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Abstract

Syngas plays an important role in various catalytic processes such as Fisher-Tropsch
synthesis, methanol synthesis and hydroformylation. Hydrogen from syngas is widely used in
the production of ammonia, in petroleum industry and as a clean energy carrier in fuel cells.
Increase in energy consumption due to population growth and the pressure of decarbonizing
the earth's atmosphere demands the deployment of more clean energy technologies such as
fuel cell. It is expected that fuel cell will play a key role in combating against global pollution
while a transition from carbon economy to low-carbon economy takes place. Thus, the demand
for hydrogen, the most important fuel for fuel cells and now emerging as a universal energy
carrier, will also continue to rise. To produce hydrogen via reforming, methane is the desired
fuel of choice due to its lowest carbon content and low cost. Due to the missing hydrogen
infrastructure, on-board hydrogen production via methane steam reforming (MSR) in an
efficient reformer is one of the most cost-effective solutions to increase the use of fuel cells.

MSR is highly endothermic process, thus, requires an efficient way of supplying heat. This
can be achieved by spatial segregation of MSR and heat exchanging medium (e.g. exothermic
methane combustion (MC)) in a catalytic plate reactor (CPR). In a CPR design, MSR and the
exothermic MC are carried out in alternating parallel channels. However, the use of highly
exothermic MC creates large thermal gradients and hot-spot due to the imbalance of heat
liberating at faster rate in MC and absorbing at relatively slower rate in MSR. Such imbalance of
heat causes problems of catalysts delamination, material failure, reduction in catalytic surface
area and low conversions in a conventional CPR where reforming and combustion catalysts are
coated continuously.

With the aim of making CPR design free from large thermal gradients and hotspot, this
study proposes a novel concept of distributed coating design for both reforming and combustion
catalysts. Detailed multiphysics 2-D steady-state numerical models of a CPR are developed to
investigate the performance of distributed coatings of reforming and combustion catalysts
compared to the conventional continuous coatings. It is found that the proposed distributed
coating design not only improves the production of hydrogen but also reduces hotspot and
thermal gradients significantly compared to the continuous coatings. As a result, it is concluded
that the proposed distributed coatings of reforming and combustion catalysts can resolve the
problems of catalysts delamination, material failure, reduction in catalytic surface area and low
conversions. The thesis also determined that the distributed coatings improve the utilization of
both reforming and combustion catalysts by saving the quantity of combustion-catalyst up to
74% and reforming-catalyst up to 28%. To make the MSR more energy efficient, this study also
conducted an experimental investigation of MSR over nickel-spinel catalyst at low SC ratios in a
packed bed reactor. To fit the experimental data, sensitive parameters of a surface microkinetic
model of MSR over Ni catalyst are optimized. It is found that the microkinetic model predicts
the experimental data quite well after optimizing only 12 out of 78 kinetic parameters.



Résumé

Le gaz de synthese joue un réle important dans divers processus catalytiques tels que la
synthése de Fischer-Tropsch, la synthése du méthanol et I'hydroformylation. L'hydrogéne issu
du gaz de synthése est largement utilisé dans la production d'ammoniac, dans l'industrie
pétroliére et comme vecteur d'énergie propre dans les piles a combustible. L'augmentation de
la consommation d'énergie due a la croissance démographique et a la pression de la
décarbonisation de I'atmosphére terrestre exige le déploiement de technologies plus propres
telles que les piles a combustible. On s'attend a ce que la pile a combustible joue un role clé
dans la lutte contre la pollution mondiale alors qu'une transition de I'économie de carbone vers
une économie sobre en carbone a lieu. Ainsi, la demande I'hydrogéne, le carburant le plus
important pour les piles a combustible et qui émerge aujourd'hui en tant que vecteur
énergétique universel, continuera également d'augmenter. Pour produire de I'hydrogene en le
reformant, le méthane est le combustible de choix en raison de sa teneur en carbone la plus
faible et de son faible cot. En raison de l'infrastructure d'hydrogéne manquante, la production
d'hydrogene embarquée par reformage a la vapeur de méthane (MSR) dans un reformeur
efficace est I'une des solutions les plus rentables pour augmenter ['utilisation des piles a
combustible.

MSR est un processus hautement endothermique, donc, nécessite un moyen efficace de
fournir de la chaleur. Ceci peut étre réalisé par une ségrégation spatiale de MSR et de milieu
d'échange de chaleur (par exemple, combustion de méthane exothermique (MC)) dans un
réacteur a plaques catalytiques (CPR). Dans une conception de CPR, MSR et le MC exothermique
sont effectués dans des canaux paralléles alternatifs. Cependant, I'utilisation de MC hautement
exothermique crée de grands gradients thermiques et un point chaud en raison du déséquilibre
de la chaleur libérée a un rythme plus rapide dans le MC et absorbant a un rythme relativement
plus lent dans le MSR. Un tel déséquilibre de chaleur cause des problémes de délaminage des
catalyseurs, de rupture de matériau, de réduction de la surface catalytique et de faibles
conversions dans un CPR classique ou les catalyseurs de reformage et de combustion sont
revétus en continu.

Dans le but de rendre la conception de CPR exempte de grands gradients thermiques et de
hotspot, cette étude propose un nouveau concept de conception de revétement distribué pour
les catalyseurs de reformage et de combustion. Des modéles numériques multi-physiques
détaillés a I'état d'équilibre 2D d'un CPR sont développés pour étudier la performance de
revétements distribués de catalyseurs de reformage et de combustion par rapport aux
revétements continus conventionnels. On trouve que la conception de revétement distribué
proposée améliore non seulement la production d'hydrogéene, mais réduit également les
gradients thermiques et les points chauds de fagon significative par rapport aux revétements
continus. En conséquence, il est conclu que les revétements distribués proposés des catalyseurs
de reformage et de combustion peuvent résoudre les problémes de délaminage des catalyseurs,
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de défaillance des matériaux, de réduction de la surface catalytique et de faibles conversions.
La thése a également déterminé que les revétements distribués améliorent I'utilisation des
catalyseurs de reformage et de combustion en économisant jusqu'a 74% de catalyseur de
combustion et 28% de catalyseur de reformage. Pour rendre le MSR plus économe en énergie,
cette étude a également mené une étude expérimentale de MSR sur un catalyseur nickel-
spinelle a des rapports SC bas dans un réacteur a lit fixe. Pour ajuster les données
expérimentales, les parametres sensibles d'un modéle microkinésique de surface du catalyseur
MSR sur Ni sont optimises. On trouve que le modeéle microkinétique prédit assez bien les

données expérimentales aprés |'optimisation de seulement 12 des 78 parametres cinétiques.
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Chapter 1

Introduction

Worldwide population growth and industrialization have threatened the continuous
production and supply of energy. Increase in energy consumption and the pressure of
decarbonizing the earth's atmosphere demands the deployment of more clean energy
production technologies such as fuel cells. It is expected that fuel cell will play a key role in
combating against the global pollution while a transition from the carbon economy to low-
carbon economy and eventually carbon-free economy takes place.

