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Abstract

One of the main challenges facing power generation by fuel cells is the difficulties of hydrogen
fuel storage. Several methods have been suggested and studied by researchers to overcome this
problem. Among these methods, using a fuel reformer as one of the components of the fuel
cell system is considered a practical and promising alternative to hydrogen storage. Among
many hydrogen carrier fuels that can be used in reformers, methanol is one of the most
attractive due to its distinctive properties. Methanol reformate gas is ideal for feeding high
temperature polymer electrolyte membrane fuel cells (HT-PEMFCs). Therefore, methanol
reformate gas fueled HT-PEMFC systems are currently available in the market for portable,
stationary and marine applications.

Although there are various reformer types to convert methanol to hydrogen rich syn-
gas, microchannel plate heat exchanger reformers have some advantages that increase the
system efficiency and decrease the system size. In particular, the microchannel plate heat
exchanger methanol reformer can be a promising candidate to meet size demands and improve
the system efficiency and start-up time to produce power in the range of 100 to 500 W for
auxiliary unit power (APU) applications. Furthermore, recent improvements in new catalyst
types for methanol reforming can enable the next generation of microchannel methanol
reformers with less weight and higher efficiency to be designed.

Modeling of the microchannel reformers can be helpful to design next generation
reformers. In this thesis, firstly, a methanol reformer system to produce power using HT-
PEMFC for portable power generation applications is studied. This study is required for

selecting inlet parameters for the multiphysics modeling of the microchannel methanol steam
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reformer in the second and the third studies. In this study, a detailed parametric study using
computer simulations is conducted to estimate the effects of steam-to-carbon (SC) ratio,
reformer temperature, current density of the fuel cell, fuel cell temperature, cathode
stoichiometric ratio, hydrogen utilization, and rate of power production on the reformate gas
composition, fuel cell performance, input fuel flow rate, and heat duties of the system
components. In particular, the effects of the reformate gas composition at various fuel cell
temperatures on HT-PEMFC performance were examined. The results confirm that the CO
molar ratio in the reformate gas increases by decreasing the SC ratio and increasing the
reformer temperature. However, the adverse effect of CO molar ratio on fuel cell performance
decreases at elevated fuel cell temperatures. The fuel cell voltage decreases by ~78% with the
variation of the current density from 0.1 A/cm? to 1 A/cm? for 160°C fuel cell temperature and
0.9% CO molar ratio in the reformate gas, while it decreases by ~61% for 180 °C fuel cell
temperature. In addition, an increase in the fuel cell temperature from 160°C to 180°C, the
input fuel flow rate to produce a given power generation from the system decreases, while
enough heat is still available in the system to provide the heat requirement of different system
components.

In the second study, a steady state multiphysics model of a microchannel methanol
reformer for hydrogen production is developed and validated for the purpose of studying the
effects of catalyst layer structural parameters and heat supply strategies on the reformer
performance. The aim of this study is to generate hydrogen from the reformer that can be used
in HT-PEMFCs. The dimensions of the reformer and inlet flow rate of methanol are selected

to produce enough hydrogen to feed fuel cells in the range of 100 to 500 W. This study
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considers a 2-dimensional domain for the thin coating of the reforming catalyst to account for
the internal diffusion limitations and the coating layer structural parameters. The
multicomponent Maxwell-Stefan diffusion equation is implemented to account for diffusion
fluxes inside the porous structure of the catalyst. The multiphysics model is validated using
the reported experimental data by implementing four different reaction kinetics models of
methanol steam reforming. This study considers the best fit kinetics model to evaluate the
performance of the microchannel methanol reformer. The results show that the catalyst
effectiveness factor is relatively low only at the entrance of the reformer for a catalyst layer
thickness greater than 50 um. In addition, this study reveals that for efficient use of the catalyst,
the effective heat supply strategy should be improved. Additionally, the design feasibility of
the segmented catalyst layer to achieve a certain amount of methanol conversion with less
catalyst is demonstrated. It is revealed that for the same inlet conditions, the segmented catalyst
layer design required 25% less reforming catalyst to achieve 90% conversion compared to the
conventional continuous coating design.

In the last study, a numerical model is developed to predict the performance of a
microchannel methanol steam reformer with different catalyst layer configurations to produce
hydrogen-rich syngas for a HT-PEMFC. A solution schema is developed to compare
continuous catalyst layer configurations and various segmented catalyst layer configurations
without any convergence issue in the numerical analysis. In this work, heat is provided to the
endothermic reforming-side via methanol combustion. The results show that higher heat
transfer rates can be provided by applying segmented catalyst layer configurations, thus

resulting in significant performance improvement of the microchannel methanol steam
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reformer. The results reveal that methanol conversion can be increased by ~25% by using
segmented catalyst layer configurations with less catalyst in the reforming and combustion
sides. The results also indicate that even though there is no significant improvement in
methanol conversion with increasing catalyst layer thickness, the greater catalyst layer
thickness provides the advantage of reduced high temperature elevations across the reformer
length. Overall, the segmented catalyst layer configurations can play an important role in
designing the next generation of microchannel reformers for fuel cell power generation
systems to maximize power, minimize reformer size, and decrease the required quantity of

catalyst.
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Chapter 1

Introduction

1.1 Motivation and Objectives

Fuel cell (FC) technology is a promising technology for clean and efficient power generation.
However, this technology is not widely used today. It is reported that the FC market size across
the world was valued at only USD 3.21 billion in 2016 [1]. The most important reasons for this
are: (1) the cost of this technology; (2) challenges related to hydrogen transportation, distribution
and storage.

The cost of FCs must be reduced in order to stimulate more investment in research and
development (R&D), which would result in much needed improvements in this field. At the same
time, the demand for these fuel cells in the marketplace must increase, and this would spur needed
investment. In other words, it is necessary to determine the most effective way to facilitate the
widespread use of FC technology. Recent studies [2-4] have shown that FC systems have the
potential to become more common in the market for some niche applications such as backup power
generators, forklifts, aircraft auxiliary power unit (APU) applications, power generation
applications in off-grid locations, etc. In addition, Shaw et al. [5] report that military personal
power generators, consumer battery rechargers, and specialized laptop computers are also
promising applications that require power in the range of 100 and 500 W.

Customers are willing to accept the higher price of fuel cell technology as compared to
alternative technologies such as diesel generators and batteries for the niche markets mentioned
above because of the unique combination of characteristics of the FC systems. These unique

characteristics can be listed as: (1) quiet operation; (2) low emissions; (3) ability to operate in



extreme conditions; (4) relatively low maintenance costs; (5) quick refueling; (6) low vibration;
(7) high fuel efficiency; (8) production of water and heat; (9) extended run time; (10) remote
monitoring capability [2-5]. In particular, the extended run time is the most important motivation
to prefer FC systems for these niche applications [2-4].

Other important barriers related to FC systems becoming more commonplace in the market
are the difficulties of hydrogen transportation, distribution, and storage. Specifically, hydrogen
storage is a serious issue for FC systems, which desire extended run times. Storage is difficult
because hydrogen exists at a very low density at standard temperature and pressure conditions.
Therefore, the occupied volume of the hydrogen gas under standard temperature and pressure
conditions is much higher than other fuels [6]. Different storage methods such as compressed
hydrogen at very high pressures and cryogenic storage can be used to decrease the occupied
volume of the hydrogen. However, there are serious challenges related to the current hydrogen
storage methods; for example, the high pressure requirement for compressed storage of hydrogen
is an important issue. Additionally, the volume requirement is still very high even at elevated
pressures for the compressed storage. It is reported [7] that the volume requirement is about 150 L
to store 6 kg of hydrogen at 700 bar. The issue related to cryogenic storage of hydrogen is the
evaporation of hydrogen in the tank, which is called the boil-off phenomenon [7]. This causes
hydrogen losses between 0.3% and 5% per day depending on the current storage tank technology
[8]. To overcome challenges related to hydrogen transportation, distribution, and storage, methanol
can be used directly in direct methanol fuel cells (DMFCs), or it can be converted to hydrogen rich
syngas by employing various reforming methods to feed the FC systems, serving as a practical and

promising alternative to hydrogen storage.



Some of the important advantages of methanol are: (1) It can be easily stored under many
environmental conditions because the boiling point of methanol is equal to 65 °C; (2) The existing
fuel infrastructure with limited changes can be used for methanol distribution; (3) It does not
include sulfur contents; (4) Its reforming processes are easier than other fuels such as methane,
diesel or ethanol because methanol reforming can be achieved at low temperatures with low steam
to carbon (S/C) ratios [9,10].

Due to the advantages of methanol mentioned above, it is currently used in the market as a
fuel for some specific niche applications of FC power generation systems [11,12]. The direct usage
of methanol without reforming is possible in DMFC systems; however, the DMFCs have cost
limitations due to their high platinum content. Therefore, the DMFC systems in the market are
generally used for small scale power generation applications of less than 100 W [2,11]. The
methanol reformate gas fueled high temperature polymer electrolyte membrane fuel cells (HT-
PEMFCs) are preferred in the market for power generation higher than 100 W [12]. The main
advantage of the HT-PEMFC:s is that they can tolerate CO up to 3% because of their high operation
temperatures [13]. Thus, the methanol reformate gas can be directly feed to the HT-PEMFCs stack
without any additional equipment to remove CO [12].

Steam reforming of methanol (SRM) is commonly used for commercial methanol
reformate gas fueled HT-PEMFC systems [12] due to its higher efficiency than the other reforming
processes. However, efficient and adequate heat transfer is very important for SRM because it is a
highly endothermic process. Efficient heat transfer can be provided by using microchannel plate
type heat exchanger reformers based on their high surface to volume ratio [14]. There are also
other motivations to use microchannel plate heat exchanger reformers for the SRM process. The

microchannel plate heat exchanger reformers improve the system dynamics, catalytic activity, and



mass transfer from the bulk flow to the catalyst surface [15-17]. Due to these advantages, higher
performance can be obtained from the methanol reformate gas fueled HT-PEMFC systems with
decreasing the system size.

Although many studies have been conducted related to microchannel plate heat exchanger
methanol reformers, there are still some questions which must be answered to aid in the efficient
design of a new generation of microchannel methanol reformers. Therefore, the focus of this study
is to develop a model for microchannel plate heat exchanger methanol reformers in order to answer
specific questions about the design of a new generation of microchannel methanol reformers for
HT-PEMFC systems.

The main objectives of this thesis are as follows:

e Analyze a methanol reformate gas fueled HT-PEMFC system for power generation
in the range of 100 to 500 W to investigate the effects of the main operation
parameters on the system.

e Investigate the effects of temperature distribution on the performance of a
microchannel methanol reformer.

e Develop a two dimensional (2D) steady state model to understand the effects of
catalyst layer thickness on a microchannel plate heat exchanger methanol reformer,
while considering different catalyst layer structural characteristics.

e Demonstrate the feasibility of various catalyst layer configurations to improve the
performance of a microchannel plate heat exchanger methanol reformer and to

decrease the amount of the catalyst needed.



1.2 Thesis Structure

There are six chapters including the introduction and conclusion in this thesis. Chapter 2 has been
submitted to a peer reviewed journal and Chapter 3 to 5 have been published in peer reviewed
journals. Each chapter is briefly summarized below.

Chapter 2 presents a critical review of the methanol reforming process. The main novelty
of this chapter is its coverage of important aspects of methanol reforming processes for fuel cell
power generation applications. In this chapter, the focus is on practical points related to methanol
reforming. The chapter summarizes the recent studies related to this subject and explains
promising applications of the methanol reformate gas fueled fuel cell systems. In the first section
of this chapter, the studies covering the reforming of different fuels are presented and the
characteristics of commercial reformate gas fueled systems are compared. Fuel reforming
processes are also reviewed in this section. In the next section, advancements in methanol
reforming technology are explained. The methanol reforming catalysts and reaction kinetics
studies by various researchers are reviewed and the advantages and disadvantages of each catalyst
are discussed; then the studies about different types of reformers are presented. In the last section
of Chapter 2, methanol reformate gas fueled fuel cell systems are reviewed. Chapter 2 has been
submitted to the International Journal of Energy Research.

Chapter 3 investigates the effects of different operational parameters on methanol
reformate gas fueled HT-PEMFC systems for portable power generation applications. The system
is simulated using Aspen Plus with Fortran calculator to conduct detailed parametric studies and
estimate the system’s efficiency. The contents of this chapter have been published in the journal
of Energy Conversion and Management after peer review [ 18]. The results obtained in Chapter 3
are used to select inlet conditions for modeling the microchannel methanol reformer in Chapters 4

and 5.



Chapter 4 presents a steady state 2D multiphysics model of a microchannel methanol
steam reformer to investigate the effects of catalyst layer thickness on the performance of a
microchannel methanol steam reformer. The effects of temperature distribution on the reformer
are also studied for isothermal and nonisothermal situations. In addition, the feasibility of the
segmented catalyst layer to decrease the amount of the catalyst is demonstrated. The main novelty
of this chapter is its consideration of a 2D domain for the thin coating of the reforming catalyst to
account for the internal diffusion limitations and coating catalyst's properties. This chapter has
been published in the journal of Energy and Fuels [6].

Chapter 5 presents various catalyst layer configurations for the microchannel plate heat
exchanger methanol steam reformer. The model that is developed in Chapter 4 is expanded in this
chapter. The heat for the endothermic methanol steam reforming reactions is provided by coupling
catalytic methanol combustion reactions on the opposite side. A methodology is also presented in
the chapter to solve convergence issues in the numerical analysis. In addition, the effects of catalyst
layer thickness on the performance and the temperature distribution of the reformer with variation
of the catalyst layer configurations are investigated. Furthermore, the power generation of a HT-
PEMFC stack is estimated for the optimal catalyst layer configurations. This chapter has been
published by the journal of Energy Conversion and Management [19] after peer review.

Chapter 6 highlights the important results obtained in this thesis and gives

recommendations for the future directions of this work.



Chapter 2
An Overview of the Methanol Reforming Process: Comparison of
Fuels, Catalysts, Reformers, and Systems
The following chapter is a “pre-print” of an article accepted for publication in International
Journal of Energy Research:

Herdem MS, Younessi-Sinaki M, Farhad S, Hamdullahpur F. An overview of the methanol
reforming process: comparison of fuels, catalysts, reformers and systems. Int. J. Energy Res.

2019, accepted.

The final, official version of the article can be downloaded from the journal's website via this

DOI link when it becomes available:

DOI: 10.1002/er.4440

2.1 Introduction

Many organizations such as the World Energy Council [20], EIA [21], and IEA [22] predict that
world energy requirements will dramatically increase in the near future. However, today, this
increasing energy requirement issue is not sufficient to explain all of the studies in the energy field.
To comprehend deeply, we should also consider the environment, energy security, affordable
energy production, end use of energy including stationary power generation applications, portable
power generation, applications, etc. In addition, one of these issues i1s sometimes more important
than the others. For example, nowadays, energy security is a critical issue for the oil and gas
importing countries because of the destabilization of these countries [23,24]. Of course, there is
no magic to solve all of the issues related to energy. However, various unique solutions can be
applied for each issue. Two possible solutions are diversification of energy supplies and choosing

the appropriate technology for different applications.



Hydrogen is a very promising energy carrier to diversify our energy supply because it can
be produced using a wide variety of sources, and it can be used for various purposes such as
ammonia production [25], energy storage [26-29], methanol synthesis, diesel, and natural gas

production [30].

Hydrogen as a fuel also has promising potential to produce power that is environmentally
friendly and has high efficiency by employing fuel cells. One of the most important barriers to fuel
cell systems becoming more commonplace for power generation applications - in particular for
portable applications - involves the difficulties regarding hydrogen storage. Hydrogen has higher
gravimetric energy density than hydrocarbon and alcohol fuels (see Fig. 1), but in terms of its
volumetric energy density (Wh/1) it is significantly less dense than other fuels [31]. The reason is
that the occupied volume of 1 kg of hydrogen as a gas under standard temperature and pressure
conditions is much higher than that of hydrocarbon and alcohol fuels. For example, 1 kg of
hydrogen has nearly six times as much energy (142 MJ) as compared to a kg of methanol (22.5
MJ). However, the occupied volume of 1 kg of methanol at 25°C and 1 atm is about 1.26 L while
this value is ~12300 L for 1 kg of hydrogen. To decrease the occupied volume of hydrogen,
efficient methods of storage are required. These methods are: (1) Compressed gas at standard
temperature and very high pressure; (2) Cryogenic liquid at standard pressure and 20 K; (3)
Chemical storage by using Magnesium Hydride, Calcium Hydride, Sodium Hydride etc.; (4)
Physical storage (metal organic framework) [8,32]. Despite the number of choices available, there
are also many important issues related to these methods which need to be considered, such as the
requirement of high pressure for compressed storage of hydrogen or expensive materials and very

low temperatures for liquefaction of hydrogen [8]. To overcome these problems, alternative fuels



such as natural gas, ethanol, methanol, dimethyl ether (DME), gasoline and diesel can be converted

to hydrogen rich gas using fuel reforming in order to provide the required fuel for fuel cells.

The other important motivation for the reforming of natural gas, ethanol, methanol, DME,
gasoline and diesel is that these fuels can be produced from biomass in an environmentally friendly
way. Although there are some ethical and social issues related to the first generation biofuels
derived from food feedstocks, the second-generation biofuels will be derived from non-edible
feedstocks such as wood, agricultural residues, forestry waste and municipal wastes [33-36]. There
are currently demonstration, pilot and commercial second-generation biofuel plants in operation
[35]. In addition, the third and fourth generation biofuels will be derived from algae. This process
is currently in the research and development stage and presents a very attractive option for the

production of biofuels [35].

Due to the aforementioned advantages of reforming alternative fuels, fuel reforming has
received attention from a variety of research groups throughout the world. Many review studies
have been undertaken to examine various aspects of fuel reforming. One of the early review papers
was published by Haryanto et al. [37] in 2005 to examine and compare different catalysts (oxide
catalysts, metal-mixture-based catalysts, and noble-metal-based catalysts) for steam reforming of
ethanol (ESR). Contreras et al. [38] recently reviewed noble metals and non-noble metals as
catalysts for ESR. They provided information about the major catalytic studies of ESR up to 2013.
A review of solar thermal catalytic reforming of natural gas was conducted by Simakov et al. [39].
In this study, they presented equilibrium constraints of methane steam and dry reforming, and also
critically evaluated recent studies related to various aspects of solar thermal reforming of methane
catalysis. Sheu et al. [40] discussed recent developments and potential innovations such as

chemical looping and membrane reactors in relation to solar methane reforming systems. Studies



of reforming processes for different types of fuels and the related hydrogen purification and CO
reduction processes were reported by Qi ef al. [41]. Hansen [42] focused on fuel processing
systems with an emphasis on the industrial aspects of fuel cells and electrolyzers. LeValley et al.
[43] introduced recent developments in steam reforming hydrogen production technologies and
water gas shift catalysts. Recent and past research activities (such as catalyst development, reactor
design and testing for reforming) and market applications for microreactors were explained in Ref.
[15,44]. Tulionelli et al. [45] also provided an overview of studies on conventional and membrane
reactors for methanol steam reforming. In addition to the mentioned studies, Sa et al. [46]
illustrated the latest developments in copper-based and group 8-10 metal-based catalysts for
methanol steam reforming, and Yong ef al. [47] discussed methanol reforming Cu-based catalyst,
surface reaction mechanisms, and reaction schemes. Palo et al. [48] in 2007 reviewed studies
related to methanol steam reforming for hydrogen production to provide information about the
methanol reforming systems, system challenges and catalysts. Sengodan ef al. [49] recently (2018)
discussed partial oxidation of methane, ethanol and methanol. They focused on recent
improvements in catalysts for the partial oxidation of methane and alcohols. In addition, Zang et
al. [10] recently reviewed the latest progress and achievements in integrated methanol steam
reformer high temperature polymer electrolyte membrane fuel cell (HT-PEMFC) power

generation systems.

As shown from the review papers mentioned above, there is no review paper in the
literature that covers all of the aspects of methanol reforming. This review paper will mainly focus
on current studies from 2010 to 2018 involving methanol reforming. Firstly, we will compare fuel
reforming processes for different fuels by summarizing the works covering the reforming of

different types of fuels using a thermodynamic framework. Secondly, we will discuss recent and

10



past research activities regarding methanol reforming. Then, different types of reformers and the
effects of different parameters on methanol reforming will be explained. Information will then be
provided on studies involving the integration of methanol reforming into reformate gas-fueled fuel
cell systems. In this study, the main goal is to provide a clear definition of the key parameters and

technologies used in methanol reforming for fuel cell applications.

2.1.1 An Overview of the Fuel Reforming Process

Fuel reforming is a conversion process whereby fuels are converted to hydrogen rich gas. Different
types of fuels consisting of light hydrocarbons such as methane and ethane, liquid hydrocarbons
such as diesel and jet fuels, and alcohols such as methanol and ethanol can be used for fuel

reforming processes [50,51].

Steam reforming, partial oxidation, and oxidative steam reforming (or autothermal
reforming) are three different processes to convert hydrocarbon and alcohol fuels to hydrogen rich
gas. Advantages and disadvantages of these processes are shown in Table 2-1. Fuel and steam
react in steam reforming via an endothermic reaction. The main advantages of steam reforming
are the highest hydrogen yield can be obtained and reforming temperature is lower than partial
oxidation and oxidative steam reforming [52, 53]. However, start-up time and dynamic response
are two important issues related to this reforming process [53]. Conversion of fuels to hydrogen
rich gas with oxygen is called partial oxidation and is an exothermic reaction. Partial oxidation can
be employed for quick start-up and dynamic response [52,53]. Although partial oxidation has quick
start-up and better dynamic response, the lower hydrogen yield and relatively high processing
temperature are important challenges with regards to this reforming process. To achieve the

advantages of both steam and partial oxidation reforming, steam and a certain amount of air can
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be used together. This process is called oxidative steam reforming. Oxidative steam reforming can

be endothermic, exothermic or thermally neutral, when the heat of reaction is equal to zero. For

the thermally neutral situation, the oxidative steam reforming is called autothermal reforming.

Table 2-1 Advantages and disadvantages of reforming technologies (modified from [52,53]).

Type

Advantages

Disadvantages

Steam Reforming

e Highest H, yield

¢ Oxygen not required

e Most extensive industrial
experience

e Lowest process temperature

e Best H,/CO ratio for H»
production

e Requires careful thermal
management to provide heat
for reaction, especially for (a)
start-up and (b) dynamic
response

¢ Only works on certain fuels

Partial Oxidation

¢ Quick to start and respond
because reaction is exothermic

¢ Quick dynamic response

e Less careful thermal management
required

e Works on many fuels

¢ Low methane slip

e Lowest H, yield

¢ Highest pollutant emissions
(HCs, CO)

e Low H,/CO ratio

e Very high processing
temperatures

Autothermal reforming

o Simplification of thermal
management by combining
exothermic and endothermic
reactions in same process

e Compact due to reduction in heat
exchangers

¢ Quick to start

o Lower process temperature than
partial oxidation

¢ Low methane slip

e Low H» yield

e Limited commercial
experience

e Requires careful control
system design to balance
exothermic and endothermic
processes during load changes
and start-up

Global reactions for steam reforming, partial oxidation and oxidative steam reforming can

be written as follows for hydrocarbons and alcohols (methanol and ethanol) [44, 51-53]:
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Steam reforming of hydrocarbons:

1
CxHy + xH,0 & xCO + (Ey + x) H,

(R.2.1)
AH® = hydrocarbon dependent, endothermic
Steam reforming of methanol and ethanol:
CH;0H + H,0 < CO, + 3H, AH® = +49 k] /mol (R.2.2)
CH;CH,0H + 3H,0 < 6H, + 2C0, AH® = +173.3 kJ /mol (R.2.3)
Partial oxidation of hydrocarbons:
x x
Coly +5 (0, +3.76N,) & xCO +2 Hy + (5) 376N,
2 2 2 (R.2.4)

AH° = hydrocarbon dependent, exothermic

Partial oxidation of methanol and ethanol:

1 1
CH3;0H + E(OZ + 3.76N,) & CO, + 2H, + (E) 3.76N, AH® = —193.2 kJ/mol  (R.2.5)

3 3
CH;CH,0H + 5(02 + 3.76N,) & 3H, + 2C0, + <§> 3.76N, AH°
= =552 kJ /mol

(R.2.6)

Oxidative steam reforming of hydrocarbons:

CeH, + (0, + 3.76N,) + (x — 2n)H,0 < xCO + (x —2n+ %) H, + (n)3.76N,
(R.2.7)
AH® = hydrocarbon dependent, andoxygen/fuelratio dependent. (It can be
endothermic, exothermic, or thermally neutral).
Oxidative steam reforming of methanol and ethanol:
CyH, 0, + n(0, + 3.76N,) + (x — 2n — z)H,0
y

& xC0 + (x = 2n =2+ 5) H, + n376)N; (R2.8)

AH®° = changeable, depends onoxygen/fuel ratio

Coke formation reactions should also be considered for the reforming process because coke
formation can rapidly deactivate the catalyst and block the reactor [54]. Dominant reactions that

are responsible for coke formation are given as follows [54-58].
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Coke formation by Boudouard reaction:
2C0(g) < CO,(g) + C(s) AH® = —=172.4 k] /mol (R.2.9)
Coke formation by CH4 decomposition:
CH, & 2H, 4+ C(s) AH® = 4+74.9 k] /mol (R.2.10)
Carbon monoxide reduction reaction:
C0(g) + H,(g) © H,0(g) + C(s) AH® = —130.4 kJ /mol (R.2.11)
Carbon dioxide reduction reaction:

CO, + 2H, & C + 2H,0 AH° = —90.1 kJ /mol (R.2.12)

2.2 Fuel Selection for Fuel Cell Applications and Reforming of Various Fuels

Different fuels can be used to feed fuel cells for power generation. However, the main question is
how we can choose a suitable fuel for fuel cell power generation systems. To select a fuel, we
should consider the application area of the system. As shown in Fig. 2-1, the fuel cell systems can
be used for different applications. Possible applications of fuel cell power generation systems need
different desired system properties that are listed in Fig. 2-1. For example, on-site availability of
the fuel and high efficiency to produce power and heat are important for stationary power
applications while start-up time, weight and volume of the system, long-run time are desired

system properties for portable power generation applications.

14



Stationary , Distributed Power Generation
Applications Combined Heat and Power
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Remove Area Power Supply

Figure 2-1 Reforming fuel selection criteria for fuel cell power generation systems (Refs.
[2,48,59,60]).

To decide which fuel can be used for a particular application, different fuel properties such
as density, boiling point, energy density, etc. should be considered. The properties and energy
densities of various fuels are shown in Table 2-2 and Fig. 2-2, respectively. As seen in Table 2-2,
the hydrogen density at gas phase is very low compared to the other fuels. The hydrogen density
at 0 °C and 1 bar is only 0.09 kg m™. Therefore, its energy density is only equal to 0.0127 MJ/L at
0°C and 1 bar. As illustrated in Fig. 2-2, the energy density of the hydrogen significantly increases

at high pressures and 25 °C, and in the liquid phase at very low temperatures. However, its energy
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density is still relatively lower than the other fuels. Due to the challenges related to hydrogen
storage, hydrogen is not particularly suitable for the systems that need to run for long durations.
Not only hydrogen storage but also hydrogen availability is a serious issue regarding usage of pure
hydrogen for fuel cell power generation applications. To overcome these problems, reforming of

alternative fuels can be used for the production of hydrogen rich syngas to feed a fuel cell.

