model of the steam methane reforming and ammonia decomposition reactions
under the competitive adsorption condition is proposed and the reaction rate formulae are

introduced. The contents of each chapter can be summarized as follows.

In Chapter 1, solid oxide fuel cells (SOFCs) directly fed with non-hydrogen fuels are

introduced. The advantages and challenges of the direct reforming SOFCs are addressed.

In Chapter 2, the concept of SOFCs fed with a mixed fuel is discussed. The aim of mixing
fuels is to achieve the arbitrary control of cell temperature and the effective utilization of
excess heat in the system by combining fuels with different reaction characteristics and

activities. Among several possible combinations of hydrogen carriers, we adopted methane
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and ammonia. The hydrogen reuse in the SOFCs is also an expected advantage. In this
chapter, surface reactions on a Ni—-YSZ (yttria-stabilized zirconia) catalyst is also discussed.
Adsorption phenomena need to be considered to describe the competitive adsorption
condition of the methane—ammonia mixed fuel. The reaction model of the mixed fuel can be
constructed by using the overall adsorptions and associative reactions instead of a description

based on the elementary reactions.

In Chapter 3, fundamental characteristics of the reforming and decomposition reactions of
the methane—ammonia mixed fuel on a Ni—YSZ catalyst were experimentally investigated. A
small amount of the crashed Ni-YSZ, which is a typical anode material of solid oxide fuel
cells was packed in a thin quartz tube and a mixture gas of methane, ammonia, steam and
balance argon was supplied. The test section was placed in an electric furnace to control the
catalyst temperature. The exhaust gas compositions were measured by a gas chromatography
varying the inlet gas composition and the furnace temperature. The reaction rates of the steam
methane reforming and the ammonia decomposition were evaluated by measuring the
exhaust gas compositions. It was found that the steam methane reforming reaction was
suppressed by adding ammonia to the fuel. This suppression effect is particularly significant
at relatively low temperatures. The steam methane reforming is almost completely suppressed
while the ammonia decomposition reaction is not affected by the methane in the fuel at
600 °C. The suppression effects become moderate at higher temperatures when the ammonia
concentration is relatively low. Under the conditions in which the methane reforming is
sufficiently active, the ammonia decomposition is suppressed. This trade-off of the two
reactions shows that they share the same reaction sites on the catalyst and are competing each
other. The experimental results show that the ammonia decomposition is generally preferred
but the methane reforming becomes non-negligible at higher temperatures when the ammonia
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concentration is low.

In Chapter 4, several important characteristics as a fuel for solid oxide fuel cells of the
methane—ammonia mixed fuel were experimentally investigated on the basis of the results
reported in Chapter 3. The streamwise length of the catalyst region packed in the test tube
was increased to 21 mm and 42 mm and the test section was placed in the electric furnace.
The furnace was slightly opened to measure the temperature distribution of the catalyst with
an infrared camera. The reaction rates of the steam methane reforming and the ammonia
decomposition were evaluated by measuring the exhaust gas compositions using a gas
chromatography. It was found that the difference of the reaction preference of methane and
ammonia clearly affected the temperature distribution of the catalyst. As the mole fraction of
ammonia in the mixed fuel was increased, ammonia was preferentially consumed and the
reaction region of steam methane reforming on the catalyst was moved downstream, resulting
in the shift of the position where the temperature of the catalyst sharply drops. By tuning the
compositions of methane and ammonia in the mixed fuel, the temperature distribution was
successfully controlled. When the mixture ratio of methane to ammonia was suitably adjusted,
a higher hydrogen production rate was achieved compared with the cases of a single fuel of
humidified methane or a single fuel of ammonia. The temperature difference within the
catalyst was 56% smaller than that in the case of humidified methane, indicating that an
improved durability of the system because of the less thermal stress. The amount of
endothermic heat was 98% larger than that in the case of ammonia and almost equivalent to
that in the case of methane, indicating the efficient heat utilization capability of the mixed

fuel.
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In Chapter 5, a reaction model to describe the reaction phenomena of the mixed fuel of
methane and ammonia on a Ni-YSZ catalyst was proposed. The model includes the
adsorption constants of participating chemical species to describe the competitive adsorption
condition in the mixed fuel, while it does not consider the detailed elementary reactions to
reduce the computational load because the proposed model is aimed to be applicable to stack
level simulations. The model also considers the effect of catalyst support, namely YSZ, on
the rate of steam methane reforming. By fitting the experimental data reported in Chapter 3 to
the proposed model, the reaction rate formulae of the steam methane reforming and ammonia
decomposition that can describe the mixed fuel conditions were successfully obtained. The
new formulae can be regarded as more general expressions of the reaction rates compared to
the equations reported so far and can be applicable to all kinds of numerical simulations. It
was also found that YSZ, the catalyst support, gave some effect on the rate of the steam

methane reforming.
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6.2 Suggestions for Future Works

In this thesis, a methane—ammonia mixed fuel for solid oxide fuel cells is proposed. The
reaction characteristics of the mixed fuel on Ni-YSZ catalyst are experimentally investigated.
The reaction model of the steam methane reforming and ammonia decomposition under the
competitive adsorption condition is constructed and the reaction rate formulae are introduced.
Here, as for the suggestions for future study, two remaining related themes are discussed.

Firstly, to confirm the effectiveness of the methane—ammonia mixed fuel for solid oxide
fuel cells, both experiment and simulation studies including the electrochemical reaction are
expected. The power generation characteristics should be compared depending on the fuels.
The hydrogen reuse effect can be also examined when the electricity generation is taken into
account.

Secondly, the constructed model reported in Chapter 5 includes a crude assumption for
the effect of catalyst support on the steam methane reforming reaction. It is certainly reported
in the literature that the support gives an effect of steam methane reforming, however, the
detail mechanisms are still unknown. Both of the kinetic study and experimental study for the

effect of catalyst support are expected to update our model.
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Nomenclature

AG

AH

Rabc
RsvRr
AS

Si

S’ Ni-pore
T

Tt

\Y,

Veat

Frequency factor

Molar heat capacity

Inner diameter

Activation energy

\olumetric flow rate

Gibbs free energy change

Enthalpy change

Equilibrium constant

Length

Molar mass of species j

Partial pressure of species j

Heat generation term

Ideal gas constant

Reaction rate of ammonia decomposition
Reaction rate of steam methane reforming
Entropy change

Mass transport source term for species |
Ni-pore interface area density
Temperature

Furnace temperature

Vacant reaction site on Ni surface

\Volume of catalyst
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[-]

[J molt K7
[m]

[J]

[m® 5]

[J]

[kJ mol™]
[-]

[m]

[kg mol™]
[Pa]

W m™]

[J mol* K7
[mol m?s]
[mol m?2s?]
[J molt K1
[kg m?®s?]
[m* m~]

[K]



Vrea \Volume of reaction region in test section
v Velocity

Xj Molar fraction of species j

Yj Mass fraction of species j

Greek symbols

a Emissivity

£ Porosity

A Thermal conductivity

0 Coverage

Yo, Density

o Stefan-Boltzmann constant
u Viscosity

Superscripts
0 Standard state
+ Forward reaction

- Backward reaction

Subscripts

ad Adsorption

ADC Ammonia decomposition
cat Catalyst

eq Equilibrium state

EXP Experiment
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fur

gas

rel

SIM

SMR

WGS

Furnace

Gas

Cell number

Species

Relative value

Simulation

Steam methane reforming
Vacant reaction site
Water—gas shift reaction

Standard state
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