1.1. World’s future energy demand and greenhouse gas emission

As per the World Energy Outlook 2015 report [1], published by the International Energy
Agency (IEA), the world’s primary energy demand will grow to 45% and electricity demand is
projected to grow 81% by 2035. Hence, it is expected that the emission of the greenhouse gases
will also increase if all nations continue to produce required energy using fossil fuels. United
Nations’ Climate Conference (COP21) held in Paris during 2015 had negotiated the Paris
Agreement to achieve the target for global warming to peak at 2 °C above the temperature in
the pre-industrial era and had sought to deliver a clear pathway with short and long-term
milestones [2].

Fig. 1.1(A) illustrates the top 20 largest greenhouse gas (GHG) emitter countries in 2015,
accounting for 79.25 % of the world’s total emission [3]. In the list of top 20, China, the United
States, India and Russia are the four largest GHG emitters, sharing 56% of the world’s total. Even
though developing countries like India is in the list of the top four, its emission per capita is very
low (ranked 125). Amongst 20 largest emitters, Australia, Saudi Arabia, the USA and Canada
have occupied the top four spots for the largest GHG emitters per capita, respectively. Fig. 1.1
(B) shows GHG emission per capita data from 1990 to 2015 for Australia, Saudi Arabia, the USA
and Canada [3]. To mitigate the problems of GHG emission, Canada has recently announced an
ambitious target to reduce its emission per capita to 20% below 2015 level by 2030 [4].

To achieve Canada’s target of reducing its GHG emission, fuel cell technology can play an
important role in producing clean electricity while keeping the GHG emission at minimum level.
Due to the commitment made by many countries to move forward in the direction of low-carbon
economy, it is expected that the demand of fuel cells along with other clean energy technologies
will continue to increase all over the world. Thus, the demand for hydrogen (H,), the most
important fuel for fuel cells and now emerging as a universal energy carrier, will also continue
torise. In 2015, global H, production was amounted between 61 and 65 million metric tons and
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Fig. 1.1 (A) Top 20 largest greenhouse gas emitter countries in 2015, (B) Greenhouse gas
emission per capita (1990 to 2015) of Australia, Saudi Arabia, the USA and Canada.

is expected to grow further [5]. Prediction suggested that H, usage for sectors other than
petroleum and chemicals will grow to nearly 3.5 billion kg by 2030 [6].

1.2. Hydrogen production

Unlike electric batteries, a fuel-cell does not run down or require recharging; it produces
continuous electricity as long as H, and oxidizer are supplied continuously to the cell. Though H;
is considered as the most abundant fuel in the universe, pure H; exists in a very limited quantity
on our planet. Therefore, various methods are developed to produce H, from its primary
sources. Two methods most commonly in use are: (1) reforming and (2) electrolysis. Reforming
involves H, separation from water and carbon compounds such as methane (CH4), whereas
electrolysis involves H, separation from oxygen (O,) in water (H,0). The production of H, via
electrolysis is not a viable choice for the power backup option and off-grid locations, because it
requires electricity to produce H,. Hence, to increase the wide spread use of fuel cells, onsite
production of H, via reforming of hydrocarbons could be the effective solution. To produce H;
via reforming, CH, is the desired fuel of choice due to its lowest carbon content and recent
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discoveries of vast reserves of shale gas have further strengthen its choice for the next 30 to 40
years [7]. The selection of methane in this work to investigate the reforming operation can also
be considered as a representative component for the reforming of higher hydrocarbons such as
ethanol, gasoline, or diesel. Recently, Parmar [8] studied the gas-phase and surface kinetics of
diesel reforming and reported that after the first millimetre of a reforming-catalyst, higher
hydrocarbons fragment into smaller hydrocarbons and reforming of smaller hydrocarbons is
responsible for hydrogen generation. Thus, CH, being the smaller component in the series of
hydrocarbons, could be considered as a representative component for higher hydrocarbons and
results of reforming operation obtained using CH, could be utilize for deducing the performance
of a reformer for the reforming of higher hydrocarbons. To sustain the fuel cell technology for a
long-term, biomass-derived biogas (mainly CH4) or biofuels (e.g. bioethanol, biodiesel) are the
promising pathway for the production of carbon-neutral hydrogen.

The production of H, from CH, is carried out by three major processes: (1) steam reforming
(SR), (2) autothermal reforming (ATR) and (3) partial oxidation (POX). SR is a highly endothermic
process, whereas POX is the exothermic and ATR is a combination of SR and POX. Among these
three major processes, SR provides the maximum H, concentration and H; yield [9]. However,
due to its highly endothermic nature, SR requires an efficient way of supplying heat to its
endothermic reaction sites. Mostly, SR is carried out in a fixed-bed catalytic reactor with high
residence time [10]. But the fixed-bed reactor design suffers from limitations such as heat-
transfer and internal diffusion, which has led to the study of alternative and efficient reactor
design such as catalytic plate reactor/reformer (CPR).

A CPR design provides an excellent heat and mass transfer characteristics compared to the
conventional fixed-bed design [11]. In a CPR design (Fig 1.2), thin metal plates coated with
appropriate catalysts are closely arranged in a parallel fashion, where the endothermic methane
steam reforming (MSR) and the exothermic catalytic methane combustion (catalytic MC) are
carried out in alternating channels [11]. Due to channel’s dimensions in the micrometer to
millimeter range, a CPR design can intensify both MSR and MC by increasing the rates of heat,
mass and momentum transfer and by improving the surface area to volume ratio [12].
Consequently, conversion, yield and catalysts utilization can be improved, which reduces capital

Combustion Channel CHa, Oz, N2
CHg, Oz, N2 CO2, H.O

Continuous Coating of Combustion Catalyst

Metal or Ceramic Plate

Continuous Coating of Reforming Catalyst
CHa, H20, Hz
CHa, H20 Reforming Channel CO, COz

Fig. 1.2 (A) 3D view of a simplified catalytic plate reactor (CPR) design, (B) 2D view of a
simplified catalytic plate reactor (CPR) design.
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and operating cost of the MSR process. Thus, adopting a CPR design and supplying the heat by
the exothermic MC can greatly enhance the efficiency, effectiveness and productivity of a CPR.
Also, the use of catalytic combustion to supply heat offers advantages over the gas-phase
combustion. Catalytic combustion takes place at a lower temperature than the gas-phase
combustion, which reduces NOx formation and the lower operating temperature allows more
material choices in designing a CPR [11]. However, the use of highly exothermic MC creates
steep thermal gradients and hot-spot in a CPR due to an imbalance of the heat liberating at a
faster rate in MC and absorbing at a relatively slower rate in MSR [13]. Such thermal imbalance
causes problems of material failure and catalyst delamination due to different thermal
expansion coefficients of the coated catalyst and the metal plate. Large thermal-gradients also
reduce the catalytic active surface area, and as a result conversion of reactants [14].