Diesel
(15°C, 1 bar)

Gasoline
(15°C, 1 bar)

Ethanol

(15°C, 1 bar)

Methanol
(15°C, 1 bar)

Methane
(25°C, 200 bar)

Hydrogen

(-252.8°C, 1 bar)

Hydrogen

(25°C, 1000 bar)

Hydrogen
(25°C, 600 bar)

Hydrogen

(25°C, 100 bar)

0 5 10 15 20 25 30 35 40
Energy density (MJ/L)

Figure 2-2 Energy density of different fuels. The values calculated by using the heating values and
the density values in Table 1. The density values under given conditions on the figure for hydrogen
were taken from Ref. [63], and the density under given condition on the figure for methane was
taken from Ref. [64]. The energy densities at 0 °C and 1 bar for hydrogen and methane are 0.0127
MJ/L and 0.0397 MJ/L, respectively.
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Table 2-2 Comparison of alternative fuels (Data from [6,61,62])

imethyl | e e
Hydrogen | Methane D';:::ry Methanol | Ethanol | Gasoline™ | Diesel™
Formula H, CHa CH30CH; CH:OH | GHsOH | CsHis | CieHio
Density 0.092 | 0.7167 665 791 | 789" | 7377 | 846"
[kg/m’]
€ content 0 75 52.2 375 52.1 86 86
wt.%
Hz content 100 25 13 12.5 13 14 14
wt.%
LHV 120 50 28.62 19.9 26.7 43.4 42.6
kel . : . : .
HHV
141.7 55.5 43 23 29.7 46.4 45.6
[MJ/kg]
Boiling point 180-
-252. - 24, 7 22
A 252.9 161 9 65 8 30-225 210
Sulfur
Content 0 ~7-25 0 0 0 ~200 ~250
(ppm™)

*4 Mass basis.

*1The properties of these fuels depend on the composition. Average values are given on the table.
*2 Density at P=1 bar and T=0 °C.

*3 Density at P=1 bar and T=15 °C.

Table 2-3 Impurity tolerances, operating temperatures, and main applications of commonly used
fuel cells (Refs. [59, 65-68]).

Impurity HT-
Tolerance LT-PEMFC PAFC MCFS SOFC
PEMFC
Levels
Poison .
CO Poison (<10 ppm) (<3% at Pms;)n (0< 2% Fuel Fuel
180 °C) at 200°C)
CO, Diluent Diluent Diluent Re-circulated Diluent
Sulfur Poison (<1 ppm) Poison Poison (<100 Poison (<1 Poison (<1
compounds (<20 ppm) ppm) ppm) ppm)
Other Other contaminants should be considered such as halides, trace metals, and
contaminants nitrogen compounds.
Operating
Temperatures 60-80 110-180! 160-220 600-700 800-1000
6
A Pciztczt;ilgns A.P.US’ . . .
Main PP Military Stationary Stationary Stationary
s . (military and S S S
Application consumer portable applications, | applications, | applications,
Area . power APUs APUs APUs
electronics), needs
APUs
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One of the most important points that should be considered in choosing a reforming fuel
for fuel cell power generation systems is the properties of fuel cell types. To obtain the desired
system properties, different fuel cell types are integrated into the system. For example, solid oxide
fuel cells (SOFC) are suitable when high efficiency for power and heat generation is desired, while
low temperature polymer electrolyte membrane fuel cells (LT-PEMFC) are used when the start-
up time is critical for the power generation applications [59]. To select the best suitable reforming
fuel for different fuel cell types, impurity tolerance levels of the fuel cells and the operation
temperature of the fuel cells should be considered. In Table 2-3, impurity tolerance levels and
operation temperatures for different types of fuel cells are shown. As shown in the table, all fuel
cell types are sensitive to sulfur compounds. Therefore, sulfur levels must be decreased if the fuel
includes sulfur compounds (see Table 2-2). As seen also in Table 2-3, the CO level in the reformate
gas must be less than a certain level for some types of fuel cells to prevent poisoning of the fuel
cell catalyst. In addition, close or identical reformation temperature and the operation temperature
of the fuel cells are significant advantages used to decrease the system complexity.

Thermodynamic analysis is a practical tool to reveal optimum reformation temperature of
various fuels and the effects of different operating parameters on the reformate gas composition.
Therefore, thermodynamic analysis is commonly used in the literature in order to estimate the
effects of reforming temperature, pressure, water-to-feed ratio, and oxygen-to-feed ratio on the
equilibrium compositions of reforming processes, as well as to compare the feasibility of
reforming various fuels and to obtain fundamental information such as coke formation boundaries
and equilibrium conversion regarding different reforming processes. Garcia and Laborde [69]
published in 1991 one of the early papers about thermodynamic analysis of the steam reforming

of ethanol. Since then, there have been many papers related to thermodynamic analysis of
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reforming different types of fuels. These papers are included in, but not limited to studies
accomplished by Lutz et al. [70, 71] in 2003 and 2004, Ahmed and Krumpelt [72] in 2001, Fishtik
et al. [73] in 2000, Lwin et al. [74] in 2000, Kang and Bae [75] in 2006, Liu et al. [76] in 2008,
Shi and Bayless [77] in 2008, Authayanun et al. [78] in 2010, Li et al. [79] in 2011, Wang et al.
[80] in 2012 and Cui and Ker in 2018 [81]. In these studies, Gibbs free energy minimization
method has been commonly used to estimate equilibrium compositions of the reaction systems
without requiring specific reactions, reaction kinetics, or catalyst information. For the Gibbs free
energy minimization method, only possible components in the product must be defined. The Gibbs

free energy minimization can be formulated as [31]:

N

mmzni G;’(T)+RTln< >+RTln< - ) 2.1)
. i=1 Pref ]=1nj

n;

Specified chemical reactions with equilibrium constants [39, 82] can be used as a second method

to estimate the equilibrium composition.

Effects of the reformation temperature and steam to fuel (S/Fuel) ratio (see Eq.2.2)
conditions on steam reforming of methane, ethanol, gasoline and diesel (methanol reforming is
mentioned in detail in the next section) were investigated in this review paper. The results were
published in the literature, reproduced and organized to compare steam reforming of different

process to give an overview to the readers.
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Figure 2-3 Change of the (a) methane conversion, and hydrogen mol % in the reformate gas for
steam reforming of (b) methane, (c) ethanol, (d) gasoline, (e) diesel with variation of the S/Fuel ratio
and the reformation temperature.
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Figure 2-4 Change of the CO mol % in the reformate gas for steam reforming of (a) methane, (b)
ethanol, (c) gasoline, and (d) diesel with variation of the S/Fuel ratio and the reformation
temperature.

Gibbs free energy minimization method was used to estimate the equilibrium
compositions. RGibbs reactor [82] in Aspen Plus [83] was employed for the minimization of Gibbs
energy of the system. Fig. 2-3 shows the effects of the temperature and S/Fuel ratio on the methane
conversion (Fig. 2-3(a)), and the hydrogen mol. % (wet basis) in the reformate gas for methane

(Fig. 2-3(b)), ethanol (Fig. 2-3(c)), gasoline (Fig. 2-3(d)), and diesel (Fig, 2-3(e)). Effects of the
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temperature and S/Fuel ratio on the CO mol. % (wet basis) are also illustrated in Fig. 2-4(a)-(d).

S/Fuel ratio is defined as consumption of steam per mole of the reforming fuel:

S Ny,0

Fuel Reutyo, (2.2)

As seen in the figures, relatively high temperature and S/Fuel ratio is necessary to achieve
reforming of methane, ethanol, gasoline and diesel. In particular, the S/Fuel ratio needed to
increase the amount of hydrogen in the reformate gas significantly increases for steam reforming
of gasoline and diesel. High temperature and S/Fuel ratio are also required to achieve high
conversion of methane because the reforming of methane is equilibrium limited. It can be also

seen from the figures that the amount of CO in the reformate gas is very high for these fuels.

High reforming temperature and S/Fuel are generally not desired for power generation
applications. In particular, they are serious issues for portable power generation applications
because the size and complexity of the system increases with increasing reformer temperature and
S/Fuel ratio. Therefore, these types of fuels such as natural gas, propane, LPG, and diesel, etc. are
generally preferred in the market in the case that the system size and weight are not priority
properties for the power generation applications. The information about reforming gas fueled
commercial products can be seen in Table 2-4. The reforming of methanol can be achieved at low
temperatures and the methanol reformate gas includes very low amounts of CO in the syngas
compared to the reforming of various other fuels. In addition, methanol does not include sulfur
compounds. Due to these properties of methanol, the methanol reformate gas can be chosen to

decrease the size, the weight and the complexity of a fuel cell power generation system.
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Table 2-4 Reformate gas-fueled commercial fuel cell systems.

Fuel
Product Input Net Power .
Company Name Fuel Cell Output Application Ref.
Type
Bloom Na‘:;ral Commerecial distributed
ES-5710 835, SOFC 250 kW, power generation, [84]
Energy Directed
: EPS
biogas
Natural Stationary applications
gas, HT- such as web-based data
EnerFuel EnerFuel Propane, | PEMFC O kW collection, monitoring and [85.86]
LPG remote control etc.
Telecommunications,
From 2.5 Railroads,
. Methanol to 15 kW, Utilities and critical
First fueled FC LT- . .
Element power Methanol PEMFC (depends business IT operations, [87,88]
on the Distributed electric vehicle
systems .
model) charging
50 W, (80 Radio apd ;atelhte
W. peak communication gear,
™ HT- P Remote or mobile
UltraCell XX55 Methanol with . [89,90]
PEMFC b surveillance systems,
attery
Laptop computers and
module) .
battery charging
250-700 Residential and
SenerTec Dachs Natural LT- We, commercial distributed [91]
InnoGen gas PEMFC 210-950 .
CHP generation
Win
Nag;ral LT- 7 lfvl&;w&o ; Residential and
Helbio APS5000 £35, h commercial distributed [92]
Propane, | PEMFC water CHP eeneration
LPG @65°C) £
PowerCell LT-
Powercell PP Diesel 2.5 kW, Remote power stations [93]
PEMFC
(Prototype)
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2.3 Methanol Reforming

Methanol is the simplest member of a group of organic chemicals and it consists of four parts
hydrogen, one part oxygen and one part carbon. Currently, natural gas is used as a primary
feedstock to produce methanol [94]. However, it can also be produced renewable sources such as
municipal solid wastes (MSW), renewable electricity and waste CO> [95]. Various feedstocks,
methanol production pathways, and the methanol market are shown in Fig. 2-5. As illustrated in
Fig. 2-5, methanol has a large and diverse market potential. It can be used for the production of

various chemical products, different fuels, and hydrogen.

Methanol is not preferred for central hydrogen production because of its relatively high
cost compared to natural gas. The methanol price is approximately 4 times higher than natural gas
[9]. Although methanol is not affordable for central hydrogen production, there are some
advantages of hydrogen production from methanol by employing different reforming processes
for some niche applications. One of the most important advantages of methanol reforming is that
methanol reforming processes are easier than natural gas reforming processes. MSR can be
achieved at less than 300 °C [102-105] while natural gas reforming can be achieved at around ~900
°C [9]. Oxidative steam reforming of methanol (OSRM) can also be achieved at relatively lower
temperatures than natural gas and the other alternative fuels. Over 99% methanol conversion at
around 350 °C has been reported for OSRM [106]. Other advantages of hydrogen production from
methanol reforming are that methanol is sulfur free, and hydrogen rich methanol reformate gas
includes only small amounts of CO. Furthermore, methanol can be easily stored because it is in a

liquid phase under most environmental conditions.
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Figure 2-5 Methanol production and methanol usage in the market Refs. [95-101].

Due to the advantages of hydrogen production from methanol reforming, attention to
studies related to methanol reforming has increased in recent years. Overall, the studies related to
methanol reforming can be classified as reforming reactions kinetics and catalysis, reforming
reactors, and studies relating to methanol reformate gas fuel cell systems. These studies are

explained in detail in the following sections.

2.3.1 Effects of Important Operating Parameters on Methanol Reforming

The important parameters that affect the performance of methanol reformers can be listed as the
reformer temperature (Trer), steam to methanol (S/Methanol) ratio (some researchers use steam to
carbon (S/C) ratio instead of S/Methanol ratio), and oxygen to methanol (O2/Methanol) ratio (some
researchers use oxygen to carbon O»/C ratio (see Eq. 2.5) instead of O»/Methanol ). S/Methanol

ratio and Oz/Methanol ratio can be defined as:
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Table 2-5 Different cases in the estimation of thermodynamically feasible products for methanol
reforming [74, 80, 107, 108].

Case-1 H>0, H,, CO, CO,, CH30H, C

Case-2 H-0, H,, CO, CO,, CH30H, HCOOH3, CH30OCH3, HCHO, HCOOH

Case-3 H,0, H,, CO, CO,, CH30H, HCOOH3, CH30CH3, HCHO, HCOOH, CH4

Case-4 H,0, H;, CO, CO, CH3z0OH, HCOOH3s, CH3sOCH3s, HCHO, HCOOH, C

Case-5 | H20, H;, CO, CO;, CH3sOH, HCOOHs, CH3OCH3, HCHO, HCOOH, CHg4, C

H20, H, CO, CO2, CH30H, HCOOHs, CH30CHs, HCHO, HCOOH, CHg, C,

Case-6 | C;He, C3Hs, i-C4H10, N-C4H10, C2HsOH, CsH70H, i-C4H9OH, n-C4H9OH,
C2HeO

0, and N; are added into the products for OSRM.

To understand the effects of the reformation temperature, S/Methanol and O»/Methanol on the
equilibrium compositions of the methanol reforming gas, some researchers such as Lwin et al.
[74], Faungnawakij et al. [107], Wang and Wang [108], and Wang et al. [80], have performed
thermodynamic analysis of methanol reforming. The main products in the syngas for methanol
reforming are hydrogen, carbon dioxide, carbon monoxide and water. However, other products
such as methane, formic acid, etc. can exist in the syngas. In addition, defining the optimal
parameters to prevent coke formation is very important. Therefore, different product sets can be
used to investigate the effects of the parameters on the production of the thermodynamically
possible products. Different product sets that can be used in Refs. [74, 80, 107, 108] for
thermodynamic analysis of MSR and OSRM are shown in Table 2-5.

We can summarize the general conclusions from these studies [74, 80, 107, 108] as: almost

100% methanol conversion can be obtained at different temperature ranges, so the methanol
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reforming is not thermodynamically limited; the H> production rate can be increased with an
increase in the reforming temperature because the methanol steam reforming (R.2.13) and
decomposition reactions (R.2.15) are very endothermic; also, the CO content in the reformate gas
increases with the elevated temperatures because of the water gas shift (WGS) reaction (R.2.14)
which is exothermic exhibiting decreased CO conversion with increased reaction temperature; and
the H> production dramatically decreases for oxidative methanol and partial oxidation reforming
with increased O>/Methanol because methanol partial oxidation is the dominant reaction for the
high O2/Methanol ratio. Although H> production decreases with oxidative methanol reforming,
coke formation is reduced for OSRM. Furthermore, the energy demand for the methanol reforming
is decreased by using oxygen with steam. The energy demand can also be equal to zero in the case
of using a certain amount of O2/Methanol ratio, and it is called autothermal methanol reforming.
The OSRM is investigated in Refs. [80, 108]; however, the autothermal situation is not exactly
explained by only considering the reactant temperature. Therefore, the hydrogen mol. % and the
oxygen requirement for two different scenarios to achieve autothermal reforming of methanol are

investigated using Aspen Plus v8.8 [83] in this work.
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Figure 2-6 O/Methanol ratio and H2 mol % for autothermal reformation of methanol. (a) The
reactants inlet temperature are equal to 350 °C, (b) the reactants inlet temperature are equal to 25
°C. The reformation temperature is 350 °C for (a) and (b). The results are found for Case-2 (see
Table 2-5).

Figs. 2.6(a) and (b) show the change of the hydrogen mol. % (wet basis) for autothermal
methanol reforming. To obtain the results, the reformation of temperature is taken as 350 °C while
the S/Methanol ratio changes from 1 to 2. The amount of oxygen is calculated to achieve a thermal
neutral situation with a certain amount of the S/Methanol ratio. Here, two scenarios are considered
for the autothermal situation. For the first scenario (Fig. 2.6(a)), the O>/Methanol ratio is found to
achieve a thermal neutral situation for the reforming of methanol at 350 °C. It is assumed that the
reactant temperature is also equal to 350 °C, and there is no energy demand to increase temperature
of the reactants. For the other scenario (Fig. 2.6(b)), the energy requirement to increase the
temperature of the reactants from 25 to 350 °C are considered for the autothermal reforming of

methanol. As shown from the figures, the hydrogen production dramatically decreases for the
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second scenario (Fig. 2.6(b)) while the oxygen requirement is significantly increased compared to
the first scenario (Fig. 2.6(a)). The complexity and the start-up of a system that uses methanol
reformate gas can be decreased for the second scenario. On the other hand, the system efficiency
must be considered to decide the final operation conditions.

From a thermodynamic point of view, we can reach these conclusions: (1) elevated
temperatures and higher S/Methanol ratio are favorable for methanol reforming; and (2) the coke
formation and energy demand of the reformation process can be decreased by using oxygen with
steam. However, the type of catalysts and reformers that are used for the methanol reforming, and

the desired system properties, should be considered for final selection of the operation parameters.

2.3.2 Methanol Reforming Catalysis and Reaction Kinetics

In this section, we focus on the effects of different methanol catalysts on methanol conversion as
well as Hz and CO yields in the reformate gas. In addition, we summarize the studies regarding
methanol reforming reaction kinetics. The preparation methods of the catalysts, and the reaction
mechanisms are beyond the scope of this review paper. The preparation methods can be found in

Refs. [46, 107-110], and the reaction mechanisms are also available in Refs. [47, 51].

A methanol reforming catalyst should have high catalytic activity in order to achieve high
methanol conversion and large amounts of H production; also, it should be highly selective so
that the CO generation can be decreased. In addition, the catalyst should have long term stability
[46]. Many researchers have commonly studied Cu/ZnO based catalysts for methanol reforming
because of their high activity at low temperatures and the fact that they favour the production of
H> with low selectivity towards CO [47, 11]. In particular, H» and CO formation, methanol

conversion, and deactivation of the commercially available Cu/ZnO-Al>O3 catalyst for methanol
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reforming have been widely investigated in the literature [112-121]. Agrell ef al. [117] studied
MSR over a commercial Cu/ZnO/Al>Os catalyst from Sud-Chemie (G-66 MR) in the temperature
range between 175 and 350 °C. They observed 100% methanol conversion, and the H> mol ratio
in the reformate gas was 70% (dry basis) at about 320 °C for H2O/CH30OH=1.3. Agarwal et al.
[121] investigated the activity and deactivation of Cu/ZnO/Al>Os3 catalysts for the MSR with the
variation of the temperature from 220 to 300 °C at atmospheric pressure in a fixed bed reactor.
They also used different Cu/ZnO/Al>Os catalysts, whose properties are shown in Table 2-6. Their
study revealed that the highest catalyst activity was obtained using CAT4 with a composition of
Cu/ZnO/ALO3 as 10/5/85 (wt.%). In addition, the lowest methanol conversion was found for
CATI1 which includes 10% copper and no zinc oxide. Therefore, their results showed that the
promoter zinc has a positive effect on the catalytic activity. Also, their results revealed that the CO
yield in the reformate gas is less than the equilibrium values, based on the thermodynamics for
water gas shift (WGS) reaction, at all reaction temperatures. The reason for less CO than the
equilibrium values can be the formation of the CO> through a path other than (WGS) reaction.
Also, they found that the deactivation of Cu/ZnO/Al>Os3 catalysts to be a serious issue. Although
the methanol conversion was 78% at 300 °C for the fresh catalyst, the conversion decreased to
67% for a run time of 20 h. The deactivation of the catalyst was later explained by the rate of coke

formation, in particular at high reaction temperatures with low S/C.
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Table 2-6 Specifications of different catalysts (adapted from Ref. [121].).

CATI1 | CAT2 | CAT3 | CAT4 | CATS | CAT6 CAT7

10/0/90 | 3/12/85 | 5/10/85 | 10/5/85 | 10/7/83 | 12/6/82 | 15/7/78

Cu/ZnO/ Ale 3
Cw/Zn (Wt.%) 10/0 3/9.6 5/8 10/4 10/5.6 12/4.8 15/5.6
Final clemental catalyst 9.1/0 | 2.7/89 | 4.1/6.8 | 9.2/3.6 | 8.9/4.3 | 10.6/3.4 | 13.4/4.3

composition Cu/Zn (Wt%)

Total pore volume (cc/g) 0.36 0.25 0.28 0.35 0.34 0.32 0.21

Average pore diameter (A)" 75 53 54 64 61 59 52

Sger (M%/g) 148 132 136 158 151 141 129

Y Angstrom 107! meter

As mentioned in the previous study (Ref. [121]), the deactivation of Cu/ZnO/Al>O3
catalysts is an important problem, which requires further analysis. Therefore, Patel & Pant [122]
showed the advantages of Cerium (Ce) as a promoter in the catalyst to improve the activity and
the stability of Cu/ZnO/Al0; catalysts. For the MSR, the cerium promoter increased the methanol
conversion and H» selectivity as well as decreased the catalyst deactivation. Also, the CO
formation in the products that were obtained was very low. The results showed that the CO ratio
in the reformate gas was only 0.09 mol% at S/C=1.8 and 260°C for the Cu-Zn-Ce-Al oxide catalyst.
Furthermore, the methanol conversion for the Cu-Zn-Ce-Al oxide catalyst decreased by 3% within
a 20 h run-time while it decreased 14% for the Cu/ZnO/Al;O; catalyst. Patel & Pant [123] also
studied the OSRM using ceria promoted copper- alumina catalysts. Almost 100% methanol
conversion was achieved for the Cu-Ce-Al catalyst with the weight percentage 30%-Cu, 20%-Ce,
and 50%-Al at 280 °C; in addition, only 0.19% CO was observed. The researchers also found that
the CO formation changed from 1000 ppm to 2300 ppm with the variation of the reaction
temperature from 200 to 300 °C while the contact time, the oxygen-to-methanol (O/M) and the

S/C ratio were equal to 15 kgear smol™, 0.15 and 1.5, respectively.
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The CO level in the reformate gas is very important because PEMFCs which are commonly
used in the market are very sensitive to CO as shown in Table 2-3. The change in the theoretical
product composition based on thermodynamic equilibrium calculations (using Gibbs free energy
minimization method) in the methanol reformate gas as a function of the reformation temperature
is shown in Fig. 2-7. As seen, the CO dramatically decreases with the decrease of reformate
temperature. Therefore, methanol reforming catalysis activity at low temperatures is significant to
achieve a low level of CO in the reformate gas. Yu et al. [124] showed the high-quality H»

production from methanol steam reforming using the CuZnGaOx catalyst at 150 °C with no

detectable CO.
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Figure 2-7 Variation of the methanol reformate gas composition as a function of temperature.
CH;3;0H: H20=1:2 (1 mole methanol + 2 moles water). Calculations performed with the Aspen Plus
v8.8 [83].
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Methanol reforming catalysis activity at low temperatures is also important because the
methanol reformer, which operates at low temperatures, can be integrated into the anodic
compartment of a high temperature PEM fuel cell (HT-PEMFC) [125-128]. Papavasiliou et al.
[129] investigated CuMnOx catalysts for internal reforming methanol fuel cells. Their results
showed that CuMnOx is a very efficient methanol steam reforming catalyst to use in the anodic

compartment of a HT-PEMFC.

An increasing order of stability for the metals was reported by Hughes as:
Ag<Cu<Au<Pd<Fe<Ni<Co<Pt<Rh<Ru<Ir<Os<Re [130]. Therefore, thermal sintering is also an
important issue for the Cu based catalyst, and it is not stable at higher temperatures, e.g., >270 °C
[44]. Pd-Zn alloy catalysts have been investigated [131-135] as an alternative to Cu based catalysts
because of the problems mentioned regarding Cu based catalysts. The results in Refs. [110,131]
showed that Pd-Zn alloy based catalysts perform low selectivity to CO for MSR and have higher
catalytic activity. Also, Dagle et al. [135] reported that the thermal sintering was not observed on

the PdZnAl catalyst for 100 h time-on-stream at a temperature of 360 °C.

Although Pd-Zn alloy catalysts have high activity, low selectivity, and exhibit more
stability, the sensitivity of the Pd-Zn alloy catalysts to the preparation technique always involves
the danger of metallic palladium formation, leading to the generation of large quantities of carbon
monoxide [113]. To solve this problem, Pd/In,03/Al,03 [136] and Pt/In,03/Al,03 [137] catalysts
were investigated as an alternative. Kolb et al. [137] compared novel Pd/InoO3/Al,O; and
Pt/In203/AL20;5 catalysts coated onto the micro-channels for methanol steam reforming. They
found that the Pt catalyst was much more active than the Pd catalyst and its CO selectivity was

still moderate compared to Pd. Two catalysts containing 15 wt. % Pt and Pd, respectively and 30
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wt. % In203 were used for the MSR at S/C of 1.5 and it was found that the full methanol conversion
temperature was observed than ~100 °C lower reaction temperature for the Pt catalyst.

Studies regarding methanol reforming kinetics are summarized in Table 2-7. As shown in
the table, researchers have generally worked on the kinetics of Cu based catalysts for MSR. One
of the early papers from Peppley et al. [138], which is about the kinetic model of MSR on
Cu/ZnO/ALO3 catalysts, has been highly cited in the literature. Peppley et al. [138, 149]
investigated reaction mechanisms and developed a comprehensive kinetic model based on analysis
of the surface mechanism for MSR. They used three overall reactions, which are MSR (R.2.13),
WGS (R.2.14), and methanol decomposition (MD) (R.2.15) in their kinetic analysis. The three

reactions can be written as follows:

CH30H + H,0 _iF= CO, + 3H, (R.2.13)
CO + Hy0 "= CO, + H, (R.2.14)
CH;0H _*P= co + 2H, (R.2.15)

kp

Power rate laws have also been used to explain the rate expressions. For example, Purnama
et al. [120] used power laws by fitting the experimental data to develop rate expressions for steam
reforming and water gas shift reactions. Wichert et al. [147] recently studied the kinetics of MSR
over bimetallic Pt/In2O3/Al,03 catalyst. They created two power laws and three Langmuir-
Hinshelwood rate expressions for the modelling of the kinetic data. Their results revealed that the
power rate laws were not suitable for the kinetic modelling of the Pt/InoO3/Al2O; catalyst.

In general, the studies mentioned in this section regarding methanol reforming catalysis
and reaction kinetics have focused on the investigation of catalyst activity and stability and finding

accurate reaction rate expressions for different types of catalysts.
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Table 2-7 Reaction rate expressions for methanol reforming for different catalysts and reforming processes.