As show in Fig. 1.2, CPR design looks simple but physical and chemical phenomena
happening on both sides of the plate is very complex and hence it is not easy to capture all
phenomena experimentally. To co-ordinate all physical and chemical phenomena and resolve
issues of hot-spot and thermal gradients, development of an accurate numerical model is
necessary which can predict CPR performance under varying design and operating parameters.

Catalyst layers that are coated on both sides of the plate surfaces (Fig. 1.2) in fact consisting
of porous structures. To increase the active surface area, active sites of catalyst are distributed
inside the porous structures. In a CPR, reactants in the flow channels diffuse from the bulk gas
phase to the porous catalyst layers and react at the active sites of the catalyst. After reaction,
products diffuse back to the bulk flow from the catalyst layer through pores. The diffusion rates
of the reactants and products toward and away from the active sites may lead to a reduced
overall reaction rate. At low temperatures, chemical reactions are slow, and therefore their
kinetics is the rate limiting step of the process. At higher temperatures, when the rate of
diffusion is slow compared to the intrinsic rate of reaction, mass transport does affect the rate
of reaction, and the process becomes diffusion limited. Therefore, it becomes important to
include internal mass transfer limitations in CPR model to accurately predict its performance.

Traditionally, the production of H, via MSR is carried out over nickel (Ni) based catalysts
with steam to carbon (SC) ratio of three or above to avoid carbon formation [15-19]. The SC
ratio of three or above is very high compared to the reforming reaction stoichiometric ratio of
one. High SC ratio dilutes the syngas content and is energetically unfavorable due to the
requirements of more energy to produce excess steam in a boiler at the reformer upstream and
to condense unreacted steam in a condenser at the reactor downstream. Noble metals such as
rhodium (Rh) and ruthenium (Ru) based catalysts are more resistant to carbon formation than
the traditional Ni based catalysts. However, due to excessive cost and limited availability of the
noble metals, it is more profitable to use Ni based catalysts which can be more resistant to
carbon accumulation and can exhibit long term stability at low SC ratios.

1.3. Thesis aims

The main aim of the present work is to study the novel distributed coating design for both
combustion and reforming catalysts in a CPR using computational fluid dynamic (CFD) tool with
the objective to reduce steep thermal gradients and thermal hot spots by balancing the
liberation of heat in the exothermic MC and absorption of heat in the endothermic MSR. The
mathematical models are based on two-dimensional flow with energy and species continuity
equations. Chemical reactions at the surface are computed by implementing multi-step
microkinetic model. The second aim of this thesis is to carry out experimental work of MSR over
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a promising Ni based catalyst at low SC ratios. As mentioned earlier the use of low SC ratio in
MSR could reduce the intake of energy at reactor’s upstream and downstream. With these aims,
following sub-steps are carried out in this study.

1. Perform CFD study of different distributed (or segmented) coating configurations between
reforming and combustion catalysts to identify their influence on the overall performance of
a CPR and compare the designs with the conventional continuous coating design.

2. Investigate the influence of distributed combustion-catalyst on the performance of MSR by
varying design and operating parameters.

3. Carry out experimental study to test Ni based catalyst at low SC ratios and validate a
microkinetic model by optimizing the kinetic parameters of the most sensitive reaction steps.

4. Carry our detail numerical modeling study of various patterns of the distributed reforming
and combustion catalysts in a CPR by implementing an optimized microkinetic model to
determine the best performing distributed coating design at low SC ratio.

1.4. Thesis structure

The thesis is divided into seven chapters. Chapter 1 introduces the need of a clean
technologies to generate required energy and outlines the issues associated with the catalytic
plate reactor design to generate hydrogen from methane followed by the thesis’s objectives and
its structure. Chapter 2 introduces briefly various reforming processes to produce hydrogen
from methane and provides a review of the existing literature on the surface kinetics of MSR
over Ni catalyst, kinetics of catalytic MC over platinum catalyst and identifies the current
research needs based on a literature review of catalytic plate reactor for MSR. Chapter 3
investigates the performance of a CPR designed with various coating configurations between
reforming and combustion catalysts using numerical approach and discusses how various
coating configurations affect the distribution of temperature and productivity in a CPR. Chapter
3 is published in the Fuel Processing Technology journal. Chapter 4 investigates the influence of
distributed coating design of a combustion-catalyst on MSR under varying design and operating
parameters. The results obtained with distributed combustion-catalyst are compared against
the conventional continuous coating design. Chapter 4 is published in the Journal of Power
Sources. Chapter 5 discusses experimental work of MSR over promising Ni-spinel catalyst at low
SC ratios in a packed bed reactor under plug-flow condition. Chapter 5 also presents the
optimization procedure of estimating kinetic parameters of the most sensitive reaction steps
from a multi-step microkinetic model. Chapter 5 is published in the Fuel Processing Technology
journal. Chapter 6 presents a numerical analysis of a CPR designed with different patterns of
distributed coatings of reforming and combustion catalysts by implementing an optimized
microkinetic model of MSR over Ni-spinel catalyst to obtain the best performing distributed
coating design. Chapter 6 also presents the study of internal diffusion limitation by considering
different thickness of reforming and combustion catalysts as well as investigates the
performance of distributed and continuous catalysts layers coated on different plate-
thicknesses. Chapter 7 presents an overall summary, conclusions and contributions of the thesis
and concluded by recommending the future work.
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Chapter 2

Literature

This chapter introduces briefly main chemical processes to produce hydrogen and provides
a review of the existing literature on surface kinetics of methane steam reforming (MSR) over
Ni catalysts, surface kinetics of methane combustion (MC) over platinum catalysts and identifies
the current research needs based on a literature review on catalytic plate reactor (CPR) for MC
assisted MSR.

2.1 Reforming of methane

Rostrup-Nielsen [1] reviewed briefly a historical footprint of syngas (CO+H,) production and
reported that the first patent application on the main principles of catalytic partial oxidation and
MSR to syngas over nickel was filed in 1912 by Mittasch and Schneider [2] of Badische Anilin &
Soda Fabrik (BASF) group. In 1930, Standard Oil in Baton Rouge installed the first tubular
reformer for natural gas (95% methane) reforming. However, the commercial breakthrough in
the reforming process was achieved in 1962 by the Imperial Chemical Industries (ICl). The
process was carried out in a tubular reformer operating at 15 bar pressure and elevated
temperature of 850 °C. After years of research and better understanding of the reforming
process, recent years have shown improved and cheaper reforming plants with better control
over carbon limits and flexibility in type of fuel use [1].

Based on the requirements of compositions distribution in a product stream, reforming of
methane is carried out in a reformer by three different routes: Steam reforming (SR), catalytic
partial oxidation (CPO) and autothermal reforming (ATR) [3].

2.1.1. Steam reforming (SR)

Steam reforming (SR) technology is the oldest and most feasible route to convert CH,4 into
H,. SR is the process of producing the mixture of H, and CO by combining steam (H.O) and fuel
(CH4) and reacting in a reformer in the presence of active catalyst according to the reaction (2.1):

CH, + H,0 & CO+3H, AHjqeg = +206 kJ/mol (2.1)

The SR process is an endothermic in nature and hence requires a supply of heat to the reaction
sites. In addition to the syngas (H, + CO), a reformate stream usually contains CO;, and
unconverted H,0 and CH,. Additional H, is formed by the water-gas shift (WGS) reaction (2.2)
and by the steam reforming of methane to CO, reaction (2.3):

CO +H,0 & CO, + H, AHjeq = —41 kJ/mol (2.2)
CH, + 2H,0 & CO, + 4H, AHjog = +165 kj/mol (2.3)
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The WGS is an exothermic reaction and reaches equilibrium quickly at the elevated temperature.
Due to its exothermic nature, elevated temperature in the reformer favours the reverse WGS
reaction. For higher hydrocarbons reforming, a reformate stream may contain light
hydrocarbons like methane, ethylene and propylene, which require further purification stages
to make reformate stream rich in hydrogen [3].

2.1.2. Catalytic partial oxidation (CPOX)

Catalytic partial oxidation (CPO) is a process of converting methane under an oxygen
deficient environment according to the reaction (2.4):

CH, + 0.50, & CO + 2H, AHjo5 = —36 k]/mol (2.4)

The CPO proceeds at fast rate compared to the SR. The main advantage of the CPO is that it
requires only air with methane, which eliminates the water vaporization process as required for
the SR. On the other hand, the production of carbon monoxide is greater compared to the SR.
This puts an additional load onto the subsequent separation operations, but only where CO
sensitive fuel cells are connected to the fuel reformer [3].

2.1.3. Autothermal reforming (ATR)

Autothermal reforming (ATR) uses O, and steam or CO; in a reaction with methane to form
syngas. The ATR reaction takes place in a single chamber where methane is partially oxidized
using air or pure O, (reaction (2.5):

2CH, + 0.50, + H,0 & 2CO + 5H, AHjeg = +170 kj/mol (2.4)

The addition of air or oxygen in ATR limits coke formation on the catalyst surface. Theoretically
the reaction becomes autothermal when the heat generated by the CPO reaction balances the
heat consumption of the SR reaction. In realism, heat losses to the surroundings should be
considered to calculate the optimum amount of oxygen in the feed. The main disadvantage of
the ATR over SR is that its reformate stream contains N, which is not acceptable for certain
types of fuel cells. An alternative path is to feed pure oxygen along with methane and steam,
which obviously increases the cost of ATR [3].

Among three methods discussed above, the MSR produces more hydrogen rich syngas
stream compared to the partial oxidation and autothermal reforming [3]. A production of
hydrogen rich syngas via MSR process is mainly achieved heterogeneously in the presence of a
nickel based solid catalyst at 700 °C and above.

2.2 Reforming catalyst

Reforming catalysts are based on transition metals like nickel, cobalt and noble metals [4].
Due to high operating temperature (>700 °C) of the reforming process, deactivation of the
reforming catalysts is ubiquitous and inevitable over a period. There are three main reasons of
reforming catalysts to deactivate: (1) sintering is caused by the mobility of active metals at high
operating temperatures, (2) coking is caused by carbon formation through Boudouard reaction
(CO disproportionation to C and CO;) and by hydrocarbon cracking, and (3) sulphur poisoning
caused by organic sulphur present in hydrocarbon fuels [5]. Catalysts based on noble metals like
rhodium or ruthenium are more resistant to carbon formation but are more expensive. This
motivates researchers to develop effective catalysts based on more cheaper and easily available
non-noble metals like nickel. In 1915, Mittasch and Schneider [6] demonstrated the first use of
nickel as a catalyst for the SR and the CPO of methane above 700 °C. The reforming catalysts
must have sufficient resistance to carbon formation and stability to be active under severe
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operating conditions [4]. To develop catalysts with such characteristics, reforming catalysts can
be modified by introducing supports or promoters.

It is now well established that supports play an equally significant role in coordination with
the active metal component in the performance of reforming catalysts. Due to the chemical
bonding between a support and an active metal, the reactivity of an active metal component
can be affected significantly by the choice of supports [7]. Supports provide stability and high
active surface area with its porous structure, which results in a longer stability and lifespan of a
catalyst. Research work has identified that carbon formation on nickel-based catalysts is
sensitive to the acidic and the basic nature of a support. For example, support such as zirconium
dioxide (ZrO,) with strong Lewis basicity has shown a strong interaction with active nickel which
has eventually lead to the formation of small nickel crystallites and supress the carbon formation
[8-12]. Support such as alumina (Al>QOs) increases acidic nature of a catalyst [13]. An acidic
support promotes cracking of methane and thus produce carbon [14]. Lahousse et al. [15] have
reported that addition of support with basic nature to a catalyst plays a crucial role in catalyst
performance by balancing Lewis acidity and hence formation of carbon.

The use of stable support such as ZrO, increases thermal stability and oxygen vacancies in
nickel-based catalysts [16]. Along with its strong Lewis basicity, ZrO; is also characterized by high
chemical resistance and its stable crystalline structure at wide range of operating temperature.
It is found that the stability range of ZrO, support can be further enhanced by introducing ions
of lower valence than 4%, such as Y**, La*, Mg?" and Ca?' into the ZrO, lattice [17]. The
replacement of Zr** cation with lower positive charge leads to a negative overall charge that is
compensated by an increased number of oxygen vacancies. These modifications in the ZrO;
support can activate the gaseous oxygen-producing O* or O species [18], such as adsorption of
H,O0. Bellido and Assaf [19] have carried out a comparative study of methane dry reforming over
5% Ni catalyst supported on ZrO, and 5% Ni catalyst supported on ZrO, + Y,0s;. They have
reported that modification of ZrO, support with the addition of Y,03 has increased the specific
surface area and surface oxygen vacancies. Surface oxygen vacancies could provide the active
sites required for obtaining more energetic oxygen radicals and thus reduce the rate of carbon
formation [19]. The Ni-spinel catalyst supported by YSZ and alumina employed in this study has
been developed by Fauteux-Lefebvre et al. [20] at the Université de Sherbrooke, Québec,
Canada. Their Ni-spinel catalyst has shown promising potential to implement in diesel steam
reforming [21], methane dry reforming [22] and naphthalene reforming [23]. The use of such
catalyst in reformers provides flexibility in selecting wide range of fuels that are available at
various locations to generate hydrogen and hence can further increase the usage of fuel cells.