Reforming
Catalyst Rate Expression Ref.
Process
kRK;H3o(1) (pCHgoy/P}qéz) (1 - (szpcoz/KRPCHprHZo)) CsTl CsTla
Tsr =
* 1/2 * 1/2 * 1/2 1/2 _1/2
<1 + K(;H30(1)(pCH30H/pH2 ) + Kycoo(l)pCOZPHZ + K()H(l)(pHZO/pHZ )) (1 + KH(m)sz )
* * 2
kWKOH(1) (Pcoszo/p;léz) (1 - (szpCOZ /KWpCOpHZO)) CsTl
Cu/ZnO/AlL O3 MSR Twes = 2 2 PR [121,138]
(1 + Ky 0w (Petson/Pi,”) + KjcoowPeoyPr,. + Kppw (I)HZO/PH2 ))
S kDKZH30(2) (pCH3OH/p:1£2) (1 - (pI%IZPCO/KDpCHg,OH)) CsT2 Csta
b= X 1/2 X 1/2 1/2 _1/2
(1 + KCHBO(Z)(pCHgoH/pHZ )+ KOH(z)(szo/PHZ )) (1 + K, 20)PH, )
Cu0/ZnO OSRM —Rcnyon = ko €xp(—Eo/RT) PriethanotPs, */Pi0 [115,139]

Tsp = klpngg OHpIr-;ZO
CuO/Zn0O/AlL 03 MSR [120]

TRwGs = kzpcoszz - k—szzoPco

k
Cw/ZnO/ALLOs MSR —1y = 2.19 X 10° exp (— 103 m—(])l/RT) PYS*(11.6 kPa + py) =067 [140]

_ mq my msz __3my
Tsr = kRpMeOHpHZO k-Rpcoszz

Cu/Zr0/CeOs MSR 1 = kpbion [141]

= me My mg_ Mgy
TRwGs = k—Wp(;ozphr2 - kWp(;o Pu,o

Cu-Mn spinel oxide MSR —Tweon = ko €xp(—=E/RT) DfieonPiLo [142]

35




Pd/ZnO

CuO/ZnO/AL O3 MSR

MSR

ksr KCH30(1)PCH30H/I?111£2 (1 - pzzpco/KSRpHZOPCHwH)
Tsr =

(1 + KCH30(1)pCH30H/p111£2 + KOH(l)szo/p;léz + KHcoo(l)p;lézpcoz)(l + JKyaobm, )

kacsKHcoo(l)Pc02 Ppiz/z(l - pHZOPCO/KRWGSpCOZpHZ)
TrRwGs =

2
(1 + Kcy3o(1)PCH30H/P:1£2 + KOH(I)pHZO/p:éZ + KHcoo(l)P:éZPcoz)

[143]

Pd/Zn

MSR

1, = 2.9047 X 1010¢O#800/RT 0715 0088

[144]

Tpom

ksKMe,Ads CMme

_Rmethanol =
(1 + KueaasCme + /Criy/Kuypes)®

[145]

Cu/ZnO/CeOz/Ale3

Pt/In,O3/A1L, 03

OSRM

MSR

kPOMKCHZO(l)KO(l) (pCH3OHp(1)£2/pH2)[1 - (Plzizpcoz /K;OMpCHgoHpcljgz)]
[ 1

1

1 2
1+ Kcy,owPchzon/ Py, + Koy(l)pyzo/plziz + KoPuyo/Pu, + KHCOOH(DPCHBOHPHZO/I?IZ{Z + KHcoo(l)pézpcoz] [1 + KH(la)plziz

kSRMKHCO()H(l) (PCH3 OHPHzo/pzzfz) [1 - (pizpcoz /KS*RMPCH3 OHpHZO)]
1

|

1
1+ Kcyzo(l)pCH30Hcsl/pH2 + KaH(l)szo/Piyz + KowPuy0/Pu, + KHcooy(l)pCH30HPH20/P1212 + KHcoo(l)plzqucoz

1

1
krwesKucoo <P132PC02) [1 - (szOpCO/KR*WGSszpCOZ)]
TRwGs = 1 2
[1 + Kcp,owPerzon/ Py + KOH(l)pHZO/prZ + KowPry0/Pr, + KycoonwPcrsonPryo/ Pii, + Kycoo(l)Pflzpcoz]

, = ksn,(n, — 1)KCH30HKH20PCH30HPH20

1
] [1 + KH(la)prz

[146]

|

Cu0O/Zn0O/ Ga203

MSR

(1 + /KcuzouPcrzon + KuyoPu,0)?

[147]

_ 8 ,—90800/RT,,037 . 135 0 -0
Tusg = 8.51 X 10% / PMeonPH,0PH,Pco,

[148]
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2.3.3 Methanol Reformers

According to the catalyst deployment in the reformers, methanol reformers can be classified as
packed-bed and wash-coated reformers. These types of reformers have been commonly
investigated in the literature. In addition, membrane reformers have been actively studied, although

there are some serious issues related to their commercialization.

Karim et al. [150] studied nonisothermality in packed bed reactors for MSR to define the
reactor dimensions to achieve isothermal conditions. The temperature profiles of the packed bed
reactors were calculated with the variation of the internal diameters of the packed bed reactors by
using an experimental study and 2D pseudo-homogeneous model in their study. The results of this
study showed that the temperature gradients increased with increasing internal diameter (i.d) of
the reactor. In addition, the results revealed that the reactor i.d should be close to 300 um to achieve

isothermal conditions in packed bed reactors.

Chein et al. [151] performed a numerical study to understand the effects of heat transfer on
a circular reformer with a partially (which is the wall-coated reformer) or entirely filled (which is
the packed bed reformer) catalyst layer. The main finding of their study was that a higher MSR
temperature could be obtained using a partially filled catalyst layer compared to the packed bed
reformer. Therefore, the methanol conversion could be increased for the partially filled catalyst

layer.

A packed bed reformer to produce 100 W power by employing a PEMFC was modeled by
Vadlamudi and Palanki [152]. They performed a parametric study to reveal the effects of S/M,

inlet pressure and temperatures on the reformer.
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An internally heated tubular packed bed methanol steam reformer was studied
experimentally and numerically by Nehe et al. [ 153]. They used an internally heated tubular reactor
to prevent heat loss, and so to supply effective heat transfer to the endothermic MSR reactions.
Their results showed that for the same operating conditions, higher methanol conversion can be

achieved using an internally heated configuration.

The performance of a miniaturized low temperature co-fired ceramic packed bed reactor
in the temperature range of 300-400 °C was defined by Pohar et al. [154]. They inserted 6.73 g of
gallium-promoted copper ceria catalyst into an inner reaction chamber of dimensions 33.8 mm x
4 mm x 41.4 mm (width x depth x length). For optimal conditions, they achieved 95% methanol

conversion at 400 °C and a liquid flow rate of 0.15 mL/min.

Until now, the studies mentioned above regarding packed bed methanol reformers is for
low power generation applications, namely, less than 100 W. In addition, the heat for endothermic
MSR was supplied using external exothermic reaction (except Nehe ef al. [153] study). Real et al.
[155] showed the feasibility of hydrogen generation by a solar-based packed bed methanol steam
reformer for stationary fuel cell systems. The heat requirement for the MSR was supplied by a
non-concentrating solar thermal collector. In this work, two catalyst loadings of 100 and 140 mg
of nanoparticles, inserted into the solar collector in the form of a packed bed, were studied. Their
experimental work demonstrated that 100% methanol conversion was achieved for 100 mg catalyst

142

and methanol-water mixture flow rate of 3 mL min"'m™, while only 58.5% conversion was

obtained for the flow rate of 6 mLmin'm™. Also, the complete conversion of the 140-mg reactor

was obtained for the 4 mLmin'm™, while the conversion decreased 59.7% for the 9 mLmin'm™.

Moreover, they found the maximum hydrogen production of 6.62 Lsrpmin'm™ for a reactor

containing 140 mg catalyst and a liquid methanol-water mixture flow rate of 8 mLmin"'m™.
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Although the traditional packed bed reactors are widely employed in industry for methanol
reforming, they suffer from axial temperature gradients [156]. In addition, sintering of the catalyst
in the packed bed can cause an increasing pressure drop in the reformer [156]. To solve these
issues, wash-coated microchannel reformers can be used for hydrogen production from methanol.
They have large specific surface areas, so better heat and mass transfers than the packed bed can
be obtained for wash-coated microchannel reactors [48, 157]. Due to enhanced heat transfer,
higher methanol conversion at lower temperatures are obtained for wash-coated microchannel
reformers [48]. Also, microchannel design can be maximized with deployment of the catalyst
directly on the internal surface in the wash-coated reformers [156]. As well, the wash-coated
reformers have a benefit from a pressure drop [156, 158]. Because of the aforementioned
advantages of the wash-coated microstructured methanol reformers, the attention of researchers
and companies has been dramatically increasing towards the wash-coated microstructured
reformer technology. Kolb in 2013 [44] published a comprehensive review about the field of
microstructured reactors for energy related topics. In addition, Holladay and Wang in 2015 [159]
summarized the numerical models and reaction equations of microchannel reactors for both wash-
coated and packed bed systems for microscale (power generation less than 5 W) hydrogen
generation. Therefore, we only reviewed recent papers which discuss innovative approaches to

increase wash-coated microchannel methanol reformers in our work.

Wang et al. [156] applied an innovative method. They used cold gas dynamic spray
(CGDS) method to deposit catalyst coating in the plate type microchannel methanol reformer. This
innovative method-CGDS, which consists of spray gun, powder feeding, heating, gas regulating,
high-pressure gas source and powder recovering, is a technology based on gas dynamics. The

catalyst particles are carried with high pressure gas such as nitrogen, helium, air etc. through the
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spraying gun at the solid state at high speed. Gas is preheated to increase the speed of the particles
in the cold spray. Wang et al. [156] used a reaction chamber with the dimensions of 6 mm x 6 mm
x 125 mm in the plate-type stainless steel micro-reactor. In addition, the total catalyst in the
reformer was 0.83 g. Their results indicated that the highest H> production rate was defined as

30.05 ml/min at the temperature range of 270 °C.

Another innovative method to improve the performance of wash-coated microchannel
methanol reformers was investigated by Mei et al. [157]. In the traditional wash-coated
microchannel reactors, the catalyst support with a non-porous surface is used. They proposed an
innovative micro-channel catalyst support with a micro-porous surface. The pores with a diameter
of 60-150 pm and a depth of 50-100 um were used in the micro-porous surface. The results showed
that the H> production rate was 9.65 ml/min for the micro-channel catalyst support with the non-
porous surface while it was 18.07 ml/min for the micro-porous surface at 300 °C and a mixture of

methanol and water with 1:1.2 molar ratio rate of 30 pul/min.

In another recent study, Pan et al. [160] experimentally compared the performance of
micro-channel methanol reformers with the rectangular and tooth cross-sections. They illustrated
that the performance of the reformer with mesh tooth microchannels was better than with mesh

rectangular microchannels.

The catalyst coating methods for the wash-coated microchannel reformers are out of the

scope of this review paper; however, interested readers can refer to Refs. [161-165].

The cost barrier of membrane reformers [48] is the main issue in commercializing them. If
this issue is solved, they can also be another promising technology for methanol reforming. On the

other hand, one of the most important advantages of the membrane reformers is that nearly 100%
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pure hydrogen can be produced by employing membrane methanol reformers [48,166]. More
detailed information regarding membrane reformers can be obtained from Iulianelli's ef al. review

paper [45].

2.4 Reformed Methanol Fuel Cell Systems

A number of review papers [44, 48] reported studies conducted in methanol reforming fuel
processors for fuel cell power generation systems. Kolb [44] dedicated one section to related
microstructured fuel processors for the reforming of different kinds of fuels. Palo et al. [48] wrote
a review paper in 2007 about methanol steam reforming for hydrogen production. In their study
[48], they mentioned system challenges, military and consumer needs, and also summarized
studies in the literature regarding properties and the performance of reformers in the given systems.
In this section of our review paper, we specifically focus on recent studies from the perspective of
methanol reformers and system performance. In other words, not only methanol performance is
discussed, but also the system components, heat integration, the efficiency and control of the
reformed methanol fuel cell systems are evaluated. Moreover, we emphasis on reformed methanol

fuel cell systems for power generation in the range of 100 W to kW scales.

Methanol can be used as fuel for fuel cell power generation systems in two ways. In the
first method, it can be used directly with direct methanol fuel cell (DMFC) systems. In the second
method, reformate methanol gas which includes mainly H» can be used to feed fuel cells for power
generation. For the first method, the system has a simpler structure because methanol is used
directly for the DMFC without a fuel processor [158]. On the other hand, the important challenges
for a large-scale commercialization of DMFCs are their lifetime and high production cost, as well

typically having lower efficiency and power density [167,168]. Technical specifications of the

41



reformate-gas fueled PEMFC and DMFC systems for 300 W power generation are listed in Table
2-8 [169]. The results, shown in Table 2-8, were obtained for prototype systems; thus, the results
are based on real operation conditions. As shown in this table, the DMFC system has lower fuel

efficiency and energy density compared with the reformate-gas fueled PEMFC system.

Table 2-8 Technical specifications of portable fuel cell prototype systems (adapted from Ref. [169].).

Requirement RMFC DMFC
Max output power W 300 300
System Weight (no fuel, kg) 16 20
Dimensions (cm) 38%30x25 29%51x%29
Internal Li-ion Battery (Whr) 326 80
Voltage (VDC) 28 28
Fuel Methanol/Water Methanol
Runtime Cartridge (1.2 L)=4h | Cartridge (2L)=8 h
Capability APU+Battery Charging | APU+Battery Charging
Start-up time (min) 20 2
Fuel efficiency (%) (LHV) 34 16
Specific Power (W kg™) 18 15
Power Density (W L) 10 6.9
Specific Energy (72 h mission, Wh kg™) 618 591
Energy Density (72 h mission, Wh L) 423 349
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Researchers have typically investigated low temperature PEMFCs (such as in Refs. [105,
158, 170- 174]) and HT-PEMFCs (such as in Refs. [106, 113, 175]) for the reformed methanol
fuel cell systems. The main advantages of the PEMFCs are their low start-up time and high energy
density; therefore, reformate methanol gas PEMFC systems may be a promising candidate to
provide power for portable power electronics [105]. A system, which consists of a micro-structured
evaporator, a micro-structured reformer and two stages of preferential oxidation of CO (PROX)
reactor, micro-structured catalytic burner, and a PEMFC, was investigated to evaluate its
performance for power generation from methanol by Men ef al. [105]. The change of the activity
and selectivity for each individual component was determined by them with the variation of the
reaction temperature, S/C, contact time, and feed composition by employing performance tests.
The width, depth and length of the elliptic microchannels were 600 pm, 250 pm, and 44 mm,
respectively in their study. Also, the dimensions of the MSR and catalytic combustion were
approximately 120 mm x 36 mm x 25 mm, respectively, while the PROX reactor dimensions were
about 104 mm x 80 mm x 15 mm. They reported that this system is enough to produce 20 W of

net electric power by fuel cell.

Another methanol steam reformer system to produce hydrogen for a PEMFC power
generation system was investigated by Dolanc ef al. [158]. Dolanc and co-workers designed and
implemented a miniature reformer of methanol to feed a low temperature PEMFC with electric
power up to 100 W. As shown in Fig. 2-8, this system consists of three subsystems which are the
actuator unit, the reactor unit and the control unit. The actuator unit is used to generate and control
the flow rates of the methanol and water to the reforming reactor, air to the PROX reactor, and the
air/methanol mixture to the catalytic combustor. Methanol reformation takes place in the reactor

unit. The reactor unit consists of a combustor, an electrical heater, methanol and water evaporators,
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a reforming reactor, and PROX reactor. In the reactor unit, the electrical heater provides 10 W to
ignite the combustor. The other subsystem, the control unit, is implemented in the system to meet
the demands of the system. They found in their experimental results that the molar fraction of the
reformate gas is CO,=~21.56%, H,0=~10.3%, CH30H=~2.2%, H>=~65.3%, CH4=0.2%, and
CO=~0.4% for 50 mL h! of methanol flow rate, and 29 mL h™! of water flow rate at 250 °C of the

reformer reactor temperature.
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Figure 2-8 Technological scheme of the miniature fuel reformer system for portable power sources
(modified from [158]).
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They [158] also estimated the specific energy of the system by using the equation as follows:

Esp = Peltop/(mCH30H + mHZO + mRef + mFC) (2-6)

To find the specific energy, they calculated the stored fuel (mcy,on) and water (my, o) as 1.420
kg and 0.696 kg, respectively for the operation time of 24 hours; also, the mass of the complete
reformer system for their fuel processor was 3 kg. Moreover, they assumed that the mass of low
temperature PEMFC was around 1.3 kg for the 100 W power generations. Using these values, they
found the specific energy of the system is 374 Wh kg™

Low temperature PEMFCs have an advantage with respect to start-up time; however, high
purity hydrogen is necessary to feed the PEMFC. In particular, low temperature PEMFCs are very
sensitive to CO. Therefore, some additional equipment must be added to the system to decrease
CO level in the reformate gas as mentioned in the previous paragraphs. This will increase the
system complexity and balance-of-plant (BOP). This disadvantage can be overcome by using HT-
PEMFC:s. It has been reported that the HT-PEMFCs can tolerate CO up to 3% [176], while CO
concentration as low as 10-20 ppm causes a significant loss in cell performance for the low
temperature PEMFCs that operate at 80°C [177]. Not only there is sensitivity to impurities in the
reformate, but it should be noted that low temperature PEMFCs have several drawbacks, such as
inefficient thermal and water management, and slow electrochemical kinetics. These issues can
also be resolved by using the HT-PEMFCs at an elevated operation temperature. In addition, a
comparison of a LT-PEMFC that works with hydrogen and methanol reformate gas fuelled HT-
PEMFC systems can be seen in Table 2-9. As shown in this table, the methanol reformate gas
fueled HT-PEMFC system is more economical than the PEMFC system in terms of electric energy

price. The electricity energy price is 0,15 €/kWhpc for the HT-PEMFC system while it is 0,68
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€/kWhpc for the LT-PEMFC system [178]. Attention to reformed methanol fueled HT-PEMFCs

systems has been increased in recent studies because of the reasons explained above.

Table 2-9 Comparison of a hydrogen fueled LT-PEMFC and methanol reformate gas fueled HT-
PEMEFC systems (modified from [178])

LT-PEMFC HT-PEMFC

Fuel H» CHsOH

Fuel pricel
~10998 ~382

S/t
Mass/Power

10 12-15

kg/kWel,nc

Volume/Power
14 17
I/kWeI,DC
Fuel consumption
72 440
g/kWh
Price?

~5788 ~5788

$/ kVVeI,DC

Electric energy price!

~0,79 ~0,17

S/ kWhpc

1In Ref. [178], Euro is used instead of (US) Dollar. For conversion,
1 Euro equals 1.16 US Dollar (Oct 1, 2018, 10.35 pm UTC).

One of the leading companies, which manufactures reformed methanol HT-PEMFC systems, is
Serenergy [12] in Denmark. H3-350 RMFC system produced by Serenergy is illustrated in Fig. 2-
9. As shown in the figure, the main components of the system are an evaporator, a reformer and
burner, and a HT-PEMFC stack. For this system, the additional components to remove the CO in
the reformate gas are not necessary because of the high tolerance level to CO of the HT-PEMFC.
The system is designed for the nominal output power of 350 [W], a rated output current of 16.5
[A] at 21 [V][179]. The system weight and volume are 13.7 kg and 27 L, respectively, while fuel

consumption is 0.44 L/h [181]. As presented in Figs. 2-9 (b) and (c), firstly the methanol/water
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mixture (60/40 vol.% mixture of methanol and water [180]) enters the evaporator. After

evaporation of the fuel mixture, it goes to the reformer, and the reformate gas feeds to the HT-

PEMFC stack. It was recommended by the manufacturer that the Hz over stoichiometry should be

1.35 to prevent anode starvation in the fuel cell [180]. Therefore, ~25% of the hydrogen in the

reformate gas is not used for the power generation in the HT-PEMFC anode. The remaining

hydrogen is used in a catalytic burner to provide the heat requirement of the reformer. Also, the

process heat of the evaporator is supplied using the excess heat from the fuel cell.

Hot air exhaust

Reformer -~

Burner

Evaporator )
te . Methanol + Water

Mixture

Fuel cell

Methanol Water mixture
_____ Atmospheric air and exhaust gas

_____ A hydrogen nich gas

Solid Lines: Flow in pipes or hoses

Dot Lines: Flow inside a component

Figure 2-9 (a) Scheme , (b) picture , and (c) concept drawing of the commercial H3-350 RMFC

system. Modified from Refs. [179, 188].
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H3-350 has been used as a reference system in some studies [18, 102, 179, 180, 182, 183].
Andreasen et al. [102] developed a cascade control strategy to test the methanol reformer used in
the Serenergy H3-350 Mobile Battery Charger. They investigated the performance of the methanol
reformer with the variations of the reformer operating temperature from 240 to 300 °C, and the
methanol/water mixture fuel flow from 200 to 400 mL/h. In their work, the volume air flow to the
burner was manipulated to control the burner temperature; therefore, the desired reference
reformer temperature was obtained. Their results showed that H> and CO; contents in the reformate
gas did not change significantly with the variations in the reformer temperature and fuel flow rate
while there were significant changes in the CO and methanol contents in the reformate gas. For
example, the CO increased from 0.142% (vol.% in dry reformate gas) to 1.11% with the change
of the reformer temperature from 240 to 300°C for 300 mL/h methanol/water mixture. For the

same operation conditions, the methanol in the reformate gas decreased from 3.64% to 0.142%.

In the previous study, Andreasen et al. [102] did not consider the fuel cell performance
with the variation of the reformer temperature. Therefore, Justesen and Andreasen [179] in another
study defined the optimal reformer temperature by considering the fuel cell performance for a
RMFC system based on a H3-350 module. They used Adaptive Neuro-Fuzzy Inference System
(ANFIS) models to observe the effects of the reformer temperature on the system efficiency. The

system efficiency was calculated by the following equation:

PFC,
Noys = oo 2.7)

P Fuel,in

In this equation, Pg¢ o, 18 the fuel cell power output, which is equal to the multiplication of the

fuel cell current and voltage, while Prye; i, 1s the input power, which is calculated using the lower
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heating value of the methanol in the fuel. They found the optimal constant reformer temperature
to be 252°C. For this reformer temperature, the efficiency was calculated as 32.08% at 170°C of

the fuel cell temperature.

Additional to the study mentioned above, a methanol reformed HT-PEMFC system for
power generation under 100 W was investigated by Kolb et al. [106]. In this study, the authors
studied a portable power generation device applying methanol reformate gas as fuel and high-
temperature PEM fuel cell technology for a net power output of 100 W. They used a micro-channel
methanol reformer with noble metal catalyst (Pd/ZnO catalyst). They employed the fuel cell stack,
which consisted of 24 cells. 130 W (14.4 V and 9 A) power was produced from the fuel cell stack,
and 30 W were reserved for the balance-of-plant components. For the reformer temperature 350°C,
the S/C=1.7, and the O/C=0.25, they reported that the methanol conversion is always 100%, while
the CO yield and the H> yield are 1.8 and 50 vol. % (wet basis), respectively. For the same reformer
temperature and the O/C ratio, with decreasing the S/C ratio from 1.7 to 1.5 the CO and H> contents

increased to 2.09 and 53 vol. %, respectively.

Reformate-gas fueled HT-PEMFCs systems are also a promising technology for auxiliary
power unit (APU) applications. For example, it can be used as an APU in heavy-duty trucks,
service vehicles, light-duty vehicles, and luxury passenger vehicles [184]. Power demands for
APU applications are typically in the kW scales. Methanol reformate-gas fuelled HT-PEMFCs
systems have been recently investigated in Refs. [113, 175, 185]. Sahlin et al. [185] studied a
reforming methanol system in an oil heated reformer system for 5 kW fuel cell system. Their work
has two parts. In the first part, a dynamic model of the system was developed, while an
experimental study was performed on different components of the system in the second part. The

modeling work revealed an overall system efficiency of 27-30% on the basis of the fuel lower
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heating value. In addition, the start-up of the reformer was found to be about 45 min in the

experiments.

One of the first micro-structured methanol reformers with integrated anode off-gas
combustion, which worked in the kW scale was designed, built, and tested by Kolb et al. [113].
They used oxidative steam reforming to convert methanol to hydrogen rich gas.
Platinum/indium/alumina catalyst was used for the reformer side while platinum/alumina catalyst
was employed on the after-burner side. They found the volume ratio of the gases in the reformate
gas in dry basis: 68.4% Ha, 1.5% CO, 22.2% CO2, 9.9% N; and 430 ppm CH4 at S/C=1.3 and
O/C=0.2. In addition, they estimated 11.4% H>0, 0.4 ppm unconverted methanol and 8 ppm formic
acid for the same reforming conditions. Their results revealed that the formic acid decreased to 6.1
ppm with the change of the S/C from 1.3 to 1.5. 6720 1/h H> was produced using 6.5 kg fuel
processor including reformer and after burner with 3200 g/h methanol. Also, the methanol-water
mixture evaporator, which has 54 plates with a total volume of 0.62 1 and a weight of 2.2 kg, was

used in this study.

As explained in Refs. [5, 169], the most promising applications of fuel cell systems involve
power generation of up to 500 W. However, the system weight and balance-of-plant components
are two critical parameters for the small-scale power generation applications. These parameters
should be decreased for the large-scale commercialization of the fuel cell systems for power
generation of up to 500 W. To achieve this, some researchers [125-127, 186,187] have recently
investigated the feasibility of integrating the methanol reformer with the HT-PEMFC stack.
Therefore, the heat requirement of the methanol steam reforming is provided using waste heat
from the fuel cell, and additional heat exchangers can be eliminated in the system. This is an

opportunity to decrease the system weight and volume and increase the efficiency. Recent
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advancement in research related to integrated methanol steam reformer HT-PEMFC power

generation systems were reviewed in Ref. [10].

In summary, the studies in regards to reformed methanol fuel cell systems can be classified
into two main categories. In the first category, the researchers have focused on feasibility and
defining operation parameters of the reformed methanol fuel cell systems for different type of
applications. The second category is about integration of the new technologies to the systems to

improve system performance for specific type of power generation applications.

2.5 Conclusion and Future Outlook

We presented the studies in literature regarding methanol reforming. The studies were evaluated
and discussed with considering different aspects of fuel cell power generation systems. The

important points in this review paper are summarized below:

e Alternative fuels for fuel reforming. Various fuels can be used for fuel reforming
processes for fuel cell power generation applications. However, fuel selection is very
important to achieve desired fuel cell system properties. The important factors about fuels
which affect performance of fuel cell power generation systems are fuel availability, fuel
price, fuel storage, fuel evaporation temperature, S/Fuel and/or O>/Fuel ratios for the
reforming processes, fuel composition, reforming temperature and pressure, and reformate
gas composition. These factors should be evaluated with the desired system functions as
shown in Figure 1. Among different hydrogen carrier fuels, methanol reforming is
particularly very suitable for portable and small scale power generation applications
because methanol is in liquid form at room temperature, it has a relatively low evaporation

temperature, and low reforming temperature and pressure. In addition, methanol reformate
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gas does not include sulfur, and it includes low amounts of CO. With these unique
properties, the system size and weight, and balance of plant components can be decreased,
also the life of the system can be increased.

e Catalysts for methanol reforming. Cu/ZnO-based catalysts for methanol reforming have
been extensively studied by researchers. However, deactivation of the Cu/ZnO based
catalysts are a serious issue. Therefore, research activities about methanol reforming
catalysts changed after 2000s to improve activity and stability of the methanol reforming
catalysts. The catalysts research activities after 2000s can be classified into two categories.
In the first category, the studies have focused on more active and stable catalysts at high
temperatures. Increasing of the catalysts activity and stability at high temperatures are
particularly very important for oxidative steam reforming of methanol. The other category
is for increasing the catalyst activity at low temperatures.

e Methanol reformate gas fueled fuel cell systems. Improvements in catalysts and
reformers have occurred due to advancements in the development of the methanol
reformate gas fueled fuel cell systems. In particular, the system size and weight have
decreased with the more active catalyst and microstructured reformers. With these
remarkable improvements, this should be noted that the fuel cell price is still the main
barriers for methanol reforming fuel cell systems; therefore, the most suitable application

areas for the market should be wisely defined.