2.3 Reforming reaction rates

To evaluate the performance of catalytic reformer design, quantitative and sufficiently
accurate information about the catalytic MSR reaction rates is required based on the underlying
physical and chemical phenomena. Kinetics of MSR is dependent on the types of catalysts used,
primarily on the active metal and up to certain extent on the type of support [24]. Various
approaches have been considered for the development of reaction mechanism/rate expression
to describe an intrinsic kinetics of MSR. Early work on the development of reforming kinetics
assumed adsorption of CH, as a rate determining step, which agreed with the assumption of the
first-order dependence of methane concentration [25]. However, most reaction mechanisms
proposed in early work have been found to be applicable only in a limited range of operating
conditions.



In 1964, Bodrov et al. [45] proposed the mechanism (Eq. 2.5) of MSR kinetics by assuming
methane adsorption to be the rate determining step:

S kpcu,

_1+a(%)+bpco

(2.5)

However, it has been observed that under some conditions, hydrogen restricts the progress of
the reforming reaction, which cannot be explained by the rate expression (2.5) [26]. Khomenko
et al. [27] proposed the rate expression (2.6) based on Temkin’s general kinetic identity:

1- (PCOPI%IzKeqPCH4PH20)
f @u20,PH2) + (1 + Kyz20PH20/PH2)

where, k is the reaction rate constant, K, is the equilibrium constant for the overall reaction
and f (Py20,Pu2) is a polynomial in py,o and py,. However, it has been determined that at high
pressure, the rate constant in Eq. (2.8) is dependent on partial pressures [26].

T = kpcu,PH20 (2.6)

During late 1980s, Xu and Froment [28] proposed complex LHHW rate expressions for the
MSR kinetics over Ni/MgAl,O,4 catalyst. They measured 280 experimental data points within the
temperature range of 773-848 K, pressures between 3 and 15 bar and steam to carbon ratio
between 3 and 5. They proposed a detailed reaction kinetics steps with three rate determining
steps one each for three main reactions: (i) methane steam reforming to CO (Eqg. 2.1), (ii) the
water gas shift reaction (Eq. 2.2) and (iii) methane steam reforming to CO, (Eq. 2.3):

kq PCOP3
=3 <pCH4pH20 K 2 /DEN2 (2.7)
Pu2 eq,1
k; Pco2PH2
T, =— <PCOPH20 ————|/DEN? (2.8)
PH2 Keq,z
k3 Pcozp4
T3 =% <PCH4P12120 - 2 ) /DEN? (2.9)
Puz eq,3

where, DEN = 1+ KcoPco + KuaPu2 + Kenabeua + Ku200u20/Puz, and Keg 1, Keg 2, Keg 3
are the equilibrium constants for the reactions (2.1), (2.2) and (2.3) respectively, py are the
partial pressures and K, are the adsorption constants of chemical species k.

Similarly, Hou and Hughes [29] also reported three rate expressions for the MSR over a
commercial Ni/a-Al,Os catalyst and suggested surface reactions between adsorbed species were
rate controlling. Wei and Iglesia [30] postulated a reaction sequence of steam and dry reforming
of methane on Ni/MgO catalysts. They concluded based on isotopic measurements that
reforming reaction rates were solely depend on the concentration of methane and unaffected
by the partial pressures of co-reactants. Differences in kinetics rate expressions suggest that the
MSR is a complex process to describe in a single step and no simple analytical rate expression
can be valid over a wide range of operating conditions.

Aparicio [26] observed that Xu and Froment’s rate expressions involve a negative heat of
adsorption for steam and thus their kinetics model is unable to predict the decrease in rate
observed experimentally when steam is replaced by CO,. So, instead of adopting LHHW
approach, Aparicio [26] applied surface microkinetic principles to understand the MSR. Aparicio
used Xu and Froment’s [28] experimental data to adjust the parameters of surface microkinetic
model. He concluded that the slowest steps in his model are methane adsorption and
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dehydrogenation, the formation of a C-O bond and the formation of a O=C-O bond. Under some
conditions, one of these steps can be the process limiting step, but in most cases combination
of slowest steps determines the overall rate of the reforming process. Chen et al. [31, 32]
extended Aparicio’s microkinetic model by including carbon formation and deactivation steps.
Their model predicted the results very well for both dry and MSR over Ni/MgO-Al,O; and
Ni/CaO-Al,0; catalysts at a pressure range of 0.1 to 2 MPa and a temperature range of 500 °C
to 650 °C.

Wang et al. [33, 34] investigated CO, reforming of CH, on Ni (111) using density functional
theory calculations. They concluded that CH,4 dissociation into CH3 and H is the rate-determining
step and HCO as key intermediate surface species. On the other hand, Blaylock et al. [35]
investigated the MSR on Ni (111) using density functional theory in combination with a statistical
thermodynamic. The authors proposed a detailed kinetic model containing adsorbed HCO and
CHOH species as the most important intermediates. Maier et al. [36] developed a detailed multi-
step microkinetic model which is applicable to steam reforming and partial oxidation of
methane. Their modeling results indicated that the availability of surface oxygen plays a key role
in determining the rate of reforming process. In this work, microkinetic model developed by
Maier et al. [36] is adopted for the simulation of a CPR. Delgado et al. [37] extended Maier et al.
model for dry reforming and total oxidation of methane.

2.4 Combustion of methane

Catalytic methane combustion has so far found limited applications. However, the need for
small scale power generation devices has rendered catalytic methane combustion an attractive
choice. Since the steam reforming reactions of methane (Eqg. 2.1, Eq. 2.3) are endothermic,
continuous supply of heat to the reforming reaction sites can be achieved via highly exothermic
combustion of methane (Eq. 2.10) either homogeneously or heterogeneously.

CH, + 20, © CO, + 2H,0 AHjes = —890 kj/mol (2.10)

Homogeneous combustion limits the choice of materials for reactor fabrication due to the
high temperatures associated with it. Also, at high temperatures, chances of NOx formation
increase significantly. On the other hand, due to lower operating temperature than
homogeneous combustion, catalytic combustion can increase the operating window and choice
of materials for reactor. Also, if catalytic combustion can be carried out under fuel-lean
conditions, chances of NOx and CO formation can be eliminated completely [38]. The most
common catalysts used in methane combustion are mainly based on noble metals like platinum,
palladium and rhodium.

2.5 Combustion reaction rates

Numerous studies related to the kinetics of catalytic methane combustion have been
reported in literature [38-53]. Literature search on the reaction kinetics suggest that most rate
expressions for the catalytic methane combustion have been modeled either by the power-law
type equation (Eq. 2.11) or by the Langmuir-Hinshelwood (LH) type equation (Eq. 2.12):

r = kCogHC 0% = Ae~Fa/(RgasT) ¢ CHa C 702 (2.11)

CH4

_ kKCH4pCH4\/ Ko,po,

= 2
(1+ Kcn,Pcu, ++/ Kozpoz)

(2.12)

r
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where, 7 is the reaction rate (mol/gcat/s), k is the reaction rate constant, py is the partial pressure
of the k™ component, K¢y, and Ko, are the equilibrium constants, C is the concentration of
chemical species k (mol/m?3), 4 is the pre-exponential factor, E, is the activation energy (J/mol),
Rgqs isthe ideal gas constant (J/mol/K), and T is the temperature (K). The development of kinetic
models based on the LH isotherm are valid only under limited operating condition due to the
underlying assumptions for rate determining steps. Combustion kinetic models based on
microkinetic approach can provide more insights of the reaction pathways [54]. Few studies [54—
59] in the literature have been reported so far on surface microkinetics of methane combustion

over different catalysts.
2.6 Catalytic plate reactor (CPR)

The concept of process intensification has long been around in the chemical engineering
industry. It relies on the development of novel technologies that are inherently safer, can
substantially reduce the equipment-size/production-capacity ratio, and improve energy
efficiencies [60]. Catalytic Plate Reactors (CPRs) are an example of a heat-exchanger reactor
used for process intensification. Compared to conventional chemical reactors, CPRs have the
potential to provide higher product throughputs, greater heat transfer rates and lower
manufacturing costs. A CPR design is composed of a number of thin metal plates coated with
suitable catalyst and organized in a stacked configuration.

Process intensification in CPRs can be achieved via two methods. In one method, a hot flue
gas exchanges heat with an endothermic reaction taking place in an alternate channel [61]. In
the second method, studied in this thesis, exothermic and endothermic reactions take place in
alternative channels [62]. The use of exothermic reaction creates steep thermal gradients and
hot-spots in CPRs due to different rates of heat liberation on the combustion-side and heat
absorption on the reforming-side. Such thermal imbalance between two sides of a plate causes
problems of material failure and catalyst delamination due to different thermal expansion
coefficients of coated catalysts and metal plate. Large thermal-gradients also reduce the
catalytic active surface area, and as a result conversion rate of reactants [63]. Very few studies
have attempted to address the issues of steep thermal gradients, hot and cold spots by changing
the design of a CPR at various levels.

In a recent study, Pattison et al. [64,65] proposed a complex design for a microchannel CPR
designed with 60 cm plate-length, where a layer of phase change material (PCM) placed
between the two plates of the reforming and combustion sides. The PCM layer acted as an
energy storage buffer, which absorbs an excess thermal energy that transfers from the
combustion-side plate to the reforming-side plate. Along with the concept of PCM layer, they
also proposed a temperature control strategy to address the issue of persistent disturbances.
Pattison et al. [66] also proposed a distributed coating design for a combustion-catalyst. They
investigated numerically, a method for emulating distributed feed configuration in a CPR via two
to four distributed coating layers of a combustion-catalyst, consisting of alternating active and
catalytically inactive sections. Their study showed that increasing the number of distributed
sections allowed for more precise tuning of a plate temperature. However, in their study, they
considered only two to four relatively longer (centimeter range) distributed sections of a
combustion-catalyst. Similarly, Jeon et al. [67] conducted an optimization study to determine an
optimum length of the distributed sections of a combustion-catalyst, an optimum number of
combustion-catalyst sections, and an optimum length for an inter-catalyst space to reduce the
thermal hot-spots in a microchannel CPR consisting of relatively shorter plate-length of 5 cm.
They considered the distributed combustion-catalyst only for the initial fifty percent of the plate-
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length and did not address the issue of the longitudinal thermal gradients for the remaining
plate-length. They reported that optimization of inter-catalyst space length is more effective in
minimizing the thermal hot-spots. However, they restricted their study to 1 mm length for the
inter-catalyst space on the combustion-side of a microchannel CPR. Ramaswamy et al. [68, 69]
analyzed dynamic and steady-state behavior of a heat exchanger reactor with counter-flow and
co-flow modes for the coupling of exothermic MC and endothermic MSR reactions using the
pseudo-homogeneous plug-flow model. They reported thermal hot-spots in both reactor
designs and higher temperature peak in the case of counter-flow mode. They suggested that
catalyst activity profiling can reduce steep thermal gradients and hot-spots with co-flow
arrangement. Similar study was carried out by Zanfir et al. [70] to investigate the influence of
flow arrangement between the MC and MSR and catalyst distribution. They showed reduction
in severe hot-spots condition by selecting appropriate overlapping locations for the reforming-
catalyst and combustion-catalyst and suggested that more number of distributed sections of the
combustion-catalyst can improve the longitudinal temperature distribution. Kolios et al. [71]
proposed a distributed feed design for the counter current flow operation between the
reforming and combustion sides. For their proposed design, reactants on the combustion-side
are entered at multiple points located along the reactor to ease steep temperature gradients in
the flow direction. Kolios et al. [72] also investigated the influence of periodic switching of the
exothermic and endothermic reactions to eliminate the cold and hot-spots in a CPR. The concept
of distributed feed requires access of all flow channels at multiple points along the length, which
makes the design of a chemical reactor more complex and difficult to build. Complex CPR design
also makes the loading and unloading operation of the plates difficult. Recently, Settar et al. [73]
carried out a comparative numerical study between the distributed and conventional
continuous coatings of a reforming-catalyst for the endothermic MSR by steady state two-
dimensional model of a single reforming-channel by considering channel wall as a heat providing
source and showed performance enhancement factor up to two for CHs conversion with the
distributed reforming-catalyst. They kept the amount of a reforming-catalyst in the distributed
coating same as continuous coating by considering the same total length of active reforming-
catalyst. To achieve this, they distributed coating sections of a reforming-catalyst over an
extended plate-length compared to the continuous coating design.

In contrast to above reviewed few literatures of the novel ideas and concepts to solve the
aforementioned issues of CPRs, many research articles are available in the literature on a CPR
designed with conventional continuous coatings.