Overall, the researchers have made many progress in the methanol reforming catalysts and
reformers, and also integration of the new technologies into fuel cell systems. However, the
existing works in the literature do not include enough information to explain viability of internal

reformer methanol fuel cell systems for the market. Also, with these remarkable progresses, price
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of the fuel cell technologies is still the main barrier for commercial applications of methanol

reforming fuel cell systems.
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Chapter 3
Modeling and Parametric Study of a Methanol Reformate Gas-
fueled HT-PEMFC System for Portable Power Generation
Applications

This chapter is reprinted in adopted form with permission from Journal of the Energy Conversion
and Management:

MS Herdem, S Farhad, and F Hamdullahpur. Modeling and parametric study of a methanol
reformate gas-fueled HT-PEMFC system for portable power generation applications, Energy

Conversion and Management, 2015, 101, 19-29.

3.1 Introduction

Electric power requirements for outdoor applications and wireless industrial tools have been
increasing every year. This requirement is currently approximated at 714 GWh in Europe [106].
In addition, the lack of access to electricity is a serious economic and social issue in the world,
especially in underdeveloped and some developing countries [189]; drawing more attention to
portable applications. Although batteries are a promising technology for small scale power storage
for portable systems, their wide-scale application is limited because of weight restrictions [106].
Although a number of developmental challenges remain to be tackled, fuel cells can be considered
as an alternative technology for portable power generation applications. Shaw et al. [5] report that
military personal power generators, consumer battery rechargers, and specialized laptop computers
are the most promising applications to use fuel cell technology in the market. They also explain
that the hydrogen storage issue is one of the most important barriers for wider usage of hydrogen

fuel cells; thus, energy storage densities must be improved using an inexpensive and convenient
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hydrogen supply. To overcome the hydrogen transportation and storage barrier, hydrogen can be
obtained using alternative fuels such as biogas [190, 191], ammonia [ 192], or from methanol [193],
gasoline [194], ethanol, and other hydrocarbon fuels by employing fuel reformer technologies for
fuel cell power supply systems. Methanol can be used as one of the most appropriate fuels for
portable and stationary fuel cell applications because it can be produced using different sources
such as natural gas, coal, and biomass. In addition, methanol can be stored easier than hydrogen;
it has high hydrogen to carbon ratio and a low boiling temperature; it is liquid at atmospheric
pressure and normal environment temperature; and it can be converted easily to hydrogen at lower
temperatures than many other hydrocarbon fuels [48, 195]. Therefore, fuel cells coupled with
methanol reformers have become progressively more attractive for portable applications.

There are many studies in the open literature which have been undertaken on various
applications of reformer methanol fuel cell systems. Partial oxidation (POX) and auto-thermal
reforming (ATR) technologies were experimentally investigated to produce hydrogen using a
small methanol reformer for fuel cell application by Horng et al. [196]. Their results show that the
optimum steady mode shifting temperature for their experiment is about 75 °C; in addition, they
reported the most appropriate pre-set heating temperature for facilitating the most rapid response
of the catalyst reformer. Furthermore, the hydrogen concentration produced in their experiment
was as high as 49.1% with a volume flow rate up to 23.0 Lmin!, and 40.0% with a volume flow
rate of 20.5 Lmin™! using auto-thermal and partial oxidation processes, respectively. Vadlamudi
and Palanki [152] analyzed an autothermal reforming of methanol to supply enough hydrogen for
generating 100 W power. They used fundamental principles of reaction engineering, fluid
mechanics and heat transfer for modeling non-isothermal operation. They reported that pressure

drop is negligible throughout reactor volume. They also found that the outlet flow rate of hydrogen
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increases with higher inlet temperature; however, the reformer heat requirement increases for
higher inlet temperature. Chein et al. [197] presented a methanol steam reforming for hydrogen
production. The reforming with CuO/ZnO/Al>Os3 catalysts and the methanol catalytic combustion
with Pt catalyst were experimentally tested by them. They also studied the flow and heat transfer
effects of three different reformer designs — including patterned microchannel with catalyst onto
the channel wall, single plain channel with catalyst coated onto the bottom channel wall and
inserted stainless mesh layer coated with catalyst — on the reactor performance. The best thermal
efficiency among the three designs was obtained for the reactor with microchannel reformer and
also higher methanol conversion in their experimental results. It is noted that many experimental
reformers of the smaller scale and reformers for industrial applications use conventional Cu/ZnO
catalysts [106]. Kolb et al. [106] have developed a system for portable power generation with an
electrical net power output of 100 W. The system consists of oxidative (auto-thermal) steam
reforming of methanol with a catalyst of higher activity than Cu/ZnO catalysts and a high
temperature proton exchange membrane fuel cell (HT-PEMFC). The effects of the CuO-ZrO»-
Ce0;-Al0s3 catalysts on the methanol conversion were investigated by Baneshi et al. [193]. Their
results show that the methanol conversion reaches 100% at 240 °C, and the catalyst has high
lifetime. Lo and Wang [198-200] proposed a novel passively-fed methanol steam to remove the
pump and for effective heat transfer to methanol steam reformer and evaporator from the catalytic
combustor heater. The system was experimentally investigated, and the experimental results show
the methanol conversion exceed 98% for reformer temperatures higher than 292 °C and the
water/methanol feed ratio over 1.0 [198]. The main disadvantage of their system is the slow start-
up time, which is about 30 minutes [199]. Kolb ef a/l. [113] built and tested a methanol reformer

for HT-PEMFC for mobile applications. For the reformer, they used micro-structured plate heat-
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exchanger technology with a novel, highly active catalyst formulation for oxidative steam
reforming of methanol. They could achieve a hydrogen production equivalent to the thermal power
0f 20 kWhermal from their reformer.

Many studies in the literature have focused on components design and/or power (or
combined power and heat) production in kW range or less than 100 W using reformer systems and
fuel cells. Our literature survey confirms that there is no any study to focusing on a few hundred
watts power production using HT-PEMFCs and investigating the fuel cell performance with the
variation of the methanol reformate gas composition. The main objective of this study is to estimate
the fuel cell performance, the input fuel flow rate, and the heat duties of the system components
with the variation of the methanol reformate gas composition for power generations as low as 500
W. A detailed parametric study to understand how the system can be improved is also conducted.

The results in this study can be used for further development of the system for future studies.

3.2 System and Process Description

The simplified schematic of the power generation system investigated in this study is shown in
Fig. 3-1. A commercially available methanol reformer system, H3-350 made by Serenergy [201],
is chosen as a base system to define the system components and the input parameters. The main
components of the H3-350 include an evaporator, a methanol steam reformer, a combustor, and a
HT-PEMEFC stack. The evaporator is used to convert liquid methanol-water mixture to a vapor
mixture. Then the vapor fuel enters the methanol steam reformer and H: rich reformate gas is
produced in the reformer. The main reactions that can take place in a methanol reformer are as

follows [182]:
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Figure 3-1 Schematic of the methanol reformer system.

The main compositions of the reformate gas are H», CO», H20, and CO. Partial oxidation
and autothermal reforming of methanol can be used to convert the fuel to the reformate gas.
However, the molar flow rate of H> in the reformate gas is higher for methanol steam reforming
[196], as well as reactions in the reformer take place at lower temperatures [158]. Also, a low CO
ratio can be obtained for the methanol steam reformer [51]. Therefore, the methanol steam

reformer is preferred for this system. Methanol-water mixture can be converted to reformate gas
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in the reformer using an appropriate catalyst type. Cu-based catalysts and noble metal-based
catalysts are two types of catalyst that can be broadly used for the methanol steam reformer [51].
Copper-based catalysts have high activity with low temperatures and are selective, so they are
commonly used for methanol steam reforming [46]. CuZn-based catalysts have also relatively low
cost [182] so CuZn-based catalyst is considered as a reforming catalyst in this study. After
obtaining reformate gas, firstly the gas temperature is decreased to the fuel cell temperature by
employing the heat exchanger, and then enters the HT-PEMFC for electric power generation.

Although low and intermediate temperature polymer membrane fuel cells have higher
efficiency for small scale power production, they need high purity hydrogen. In addition, because
water management is a serious issue for these fuel cells, HT-PEMFC is employed for power
generation in this study. There are several advantages of using HT-PEMFC for this system. These
advantages include (a) water is in vapor phase so the water management is not an issue in these
fuel cells; (b) HT-PEMFCs have faster electrochemical kinetics, and (c) the heat management is
easier [202]. Other significant benefit of HT-PEMFCs for methanol reformer systems is that they
have higher CO tolerance [203]. Up to 3% CO can be tolerated for HT-PEMFCs [176].

After the HT-PEMFC, anode and cathode off gases are burned as a fuel in the combustor
to generate extra heat. The heat requirement for the reformer is supplied from the combustor. The
recoverable heat from the fuel cell stack is used for evaporating the methanol-water mixture. In
addition, the remaining heat to complete evaporation of the methanol-water mixture and increasing
its temperature to 120 °C is provided from the combustor hot flue gases. To decrease the reformate
gas temperature to the fuel cell temperature, the cathode inlet air is used. The remaining heat to

increase the cathode inlet air temperature to the fuel cell temperature is supplied from the
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combustor hot flue gases. The system which includes whole heat integration is shown in Figure

S1 in the supplementary document.

3.3 Modeling of the System

Thermophysical properties for the modeling of the system are obtained by employing Aspen Plus
version v7.3 [204]. Then, all the variables which are used for system modeling are transferred to
an Excel spreadsheet for the parametric studies. The NRTL model is used to find thermophysical
properties of the liquid methanol-water mixture and ideal gas model is used for the rest of the
streams. Heat losses and pressure drops of the system components are assumed to be negligible.
The components pressure is assumed at atmospheric pressure for the parametric studies. The main
input parameters that are used for the system modeling is given in Table 3-1, and the input

parameters in Table 3-2 is used to calculate the system efficiency.

Table 3-1 The input parameters of the system.

Input Parameters Ref.
Fuel inlet temperature to the evaporator 25 °C
Fuel exit temperature from the evaporator 120 °C
Air -fuel ratio for the combustor 1.05 [-] [218]
Air inlet temperature to the HX2 25 °C
Air molar composition 0:=21%, N2=79%
Fuel cell parameters [211,212]
Membrane thickness, tmemb 0.1x1073 m
Open circuit voltage, V, 0.95 v
Symmetry factor, a 0.5 [-]
Intermediate hydrogen step, n 2 [-]
Universal gas constant, R 8.3143 | Jmol'K!
Faradays Constant, F 96485 Cmol!
Number of cells, N 45 [-] [177]
Cell area 45 cm?
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Table 3-2 The input parameters to estimate the system efficiency of the system.

Input Parameters Ref.
Heat loss from the fuel cell 20% | [221]
Pressure drop of the components 1.5 kPa | [221]
Air compressor isentropic efficiency 78% | [221]
Fuel pump isentropic efficiency 85% | [221]
Mechanical efficiency compressors/pumps | 70% | [220]
Heat exchangers pinch temperature =>20°C
Hydrogen utilization ratio 0.8
Cathode stoichiometric ratio 2
Steam-to-carbon ratio 1.5
Fuel cell power output 450 W

3.3.1 Evaporator and Heat Exchangers

Steam-to-carbon ratio (SC) is calculated as [44]:

S Ny, 0
= 35
C  TNcpyon (3-3)

where, 1y, o and ¢y, oy are the molar ratio of the water (stream-1) and the methanol (stream-2)

respectively.
The energy balance equation is used to estimate the heat duties of the evaporator and the
heat exchangers in the system. The general energy balance equation is given in below [205]:

dEsystem (3 6)

Ein - Eout = dt

The evaporator and the heat exchangers are considered steady-state, and there is not any

work interaction. Thus, Eq. (3.6) can be written as below:

(Qin - Qout) + (Emass,in - Emass,out) =0 (3-7)

3.3.2 Methanol Reformer and Combustor

Gibbs free energy minimization method is used to estimate composition of the reformate and the

flue gas [206]:
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i=1 ¢
This method is commonly used in the literature [82, 207] to calculate molar composition
of a product in any chemical reactions. Because CuZn-based catalyst is used for the methanol
steam reformer in this study, we decided to compare the results obtained from the equilibrium
using Gibbs free energy minimization method with the experimental results that used CuZn-based
catalyst (see the “Results and Discussion” for details). We concluded that the molar composition
of CO calculated from the equilibrium assumption is much higher than that observed from the
experiment. We also concluded that if the reformer approach temperature of -70 °C is adopted, the
difference between the results calculated and obtained from experiments will be minimized. Of
course, for the combustor, we assume that it is at equilibrium with the combustor temperature.
Heat transfers to the reformer and from the combustor are also calculated using energy

balance. The combustor temperature is assumed 20 °C higher than the reformer temperature.

3.3.3 HT-PEMFC

Various numerical models for modeling HT-PEMFCs are available in the literature, such as the
one-dimensional of HT-PEMFC in Ref. [208], and the three-dimensional model of it in Refs. [209,
210]. For this study, a semi-empirical model which has been developed by Korsgaard ef al. [211,
212] is used for the modeling. This model has been also preferred by several researchers such as
[213-217], because it is very useful for system simulation; in particular, for feasibility studies to
estimate the effects of different parameters on the fuel cell. Detailed information about this model
can be found in [211, 212]; thus, we only briefly explain this paper. This model is based on
experimental studies. In experiments, the HT-PEMFC operating temperature changes from 160 °C

to 200 °C for various gas compositions, which consist of Haz, CO, and CO». The CO level in the

62



gas composition changes from 0.1% to 10%. After the experimental studies, Korsgaard et al. [211,
212] developed equations for modeling HT-PEMFCs using regression analysis. The cell voltage
without consideration of the anode over-potential is calculated from the following equation:

. RT i+ig . Rconcl
Vcell - VO - 4aF ln( io )_Rohmicl - 1-1 (3-9)

where, V, is the open circuit voltage. The Tafel equation and the charge transfer coefficient are
shown in the second term. The ohmic loss is estimated using the third term and the losses due to
cathode stoichiometry is calculated from the fourth term. Since the reformate gas includes CO, the
voltage losses due to CO must be considered to estimate the cell operating voltage. The following

equations are used to estimate the CO effect on the cell voltage [212]:

do,, |

p dtz =0= kfhyHZP(l — 91.12 — Hco)n — bfhkfhalllz —1 (310)
d@co ikeCBCO
=0=k P(1—-6, —6 — bekeOpp — ————

p dt feYco ( H, co) relfcVco 2k o1 O, (3.11)

where, kg, and kg are hydrogen and carbon monoxide adsorption rates, respectively while k.
and k., are carbon monoxide and hydrogen electrooxidation rates, respectively. In addition, by
and bgj, show the carbon monoxide and hydrogen desorption rates, respectively. In equations 3.10
and 3.11, 6¢, and 6y, express the surface coverage of carbon monoxide and the surface coverage

of hydrogen, respectively. Also, y; in the above equations shows the molar fraction of the
component 1 in the catalyst layer. Equations 3.10 and 3.11 are independent of time because the
steady state conditions are considered in this study.

The anode over-potential is calculated as:

RTcell

arcsinh (

Na = ) (3.12)

l
2ken Oy,
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Using Eqgs. 3.9-3.12, the cell operating voltage is estimated as:

RT i+i . Reonct
Vcell,op =V, — Eln(%)_Rohmicl - /1_11 —Na (3.13)

The main input parameters for the fuel cell modeling are listed in Table 1. For the
remaining parameters refer to [211, 212].

Additional equations are added in this study to find anode-cathode off-gases, power
production of the HT-PEMFC stack, and heat transfer from the fuel cell. To calculate the anode-
cathode off-gases it is assumed that only H> in the anode and O: in the cathode react and the other
reformate gases (CO, CO2, and H,0) and N are inert gases. The consumed H> and O», and

produced H>O are calculated as:

. I.Ncey

Ny, consumed = 2 CPe- (3.14)
) I.N_op;

No,,consumed = 4 cFe (3.15)
. I.N.ey;
Ny,0,produced = 2 C; (3.16)

where, I is the stack current, N..;; is number of cells, and F is Faradays constant. The hydrogen

utilization ratio and cathode stoichiometric ratio are also estimated from Egs. 3.17, and 3.18,

respectively [218]:
, = Mz consumed (3.17)
! th,feed |
1= Nair,cath * Y0, air (3.18)

lez,feed * uf x 0.5

where, u; and A are H» utilization ratio and cathode stoichiometric ratio, respectively.

The power production of the fuel cell stack can be found from:
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Per = Veewop- Neeu- 1 (3.19)
The heat production in the fuel cell stack is also determined from [215]:
Qheat,FC = Rine * Nein — Rout,c * Neout + Nina * Nain — Rout.a * Na,out — Per (3.20)
For the heat integration process, we assume that 80% of the fuel cell stack can be recovered.

The system efficiency is estimated using the net power production from the system and the
lower heating value of the methanol. Ref [219] was used to estimate the missing components (such
as temperature controllers, support electronics etc.) power consumption in the system. Overall
system efficiency is calculated from:

Pe1 — Pgop

Nsys = (3.21)

Mcy,on * LHVeH,on

3.4 Results and Discussion

Catalyst type, SC ratio, reformer temperature, catalyst contact times, and input fuel flow rate to
the reformer are the key parameters that affect the molar composition of the reformate gas. As
mentioned before, a CuZn-based catalyst has been chosen for the reformer in this study. In
addition, a parametric study has been performed to estimate the effects of the SC ratio and the
reformer temperature (the reaction temperature) on the molar composition of the reformate gas.
The results have firstly been obtained using equilibrium at reformer temperature. As shown in
Table 3-3, although the molar ratio of the H, and the CO» are very close to the experimental results,
there is significant difference between the molar ratio of CO at equilibrium and its ratio in the
experimental studies. To obtain more accurate results, an approach temperature was determined
using the experimental studies in Refs. [102-105]. Gibbs free energy minimization method was
also used for this method; however, the results were obtained after subtraction of the approach

temperature (because its value is negative for this study) from the reformer temperature. Therefore,
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the molar ratio of the CO is estimated to be very close to that obtained from experiments. The input
fuel flow rate also plays an important role in determination of the CO molar ratio [175]. However,
this ratio does not significantly change for small input fuel flow rate. The variation of the molar
ratios of other gases with the change of the input fuel flow rate can be neglected [175]. For the
system studied in this paper, the input fuel flow rate is not high enough to significantly affect the
CO ratio. Thus, the results obtained from this study are satisfactory for the range of input fuel flow
rates studied. The catalyst contact time also affects the composition of the reformate gas [105].
This can be considered for future studies.

The effect of the steam-carbon ratio and the reformer temperature on the H, molar ratio
and the CO is shown in Figs. 3-2 and 3-3, respectively. As shown in these figures, the H> ratio
decreases and the CO ratio increase with increasing the reformer temperature. The main reason for
this is that CO conversion in the water gas shift reaction (Eq. 3.4) decreases at higher temperatures.
As also shown in the figures, H> and CO ratio rise with a low steam-carbon ratio. The molar ratio
of the H in the reformate gas is about 60% at the reformer temperature of 240 °C and the SC=2.
This ratio increases almost 21% for the same reformer temperature and the SC=1. The molar ratio
of the Hz is ~71% at the reformer temperature of 300 °C and the SC=1. The CO ratio decreases
from ~1.8% to ~0.12% with increasing the SC from 1 to 2 at the reformer temperature of 240°C.
In addition, the CO ratio dramatically increases at elevated reformer temperatures and lower
steam-carbon ratios. The highest molar ratio of the CO in the reformate gas is estimated to be

~3.45% at the reformer temperature of 300 °C and the SC=1.
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Table 3-3 Validation of the model that is used for the methanol reformer simulation with Experimental Studies.

Mole Frac. Equilibrium Equilibrium Exp. Equilibrium Equilibrium Exp.
Dry% (Trer =240 °C) [-70 °C app. temp. (Trer=240 °C) (Trer=260 °C) [-70 °C app. temp. (Trer=260 °C) [102]
(S/C=1.5) (Trer=240 °C)] (Tre=260 °C)]
H» 74.69 74.91 70.1 74.61 74.87 71.6
CO 1.21 0.3 0.172 1.63 0.48 0.365
CO2 24.1 24.77 24.4 23.78 24.64 24.8
(S/C=1.5) Equilibrium Equilibrium [-70 °C app. Exp. (Tre=280 Equilibrium Equilibrium Exp. (Tre=300
(Trer =280 °C) temp. (Tre=280 °C)] °C) (Trer =300 °C) [-70 °C app. temp. °C) [102]
(Tre=300 °C)]
H» 74.47 74.82 73.2 74.33 74.74 73.6
CoO 2.12 0.72 0.71 2.68 1.02 1.16
CO2 23.41 24.46 24.9 22.98 24.23 24.8
(S/C=1.1) Equilibrium Equilibrium [-70 °C Exp. (Tre=260 [103]
(Trer =260 °C) app. temp. (Tr.=260 °C)] °0)
H» 70.91 72.57 73.4
CO 5.01 2.3 1.6
CO2 20.3 22.66 25
(S/C=1.1) Equilibrium Equilibrium [-70 °C Exp. (Tre=240-
(Trer =240 - app. temp. (Tr.r=240-260 260 °C) [104]
260°C) °0)]
H» ~71.5-71 ~72 73-74
CO ~4-5 1.67-2.3 1.6-3
CO2 ~21-20.3 23.18-22.65 24-25
(S/C=2) Exp. (Tre=235 Equilibrium [-70 °C app. Exp. (Tre=255 Equilibrium [- Equilibrium Exp. (Trer=275
°C) temp. (Trer=235 °C)] °C) 70 °C app. temp. [-70 °C app. temp. °C) [105]
(Tref=255 0C)] (Tret=275 U(j)]
CO 0.03-0.064 0.13 0.071-0.162 0.22 0.33 0.268-0.556
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Figure 3-2 Effects of the steam carbon ratio and the reformer temperature on the H, molar ratio in
the reformate gas.
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Figure 3-3 Effects of the steam carbon ratio and the reformer temperature on the CO molar ratio
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Deactivation of the Cu-based catalyst occurs at high temperatures [44], thus temperatures
above 300 °C are not considered for parametric studies. In addition, high SC ratios are suggested
to decrease the catalyst deactivation [220]. Therefore, in this study the values obtained for SC=1
are not used to estimate the fuel cell performance and the input fuel flow rate.

The effects of the current density, the fuel cell temperature, the SC ratio, the reformer
temperature and the cathode stoichiometric ratio on the fuel cell voltage are shown in Figs. 3-4 -
3-6. As shown in the figures, the fuel cell voltage decreases with an increase in the current density.
It can be seen in Fig. 3-4(a) that the fuel cell voltage decreases from ~0.68 V to ~0.3 V with an
increasing in the current density from 0.1 A/cm? to 1 A/cm? for 240 °C reformer temperature. For
the same reformer temperature, the fuel cell voltage reduces from ~0.69 V to ~0.35 V and ~0.7 V
to ~0.37 V for the fuel cell temperature 170 °C (see Fig. 3-4(b)) and 180 °C (see Fig. 3-4(c)),
respectively. The highest decrease in the fuel cell voltage is found to be ~10.6% and ~3.7% for 1
A/cm? current density, and 160 °C and 170 °C fuel temperatures, respectively, with decreasing the
SC of the reformer from 2 to 1.25 as shown in Figs. 3-5(a) and 3-5(b). The higher voltage losses
are obtained with the lower fuel cell temperature; the main reason for this that the voltage losses
due the CO in the reformate gas increase with the decreasing of the fuel cell temperature. The
voltage losses due to the CO molar ratio in the reformate gas is shown in the supplementary
document. The effects of the cathode stoichiometric ratio on the voltage loss of the fuel cell can
be found from comparison of results in Fig. 3-4(a) and Fig. 3-6. As shown in these figures, less of
a voltage loss is obtained for the cathode stoichiometric ratio=3. However, this voltage loss can be
neglected at low current densities. For example, the voltage loss is estimated at ~0.62 V (in Fig.
3-4(a)) for 0.2 A/cm? at 240 °C reformer temperature, and the cathode stoichiometric ratio=2, the

voltage is found ~0.63 V (in Fig. 3-6) for the same parameters at the cathode stoichiometric
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ratio=3. The same effect of the stoichiometric ratio on the voltage loss is also found in Ref. [213].

In addition, other results are verified with Ref. [213].
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Figure 3-4 Effects of the reformer temperature and the current density on the fuel cell voltage. The

results are obtained for: (a) Tca=160 [°C], (b) Tcen=170 [°C], (¢) Tcenr=180 [°C], and SC=1.5, cathode
stoichiometric ratio=2.
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Figure 3-5 Effects of the steam carbon ratio and the current density on the fuel cell voltage. The
results are obtained for: (a) Tci=160 [°C], (b) Tcen=170 [°C], and T\.~240 [°C], cathode
stoichiometric ratio=2.
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Figure 3-6 Effects of the reformer temperature and the current density on the fuel cell voltage. The
results are obtained for T..;=160 [°C], SC=1.5, cathode stoichiometric ratio=3.
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We can see from Figs. 4-6 that the fuel cell performance is better at elevated fuel cell
temperatures. The main reasons for this are: (a) better electrochemical kinetics; (b) higher
membrane proton conductivity; and (c) higher temperature of the fuel cell favors the CO-
desorption [210-212]. However, PBI membrane in the HT-PEMFCs is doped with phosphoric acid
to increase the proton conductivity, and it is not thermally stable at high temperatures. Therefore,
the behavior of the acid for higher fuel cell temperatures must be considered [106, 202].