Zanfir and Gavriilidis [74] have performed a parametric investigation of reforming-catalyst
thickness and flow-channel height of a CPR for operating conditions like conventional industrial
methane reformer. They have developed a simplified 2D model of a CPR by implementing Xu
and Froment's [28] kinetic model for MSR and power law rate model for CMC. Zanfir and
Gavriilidis [74] have observed that by increasing reforming-channel height at constant inlet
velocity, methane conversion in MSR (Xcns, msr) decreases. They have concluded that MSR
coupled with CMC is feasible in a CPR if flow-rates, catalyst thickness and channel heights are
properly designed. Zanfir and Gavriilidis [75] have also conducted numerical study of co-flow
and counter-flow modes between MSR and CMC. They have determined higher Xcus on the
reforming-side with counter-flow than co-flow design. They have also observed thermal hot-
spots in counter-flow mode and have suggested to optimize combustion-catalyst distribution to
reduce thermal hot-spots. In a separate study, Zanfir and Gavriilidis [62] have carried out a
sensitivity analysis of several design and operating parameters including reaction kinetic
parameters. They have demonstrated that different catalysts can show similar thermal behavior
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and performance but exhibit different sensitivity behavior. The major finding of their study is
that the strongest influence on reactor sensitivity comes from the reaction activation energies.
Stefanidis and Vlachos [76] have studied MSR on a rhodium catalyst coupled with propane
combustion over a platinum catalyst in a CPR and have reported that increasing catalyst loading
and decreasing possible internal mass transfer limitations results in considerable process time
reduction. Also, by lowering steam to carbon (SC) ratio yielded higher power output at relatively
low reactor temperatures. In a different study, Stefanidis et al. [77] have reported that the use
of low thermal conductivity plate materials increases fuel conversion and power output in the
incomplete conversion regime. However, the use of very low thermal conductivity materials has
shown high thermal-gradients in the CPR and thus recommended to use intermediate thermal
conductivity materials, such as stainless steel as a trade-off between thermal-gradients and
conversion. Zhai et al. [78] have developed 2D computational fluid dynamic (CFD) model of a
CPR using surface microkinetics for MSR on rhodium and LHHW type kinetic model for CMC on
platinum. They have investigated the influence of wall thermal conductivity, ratio of combustion
to reforming feed, channel size and space time. They have reported that the performance of the
metallic wall is superior against ceramic wall and recommended to use the wall material with
intermediate thermal conductivity to avoid hot-spot formation. Arzamendi et al. [79] have
developed a 3D CFD-model of a microchannel reactor integrating MSR and CMC. They have
implemented the simplified rate expressions [80] for MSR on Ni catalyst and have simulated the
effect of various parameters: catalyst loading, flow direction between the two channels, and gas
hourly space velocity (GHSV). Their results have shown the possibility of 96% of methane
conversion with 2—4 mg/cm? of catalyst at 930—1000 °C in the range of 10,000—30,000 h"* GHSV.
In a separate work, Arzamendi et al. [81] have developed 3D CFD-models of a plate reactor with
square microchannel and microslits design to investigate the effects of characteristic dimension
with different aspect ratios. Their results have shown that methane conversion decreases with
increase in characteristic dimension; however, the microchannel design has provided methane
conversion slightly higher than that of the microslits design. Cao et al. [82] have carried out CFD
study of MSR in an integrated microchannel reactor by applying elementary reaction kinetics
and compared the performance of Rh and Ni catalysts under inner-heating and outer heating
modes. They have demonstrated that well prepared Ni catalyst with high loading can exhibit
excellent performance comparable to the rhodium catalyst.

2.7 Summary

Literature review on catalytic plate reactor for MC assisted MSR revealed that limited
studies have addressed the issue of thermal hot-spots, longitudinal thermal gradients, catalyst
delamination, and material failure in a CPR due to thermal imbalance between the reforming
and combustion sides. This review has also found that many studies have considered simplified
rate expressions without experimental validation. Also, no study exists about distributed
coatings of combustion and reforming catalysts over the entire plate-length and addressing
abovementioned problems associated with CPRs. No literature study exists about the influence
of various operating and design parameters on the performance of a CPR designed with various
coating configurations of reforming and combustion catalysts. Also, no literature study was
found on internal diffusion limitation with respect to coating thickness and with detailed
reaction kinetics. The studies carried out in this thesis are intended to address the
abovementioned issues by developing detailed two-dimensional steady-state numerical models
of a CPR designed with various coating configurations of reforming and combustion catalysts.
Also, to make MSR process more energy efficient, a potential Ni-spinel catalyst applicable for
multi-fuel is tested at low steam to carbon ratios under plug-flow condition.
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Chapter 3

Numerical study of methane steam reforming
and methane combustion over the segmented
and continuously coated layers of catalysts in a

plate reactor
Published in Fuel Processing Technology, 158 (2017) 57-72

Abstract

Four separate 2D steady state numerical models are developed for a catalytic plate reactor
(CPR), designed with the four different configurations between segmented and continuously
coated layers of combustion and reforming catalysts for hydrogen production by combustion
assisted methane steam reforming (MSR). MSR is simulated on one side of a plate by
implementing experimentally validated surface microkinetic model for nickel/alumina catalyst.
Required heat to an endothermic MSR is provided by simulating catalytic methane combustion
(CMC) on an opposed-side of the plate by implementing reduced surface microkinetic model for
platinum/alumina catalyst. Four different combinations of coating configurations between
reforming and combustion catalysts are studied in terms of reaction heat flux and reactor plate
temperature distributions as well as in terms of methane and hydrogen mole fraction
distributions. These combinations are: (1) continuous combustion-catalyst and continuous
reforming-catalyst (conventional CPR design), (2) continuous combustion-catalyst and
segmented reforming-catalyst, (3) segmented combustion-catalyst and continuous reforming-
catalyst, and (4) segmented combustion-catalyst and segmented reforming-catalyst. For the
same reforming-side gas hourly space velocity, the study has shown that the CPR designed with
the segmented catalysts requires 66% less combustion- catalyst to achieve similar methane
conversion and hydrogen yield in MSR compared to the conventional CPR design. The study has
also shown that maximum reactor plate temperature, thermal hot spots and axial thermal-
gradients are reduced significantly in the CPR designed with the segmented catalysts than the
CPR designed with the conventional continuous catalysts configuration.