The fuel flow rate to produce a given electric power is also a key variable to decrease the
system size and increase the system operational time. The change of the input fuel flow rate with
fuel cell temperature, the producing power rate from the fuel cell stack, the reformer temperature
and the hydrogen utilization ratio is found as demonstrated in Figs.3-7 — 3-9. The SC ratio is
adjusted to 1.5 for all of the calculations. The input fuel flow rate refers to liquid methanol-water
mixture (stream 3 in Fig.3-1). Variations of the input fuel flow rate to produce 350 W electric
power employing the HT-PEMFC stack at 160 °C, 170 °C, and 180 °C are shown in Figs. 3-7(a),
3-7(b), and 3-7(c), respectively. As shown in these figures, the fuel consumption is directly related
to the fuel cell performance. The input fuel flow rate decreases with an increase in the fuel cell
temperature and a decrease in the reformer temperature. The hydrogen utilization ratio is also an
important parameter that affects the input fuel flow rate. The minimum fuel consumption is
obtained ~11.2 mol/h for u=0.8, Trer=240 °C, and Tcei=160 °C (Fig. 3-7(c)). In other words, ~0.305
1/h fuel (~0.26 kg/h fuel) is required to produce 350 W power. The maximum fuel consumption is
estimated to be ~17.1 mol/h (~0.46 1/h) for u=0.6, Tr=300 °C, and Tcen=160 °C (Fig. 3-7 (a)).
The input fuel flow rate is reported as 0.44 1/h for the H3-350 methanol reformer system to produce
net 350 W power [201]. It is expected that the effects of the variation of the reformer temperature

on the fuel flow rate is more for the low fuel cell temperature. For example, the increase in the fuel
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flow rate is ~8.5% for Tce=160 °C and the change of the reformer temperature from 240 °C to 300
°C, and us=0.6 (in Fig. 3-7(a)), while this increase is equal to ~3.2% and ~1.5% for Tce=170 °C

and 180 °C, respectively (in Figs. 3-7(b) and (c)).
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Figure 3-7 Effects of the reformer temperature and the hydrogen utilization factor on the input fuel
to produce 350 W power from fuel cell. (a) Tcer= 160 [°C], (b) Tcar= 170 [°C], (¢) Tcen= 180 [°C], and
SC=1.5, cathode stoichiometric ratio=2.
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Figure 3-8 Effects of the reformer temperature and the hydrogen utilization factor on the input
fuel to produce 400 W power from fuel cell. (a) Tca= 160 [°C], (b) Tcenr= 170 [°C], (¢) Tcell= 180 [°C],
and SC=1.5, cathode stoichiometric ratio=2.
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Figure 3-9 Effects of the reformer temperature and the hydrogen utilization factor on the input
fuel to produce 450 W power from fuel cell. (a) Tcer= 160 [°C], (b) Tear= 170 [°C], (¢) Tcen= 180 [°C],

The requirement for the fuel to produce 400 W and 450 W is also shown in Figs. 3-8 and
3-9. The minimum values are ~13 mol/h and ~15.4 mol/h for 400 W and 450 W power production,
respectively for u=0.8, Tcen=180 °C, and T=240 °C. For the same hydrogen utilization and the
reformer temperature, these values are ~14.3 mol/h and ~13.6 mol/h for Tcei=160 °C and 170 °C,
respectively to produce 400 W power and ~16.9 mol/h and ~16 mol/h for 450 W of power
production. Although a high hydrogen utilization ratio is favorable for the fuel consumption, heat

production of the combustor should be considered with the variation of the hydrogen utilization

and SC=1.5, cathode stoichiometric ratio=2.
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ratio. The hydrogen that is not consumed in the fuel cell is used in the combustor as a fuel, so the
hydrogen utilization ratio is important for the heat production in the combustor.

The heat which must be transferred to the evaporator and the reformer, and the heat
production in the fuel cell and the combustor are demonstrated in Figs. 3-10 — 3-13. The hydrogen
utilization ratio is very important for the heat requirement and the production of the components.
In addition, the cathode stoichiometric ratio is also very important for the heat production of the
fuel cell and the combustor. Therefore, these parameter's effects are considered in this study. The

reformer temperature is also considered because it has an effect on the reformate gas composition.
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Figure 3-10 Effects of the reformer temperature and the hydrogen utilization factor on the heat
requirement of the reformer to produce 350 W power from fuel cell. (a) T.a= 160 [°C], cathode
stoichiometric ratio=2, (b) T.a= 160 [°C], cathode stoichiometric ratio=5, and SC=1.5.

The change of the heat requirement of the reformer is shown in Figs. 3-10(a) and 3-10(b).
As shown in these figures, the heat requirement significantly changes with the hydrogen utilization
and the reformer temperature; however, the cathode stoichiometric ratio is not significantly
important for the change of the heat requirement. The increase of the heat requirement is almost

33% (from ~95 W to ~126 W) with the variation of the hydrogen utilization from 0.8 to 0.6 for
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Trwer=240 °C, and the cathode stoichiometric ratio=2. The reason of this change is to increase the
input fuel flow rate to produce a given power with a low hydrogen utilization ratio. The heat
requirement is also significantly changed from ~126 W to ~156 W with the variation of the
reformer temperature from 240°C to 300°C for u=0.6, and the cathode stoichiometric ratio=2 (see
Fig. 3-10 (a)). The molar ratio of the CO increases for high reformer temperatures, and so the
voltage losses increase as well. Therefore, the input fuel rate increases to compensate these losses
to produce power, and this causes a higher heat requirement. If we compare Figs. 3-10 (a) and 3-
10 (b), we can see that the heat requirement of the reformer does not significantly change with the
cathode stoichiometric ratio. The reason being that the fuel cell performance is slightly changed
along with the change of the cathode stoichiometric ratio; as explained in the previous paragraphs.

The evaporator heat requirement is also illustrated in Figs. 3-11(a) and 3-11(b). The change
of the heat requirement is directly related to the input fuel flow rate, like the reformer. Therefore,
the same parameters have the same effects on the change of the heat requirement of both the
evaporator and the reformer. The minimum heat requirement of the reformer is obtained as ~145
W for u=0.8, the cathode stoichiometric ratio=5, and T.=240 °C (see Fig. 3-11 (b)), and the

maximum ~217 W for us=0.6, the cathode stoichiometric ratio=2, and T.=300 °C (see Fig. 3-

11(a)).
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Figure 3-11 Effects of the reformer temperature and the hydrogen utilization factor on the heat
requirement of the evaporator to produce 350 W power from fuel cell. (a) Tcai= 160 [°C], cathode
stoichiometric ratio=2, (b) Tca= 160 [°C], cathode stoichiometric ratio=5, and SC=1.5.

The heat production in the combustor is demonstrated in Figs. 3-12(a) and (b). In our
calculations, the combustor temperature is set as 20 °C higher than the reformer temperature for
the parametric studies. If the oxygen ratio in the cathode off-gas to the fuel ratio in the anode off-
gas less than 1.05, extra air is supplied to the combustor (stream-8 in Fig.1). As shown in Figs. 3-
12(a) and 3-12(b), the hydrogen utilization ratio is a key variable for the heat production in the
combustor. In addition, the cathode stoichiometric ratio has significant effect on the heat
production of the combustor. When the cathode stoichiometric ratio is equal to 2, the production
of enough heat for the reformer is possible with the change of the other parameters (see Fig. 3-10
(a) and Fig. 3-12 (a)). However, enough heat may not be produced at high cathode stoichiometric
ratios. As seen in Fig. 3-12 (b), the heat production changes from ~72 W to ~8 W, with the variation
of the reformer temperature from 240 °C to 300 °C for u=0.8, and the cathode stoichiometric
ratio=5. As such, the amount of N significantly increases along with the high cathode

stoichiometric ratio, and this causes dilution of the fuel. Therefore, the heat production rapidly
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reduces. In particular, this is very important for the high hydrogen utilization ratio, because the
amount of hydrogen decreases considerably, and this causes a higher decrease in the heat

production at high cathode stoichiometric ratios.
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Figure 3-12 Effects of the reformer temperature and the hydrogen utilization factor on the heat
production of the combustor to produce 350 W power from fuel cell. (a) Tcen= 160 [°C], cathode
stoichiometric ratio=2, (b) Tca= 160 [°C], cathode stoichiometric ratio=5, and SC=1.5.
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The heat production from the fuel cell is shown in Fig. 3-13. Here, the effect of the
hydrogen utilization ratio on the heat production is not considered, because there are only small
variations with the hydrogen utilization ratio. Therefore, the results which are demonstrated in Fig.
3-13 are only obtained for u=0.6. The heat production from the fuel cell stack is around 335 W.
Although the fuel cell stack cathode heat is used for the evaporator in the H3-350, the fuel cell
heat cannot be used for the reformer, due to the fuel cell's temperature. If high methanol conversion
with low temperature (at the fuel cell temperature) can be achieved for future applications, the fuel
cell stack heat can be used for both the evaporator and the reformer, in which case the combustor
may be removed from the system. The heat duties of the other heat exchangers in Fig. 3-1 are

shown in the supplementary document.
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Figure 3-13 Fuel cell heat production for 350 W power generation. Tcell=160 [°C], SC=1.5, cathode
stoichiometric ratio=2.

The system efficiency is shown in Fig. 3-14. The efficiency is calculated for Tr=240 °C,
and 300 °C. As shown in the figure, the maximum efficiency is obtained as 35% for Tceni=180 °C,
and Tr.=240 °C. For the same reformer temperature, the efficiency decreases to ~32% for Tcenr=160

°C. The efficiency change significantly with the fuel cell temperature for T.=300 °C. The system
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efficiency is ~34% for Tce=180 °C, while it is ~27% for Tce=160 °C. As mentioned previously,
the main reason of this change is the CO molar ratio in the reformate gas that increases with

increasing of the reformer temperature, and this causes decrease in the fuel cell performance.
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Figure 3-14 The system efficiency for 450 W power generation from the fuel cell stack.
3.5 Conclusions

The results found in this study show the different parameters effects on the reformate gas
composition, the fuel cell performance, the input fuel flow rate, the heat requirement of the
evaporator and the reformer, as well as the heat production of the combustor and the fuel cell stack.
The highest fuel cell performance and the lowest input fuel flow rate to produce a given electric
power have been obtained for the higher fuel cell temperature. The results indicated that the system

can be operated 20 h with ~5.2 kg fuel to produce 350 W electric power from the fuel cell stack
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for u=0.8, Twr=240 °C, and Tci=180 °C. The results also show that heat production from the

combustor significantly reduces with a higher hydrogen utilization ratio.
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Chapter 4
Multiphysics modeling and heat distribution study in a catalytic

microchannel methanol steam reformer

This chapter is reprinted in adopted form with permission from American Chemical Society:
MS Herdem, M Mundhwa, S Farhad, and F. Hamdullahpur. Multiphysics modeling and heat
distribution study in a catalytic microchannel methanol steam reformer, Energy and Fuel, 2018,

32, 7220-7234.

4.1 Introduction

Hydrogen as a fuel has promising potential to produce power that is environmentally friendly and
provides high efficiency by employing fuel cells. One of the most important barriers to fuel cell
systems becoming more commonplace for power generation applications - in particular for
portable applications - involves the difficulties regarding hydrogen transportation and storage
infrastructure. Hydrogen has higher gravimetric energy density than hydrocarbon and alcohol fuels
as shown in Table 1, but in terms of its volumetric energy density (Wh/l), it is significantly less
dense than other fuels [31]. Therefore, to overcome hydrogen transportation and storage issues,
alternative fuels can be converted to hydrogen rich gas using fuel reforming in order to provide
the required fuel for fuel cells. There are several liquid oxygenated hydrocarbons [229], including
methanol [18, 106, 230], ethanol [231], and glycerol [232] that possess the potential for renewable
hydrogen production, and they are stored and transported more easily than gas fuels such as biogas
[233] and methane [234]. Among the liquid oxygenated hydrocarbons, methanol stands out as an
attractive fuel for the steam reforming process due to its low reforming temperature, low steam to

carbon ratio, and proper miscibility with water. In particular, methanol is an ideal fuel to produce
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hydrogen for high temperature proton exchange membrane (HT-PEM) fuel cells due to its unique

properties mentioned above.

Table 4-1 Comparison of specifications of Various Fuels [223-228].

Specific - .
Major Chemical Energy Density Density* Boiling Point
Fuel Energy o
Compound (MJ/1) (/1) (¢
(MJ/keg)
Hydrogen Hz 142.0 0.0128 0.0899! -252.9
Methane CH 55.5 0.0388 0.668> -161
LPG C-C, 50.0 26.25-29 525-580 -42
Methanol CH,OH 22,5 17.82 792 65
Ethanol C,H.OH 29.7 23.43 789 78
Gasoline cC, 45.8 32.93 719 30-225
P-4 C6-C11 45.8 34.4-36.73 751-802 45-280
p-7 C10-C16 46.8 36.45-37.72 779-806 60-300
Diesel ¢C,, 45.3 38.5 ~850 180-340

) Density at 0 °C and 1 atm.

? Density at 20 °C and 1 atm.

*) For liquid fuels, density at 20°C.

It is well known that steam reforming of methanol (SRM) is a highly endothermic process;

hence it requires an efficient and adequate heat supply. This can be achieved in microchannel

methanol reformers because they have high surface-to-volume ratio that can be as high as 10,000

to 50,000 m?/m?> [14]. In addition, thin layers of appropriate catalysts are coated on the surface of

a plate/wall in a microchannel plate reformer, which improves the activity of the reforming catalyst

[15]. Therefore, many researchers have investigated various aspects of the performance of

microchannel methanol reformers.
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Kaznetsov & Kozlov [235] used a two-dimensional (2D) model to understand temperature
distribution and methanol conversion with variation of the external uniform and linearly falling
heat flux. They did not consider the 2D catalyst layer domain and the effects of catalyst layer
thickness on methanol conversion and temperature distribution. Chen et al. [236] performed a
numerical simulation using Fluent software to evaluate the effects of the liquid feed rate, the
reaction temperature, and the steam to carbon (S/C) ratio on the plate type microreformer for SRM.
They employed the power rate law for the kinetic expressions and did not use any external heat
supply to provide heat for the endothermic SRM reactions. Hsueh et al. [237] developed a
numerical model of a microchannel plate methanol reformer to investigate the heat and mass
transfer phenomena, along with flow configuration. They considered combustion of methanol in
an adjacent parallel flow-channel to supply the required endothermic heat to the reforming sites.
They reported that a higher Reynolds number in the combustion-channel than in the reforming-
channel can improve the conversion of methanol on the reforming side. They also predicted 10%
more methanol conversion in the reforming-channel in the case of counter-flow configuration
compared to co-flow configuration. Hsueh and collaborators [238] also investigated the influence
of the parallel flow field and the serpentine flow fields on a plate methanol steam micro-reformer
and a methanol catalytic combustor. They found that the methanol conversion increased by 23%
with the serpentine flow field. Fazeli and Behnam [239] modeled a wall-coated microchannel
methanol reformer to examine the influence of reactor geometry on the reformer performance.
They considered zigzag and straight plate designs and found that zigzag plate design provides
better heat and mass transfer rates compared to the straight plate design. On the same path, Hao et
al.[240] examined the influence of reformer geometry on the flow distribution. They also

investigated the influence of the reforming-catalyst layer on the performance of a microchannel
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methanol steam reformer. They found that with certain entrance design and channel inclination
angle, uniform flow distribution can be achieved. Tadbir and Akbari developed two-dimensional
(2D) [241] and three-dimensional (3D) [242] numerical models to investigate the influence of
various parameters on a microchannel methanol reformer. They considered square channels with
700 um sides for 2D and 3D models for the baseline case simulation runs. They estimated that
enough hydrogen can be produced to feed a 30 W PEM fuel cell by employing a microchannel
methanol reformer consisting of 1540 square channels with 20 mm length. Uriz et al[243]
investigated the effects of flow-distribution and heat losses via a computational fluid dynamics
model of a microchannel methanol reformer consisting of 100 channels coated with Pd/ZnO
catalyst. Recently, Sari and Sabziani [244] reported a 3D model of a microchannel methanol
reformer and investigated the influence of inlet steam to methanol ratio, pre-heat temperature,
channel geometry and size, and the level of external heat flux on the performance of a methanol
reformer. Sari and Sabziani [244] found that maximum hydrogen molar flow rate can be obtained
for inlet S/C = 1.4 and increasing inlet S/C ratio monotonically reduces the reaction temperature
and carbon monoxide concentration. They also compared the accuracy of two diffusive flux
models and found that the Maxwell-Stefan model showed better agreement with experimental
results compared with the mixture-averaged model. A more detailed and comprehensive literature
review regarding microchannel and microstructure reformers are presented by Kolb [44] and
Holladay & Wang [159]. In addition to these works, some research groups have recently
investigated feasibility of internal reforming of methanol fuel cell (IRMFC) system [127, 186,
187] and evaluated highly active and durable noble metal catalyst for external methanol steam

reforming [113, 245].
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The literature review has revealed that most research on numerical modeling of
microchannel methanol reformers have considered the scale of the microchannel reformer to feed
less than a 100 W fuel cell. However, fuel cells are more competitive with other alternative
technologies such as batteries, diesel generators for military and auxiliary power unit applications
[2,169] whose power requirements are more than 100 W. In addition, the numerical models
developed for the microchannel methanol reformers have considered one-dimensional (1D)
catalyst layer domain in the axial direction and ignored the internal diffusion limitation and the
influence of the catalyst layer’s thermal conductivity, porosity, pore diameter, tortuosity, effective
diffusivity, permeability and internal diffusion limitation. To design and achieve the commercial
product of new generation micro-channel methanol reformers, it is important to understand the
effects of thermal management, and the microstructure of the catalyst layer.

In this study, our main goal is to investigate the effects on methanol conversion of catalyst
layer thickness under various heat transfer scenarios to understand how the performance of
microchannel methanol reformers can be increased and size can be decreased for power generation
between 100 and 500 W. Firstly, various kinetic models based on power rate laws developed by
Jiang et al.[246], Purnama et al.[120], and Sa ef al.[143] and Langmuir-Hinshelwood macro-
kinetic rate expressions developed by Peppley et al.[138] are compared with experimental data
247]. Then, the most appropriate rate expression for this study is selected to accurately estimate
the methanol conversion and temperature of the reformer. Diffusion limitation through the catalyst
layer is investigated by determining the catalyst effectiveness factor. In addition, parametric
studies are performed to reveal the effects of the catalyst porosity on the microchannel methanol
reformer. The porosity affects the pore size, tortuosity and effective physical properties of catalyst

layers; thus, the porosity is considered for the parametric studies. Finally, the results obtained from
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two different models are compared: a model with a 2D catalyst layer domain and another model
with a 1D catalyst layer domain.

To achieve our goals, a 2D multiphysics model is employed which includes mass,
momentum and heat transfer balance equations as well as the reaction kinetics equations and the
properties of porous catalyst layer. The Maxwell-Stefan model is implemented into the model to
estimate diffusive mass flux. Mean pore size of the catalyst is calculated by employing Kozeny’s
equation [248], and the tortuosity of the catalyst layer is estimated by using the Bruggeman

equation [249].

4.2 Modeling framework

The 2D drawing of the microchannel reformer is illustrated in Fig. 4-1. The modeling work
consists of a computational geometry with two domains: (1) porous catalyst layer and (2)
reforming-channel for free flow. The model developed in this study considers the mass,
momentum and energy conservation equations in both reforming channel and porous catalyst layer
domains simultaneously and incorporates chemical reactions along the channel and catalyst layer
thickness directions. The governing equations and boundary conditions that are presented in [250-
252] were adopted in this study. In addition, numerical integration is implemented in the model to
estimate the effectiveness and other parameters, and a step-wise solution method is developed to
prevent possible convergence errors for this study. The step-wise solution method is also used to
choose the values of the parameters for the parametric study. This section presents the physical
properties, reaction kinetics, input conditions, boundary conditions, solution schema and
assumptions used in this work in detail. Although the developed model is for a microchannel

reformer for the reforming of methanol, it can be easily modified for the reforming of other fuels.
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Figure 4-1 2D schematic of the simulated domains of the methanol steam reformer (not to scale).
4.2.1 Physical properties
The diffusivities, viscosities, thermal conductivities and heat capacities of pure components are
calculated as a function of temperature. In addition, weight fractions of the components, which are
CH30H, H>0, Hz, CO and CO are considered in order to estimate the physical properties of the
gas mixture.

Binary diffusion coefficients are estimated by employing Eq. 4.1 [253]:

3
0.00266T2

j=|—F7— |x107* (4.1)

P MZ 070
where, T (K) and P, (bar) are the temperature and pressure of the gas stream. Other variables
(Qp, 0ij, and Mj;) required for Eq. 4.1 are listed in Table B. 1 of the Supporting Information. The
characteristic length and Lennard-Jones energy parameters are listed in Table B. 2 of the
Supporting Information. The effective diffusivities (ijf ! ) are applied to estimate the diffusive

fluxes of various chemical species inside porous catalyst layer and are estimated by considering

Knudsen (D/) and binary (D; ;) diffusion coefficients [254] in Eq. 4.2:
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eff _ eff
Dij ]l

! 42)
T 1..) |

Dikzgdpore — (4.3)

T=0¢705 (4.4)
In Eq. 4.3, dpore is the mean pore size of the catalyst particles and it is estimated using Kozeny's

equation [248] as a function of the porosity (¢) and the mean particle size (dp,) as:

2 @
dpore = 3 1— o ——dpq (4.5)

The pure component viscosities (y;) are determined using Eq. 4.6 [256]:

aT? 46)
i=—"T—"7 .
c,d
The constants (a, b, ¢, d) required in Eq. 4.6 are given in Table B. 3 of the Supporting Information.

The gas mixture viscosity was calculated using the following semi-empirical formula [257]:

HUmix = S o (4.7)

Where N is the number of chemical species, y; is the mole fraction of species i, and the

dimensionless quantities @;; is defined as:

(%)% (4.8)
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The thermal conductivity of the gas mixture is estimated by employing the pure component
thermal conductivities (k;) instead of y; in Eq. 4.7 and the pure component thermal conductivities
are estimated as [256]:

c,T¢
ki :

PTG G
1+ 7+ 55

(4.9)

The constants (¢4, ¢5, 3, ¢4) in Eq. 4.9 are listed in Table B. 4 of the Supporting Information.
The heat capacity values for the pure components and for the gas mixture are computed using the

following equations [205]:

Cpi=X +o¢; T +o¢; T? +oc3 T3 (4.10)
Yis1YiCp,
Cpmix = —ll\/} 2 (4.11)
mix

where, M,,;, is the molecular weight of the reformate gas mixture, and required constants are

tabulated in Table B. 5 of the Supporting Information.

4.2.2 Reaction Kinetics

The methanol steam reforming rate expressions reported in the literature can be divided into two
main categories: (1) rate expressions based on power rate law [120, 140, 143, 246], and (2) rate
expressions based on elementary surface-reaction mechanisms [138, 143, 258]. Three different
rate expressions based on power rate laws [120, 143, 246] and the rate expressions derived from
proposed elementary surface-reaction mechanisms [138] are chosen to determine which rate
expression represents the experimental data of methanol steam reforming most accurately.

Jiang et al.[246] and Sa et al.[143] derived a rate expression based on the power rate law

for the methanol steam reforming reaction given in Eq. 4.12:

k
CH;0H + H,0 - 3H, + CO, AHYg = 49.5m—(])l (4.12)
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Purnama et al.[120] also used the power rate law to derive rate expressions; however, they
also considered the reverse water gas shift reaction (Eq. 4.13) with the methanol steam reforming
reaction (Eq. 4.12):

k
CO, +H, & CO+ Hy,0 AH)pg = 41m—£l (4.13)

The kinetic model suggested by Peppley et al.[138] considered the methanol steam
reforming reaction (Eq. 4.12), the methanol decomposition reaction (Eq. 4.14), and the water gas-

shift reaction (Eq. 4.15):

k
CH;0H & 2H, + CO  AHS%g = 90.5m—(])l (4.14)
0 k]
CO + HzO g HZ + COZ AH298 - _4‘1ﬁ (4‘.15)

Detailed information about the rate expressions are provided in the Supporting Information.

4.2.3 Inlet conditions and other parameters

The input parameters which are used for the modeling of the reformer are shown in Table 4-2. For
the selection of parameters, we consider Refs. [259] and [18]. A methanol microchannel reformer
with Pd/ZnO catalyst is experimentally examined in Ref. [259]. The results [259] show that the
produced hydrogen from this reformer is enough to produce power in the range of 218-255 W
using a commercial PEM fuel cell with 80% hydrogen utilization. Therefore, we use Ref. [259] to
decide the dimensions of the reformer. In addition, a comprehensive parametric study was
performed in Ref. [18] to investigate the effects of various parameters on a HT-PEM fuel cell
system fed with hydrogen obtained by methanol steam reforming to produce power in the range
of 100 to 500 W. Therefore, Ref. [18]is used to decide input temperature, flow rate and steam to

carbon ratio to the reformer channel.
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Table 4-2 The input parameters for the simulation of the microchannel reformer.

Parameter Unit Value
Inlet molar flow rate of methanol [mol/h] 0.0247,0.0371, 0.0494
Steam to carbon ratio [-] 1.5
Inlet temperature of the input fuel flow rate [K] 423.15
Pressure [Pa] 101325
Height and width of the channel [m] 700E-6
Length of the reformer [m] 0.2
Catalyst layer thickness [um] 10, 20, 30, 40, 50, 60, 70, 80, 90, 100
Catalyst porosity [-] 0.4,0.8
Catalyst permeability [m?] le-16
Mean particle size of the catalyst [nm] 36
Catalyst bulk density [kg/m3] 1300

A few assumptions are also considered for the development of the multiphysics model: (1)
compressible ideal-gas law, (2) fully-developed inlet laminar flow, (3) the catalyst layer is
isotropic, and (4) reactions take place in the catalyst layer.

Governing partial differential equations for the fluid flow, heat transfer and mass transfer
are listed in Table 4-3.

The physical properties used for the equations in Table 4-3 are presented in the previous
section. In addition, the gas mixture density (pmi) 18 calculated by employing the ideal gas
equation. Also, k.¢s in Eq. 4.26 is the effective thermal conductivity [254]:

kepr = Gkmix + (1 — d)kcar (4.26)
where, k.4 1S the solid catalyst thermal conductivity, and it is estimated based on alumina,
employing the following equation [260]:

exp(—0.002T)

516 +T (4.27)

Keq: = 5.85 + 15360

93



Table 4-3 The governing equations and the boundary conditions used for mathematical model.