3.1. Introduction

Fuel cells are expected to have extensive applications as an alternative clean power source
from stationary use to distributed use. Due to an increase in global energy demand and as a
result increase in environmental pollution, it is also expected that the demand of alternative
clean power sources such as fuel cells will continue to rise. Consequently, the demand for
hydrogen, the most important fuel for fuel cells and now emerging as universal energy carrier
with energy security, will also continue to rise [1-3]. Though hydrogen is considered as the most
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abundant fuel in the universe, pure hydrogen exists in very limited quantity on our planet.
Therefore, to fulfill the demand of hydrogen, various methods are developed to produce
hydrogen from its primary sources. Two methods are most commonly in use to produce
hydrogen: reformation and electrolysis. Reformation involves hydrogen separation from the
water and carbon compounds such as methane, whereas electrolysis separates hydrogen from
oxygen in water [3]. Fuel cells combined with electrolysis is not a viable solution for electricity
generation, because electrolysis requires electricity to produce hydrogen. Hence, to increase
the wide spread use of fuel cells, onsite production of hydrogen via methane reformation is the
most cost-effective solution, especially after the recent discoveries of vast reserves of shale gas
[4]. In reformation, steam reforming (SR) of hydrocarbons provides the maximum hydrogen
concentration compared to other processes such as catalytic partial oxidation (CPOX) and
autothermal reforming (ATR) [5]. However, SR is highly endothermic process and requires an
effective way of supplying heat in a reactor. Mostly, SR is carried out in a fixed-bed catalytic
reactor with high residence time [6]. But the fixed-bed design suffers from limitations such as
heat-transfer and internal diffusion, which has led to the study of alternate reactor design such
as catalytic plate reactor (CPR). A CPR design provides excellent heat and mass transfer
characteristics compared to the conventional fixed-bed design. It allows to carry out highly
endothermic reactions like methane steam reforming (MSR) and exothermic reactions like
catalytic methane combustion (CMC) side by side in the separate flow channels [7]. The close
proximate of exothermic heat source with endothermic reaction sites, reduces significantly the
overall heat transfer resistance [8]. Also, the use of catalytic combustion to supply heat offers
advantages over gas-phase combustion. Catalytic combustion takes place at a lower
temperature than the gas-phase combustion, which reduces NOx formation and the lower
operating temperature allows more material choices for designing a CPR [9]. However, the use
of catalytic combustion in a CPR creates localized thermal-gradients (hot-spot) especially near
the inlets due to the imbalance between generated and absorbed heat in combustion and
reforming reaction zones respectively [10]. Such localized thermal imbalance causes problems
of material failure and catalyst delamination due to different thermal expansion coefficients of
the coated catalyst and the metal plate. Large thermal-gradient also reduces the catalytic active
surface area, and as a result conversion rate of reactants [11]. To overcome these issues,
recently Pattison et al. [12] and Jeon et al. [13] have proposed a segmented layers of
combustion-catalyst (SLCC) for CMC coupled with MSR in a microchannel CPR. Pattison et al.
[12] have explored numerically, a method for emulating distributed feed configuration in a
microchannel CPR via SLCC macromorphology, consisting of alternating active and catalytically
inactive sections. They have employed LHHW(Langmuir-Hinshelwood-Hougen-Watson) type Xu
and Froment's [14] global kinetic model for MSR on nickel catalyst and power law type global
rate expressions for both gas-phase methane combustion and CMC on platinum catalyst.
Similarly, Jeon et al. [13] have proposed a stripe configuration for combustion-catalyst to
minimize the formation of hot-spots in a microchannel CPR. They have considered nearly 50%
combustion-side plate section coated with SLCC and the remaining 50% with the continuous
layer of combustion-catalyst. They have also employed LHHW type Xu and Froment's global
kinetic model for MSR on nickel catalyst and power law type global rate expression for CMC on
palladium catalyst. Both studies have shown disappearance of hot-spots without any loss of
methane conversion in MSR. Recently Settar et al. [15] have proposed a segmented reforming-
catalyst layers' pattern for MSR with non-reactive metal foam to improve the mixing and hence
methane conversion for a micro combined heat and power (CHP) system. With the segmented
reforming-catalyst layers' pattern, they have predicted faster methane conversion compared to
the conventional continuously coated reforming-catalyst. Use of non-reactive metal foam has
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improved mixing of reactants and hence better heat-transfer is achieved and resulted into
increased hydrogen production. Settar et al. [16] have also carried out a computational
comparative study between the segmented and conventional continuous reforming catalyst
layers. Their numerical analysis has shown performance enhancement factor up to two in terms
of methane conversion with the segmented reforming-catalyst layers for MSR. However, no
experimental evidence has been reported to support their finding. Mundhwa et al. [17] have
investigated the internal diffusion limitation of continuously coated reforming-catalyst by
evaluating the effectiveness factors for the steam reforming of diesel surrogate as a function of
the CPR length. The study has found that independent of the type of catalysts, the initial 20% of
the CPR length has shown high diffusion limitations. Therefore, the use of graded or segmented
reforming-catalyst can be an advantageous in optimizing the amount of reforming-catalyst for
its maximum utilization.

Many numerical studies of MSR coupled with CMC in a CPR have been carried out for
various applications. However, except Pattison et al. [12], Jeon et al. [13] and Settar et al. [15—
16], all literature reviewed in this study, have investigated MSR coupled with catalytic
combustion of hydrocarbons over conventional continuously coated layers of reforming and
combustion catalysts.

Zanfir and Gavriilidis [18] have carried out a sensitivity analysis of several design and
operating parameters including reaction kinetic parameters. They have demonstrated that
different catalysts can show similar thermal behavior and performance but exhibit different
sensitivity behavior. Major finding of their study is the strongest influence on the reactor
sensitivity comes from the reaction activation energies. Zanfir and Gavriilidis [9] have also
performed parametric investigation of reforming-catalyst thickness and flow-channels height of
a CPR for operating conditions like conventional industrial methane reformer. They have
developed a simplified 2D model of a CPR by implementing Xu and Froment's global kinetic
model for MSR and power law rate expression for CMC. Zanfir and Gavriilidis have observed that
by increasing reforming-channel height at constant inlet velocity, methane conversion
decreases. They have concluded that MSR is feasible, if flowrates, catalyst thickness and channel
heights are properly designed. In a separate study, Zanfir and Gavriilidis [19] have conducted
numerical study of co-flow and counter-flow modes between MSR and CMC. They have
determined higher methane conversion on the reforming-side with counter-flow than co-flow
design. However, they have observed the thermal hot-spots in counter-flow configuration and
suggested to optimize catalyst distribution on the combustion-side to reduce them.

Arzamendi et al. [20] have developed a 3D computational fluid dynamic (CFD) model of a
microchannel reactor integrating MSR and CMC. They have implemented simplified rate
expressions [21] for MSR and CMC. They have investigated the influence of catalyst loading,
flow-modes between the two channels, and gas hourly space velocities (GHSVs). Their results
have shown the possibility of 96% of methane conversion with 2—4 mg/cm?2 of catalyst loading
at 930-1000 °C in the range of 10,000—-30,000 h-1 reforming-side GHSVref. In a separate work,
Arzamendi et al. [22] have developed 3D CFD models of a plate reactor with square
microchannel and microslits designs to investigate the effects of characteristic dimension with
different aspect ratios. Their results have shown that methane conversion decreases with
increase in characteristic dimension, however microchannel design has provided methane
conversion slightly higher than that of the microslits design. Stefanidis and Vlachos [23] have
studied MSR on a rhodium catalyst coupled with propane combustion over a platinum catalyst
in a CPR and have reported that increasing catalyst loading and decreasing possible internal
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mass transfer limitations results in considerable process time reduction. Also, by lowering steam
to carbon (SC) ratio yielded higher power output at relatively low reactor temperatures. In
another study, Stefanidis et al. [24] have reported that the use of low thermal conductivity plate
materials increases fuel conversion and power output in the incomplete conversion regime.
However, the use of very low thermal conductivity materials has shown high thermal-gradients
in a CPR and thus recommended to use intermediate thermal conductivity materials, such as
stainless steel to trade-off between thermal-gradients and conversion. Zhai et al. [25] have
developed 2D computational fluid dynamic (CFD) model of a CPR using surface microkinetic for
MSR on rhodium and LHHW type global kinetic model for CMC on platinum. They have
i