The Reforming Channel
Momentum transport and mass conservation

ou, N Juy\ 6P 0 ) 6ux 2 6ux auy
Pmix | Ux 3 dx Uy —— ay - ax a Hmix = dx 3 Hmix ax ay
6 ou, OJu,
ay (.umtx < ay + W))
du Ju oP 0 ou, 2 ou, OJu
_7 =4 = i A e s 4

N oy Oy
9 |\ Hmix dy = 0x

Continuity equation
ouy auy 0Pmix 0Pmix
i +lu +u =0 4.18
pm”‘(a dy (" ax Yoy ) (4.18)
Heat transport and energy conservation

oT aT 0°T 0°%T
pmixCp,mix (ux a +u, @) = Kmix ﬁ + a_yz (4.19)

(4.16)

(4.17)

Mass Transport
( dw; 4 awi) 4 ouy N ou,

B ax] Xj — wj oP 0P
= o= pmico Z D+ () (Gr + 3 (4.20

j= 1]¢L

0x; X; — oP 0P
J j
+_ Pmix @k Z D ( P )(ax ax))

j=1j=*i

Boundary Conditions
The inlet conditions: x = 0; V y
Uy = Uy in, W; = wi,in'T =Tin
The outlet conditions: x = L; Vy
P =Py
awi oT
=0, —= 0
dx dx
Symmetry conditions at the channel center plane: y = 0; V x

Ju, Jdw; aT
— =0, —=0,—=0
dy dy dy

The Catalyst Layer (Porous Media)
Momentum transport and mass conservation

. aP 0 ix 0 2 d du
Hmix Yo = —— p— (2 Hmix OUx §.Umix <ﬂ + _y)) (4.21)

kK ox  0x ¢ Ox ox  dy
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+ i Hmix aux + auy
dy\ ¢ \ody 0Ox

Pmix _ OP 0 Hmix OUy 2 ou, OJu,
K T <2 ¢ 0Jy 3Hmix |\ Gy ¥ dy

6y+6y

d o (0w, ou
+ = Umix x+ y

dx\ ¢ \ody Ox
Continuity equation

aux auy apmlx apmlx

=4+ =0 4.23
pm"‘(ax+ay>+<ux ox oy ) (4.23)
Heat transport and energy conservation

oT oT 9°T 0°T
)_ eff

PcatC cat( rm +u, 3y I +6y >+pcat( AH,)(—7sg) + AsQ (4.24)

(4.22)

Mass Transport
( dw; 4 awi) 4 ouy N ou,
Pmix | | Ux dx Uy ay Wi dx ay
N

g
0 0x; 0x; X; — oP 0P
_ . F e T ) J
= ox | Pmix @k 21 3 D”'eff(ax + dy +( P )<6x ax)) (4.25)
J=1j=#i

d 0x; ax] Xj — wj\ (OP 0P
+@ Pmix Pk Z Dl]eff( ay +(T) (a"’a)) + R;
j=1j=*i
Boundary Conditions
The inlet conditions: x = 0; == < Vy < fe >t Scat
Jdw; aT
ux=0;g=0;a=0
The outlet conditions: x = L; % <Vy< % + Ocat
awi oT
ux=0;ﬁ=0;a=0
Along the catalyst external wall interface: y = % + Ocar; Vx

U, =0, —=0

. . H
Along the catalyst-reforming channel interface: y = f; Vv x

Continuity: momentum, mass and heat flux components normal to the boundary are continuous
across the boundary: (N, — N.g:) = 0

The effects of the parameters on the microchannel reformer in this study are investigated
for isothermal and non-isothermal cases. For the non-isothermal study, the uniform heat-flux and
non-uniform heat-flux are considered to supply the heat to the endothermic reforming sites. Eq.

4.28 is employed to change the heat flux for the uniform and non-uniform heat flux case studies:
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Q = Qsource exp(—ax)" (4.28)
where, Q denotes the heat flux (W/m?), Qsoyurce and a are adjustable parameters, and x the axial
location. In addition, n is a constant and is equal to 0 and 1 for the uniform and non-uniform heat
flux cases, respectively. Eq. 4.28 is previously used in Ref. [255] for non-uniform heat flux case
studies for a microchannel methane reformer. This equation is particularly suitable to provide the
highest heat flux at the entrance of the reformer, and almost zero heat flux at the exit of the
reformer. Therefore, this equation is selected for our study. Further information and discussion in

detail about the heat supply are provided in the results and discussion section.

Methanol conversion is calculated as a function of inlet and exit methanol flows:

HC
2
p udy |x=
Conversion = 1 — fOH LER xL (4.29)

fOTPCH30Hudy |l x=0

In addition, the effectiveness factor for the steam reforming reaction is calculated by:

H,
1 Scat+—=
) fﬂ ? Tordy
_ cat - (4 30)
sk Tsr | _He .
V="

The governing equations in this section are solved by using the finite element method
(FEM) with the simulation software package COMSOL Multiphysics 5.3. The most important
issue is to obtain solutions for the governing equations on the thin catalyst layer; in particular, for
high methanol conversion (up to 70%). Therefore, a stepwise solution approach is developed in
order to prevent possible convergence errors. Firstly, it is assumed that there is no heat sink and
heat source, then we obtain solutions for only flow, flow and chemical species. After that, the

solutions are updated for all three: flow, chemical species, and heat transfer. Lastly, the heat sink
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and source are added to obtain the final results. The solutions that are obtained in each step are
used as initial values for the other step. After solving the equations, numerical integration is used
to calculate Eq. 29 and Eq. 30. In addition, numerical integration is used to estimate the average

value of the hydrogen production rate.

4.3 Model validation and selection of Kinetic model

As mentioned earlier, three different rate expressions based on power rate laws [120, 143, 246]
and the rate expressions based on the Langmuir Hinshelwood Hougen Watson approach and
derived from elementary surface-reaction mechanisms [138] are compared against the
experimental data of Kim and Kwon [247]. Kim and Kwon used a microchannel methanol reformer
consisting of 13 channels, with the height, width and length of a single channel 1 mm x 0.5 mm x
20 mm. Reforming-catalyst (Cu/ZnO) with approximately 30 um thickness was coated on the
surface of the metal plate [247]. They carried out the experimental work at 150 °C, and the inlet
flow rates between 0.01 and 0.5 ml/h with SC = 1.1. A uniform heat flux of 1,000 W/m? was
supplied to the reformer. To validate the model, the exact dimensions of the experimental methanol
steam reformer used by Kim and Kwon [247] are considered along with the same inlet conditions.
The comparison of the methanol conversion between the experimental values and model
predictions based on different kinetic models are illustrated in Fig. 4-2.

As shown in Fig. 4-2, there is excellent agreement between the experimental and the
calculated methanol conversions of all four models with the highest R-squared value of 0.992 from
Peppley's et al.[138] kinetic model. Furthermore, the outlet temperature of the reformate gas is
estimated within the 5% error by using Peppley's et al.[138] kinetic model as demonstrated in

Fig. 4-3.
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Figure 4-2 Comparison of the methanol conversion between experimental values and model

predictions based on different kinetic models.
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Figure 4-3 Comparison of the reformate gas outlet temperature between experimental values and
model predictions based on different kinetic models.
Although much information is clearly given in Ref. [247], some information is not

explained. For example, there are different types of commercial Cu-based catalysts for methanol
steam reforming such as BASF K3-110, and BASF RP-60. BASF K3-110 was used in Peppley's
et al. study [138]; however, it was reported that BASF RP-60 was more active than BASF K3-110-
particularly at low temperatures [261]. The information about the type of catalyst is not clearly
mentioned in Ref. [247]. In addition, there is no information about the accuracy of the experimental
data. These uncertainties may cause the deviation between the experimental data and the data that
are obtained from the modeling. However, Peppley's et al.[138] kinetics is the best option as
considering the scope and objectives of this study. Therefore, the kinetic model developed by

Peppley et al.[138] is selected in this study.
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4.4 Results and Discussion

Commercial CuO/ZnO/Al,O3 catalysts are commonly used for methanol steam reforming in the
market due to relatively low cost and high activity at low operating temperatures (between 250 °C
and 300 °C) compared to other types of catalysts. However, an effective heat supply strategy
should be devised to achieve high methanol conversion. In particular, the methanol conversion
should be at least 90% in order to prevent serious degradation of HT-PEM fuel cells [262].

Various heat supply strategies have been used in the literature: combustion of methanol
[241, 242], anode-off gas combustion [106], and uniform heat flux [235, 244, 259, 263]. In
addition, some researchers recently investigated the feasibility of heat integration of a methanol
steam reformer with a HT-PEM fuel cell [186, 264]. Additionaly, heat can be transferred to the
reformer reactor by using various heat transfer fluids such as triethylene glycol (TEG) [265]. It
should be noted that the uniform heat flux is generally used to provide heat to the reformer for
experimental studies in research labs [247, 259]. In addition, the uniform heat flux supply can be
suitable for small scale power generation (less than 30 W) by using a small battery in the system.
However, the non-uniform heat flux is more realistic for commercial systems [18]. In this study,
to reveal the effects of temperature distribution of the reformer, the performance of the micro-
channel reformer is investigated for an iso-thermal case (as an ideal case), and a non-isothermal
case with uniform and non-uniform heat fluxes.

Eq. 4.27 is used in this study to change the reformer temperature as explained in section
4.2.3. However, the references [106, 241, 242] and [244] are considered in selecting the parameters
Qsource, @ and n in Eq. 4.27. For example, the rate of heat transfer is high at the entrance of the
reformer, and it approached zero at the exit of the reformer when combustion of methanol [241,

242] or anode-off gas combustion [106] are used to provide heat to the reformer. Therefore, the
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temperature at the entrance increased significantly. To consider this situation, we chose high

Qsource» and a values for the non-uniform heat flux case study.

4.4.1 Isothermal study

The influence of catalyst layer thickness and porosity on the performance of a microchannel
reformer is studied for an isothermal situation as an ideal case at 252 °C. The methanol input fuel
flow rate is equal to 0.0247 mol/h for the catalyst layer thicknesses from 10 to 50 um while it is
equal to 0.0494 mol/h for the variation of the catalyst layer thickness from 60 to 100 um. The
amount of the input methanol flow rate is increased 2 times for greater catalyst layer thickness to
compare the effects of the catalyst layer thickness at the same reformer temperature. The catalyst
porosity is 0.4 for Fig. 4, 5 and 6(a), and it is 0.8 for Fig. 6(b) and (c). The other parameters for
modelling are listed in Table 4-2.

Figs. 4-4(a) and (b) show the variations of the methanol conversion with the change of the
catalyst layer thickness. As seen in Fig. 4-4(a), the methanol conversion is very low for a thin
catalyst layer. The conversion is equal to ~22% for §.,; = 10 um at the exit of the reformer. The
methanol conversion dramatically increases from ~22% to ~93% with the variation of the catalyst
layer thickness from 10 to 50 um as illustrated in Fig. 4-4(a). The conversions are also equal to
~42%, ~60%, and ~76% for the catalyst layer thicknesses of 20, 30 and 40 um, respectively. The
change of methanol conversion with the variation of the catalyst layer thickness from 60 to 100
um can be seen in Fig. 4-4(b). The methanol conversion rises approximately 52% when the catalyst

layer thickness is increased from 60 to 100 pm.
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Figure 4-4 Change of the methanol conversion with variation of the catalyst layer thickness at 252
°C and ¢=0.4, inlet methanol flow rate to the channel (a) 0.0247 (mol/h), (b) 0.0494 (mol/h).

Figs. 4-5(a) and (b) present the change of the rate of the steam reforming reaction as a
function of the catalyst layer thickness and the axial direction of the reformer for the isothermal
case study. As expected, the reaction rate rises significantly with an increase in the catalyst layer

thickness for the isothermal case. The highest reaction rate is estimated for all the catalyst layer
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thicknesses at the inlet of the reformer. As shown in Figs. 4-5(a) and (b), the reaction rate decreases
along the axial direction of the reformer because the reactants are consumed along the reformer
length. It can be understood from these results that the performance of the reformer can be
improved with a thick catalyst layer; however, the mechanical stability of the catalyst layer, which

is beyond the scope of this paper, and the catalyst effectiveness factor should be considered when

making increases to the thickness of the catalyst layer.
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Figure 4-5 Change of the reaction rate of the steam reforming reaction with variation of the catalyst
layer thickness at 252 °C and ¢=0.4, inlet methanol flow rate to the channel (a) 0.0247 (mol/h), (b)
0.0494 (mol/h).
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The changes in the effectiveness factor for the steam reforming reaction with the variation
of the catalyst layer thickness are shown in Figs. 4-6(a) and (b). In our study, the variation of the
catalyst effectiveness factor across the axial direction of the reformer is defined as the ratio of the
average reaction rate to the surface reaction rate at the top of the catalyst layer (see Eq. 4.29). The
variation of the effectiveness factor with the catalyst layer thickness of 0.4 for the catalyst porosity
at 252 °C is shown in Fig. 4-6(a). As demonstrated in Fig. 4-6(a), although the effectiveness factor
is very close to 1 for all of the catalyst layer thicknesses, it is relatively low at the entrance of the
reformer for a thicker catalyst layer. Indeed, the effectiveness factor can also be calculated by using
the Thiele modulus, which can be found as a function of the catalyst layer thickness, the reaction
rate, the effective diffusivity, and the species concentration [255]:

82.tRi(Cip)
Dierr(Cio)Cio

2

o = (4.31)

For small Thiele modulus values, the effectiveness factor approaches 1, while the effectiveness
factor decreases with large Thiele modulus values [266]. As shown in Eq. 4.31, the Thiele modulus
increases with an increase in the catalyst layer thickness. The catalyst effectiveness factor changes
from 0.83 to 0.9 for 6., = 100 um between the reformer inlet and 0.005 m, while it varied from
~0.98 to ~0.995 for 6.4 = 10 um. It can be also seen from Fig. 4-6(a) that the effectiveness factor
is higher than 0.9 across the axial direction of the reformer for all the catalyst layer thicknesses up
to 50 um. It is less than 0.9 at the entrance of the reformer for the catalyst layer thickness greater
than 50 um. The effectiveness factor at the entrance of the reformer can be increased for higher
effective diffusivity values. The effectiveness changes from ~0.83 to ~0.93 at the entrance of the
reformer for 8., = 100 um with the variation of the porosity from 0.4 to 0.8 as shown in Fig. 4-
6(b). However, it should be noted that there is no significant change in the methanol conversion

with the variation of the porosity up to &.,; = 50 um. Fig. 4-6(c) shows an increase in methanol
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conversion (%) with the variation of the porosity from 0.4 to 0.8. The increase in methanol
conversion is less than 1% up to 50 um catalyst layer thickness with the change in porosity from
0.4 to 0.8. The meaningful change is only estimated for 100 um catalyst layer thickness. The
conversion at the exit of the reformer increases from ~88% to ~93% for 6., = 100 um with the

variation of the porosity from 0.4 to 0.8.
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Figure 4-6 Change of the catalyst effectiveness for the steam reforming reaction and methanol
conversion with the variation of the porosity and catalyst layer thickness at 252 °C (a) ¢=0.4, (b)
$=0.8, and (c) increase in methanol conversion (%) with the variation of the porosity from 0.4 to

0.8.

105



4.4.2 Uniform Heat Flux Case Study

Changes in temperature, reaction rate, methanol conversion and hydrogen production for uniform
heat flux are presented in Figs. 4-7(a-d). The results are obtained as a function of the catalyst layer
thickness and the axial direction of the reformer. The inlet methanol flow rate, the catalyst porosity,
and the heat flux are equal to 0.0247 mol/h, 0.4, and 1500 W/m?, respectively for all calculations.
The other parameters for the modelling are implemented from Table 4-2.

Figs. 4-7(a-c) should be evaluated together to reach more concrete conclusions about the
effects of temperature distribution on the reformer performance for the uniform heat flux case
study. As seen in Fig. 4-7(a), the temperature change with the variation of the catalyst layer
thickness is about the same from the reformer inlet and 0.025 m. The temperature increases from
150 °C to ~212 °C between the reformer inlet and 0.025 m. The methanol conversion is less than
~1% for the catalyst layer thicknesses of 30, 40 and 50 um up to 0.025 m. This is due to low
temperature in this region; therefore, the catalytic activity is very low. Higher temperatures are
calculated for thinner catalyst layer thickness after 0.025 m as illustrated in Fig. 4-7(a). The reason
for this is that the heat generation is higher for greater catalyst layer thickness because of the higher
reaction rate (Fig. 4-7(b)). The temperature difference with the change of the catalyst layer
thickness increases up to 0.075 m. At this point, the temperature is ~6 °C higher for the catalyst
layer thickness of 30 um than the temperature calculated for §.,; = 40 um, while it is 10 °C higher
than the temperature found for 8., = 50 pm. The temperature difference does not change
between 0.075 m and the exit of the reformer (0.2 m). The temperature is equal to ~267 °C, ~ 261
°C, and ~256 °C at the exit of the reformer for the catalyst layer thicknesses of 30, 40 and 50 yum,

respectively.
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The reaction rate is slightly higher at the exit of the reformer for greater catalyst layer
thicknesses, although the temperature is lower. The methanol conversion is equal to ~81.7%,
~83.2%, and ~84.2% at the exit of the reformer for §.,; = 30, 40 and 50 um, respectively as seen
in Fig. 4-7(c), while the hydrogen production is ~0.061, ~0.062, and ~0.063 mol/h (Fig. 4-7(d)).
It can be concluded from these results that there is no significant improvement on the performance

of the reformer with an increase in catalyst layer thickness for the uniform heat flux supply.
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Figure 4-7 Change of (a) the reformer temperature, (b) the reaction rate of the steam reforming
reaction, (c) the methanol conversion and (d) the hydrogen production with variation of the catalyst
layer thickness. ¢ = 0.4, inlet methanol flow rate to the channel is equal to 0.0247 (mol/h).

Qsource = 1500 W/n'l2 ,hn=0.
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It should be noted that the results in Figs. 4-7(a-d) are presented with the variation of the
catalyst layer thickness from 30 to 50 um. The other results for catalyst layer thicknesses greater
than 50 pm are not shown in this section because the methanol conversion is increased by a factor
of only 0.032 with the variation of the catalyst layer thickness from 50 to 100 um. In addition, our
calculations show that the change in methanol conversion is almost negligible with the variation
of the catalyst porosity for the uniform heat flux case study. As explained previously, the
effectiveness factor is relatively low at the entrance of the reformer; specifically, for thicker
catalyst layers. The effectiveness factor at the entrance increases with an increase in porosity;
however, the temperature is very low at the entrance of the reformer, resulting in a lower utilization
of catalyst at the entrance region for the uniform heat flux case. Therefore, there is no significant
effect of the change of the porosity on the reformer performance for the uniform heat flux supply

to the reformer.

4.4.3 Non-uniform Heat Flux Case Study

For the non-uniform heat flux case study, the heat flux is defined as a function of the axial location
and it is equal to Q = 32500exp(—100x) W/m?. The same inlet conditions, which are used for
the uniform heat flux case study, are also employed for the non-uniform heat flux case.

Figs. 4-8(a-d) demonstrate changes in the reformer temperature, reaction rate, methanol
conversion and hydrogen production along the axial direction of the reformer with the variation of
the catalyst layer thickness for the non-uniform heat flux case. As seen in Fig. 4-8(a), the
temperature for all the catalyst layer thicknesses dramatically increases between the reformer inlet
and 0.01 m. The temperature reaches its maximum value at 0.01 m, and it was ~313 °C, ~306 °C,
~301 °C for 8.4 = 30, 40 and 50 um, respectively. The reaction rate is very close along the axial

direction of the reformer for the catalyst layer thicknesses of 30, 40, and 50 um as shown in Fig.
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4-8(b); however, the reaction rate is slightly higher for greater catalyst layer thicknesses up to 0.01

m. Therefore, the heat generation is higher for the greater catalyst layer thicknesses up to 0.01 m.

This is the main reason that the temperature is higher for thinner catalyst layer thicknesses. After

0.01 m, the reformer temperature starts decreasing and is equal to ~212 °C, ~207 °C, and ~202

°C at the reformer exit for §.,; = 30, 40 and 50 um, respectively.
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Figure 4-8 Change of (a) the reformer temperature, (b) the reaction rate of the steam reforming
reaction, (c) the methanol conversion and (d) the hydrogen production with variation of the catalyst
layer thickness. ¢ = 0.4, inlet methanol flow rate to the channel is equal to 0.0247 (mol/h).

Qsource = 32500W/m?,a = 100,n = 1.
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The influence of variation of the catalyst thickness from 30 to 50 um on the methanol
conversion and the H> production is negligible for the non-uniform heat flux case as illustrated in
Figs. 4-8(c) and (d). The methanol conversion and Hz production are equal to ~90.5% and ~0.068
mol/h, respectively for §.,; = 30, 40 and 50 um. Here, one of the most important results is that
the increase in methanol conversion is ~5.3% between 0.1 m and the exit of the reformer.
Moreover, the increase in methanol conversion is only ~1.4% between 0.16 m and the exit of the
reformer. From these results, it can be understood that there is an opportunity to decrease the
reformer size or amount of the catalyst with more effective heat supply to achieve a certain amount
of methanol conversion for the non-uniform heat flux case.

The other important result is the hot spot formation for the non-uniform heat flux case. As
demonstrates in Fig. 4-8(a), the temperature is higher than ~300 °C between ~0.007 and ~0.02
m, and ~0.007 and ~0.015 m for §.,; = 30, and 40 um, respectively, while it is higher than 300
°C for 8.4 = 50 pm between ~0.009 and ~0.012 m. The temperature should be less than 300 °C
for commercial Cu/ZnO catalysts because temperatures higher than 300 °C can cause catalyst
deactivation [44].

The influence of the variation of the porosity from 0.5 to 0.8 on the methanol conversion
for the non-uniform heat flux supply to the reformer is illustrated in Fig. 4-9. The conversion
increases 4.8%, 5.6% and 6.3% with the change in porosity from 0.5 to 0.8 for 6., = 30, 40 and
50 um, respectively. As explained previously, the effectiveness factor is relatively low at the
entrance of the reformer; specifically, for thicker catalyst layers. Therefore, the highest increase in

methanol conversion is obtained for 6., = 50 um.
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Figure 4-9 Change of the methanol conversion with variation of the catalyst layer _thickness and
porosity. Inlet methanol flow rate to the channel is equal to 0.0247 (mol/h). Qgource =
32500 W/m?,a = 100,n = 1.

4.4.4 Segmented Catalyst Layer Configuration

As mentioned in section 4.4.3, the amount of catalyst can be decreased for case 3 by changing the
design of the micro-channel reformer. Mundhwa et al.[251, 254] investigate the influence of
segmented catalyst layer configurations on the performance of methane steam reforming in a
catalytic plate reactor. Their results reveal that the high amount of methane conversion can be
achieved with less catalyst. In this study, we also perform a calculation to understand the feasibility
of segmented catalyst layer configuration to decrease the amount of catalyst. The segmented

configuration can be seen in Fig. 4-10(a). The catalyst layer between 0.03 m and 0.08 m is

removed, and the remaining area is coated with a 30 um catalyst layer. It can be seen from Fig. 4-
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8(c) and Fig. 4-10(b) that approximately identical methanol conversion is obtained with 25% less
catalyst by using a segmented catalyst layer. The methanol conversion increased ~14% between
0.1 m and the exit of the reformer for the segmented catalyst layer, while the conversion changed
by only ~5.3% (Fig. 4-8(c)) for the continuous catalyst layer configuration in the same region of
the reformer. It should be also noted that an increase in local temperature is still an issue for the
segmented catalyst layer configuration as shown in Fig. 4-10(a). The temperature in the catalyst

layer exceeded 300 °C between 0.0065 m and 0.019 m.
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Figure 4-10 (a) Change of the reformer temperature, and (b) the methanol conversion at different
location of the reformer, for segmented catalyst layer configuration. §.,; = 30 um, ¢ = 0.4, inlet
methanol flow rate to the channel is equal to 0.0247 (mol/h). Qsource = 32500 W/m?,a =
100,and n = 1.
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4.4.5 Comparison of the 2D and 1D Catalyst Layer Models

As mentioned in the introduction, the 1D catalyst layer domain has been already used by
researchers for modelling the catalyst coated methanol reformer. In this section, our model which
includes a 2D catalyst layer domain is compared with the model which includes 1D catalyst layer
domain. The results are presented in Table 4-4. It should be noted that the constant in the non-
uniform flux equation is updated in this section to compare both models together.

Table 4-4 Comparison of the model with 2D and 1D catalyst layer.

Comparison of the models for uniform heat flux supply, Q = 1500 W/m?
The model The model . The model The model .
. . Relative . . Relative
with with Error with with Error
2-D catalyst 1-D catalyst o 2-D catalyst 1-D catalyst N
| (%) (%)
ayer layer layer layer
Catalyst layer
Thickness Methanol Conversion (%) H, Production (mol/h)
(um)
30 81.76 82.63 1.06 0.0608 0.0615 1.15
40 83.18 84.23 1.26 0.0618 0.0626 1.3
50 84.21 85.43 1.45 0.0625 0.0635 1.6
Comparison of the models for non-uniform heat flux supply, Q = 30000 * exp(—100x) W/m?
The model The model . The model The model .
. . Relative . . Relative
with with Error with with Error
2-D catalyst 1-D catalyst o 2-D catalyst 1-D catalyst o
| (%) (%)
ayer layer layer layer
Catalyst layer
Thickness Methanol Conversion (%) H, Production (mol/h)
(um)
30 82.67 93.92 13.6 0.062 0.0706 13.87
40 82.68 98.92 19.64 0.062 0.0742 19.67
50 82.5 97 17.5 0.0615 0.0726 18.05

As shown in the Table, there is no significant difference between the results which are
obtained from the models for uniform heat flux supply, whereas the differences between the two
models for non-uniform heat flux case are ~13.6%, ~19.6%, and ~18% for 6.4 =30, 40 and 50
um, respectively. Indeed, the internal mass transfer limitation and the effective properties such as

effective thermal conductivity (see Eq. 4.25) are not considered for the model with 1D catalyst
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layer domain. These two factors are specifically important at the entrance region of the reformer
for non-uniform heat flux supply as explained in section 4.4.3. Therefore, there is a significant
deviation between the results for non-uniform heat flux. It should be mentioned that the
computational time is dramatically decreased by almost one fifth for the model with the 1D catalyst
layer domain. Hence, this model may be only preferred for preliminary studies to examine the
activity of different catalyst types and the effects of innovative methods on microchannel methanol

reformers.

4.5 Conclusions

A 2D model is developed to study the effects of the catalyst layer thickness and porosity as well
as the temperature distribution on the performance of a catalytic microchannel methanol steam
reformer for the application of high-temperature PEM fuel cells. Consideration of the 2D catalyst
layer domain and reaction kinetics make the model unique and comprehensive to conduct this
study. The results reveal that the catalyst effectiveness factor is very close to unity for the catalyst
layer thickness less than 50 um. The catalyst effectiveness factor decreases for thicker catalyst
layers. To improve the effectiveness factor, the catalyst porosity is increased; however, the
methanol conversion changes slightly, even for the large changes in the porosity for the catalyst
layer thickness less than 50 pm for the isothermal case study. On the other hand, the methanol
conversion increases from ~90.5% to 97.5% for the catalyst layer thickness of 50 pm with the
variation of the porosity from 0.4 to 0.8 for the non-uniform heat flux supply to the reformer. The
results also show that temperature distribution in the microchannel reformer is one of the most
influential factors in improving the performance of the reformer. In particular, effective heat
supply strategies should be determined for the entrance region of the reformer because the reaction

rate is very high at the entrance, and hot spot formation can occur at this region. In addition, it can
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be seen from the results that the amount of catalyst can be decreased to achieve a certain amount
of methanol conversion by using a segmented catalyst layer configuration.

The results obtain from the model that included the 2D catalyst layer domain and the model
that included the 1D catalyst layer domain are also compared. This comparison indicates that the
catalyst layer domain must be considered 2D for the non-uniform heat flux case study.

In future work, this model will be used to determine optimal designs for the microchannel
methanol steam reformer. The model will be expanded to include combustion flow to supply heat
for the endothermic methanol steam reforming process. In addition, segmented catalyst layer
configuration will be used on both the combustion and reforming sides to increase the reformer

performance and to prevent hot spot formation.
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Chapter 5
Catalyst layer design and arrangement to improve the performance

of a microchannel methanol steam reformer

This chapter is reprinted in adopted form with permission from Journal of the Energy Conversion
and Management:

MS Herdem, M Mundhwa, S Farhad, and F. Hamdullahpur. Catalyst layer design and
arrangement to improve the performance of a microchannel methanol steam reformer, Energy

Conversion and Management, 2019, 180, 149-161.

5.1 Introduction

The most important issues related to widely used fuel cell power generation systems in the market
are: (1) cost, (2) hydrogen distribution network and, (3) hydrogen storage [2, 267, 268]. Fuel cells
have some unique features including: quiet operation, longer runtime to produce uninterruptible
power and meet emergency power needs, reduction of CO; emissions, zero harmful emissions,
operation under different climate conditions, and a minimal maintenance requirement [2, 269,
270]. Due to these features, customers are willing to accept the higher price of fuel cell technology
as compared to the alternative technologies such as diesel generators and batteries for some niche
markets. Some of the current and potential niche applications for fuel cell technology are: power
generation for remote terminals in the oil and gas industry [2], telecommunications applications
[269], forklifts [2], portable military power generators [5, 169], consumer battery rechargers [5],
specialized laptop computers [5], aircraft applications [271], and marine applications [272].

Hydrogen distribution and storage are also important barriers for the niche applications mentioned
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here. Alternative fuels can be converted to hydrogen rich gas by employing various technologies
to overcome the challenges related to hydrogen distribution and storage [273].

The reforming of various fuels such as methane [274], bio-ethanol [275], glycerine [276], diesel
[184], propane [277] and methanol [48, 278] to produce hydrogen rich syngas has been widely
investigated in the literature. Although there are some drawbacks to the use of methanol such as
its toxicity [35] and its availability and price [9] compared to other fuels and it is not suitable for
central hydrogen production, a relatively lower process temperature and lower steam to carbon
(S/C) ratio in steam reforming of methanol (SRM) are its great advantages [10, 18]. High
reforming temperature and S/C ratio are generally not desired for power generation applications;
in particular, they are serious issues for portable power generation applications as the size and
complexity of the system increases with increasing reformer temperature and S/C ratio. The other
benefits of reforming methanol can be summarized as: low sulfur content; good availability; easy
storage and transport; production of methanol from biomass; and low CO content in the methanol
reforming syngas [18, 48, 101, 270, 279]. Due to these advantages, methanol reformate gas fueled
fuel cell systems are currently available in the market for a wide range of applications [280]. In
addition, various aspects of methanol reforming; namely, the reforming reaction kinetics and
catalysis [117, 137, 138, 148, 149], reforming reactors [153, 159, 281], and methanol reformate
gas-fueled fuel cell systems [18, 113, 282] have received wide attention from various research
groups.

Steam reforming has the highest efficiency compared to the other reforming methods, and is a
common method of producing hydrogen rich syngas from methanol. However, it is a highly
endothermic process; therefore, an efficient heat supply is necessary. An efficient heat supply can

be provided via microchannel reactors because of their high surface to volume ratio [14]. In

117



addition, due to enhanced heat transfer, a higher methanol conversion at relatively low
temperatures can be obtained for wash-coated microchannel reformers [48]. The performance of a
microchannel reformer design can be maximized by deploying catalyst directly at the internal
surface of the wash-coat [158]. Due to the aforementioned advantages of microchannel methanol
reformers, the attention of researchers and companies has been dramatically increasing over recent
decades.

The experimental studies, the numerical models and reaction equations of microchannel methanol
reformers were reviewed in detail by Kolb in 2013 [44] and Holladay and Wang in 2015 [159].
The current studies related to microchannel methanol reformers were also summarized in our
previous work in 2018 [6]. As shown in Refs. [6], [44], and [159], the early studies related to
microchannel methanol reformers generally focused on low scale power generation. For example,
the performance of microchannel methanol reformers was experimentally investigated for
hydrogen production to feed a fuel cell for power generation in the range of 5-20 W in Refs. [103,
104, 283-287]. In addition, Wang et al. experimentally investigated the effect of catalyst activity
distribution on packed bed [288] and coating bed [289] plate type microchannel methanol steam
reformers. Although their studies [288, 289] are useful in understanding the effect of catalyst
activity distribution on methanol steam reforming, there are some missing points in their studies.
Firstly, they did not use an integrated catalytic combustor with the reformer to provide heat to the
endothermic SRM. For practical applications, the sudden temperature increase at the entrance
region is a serious issue for heat exchanger plate type microchannel reformers [44]. Thus, it is
important to understand how the temperature changes with variations in different parameters.
Additionally, the catalyst distribution was compared using the same amount of the continuous

catalyst layer in their study [289]. The feasibility of decreasing the amount of catalyst is also very
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important in designing the new generation of microchannel methanol steam reformers.
Furthermore, the change in methanol conversion across the reformer length with variation of the
catalyst layer thickness and the catalyst layer arrangement should be understood as a guide to
optimize the reformer size.

The effects of various parameters such as the S/C ratio, reformer temperature, catalyst layer
thickness, etc. were also numerically investigated for small-scale power generation applications
by different research groups [235, 236, 239, 242, 244]. In all these earlier studies, many important
catalyst parameters were ignored (e.g. catalyst layer's porosity, pore diameter, tortuosity, thermal
conductivity, effective diffusivity, internal diffusion limitation) due to the developed models used
a one-dimensional (1D) catalyst layer domain in the axial direction.

The recent research activities working on methanol steam reforming have been focused on
improving the SRM catalysts that are active at low temperatures, and stable at elevated
temperatures. The importance of catalytic activity at low temperatures (around 200 °C) is that the
methanol reformer can be integrated with HT-PEMFC (the integrated systems are called internal
reforming methanol fuel cell IRMFC) systems). Therefore, the overall system size and complexity
can be decreased. Numerical and experimental studies have recently been published on the
integration of microchannel methanol reformers and HT-PEMFC [127, 187, 264]. Although the
activity of the catalyst and stability of the system were improved in some studies [127, 187, 264],
there are still some serious issues related to IRMFC systems. One of the main problems is that the
unconverted methanol in the syn-gas causes rapid performance degradation of the HT-PEMFC
[10, 127]. To increase the methanol conversion, a low methanol flow rate is used for the current

IRMFC system, and as a result, the power output from the HT-PEMFC is limited [10]. Another
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important challenge regarding IRMFC is to develop a stable and cheap balance of plant component
(BOP) materials such as gaskets and bipolar plates that can operate at elevated temperatures [10].
Researchers have also recently focused on finding a methanol reforming catalyst which is stable
at elevated temperatures, as temperatures above 300 °C cause sintering and deactivation of the Cu
based catalysts [113, 137]. Therefore, Kolb and his co-workers investigated a novel Pt/In,O3/Al1>03
catalyst for methanol steam reforming [ 137]. Their results revealed that the Pt/InoO3/Al,0s catalyst
was stable for 2000 h [113] above 300 °C, and had a 10 times higher activity than Cu-based
catalysts [137]. The high activity of the Pt/InoO3/Al2O3 enables decreased system size and
increased efficiency of the system [113]. However, the issue related to Pt/In203/Al203 is the high
amount of Pt in the catalyst. The highest activity was obtained for a Pt content of 15 wt.% [137].
It is concluded from the reviewed literature that the methanol is a highly suitable fuel to produce
hydrogen rich syngas for HT-PEMFC systems, and there is an opportunity to increase the system’s
efficiency and decrease the system size for specific applications with recent advances in methanol
steam reforming catalysts. However, some key questions should be answered in order to design a
next generation of microchannel methanol steam reformers. As mentioned earlier, studies in the
literature have considered only the 1D catalyst layer domain in their models, and so the catalyst
layer's structural properties are ignored. Therefore, in our most recently published paper [6], we
developed a numerical model that included a two-dimensional (2D) catalyst layer domain for a
micro-channel methanol steam reformer to understand the effects of catalyst layer thickness and
the catalyst layer properties including porosity, pore diameter, and tortuosity under various heat
transfer scenarios. Our results [6] showed that the performance of a microchannel methanol
reformer could be significantly increased in the case of decreasing large thermal gradients across

the reformer length. The objective of this paper is to advance a mathematical model to study the
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opportunities to improve the efficiency of a plate heat exchanger microchannel methanol steam
reformer by using less catalyst to produce hydrogen for HT-PEMFC systems. The heat provided
to the reformer section via methanol combustion and various segmented layer catalyst
configurations is used to increase methanol conversion. The step-wise solution method is also
implemented to prevent convergence issues in numerical calculations. In addition, the initial
conditions and minimum size of the microchannel methanol reformer needed to achieve maximum
power output from the HT-PEMFC are defined under specific restrictions involving the number
of channels in the reforming and combustion sides, the minimum methanol conversion, and the

power production range of the HT-PEMFC stack.

5.2 Modeling Framework

The proposed 2D steady-state model for a microchannel methanol steam reformer is described in
this section. The computational domains that are used in this study can be seen in Figs. 5-1(a)-(d).
The model includes five different domains: (1) the methanol combustion channel, (2) methanol
combustion catalyst, (3) fecralloy plate, (4) methanol steam reforming catalyst and (5) methanol
steam reforming channel. It should be noted that a 2D domain is used for the methanol steam
reforming catalyst layer to incorporate the chemical reactions along the methanol reforming
channel and the catalyst layer directions while a 1D domain is used for modeling the combustion
catalyst layer. As shown in Figs. 5-1(a)-(d), four different catalyst configurations are investigated
in this paper. These configurations are: (1) the continuous catalyst layer for both the reforming and
the combustion side (Configuration-1), (2) the continuous catalyst layer for the reforming side,
and the segmented catalyst layer for the combustion side (Configuration-2), (3) the segmented
catalyst layer for both the reforming and the combustion side (Configuration-3), (4) the segmented

catalyst layer for the combustion side, and the segmented catalyst layer with 1 inactive segment
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for the reforming side (Configuration-4). Here, the inactive segment refers to the empty section
and there is no catalyst in the inactive segment. The dimensions of these configurations are given
in Table 5-1. The physical properties, equations, assumptions, chemical reactions and solution

schema are explained below.
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Figure 5-1 Two-dimensional view of the modeling domains of the microchannel methanol steam
reformer. (a) Configuration 1: Continuous catalyst layer for both the reforming and the
combustion side, (b) Configuration 2:Segmented layer for the combustion catalyst, and continuous
layer for the reforming catalyst, (c¢) Configuration 3:Segmented layer for both the reforming and
the combustion catalysts. (d) Configuration 4: Segmented layer for the combustion side, and the
segmented layer with 1 inactive segment for the reforming catalyst.

5.2.1 Physical properties and input parameters

The viscosities, thermal conductivities, specific heats and diffusivities of the individual
components and the gas mixtures are computed as a function of temperature. The individual
components, CH3OH, H>O, H», CO», and CO, are considered in order to estimate the physical
properties of the gas mixture on the reforming side while CH30H, O», N>, CO, and H>O are used

for the combustion side. The density of the gas mixture is calculated using the ideal gas equation
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for the reforming side and the combustion side. The diffusive mass flux is estimated by employing
the Maxwell-Stefan model. The effective diffusivities of the chemical species inside the porous
catalyst layer on the reforming side are found by considering the Knudsen and binary diffusion
coefficients, and the porosity and the tortuosity of the catalyst layer [250, 251, 254]. The tortuosity
is estimated using the Bruggeman equation [249], and the Knudsen diffusion is calculated as a
function of the mean pore size of the catalyst. The mean pore size is found by employing Kozeny's
equation [248] as a function of the porosity and the mean particle size. The equations and the
constants used to calculate the physical properties can be found in detail in our previous study [6].
It should be noted that the effective diffusivity is not implemented on the combustion side because
a 1D catalyst layer [290] is used to model the combustion side. This approach is preferred
considering our main objective in this work is to compare the effects of the catalyst layer thickness
on the reforming side with various catalyst layer configurations for the same inlet conditions
without any convergence issue. In addition, the viscosity and the thermal conductivity of the gas
mixture on the combustion side are taken as constant values to prevent convergence problems.
These values are estimated using Aspen Plus v8.8 [83] and can be seen in Table 5-1. As shown in
Fig.5-1, a fecralloy plate is used between the combustion side and the reforming side. The physical
properties of the fecralloy plate can also be seen in Table 5-1.

The input parameters and the dimensions of the domains that are shown in Figs.5-1 (a)-(d)
for the modeling and the simulation of the microchannel methanol steam reformer are listed in
detail in Table 5-1. The parameters used in this study are not based on arbitrary decisions. To
choose these parameters, our previous studies [6, 18] are considered. For example, the S/C ratio

was chosen as 1.5 to prevent coke formation [107]. The higher values are not chosen because the
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heat integration of the methanol reformate gas fueled HT-PEMFC power generation system [18]

1s considered.

Table 5-1 The input and geometric parameters of the computational domains for the modeling.

Reforming Side
Inlet molar flow rate of methanol, [mol/h] 0.0247
SC ratio, [-] 1.5
Inlet molar flow rate of steam, [mol/h] SC*Fcu30mr,in
Inlet temperature of the methanol & steam mixture, [°C] 150
Pressure, [Pa] 101325
Length, [m] 0.1
Height, [m] 700*10°¢
Width, [m] 700*10°¢
Catalyst layer thickness, [pm] 30, 35, 40, 45, 50
Catalyst porosity, [-] 0.4
Catalyst tortuosity, [-] Porosity”™(-0.5)
Catalyst permeability, [m?] le-16
Mean particle size of the catalyst, [nm] 36
Catalyst density, [kg/m’] 1300
Conf.-1 | Conf.-2 | Conf.-3 Conf.4
Length of inactive catalyst segment ,[mm] n/a n/a 1 20
Number of inactive catalyst segment, [-] n/a n/a 33 1
Combustion Side
Inlet molar flow rate of methanol, [mol/h] 0.013
Inlet molar flow rate of oxygen, [mol/h] 1.626*F cusoric,in
Inlet molar flow rate of nitrogen, [mol/h] (79/21)*Foac,in
Inlet temperature of the input flow rate, [°C] 150
Pressure, [Pa] 101325
Length, [m] 0.1
Height, [m] 500%107°
Width, [m] 700%10°¢
Catalyst layer thickness, [um] 16
Catalyst density, [kg/m*] 2366.7
Thermal conductivity of the gas mixture, [W/(m.K)] 0.037
Viscosity of the gas mixture, [Pa.s] 2.43e-5
Conf.-1 | Conf.-2 | Conf.-3 Conf.-4
Length of inactive catalyst segment ,[mm] n/a 2 2 2
Number of inactive catalyst segment, [-] n/a 34 34 34
Fecralloy Plate
Length, [m] 0.1
Width, [m] 700%10°¢
Thickness, [m] 1.27e-4
Thermal conductivity, [W/(m.K)] (Ref. [52]) 16.1
Density, [kg/m?®] (Ref. [52]) 7250
Specific heat, [J/(kg.K)] (Ref. [52]) 460
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In addition, the dimensions of the reformer and the input methanol flow rate to the reforming side
are selected while considering power generation in the range of 100 to 500 W from the HT-PEMFC
system [18]. The optimum inlet temperature of the reactants is found based on our previous study
[6]. Furthermore, it should be noted that the dimensions of the segmented catalyst layers are
defined after parametric studies.

The physical properties and the input parameters presented in this section are used in the
equations that can be found in our study [6]. The major differences in the models between this
work and our previous work [6] are the combustion side and fecralloy plate. The same equations
and the boundary conditions in Ref. [6] that are used for modeling the reforming channel are
adapted to model the combustion side. However, the source term is added into the mass transfer
equation to account for the rate of production or consumption for the combustion side. The source
term is equal to zero for the internal domain of the combustion side, and it is calculated on the
catalytic surface of the combustion side as:

Si,c = 6cat,c X Ri,c (5.1)
where 1 refers to the components (CH30H, Oz, N2, CO, and H>O) inside the combustion side,

8cat,c 1s the combustion catalyst layer thickness in m, and R; . is the reaction rate of the component
iin kg/(m3.s). It should be explained that the source term is not used for the internal domain of the
combustion side because the homogeneous reactions in the gas phase are negligible. It was shown
that the homogenous reactions must be considered at high temperatures for catalytic combustion
of hydrocarbons such as methane [291] and propane [292]. However, the homogeneous reactions
can be neglected at low temperatures [293]. Therefore, the influence of the homogeneous reactions
in the gas phase was not considered in this work. The reaction rate expressions for methanol

combustion and steam reforming are explained in the next section.
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The steady-state heat conduction equation (Eq. 2) is also added into our previous model

[38] to obtain temperature distribution in a solid fecralloy plate:

92T = d%T
2 t5z=0 (5.2)

In addition, the thermal insulation boundary condition is used at the boundaries x=0, Hg/, +
ScatR SY < HR/2 + 8catr T HFecralloyo and x=0.1 m, HR/Z +8car SY < HR/Z + 8catr T

Hrecralloy for the solution of Eq. 5.2.

5.2.2 Reaction Kinetics

The rate expressions based on the power rate law and the surface reaction mechanisms have been
used in the open literature to model methanol reformers. Various power rate laws have been
suggested by researchers [120, 140, 143, 246]. The main advantage of simple power rate law
expressions is that they are easy to implement into the model to understand the effects of different
parameters on methanol reforming. Therefore, the power rate law expressions have been
commonly used in many studies [294-297] for the modeling of microchannel methanol reformers.
However, there are some limitations related to power rate law expressions. Therefore, we selected
Peppley et al.’s [138, 149] kinetic rate expressions based on elementary surface reaction
mechanisms to model the reforming side of the microchannel reformer. The three overall reactions:
methanol steam reforming (R.5.1), methanol decomposition (R.5.2), and the water-gas shift
(R.5.3), are used to develop rate expressions for methanol steam reforming on Cu/ZnO/Al>O3
catalyst by Peppley et al. [138]. The reactions are listed as:
CH30H + H,0O & CO2+3H, (R.5.1)
CH30H < CO + 2H» (R.5.2)

CO+H0 o CO,+Hy  (RS5.3)
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The reaction rate (mol kgzk s™1) of the reactions given above are shown in Egs. 5.3-5.5.

We re-organize the reaction rate expressions in [138] using mathematical simplification for this

work to prevent zero division errors in the model.

* Pl'31 PCO
krKch,001) (PCHgoH - <KR2PH202 Cs,Cs. Sc

TsR = 7po. x x ; 5 505y (5.3
(PP(I)ZS + KCH3O(1)PCH30H + KHCOO(l)PCOZPHz + KOH(1)PH20)(1 + KO(m)PI?ZS) (5-3)
* PI'ZI PCO
kpKcn,02)(Person — ( 12(D Cs,Cs,. Sc

"™mp = * * . .

(P2® + KuyoyPerzon + Koue Pryo) (1 + Koy Py 5-4)
* PH PCO
KKy P (PeoPayo — (5222 (C1)7Sc
Twes = . - - >

(PI'?Z-S + KCH30(1)PCH30H + KHCOO(1)PC02PH2 + KOH(1)PH20) (5.5)

The kinetic parameters that are used in Eqgs. 5.3-5.5 can be found in detail in our previous

study [6]. The rate of consumption or formation of the species for the reforming side in kg m= s

are listed as:
Rensonr = Peat,r(—Tsr — Tmp)Mcuzon  (5.6)
Ru20.r = Peat,r (=Tsr — Twes)Muz0 (5.7)
Ryar = Peatr(3Tsr + 2ryp + Twes)Muz - (5.8)
Rcoz2,r = Peat,r(Tsr + Twes)Mcoz (5.9)

Reor = Peatr("up — Twaes)Mco (5.10)

The global reaction of the methanol combustion can be seen in R.5.4. The experimental

studies related to methanol combustion on Pt/Al,O; catalyst show that most of the catalytic
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combustion takes place in the region near the entrance, and the activation energy and the reaction

order depend on the degree of methanol conversion [298, 299]. While considering these realities,

the power rate law (Eq. 5.11) suggested by Pasel et al. [298] is incorporated into the model to

calculate the reaction rate of methanol combustion over the Pt/Al,O3 catalyst. The pre-exponential

factor is taken from [300] and the reaction order and the activation energy are obtained from [301].
CH30OH + 1.502 & 2H0 + CO2 (R.5.4)

Cc

Tc = ko exp (ﬁ) C3H30H

(5.11)

5.2.3 Computation schema

The partial differential equations for the modeling of the microchannel methanol steam reformer
are solved using the finite element method (FEM) with the simulation software package COMSOL
Multiphysics 5.3. The main assumptions used in the modeling are as follows:

e The microchannel reformer operates at steady state

e Ideal gas law behavior for flowing gases

e The flow in both half-channels is considered as fully developed laminar flow

e There is no reaction in the homogeneous phase; the reactions only take place in the catalyst

layers
e No internal mass transfer limitation in the combustion catalyst layer
e Body forces are neglected

e No heat transfer by radiation
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The main challenge to obtain solutions is the presence of convergence problems; in particular,
for high methanol conversion (greater than 70%) and the entrance of the reformer. To solve these
convergence problems, some physical properties for the combustion side are estimated using
Aspen Plus v8.8, and the reforming rate expressions are simplified as mentioned in the previous
sections. In addition, we update our solution method that was used in our other study [6]. Firstly,
the solutions are obtained for only flow on both sides. Then, the solutions are obtained for flow
and chemical reactions. In this step, the microchannel reformer is isothermal, and the solutions
obtained in the first step are used as initial values in the second step. As a third step, the solutions
are updated for flow, chemical reactions, and heat transfer. In the third step, the heat sink and the
heat source were multiplied by 0.001, and the initial values are taken from the second step. Lastly,
the values of the heat sink and the source are increased using a multiplication factor that changed
from 0.001 to 1 to obtain the final solutions. The mapped mesh is used to discretize the continuous
catalyst layer configurations for numerical solution. The main advantage of this mesh is to decrease
computation time. However, the mapped mesh is not applicable for the segmented catalyst layer
configurations because of the complex geometry. Therefore, the physically controlled mesh is used
to discretize the segmented catalyst layer configurations. The mesh independency with a
convergence criteria of 107 is obtained for a “Finer” element size in COMSOL software. The
number of mesh elements varies from 56,100 to 345,460 depending on the geometry of the
computational domain.

The results are firstly obtained for the continuous catalyst layer configuration. Then, the
results of the continuous catalyst layer configuration are used as initial values to solve the model

for the segmented catalyst layer configurations. After obtaining the results for all configurations,
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the numerical integration is used to calculate the methanol conversion, hydrogen production rate,

and heat flux for the reforming side and the combustion side.

5.3 Model Validation

The model was verified in the previous study [6] by comparing the results with the experimental
data in Ref. [247] for methanol conversion and reformer temperature. Very good agreement was
obtained for these values. For this work, the H, production rate in the syngas is also compared with
the experimental data in [247]. As shown in Fig. 5-2(a), there is an excellent agreement between
the results obtained by the model and the experiment in [247]. The maximum deviation between
the results are found to be approximately +6%. Although the constant heat flux was used in Ref.
[247] to provide heat to the reforming side, the comparison was intended to verify the results that
were obtained in the reforming side under certain operating conditions. It should be also noted that
there is no explanation regarding the experimental errors in Ref. [247]. Therefore, the H>
production rate calculated by the model is also compared to the H: production rate at the
equilibrium condition of the methanol steam reforming process. We show in another study [18]
that a H> production rate for the methanol conversion greater than ~99% is very close to the H»
production rate at the equilibrium condition. It can be seen from Fig. 5-2(b) that the maximum

difference between the results is less than 0.6%.
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Figure 5-2 Comparison of the H2 production obtained by the model with (a) the results obtained
from the experiment [247]. S/C=1.1, the inlet temperature of the methanol-water mixture is equal to
150 °C. The constant heat flux that is equal to 1000 W/m?is used to provide heat for the
endothermic methanol steam reforming. (b) the results obtained for the equilibrium condition.
S/C=1.5, and the reformer temperature is isothermal.

5.4 Results and Discussion

5.4.1 Base Case Modeling

The input parameters used for the base case simulation can be seen in Table 5-1. The catalyst layer
thickness of the reforming side is equal to 30 um for the base case. The results are obtained to
understand temperature distribution change, the heat flux for combustion and reforming, the
methanol conversion, and the hydrogen production rate with variation of the catalyst layer
configuration. Different flow arrangements such as cross-flow, counter-flow and co-current flow
can be used for coupling endothermic and exothermic reactions. These flow arrangements have
been investigated in detail, and it was shown that the co-current arrangement is the best option for
coupling endothermic and exothermic reactions [44]. Therefore, only the co-current flow
arrangement is chosen in the present work.

In this study, four different catalyst layer configurations are used as explained in section 2.

In the figures and text, these configurations refer to Configuration-1, Configuration-2,
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Configuration-3, and Configuration-4. The dimensions of the segmented catalyst layer
configurations are chosen to obtain the best possible performance by comparing various sizes of
the segmented layers for both reforming and combustion catalysts. However, the size of segmented
catalyst layers would be further optimized for future work to maximize the performance of the
microchannel methanol reformer.

Temperature changes of the microchannel reformer with various catalyst layer
configurations are illustrated in Figs. 5-3(a)-(e). It should be noted that the segmented catalyst
layers on the combustion side are invisible in Figs. 5-3(b)-(d) because a 1D catalyst layer domain
is used for the modelling of the combustion catalyst as explained in section 5.2. The segmented
configurations of the combustion side can be seen in detail in Fig. 5-1. Figs. 5-3(a)-(d) show 2D
temperature distribution of the microchannel reformer while Fig. 5-3(e) shows change of the
average temperature of the reformer side as a function of the axial length. The focus of this study
is to understand the effects of various catalyst layer configurations on methanol conversion and
hydrogen production rate. Therefore, only the average temperature of the reforming side across
the reformer length is illustrated in Fig. 5-3(e). As shown in Figs. 5-3(a) and (e), the temperature
suddenly increases from 150 °C to 200 °C between the reformer's inlet and x=0.0028 m for
configuration-1. On the other hand, the temperature is found to be ~170 °C at x=0.0028 m and the
temperature reaches ~200 °C at x=0.0049 m for the other configurations. The maximum
temperature of ~306 °C for configuration-1 is obtained at x=0.01 m. It is worth mentioning that
the maximum temperature should be less than 300 °C for Cu-based catalysts because temperatures
greater than 300 °C cause serious degradation of the catalyst [158]. The temperature starts
decreasing at x=0.01 m for configuration-1. The temperature is equal to 256 °C at x=0.04 m and

dropped to 228 °C at the reformer’s exit.
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Figure 5-3 Change of the temperature of the microchannel reformer with different catalyst layer
configurations : (a) Configuration-1, (b) Configuration-2, (c¢) Configuration-3, (d) Configuration-4.
(e) Change of the average temperature of the microchannel reformer across the reformer length.

The maximum temperature of ~303 °C is estimated at x=0.0186 m for configuration-2
while the maximum temperature is equal to ~314 °C at x=0.016 m for configuration-3. As
illustrated in Fig. 5-3(e), the temperature for configuration-1 is found to be higher than the

temperature that was calculated for configurations-2 and 3 up to x=0.0148 m and x=0.0125 m,
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respectively. After these points, the higher temperature is obtained for configurations-2 and 3. The
temperature difference between configuration-2 and configuration-1 is approximately 12 °C from
x=0.018 m to the exit of the reformer while it is ~19 °C for configuration-3 from 0.016 m to the
exit of the reformer. The temperature at the exit of the reformer is equal to ~240 °C and ~247 °C
for configurations-2 and 3, respectively.

It can be seen from Figs. 5-3(d) and (e), the temperature change trend for configuration-4
is different than the other configurations. The temperature firstly increases from 150 °C to ~303
°C between the reformer’s inlet and x=0.018 m. Then, it drops slightly up to a distance of x=~0.027
m and reaches its maximum value of ~331 °C at x=~0.045 m. The temperature starts decreasing
at x=0.045 m and it is equal to ~242 °C at the reformer’s exit.

To understand the reasons for the variation of the temperature distribution of the reforming
side with various catalyst layer configurations, the heat absorption of the reforming side and the
heat production of the combustion side should be explained. Figs. 5-4(a) and (d) show the heat
flux values for the reforming and the combustion sides. The absolute values of the heat flux for
the reforming side is used in the figures. It can be shown from Fig. 5-4(a) that the heat flux value
of the combustion side quickly increases at the inlet for configuration-1 due to a high combustion
reaction rate in this region. The heat flux of the combustion side is equal to ~36.5 kW m™ at
x=0.028 m for configuration-1. The heat flux reaches its peak value of ~38 kW m at x=0.0035 m,
then it sharply decreases to 2 kW mat x=0.018 m as seen in Fig. 5-4(a). The same situation is
also valid for the heat flux of the reforming side. However, the heat flux values of the combustion
side is estimated as ~50 kW m™ at x=0.018 m for other configurations as illustrated in Figs. 5-4(b)-
(d). In addition, it can also be seen from Figs. 5-4(a)-(d), the heat production in the combustion

catalyst for configuration-1 is found to be lower than the other configurations across the reformer
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length. As a result, the temperature for configuration-1 at the reformer’s exit is lower than the other

configurations.
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Figure 5-4 Change of the heat flux for the combustion and the reforming side with the variation of
the catalyst layer configuration.

The maximum heat production in the combustion catalyst is ~90 kW m™ at x=0.09 m for

configurations-2 and 4 (Figs. 5-4(b) and (d)) while it is found to be ~104 kW m at x=0.09 m for

configuration-3 (Fig. 5-4(c)). The same maximum heat flux is obtained for configurations-2 and 4

because the continuous catalyst layer for the reforming side is used between the reformer’s inlet

and x=0.03 m for both configurations. However, the maximum heat flux of the combustion side
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for configuration-3 is estimated to be higher than configuration-2 and 4 because the segmented
catalyst layer for the reforming side is used across the axial direction. In inactive segments of the
reforming side, the heat absorption in the reforming catalyst is equal to zero; thus, higher maximum
heat flux is obtained for configuration-3.

When the temperature (Figs. 5-3(a)-(e)) and the heat flux values (Figs. 5-4(a)-(d)) are
evaluated and compared, it can be concluded that the temperature drops across the reformer length
are lower for the segmented catalyst layer configurations. This significantly affects the
performance of the microchannel reformer in terms of methanol conversion and hydrogen
production rates. Figs. 5-5(a) and (b) show the change in the methanol conversion and the
hydrogen production rate using different catalyst coating configurations. As shown, the methanol
conversion at the reformer’s exit is found to be 60% for configuration-1 while it is ~75% for the
other configurations. The highest methanol conversion is found to be 77.5% for configuration-4.
In addition, the hydrogen production rate is estimated to be 0.045 mol/h for configuration-1 while
it increases to 0.057 mol/h for configuration-4 as shown in Fig. 5-5(b). As shown in Fig. 5-5(b),
almost the same hydrogen production rate is obtained for configuration-2 and configuration-4. At
this point, it is worth mentioning that there is no significant effect of catalyst layer configuration
changes on the value of local Reynolds number (Re). The maximum local Re number obtained is
less than 100 on the reforming and the combustion side for all the configurations studied.

It can be understood from the overall result that the best performance is obtained for
configuration-4. However, the temperature of the reformer is significantly increased between
x=~0.03 m and x=~0.045 m for configuration-4. This can cause deactivation of the Cu based

reforming catalyst.
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catalyst configurations. (b) Total hydrogen production rate (mol/h) with variation of the catalyst
layer configuration.

5.4.2 Reforming Catalyst Thickness

Figs. 5-6(a)-(d) show temperature changes with variations in reforming catalyst layer thickness
and configurations. As expected, similar trends are obtained for temperature changes with
variation in the catalyst layer thickness. However, as demonstrated by Figs. 5-6(a)-(d), lower
temperature is found when reforming catalyst thickness is increased. The temperature is calculated

as ~225 °C, ~237 °C, ~244 °C, and ~238 °C at the reformer’s exit and for 35 pm reforming catalyst
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thickness for configurations-1, 2, 3 and 4, respectively. On the other hand, the temperature at the

reformer’s exit drops by ~2 °C with a 5 um increase in the thickness of the reforming catalyst.
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Figure 5-6 Change of the temperature across the reformer length with variation of the catalyst
layer thickness and the configuration.

Change in the methanol conversion across the reformer length with variation in the catalyst

thickness and configurations are also illustrated in Figs. 5-7(a)-(d). The maximum methanol

conversion at the reformer exit is ~80.5% for 50 um reforming catalyst thickness and

configuration-4 (Figs. 5-7(d)). The methanol conversion rises slightly with an increase in the

catalyst layer thickness. However, subsequent increases in the conversion are reduced with greater

catalyst layer thickness. For example, the methanol conversion increased by ~1.05% for
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configuration-4 with variation of the catalyst thickness from 35 pm to 40 um; however, it increases

by only ~0.7% with variation of the catalyst thickness from 45 um to 50 pm.
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Figure 5-7 Change of the methanol conversion across the reformer length with variation of the
catalyst layer thickness and the configuration.

In our previous study [6], we showed that methanol conversion significantly increased with

greater catalyst layer thickness for the isothermal situation. For the non-isothermal situation,

increases in methanol conversion drops with greater catalyst layer thickness because of the

temperature drop across the reformer length. Therefore, more efficient heat may be provided to

the reformer side by using different methods for greater catalyst layer thickness in order to utilize

the catalyst more efficiently.
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In addition, the cost of the microchannel reformer could also be considered for future
studies to help determine optimal catalyst configurations. Indeed, it is possible to change the
thickness of the catalyst across the reformer length [9] using various current catalyst coating
methods [302, 303]. However, the cost may be a major drawback to using different catalyst layer
configurations for microchannel reformers. Moreover, in this study, the effect of the internal mass
transfer limitation in the combustion catalyst layer is not explored because this effect may not be
significant once the thickness of the combustion catalyst layer is small [6] or the porosity of this
layer is large [6, 255]. A decrease in the catalyst layer thickness is possible using various coating
methods [302, 303]. The catalyst porous structure can also be changed with different coating
methods [304, 305]. An increase of the thickness of this layer may mainly affect the increase of
the methanol conversion with the segmented catalyst layer configurations. This study could be
extended by considering the effects of the catalyst layers in the combustion side; however, this is

beyond the scope of this paper.

5.4.3 HT-PEMFC power generation

Methanol reformate gas is very suitable to feed HT-PEMFCs because these fuel cells can tolerate
CO up to 3% [306, 307], and they can operate at a temperature range of 120-200 °C [308].
Therefore, additional components are not needed to decrease the amount of CO in the reformate
gas for methanol reformate-gas fueled HT-PEMFC systems. In addition, the size and number of
heat exchangers can be decreased because the reformation temperature of the methanol and the
HT-PEMFC are very similar. However, the methanol conversion must be greater than 90% to
prevent serious degradation of the HT-PEMFC [10]. Therefore, the inlet methanol flow rate and

other inlet parameters must be chosen to achieve at least 90% methanol conversion.
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In this section, the power output from the HT-PEMFC stack that used methanol reformate-
gas is estimated. Configuration-2 and a 50 um reforming catalyst thickness are chosen for
microchannel methanol steam reforming because the best performance is obtained using these
parameters. The other parameters and the dimensions for modeling the microchannel reformer are
taken from Table 5-1. The input parameters for the fuel cell stack are listed in Table 5-2. The semi-
empirical equations developed by Korsgaard et al. [211, 212] are used to estimate the power output

of the HT-PEMFC stack.

Table 5-2 Methanol reformate-gas fueled HT-PEMFC power generation.

Input parameters and the restrictions for modeling Unit Value
Number of the cells in the fuel cell stack [-] 25
Active area of the fuel cell cm’ 45
Fuel cell operation temperature °C 160
Hydrogen utilization ratio [-] 0.8
Number of the channels in the reforming side [-] 100
Number of the channels in the combustion side [-] 100
Minimum methanol conversion requirement [%] 90
Power output range [W] 100<Prc<500
The reforming catalyst thickness*! [um] 50
Output
Inlet methanol flow rate to the reforming side per channel [mol/h] 0.0198
Methanol conversion [%] 99
Reforming gas composition (vol.%)
H» [%] 66.4
H,O [%] 11.1
CO; [%] 21
CO [%] 0.51
Power generation from the fuel cell stack [W] 227.5
Explanation
*1 The other parameters for modeling of the microchannel reformer are listed in Table 1.
The configuration-2 was used for the catalyst configuration of the microchannel reformer.

The composition of the reformate gas that is fed to the HT-PEMFC stack can be seen in
Table 5-2. The inlet methanol flow rate to the reforming side per channel is equal to ~0.0198 mol/h.
This value is found to produce maximum power in the range of 100 to 500 W by using 100 channels

in the reforming side and 100 channels in the combustion side. The methanol conversion and the
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H> production rate per channel are calculated as ~98.8% and ~0.059 mol/h, respectively, for
~0.0198 mol/h inlet methanol flow rate to the channel. For these conditions, it is possible to

produce ~227 W power from the HT-PEMFC stack by using 100 channels in the reforming side.

5.5 Conclusions

The effects of continuous and segmented catalyst layer configurations in combustion and
reforming channels of a methanol steam reformer on the temperature distribution, the methanol
conversion, and the hydrogen production rate are studied. The effective heat is provided by the
segmented catalyst layer configurations; thus, the performance of the microchannel methanol
steam reformer is significantly improved. The results show that the methanol conversion is ~60%
for the continuous catalyst layer configurations, while the conversion increases to ~75% with the
segmented catalyst layer configurations. An increase in methanol conversion is not only an
advantage of the segmented catalyst layer configuration, but it also provides the advantage of a
decreased amount of catalyst in the combustion side and the reforming side of the reformer. For
the segmented catalyst layer configuration (configurations-2, 3, 4), the amount of the combustion
catalyst is decreased 68% while the amount of the reforming catalyst is decreased 33% and 20%
for configurations-3 and 4, respectively.

The results also show that there is no significant increase in methanol conversion when
increasing the catalyst layer thickness from 30 pum to 50 um; however, the higher catalyst layer
thickness can be used to prevent hot spot formation. The maximum methanol conversion per
channel is found to be ~99% for configuration-2 with 50 pm reforming catalyst layer thickness
and ~0.0198 mol/h inlet methanol flow rate per microchannel. For this case, enough hydrogen can

be produced using 100 microchannels in the reforming side to produce ~227 W power using a HT-PEMFC

stack.
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Chapter 6

Conclusions and Future Work

6.1 Summary and Conclusions

In this thesis, two 2D steady state multiphysics CFD models have been developed for the modeling
of a microchannel plate heat exchanger methanol steam reformer. To decide the inlet parameters
for the modeling, first the power range for the promising market applications of the FC power
generation systems was critically evaluated. Then, a methanol reformate gas fueled HT-PEMFC
system was simulated using Aspen Plus with Fortran calculator. Some inlet parameters such as
S/C ratio, and inlet flow rate of methanol etc. were defined in the system level study for the models
presented in Chapters 4 and 5. The first model developed in this thesis (Chapter-4) was used to
investigate the effects of catalyst layer structural characteristics, such as thickness, and porosity,
on the performance and temperature distribution in a microchannel plate heat exchanger methanol
steam reformer under isothermal and nonisothermal situations. The isothermal situation in this
study was used as an ideal case to clearly show the effects of temperature distribution across the
axial reformer length on the methanol conversion and hydrogen production rate. In the model, heat
was provided for endothermic steam reforming reactions using variable and non-variable heat flux
for the nonisothermal situation.

The results obtained in the first model showed that methanol conversion significantly
increases with a rise in the methanol reforming catalyst layer thickness for the isothermal situation.
However, the increase in methanol conversion changes slightly with a rise in catalyst layer
thickness for the nonisothermal situation because of a temperature drop across the reformer length
for higher catalyst layer thickness. The results also showed that the catalyst effectiveness factor at

the entrance region of the microchannel methanol reformer should be specifically considered when
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the catalyst layer thickness is higher than 50 pm and the catalyst porosity is equal to or less than
0.4.

For the second model of the microchannel methanol steam reformer that was developed in
this work, the first model was expanded for the modeling of segmented catalyst layer
configurations to balance the generated heat in the combustion side and the consumed heat in the
reforming side in a microchannel plate heat exchanger methanol steam reformer. The main goals
of balancing the heat generated and consumed within a microchannel methanol reformer are to:
(1) decrease the amount of catalyst in the reforming and combustion sides; (2) increase the
methanol conversion and hydrogen production rates; (3) prevent the sudden temperature increase
at the entrance of the reformer side; and (4) decrease the temperature gradients across the axial
reformer length.

A solution method was implemented in the second model for modeling of the segmented
catalyst layer configurations. Solutions were firstly obtained for continuous catalyst layer
configuration, then the obtained solutions were used as initial values for the isothermal solution of
the segmented catalyst layer configurations. Then, a step-wise method was applied to obtain initial
values for the nonisothermal solutions of the segmented catalyst layer configurations. In a step-
wise solution method, a multiplication factor that changed from 0.01 to 1 was used for the
generated heat in the combustion side and the consumed heat in the reforming side, and the initial
values changed with variation of the multiplication factor. The final solutions were obtained when
the multiplication factor was equal to 1. In addition, some mathematical simplifications were used
for the rate expressions of the methanol reforming reactions. Furthermore, a few physical
properties for the combustion side were estimated using Aspen Plus, and the constant values for

these physical properties were used.
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The second model showed that methanol conversion can be increased by using less catalyst
for the segmented catalyst layer configurations. In addition, the results showed that the catalyst
layer thickness in the reforming side should be optimized to prevent hot spot formation and
decrease the axial temperature gradients. The optimal catalyst layer thickness for the reforming
side was found to be 50 um for Cu/ZnO/Al>Os3 catalyst.

In summary, there is no significant effect of catalyst layer thickness on methanol
conversion in the case of lower porosity and the nonisothermal situation. However, thicker catalyst
layer can be useful to prevent hot spot formation. The segmented catalyst layer configurations can
be used to increase methanol conversion and decrease axial temperature gradients. In particular,
the segmented catalyst layer configurations can be useful for methanol reformate gas fueled HT-
PEMFCs because high methanol conversion (higher than 90%) is very important to prevent
degradation of the HT-PEMFCs. The higher conversion can be obtained using segmented catalyst
layer configurations for the microchannel plate exchanger methanol reformer without increasing
the size of the reformer. Overall, the model and the proposed solution method in this study can be

used to improve the performance of commercial microchannel methanol reformers in this thesis.

6.2 Proposed Future Work

The findings in this thesis are useful in answering key questions for next generation
microchannel methanol steam reformers. However, some points should be considered for future
research.

The first point is that Cu/ZnO/Al,O;3 catalyst was selected for the methanol steam
reforming in this thesis because well-defined rate expressions of methanol steam reforming
reactions over the Cu/ZnO/Al>O3 catalyst are available in the literature. On the other hand, novel

catalysts for methanol reforming can be selected for modeling the microchannel plate heat
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exchanger methanol reformers. Catalysts that are stable at high temperatures (over 300°C) such as
Pt/In,03/Al>03 can be used at the entrance of the reformer, while catalysts that are active at low
temperatures (less than 220 °C) such as CuO/ZnO/Ga,03 can be used at the exit region of the
reformer.

The second point is that the combustion rate expressions should be improved for future
works. In this work, Pt/Al,O3 catalyst was used for the combustion reaction. Pt/Al,O; is a
promising catalyst for microchannel plate heat exchanger methanol reformers because methanol
can be self-ignited over the Pt/AlbO; catalyst. Therefore, methanol combustion can also be used
for the start-up process of the reformer. However, the rate expressions should be improved to find
the optimum inlet parameters for the combustion reaction. In addition, anode off-gas from the HT-
PEMFC can be also used to provide heat to the reforming side after the start-up process; but
accurate rate expressions should be defined to incorporate anode off-gas combustion into the
model. Furthermore, a 1D catalyst layer was used for the combustion side in this study. To account
for the internal mass transfer limitations of the combustion catalyst, the model could be expanded
for future works.

The last point that should be considered is to obtain a solution on a thin catalyst layer
coating. In particular, the computational time increases when the model is expanded to account for
the internal mass transfer limitations of the combustion catalyst. There can also be serious
convergence issues when obtaining solutions on thin catalyst layer coatings. To solve these issues,
a reduced order model based on regression analysis could be used. Firstly, the catalyst
effectiveness factor across the reformer length can be estimated, then some equations can be

defined to estimate the catalyst effectiveness factor across the reformer length. These equations
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can be implemented in the model. Therefore, the thin catalyst layer domain can be removed from

the model.
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Appendix A

Supporting Information of Chapter-3
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Figure S2 Aspen Plus Flowsheet of the methanol reformate gas high temperature PEM fuel cell

system.
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Table S1 Detailed description of the blocks used for the simulation.

Aspen Block
Block name Explanation
Type
Mixes the methanol and water. Fortran calculator is used to define the
MIX1 Mixer )
S/C ratio.
PUMP Pump Increases the pressure of the methanol-water mixture.
HX1 MHeatX Provides enough heat to vaporize the methanol-water mixture.
Provides heat to reach the desired inlet temperature of the reactants to
HX2 MHeatX
the reformer.
MSR RGibbs Used to estimate the methanol reformate syn-gas composition.
Decreases the syn-gas temperature to the fuel cell operation
HX3 MHeatX temperature. In addition, this block is used to increase the cathode air
temperature.
Separates unused hydrogen and the inert gases in the anode. The
SEP1 Sep . _
unused hydrogen is calculated with Fortran Calculator.
Increases the cathode air temperature to the operation temperature of
HX4 MHeatX ] ] )
the fuel cell. Heat is provided using the hot flue gases.
SEP2 Sep Separates unused air in the cathode.
RSTOIC Rstoic Used to calculate the water production in the fuel cell.
MIX2 Mixer Mixes anode-cathode off gas.
Estimates the heat production of the anode-cathode off gas
COMB RGibbs combustion. Heat that is produced in the combustion is used for the
methanol steam reforming process.
COMPR1 Compr Increases the pressure of the air that is used to cool the fuel cell stack.
Provides heat to the cooling air. The amount of heat that is removed
HXS5 Heater ] )
from the fuel cell stack is calculated with Fortran Calculator.
Increases the pressure of the cathode air. The amount of the cathode air
COMPR2 Compr ] )
is calculated with Fortran Calculator.

Further Explanations: The power generation of the fuel cell stack and the balance of the plant
components are estimated using the equations in Chapter-3. The equations are used in Fortran
Calculator in Aspen Plus to estimate the fuel cell voltage, power generation of the fuel cell, net power

generation of the system, and the system efficiency.
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Figure S3 Voltage losses due to CO in the reformate gas with the variation of the reformer
temperature and the current density. (a) Tcell=160 [°C], (b) Tcell=170 [°C], (c) Tcell=180 [°C], and
SC=1.5, cathode stoichiometric ratio=2.
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Figure S4 Voltage losses due to CO in the reformate gas with the variation of the steam-to-carbon
ratio and the current density. (a) Tcell=160 [°C], (b) Tcell=170 [°C], and Tref=240 [°C], cathode
stoichiometric ratio=2.

The heat exchangers in the below figures are shown in Figure 3-1 in chapter-3. The

results are added to show the effects of the different parameters on the heat duties of the heat

exchangers.
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Figure S5 Change of the heat rate which is removed from the HX1 with the variation of the
reformer temperature and the hydrogen utilization ratio for 350 W power production from the fuel
cell stack. Tcell=160 [°C], and cathode stoichiometric ratio=2.

177



Heat Demand of the HX2 [W]

Figure S6 Change of the heat rate which is transferred to the HX2 with the variation of the
reformer temperature and the cathode stoichiometric ratio for 350 W power production from the

Available Heat in the HX3 [W]

59

154.
152!
1501
{148
1146

1144

— 142!

240

260 280 300

Tres loc]

fuel cell stack.

180
U,2=08
170} (a) Upp=0.7
Uy2=08
160} /
150} A
140} -
/ //.I
130} U e
- ST
120}— BT i
110} g
100
90 : :
240 260 280 300
Trof [oc]

178



310

300}
(b)
290}

Uyp=0.6

-Uy =07

280h /
270h B
ZBOH ’
250+ A
240+ e

- o ol

2001k

190
240

Available Heat in the HX3 [W]

260 280 300
Tr ef [o C]

Figure S7 Change of the heat rate which is transferred from the HX3 with the variation of the
reformer temperature and hydrogen utilization ratio for 350 W power generation from the fuel cell.
(a) Cathode stoichiometric ratio=2, (b) Cathode stoichiometric ratio=5. Tcell=160 [°C].

Table S2 The streams inlet and outlet temperature of the heat exchangers.

Inlet Stream Outlet Stream
Heat Exchanger Temperature [°C] Temperature [°C]
HX1 Equals to reformer temperature 160
HX2 25 160
HX3 Equals to combustor temperature 160
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Appendix B
Supporting Information of Chapter 5

Physical Properties

Table B.1 The parameters to calculate the binary diffusivity of the pairs [253].
R + C 4 E + G
~(T*)B  exp(DT*)  exp(FT*)  exp(HT*)

kT 1
T*=— ¢g; = (g¢)* A=1.06036 B =0.1561

gij

C =0.19300 D =0.47635 E = 1.03587 F = 1.52996
G =1.76474 H = 3.89411

Qp

O'l'+0'j
O'ij= )
2
Mij =97
Mt

Explanations:

Qp: Diffusion collision integral [dimensionless]
0;j: The characteristic length [A]

M;, M;: Molecular weights of i and j [g/mol]

k: Boltzmann's constant- 1.3805x10~23 [J/K]

&: The characteristic Lennard-Jones energy [J]

Table B.2 The characteristic length and Lennard-Jones Potentials [253].

o

Substance | o [A] | €/k [K]
CH;OH | 3.626 | 481.8
H.O 2.641 | 809.1
H> 2.827 | 59.7
CO; 3.941 | 195.2
CO 3.69 91.7
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Table B.3 Viscosity constants for components [256].

Component a b c d
CH;OH | 3.0663E-7 | 0.69655 | 205 | 0O
H>O 1.7096E-8 | 1.1146 0 0

H> 1.797E-7 | 0.685 |-0.59 | 140
CO2 2.148E-6 0.46 290 | O
CcO 1.127E-6 | 0.5338 | 94.7 | 0

Table B.4 Thermal conductivity constants for components [256].

Component C1 ) C3 C4
CH;OH | 5.7992E-7 | 1.7862 0 0
H>O 6.2041E-6 | 1.3973 0 0
H> 0.002653 | 0.7452 | 12 140
CO2 3.96 -0.3838 | 964 | 1860000
CO 5.9882E-4 | 0.6863 | 57.13 | 501.92

Table b.5 Specific heat capacity constants for components [205].

Component | « oy Xy o4
CH;0H 19.0 | 9.152E-2 | -1.22E-5 | -8.039E-9
H>O 32.24 | 0.1923E-2 | 1.055E-5 | -3.595E-9

H> 29.11 | -0.1916E-2 | 0.4003E-5 | -0.8704E-9
COz 22.26 | 5.981E-2 | -3.501E-5 | 7.469E-9
CcO 28.16 | 0.1675E-2 | 0.5372E-5 | -2.222E-9

Kinetic Parameters

a. Reaction kinetic model of Jiang et al.[246]

Rate expression [mol kg™! s1]

P0.26

_ 0.03 p—0.2
Tsg = Ky CH30HPH20 Py,

Rate constant

—105000

T ) [mmol kPa=%2% kg=1s71]

k; =5.307E12 exp<
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b. Reaction kinetic model of Purnama et al. [120]

Rate expressions [mol g} s~1]

Tsp = klpngl-I3OHPI7-1120
rwes = kZPCOZPHz - k—ZPHZOPCO
m=0.6;n=04

Rate constants

~76000 o
k, = 8.8E8 exp (T) [mol bar gL s71]

—108000
k, = 6.5E9 exp (—)

[mol bar™2 gL s71]

(o)

k_, = 4E7 exp [mol bar=? gz s71]

c. Reaction kinetic model of Sa ef al.[143] (model-1)

Rate expression [mol kgl s~1]

Tsr = k1 Ply,on (X +PH2)b
a=0.47;b =—-0.55;and a = 0.30

Rate constant

—104000
RT

d. Reaction kinetic model of Peppley ez al.[138]

k, = 3.9E9 exp( ) [mol bar®®8 kg_ L s71]

Rate expressions [mol kg_} s~1]

RBCH;0(1) Plgz.s KRPCH30HPH20 S1~814°C

SR —
* Peron P
(1 + KCH3O(1) ( P5'5 + KHCOO(l)PC02PH2 + KOH(l) PO 5 (1 + H(1a)PI-(I)25
2

KpPcuyon

* PCH OH PH (0}
(1 + Ken02) <—P5'5 + Kon) PHZ (1 + KGR’
2

* Peron PI-ZI Pco
kDKCH3O(2) < P§.5 1- ) CSz CSzaSC
2

Tmp =

2
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kWKE;H(D <—

Py, Pco,

T2
KWPCOPH20> (Csl) Sc

Twes =

. P,
1+ Kenoa)

0.5
PH

Kinetic Parameters [138., 152. 309]

* .5 *
) + KHCOO(l)PC02PI-(I)2 + KOH(l) <

2
Py,o
P}(I)z'5

Kinetic Parameter Value
kg 7.4E14 exp (— 1027?0) [m2mol™1s™1]
kp 3.8E20 exp (— 170200) [m2mol™t s71]
ky, 5.9E13 exp (— 8;67?0) [m2mol™1s™1]
50240 — 170.98T — 2.64F — 02T? )

Kg exp| — RT [bar”]
K —41735 + 46.66T — 7.55F — 03T?

w exp RT

Kr

Kp @ [baTZ]

. 41.8 20000 B
Kersou P <T_ <_ RT )) [bar™>]

. 30 20000 1
Kensoe) *P\R ™ <_ RT ) [bar™]
Khcoo 179.2 100000

ki -15
eXp( R ( RT ))Um ]
—445 20000
K B -15
e exp( = (- == )) [bar=9]
. 30 20000 1
Kon) exp = (— RT ) [bar™"]
—100.8 50000 1
Ku(1a) exp| ———— (— o ) [bar~']
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—46.2 50000
KH(Za) €Xp

R
Cs, 7.5E-06 [mol m~2]
Cs.. 1.5E-05 [mol m™2]
Cs, 7.5E-06 [mol m~2]
cs . 1.5E-05 [mol m™2]
S¢ 102,000 [m? kg™

184



