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CHAPTER

INTRODUCTION

1.1 Introduction

An increase in energy consumption that results from human-related activities
causes the depletion of fossil fuel and the global warming problem. Thus, searching
for clean and sustainable energy sources is necessary for the future. Hydrogen (H,) is
an important alternative fuel that is expected to replace the fossil fuel because it is
clean and environmentally friendly fuel with high combustion efficiency. Currently,
hydrogen is commonly used as a reactant in chemical industries. However, in the near

future, it will become a significant fuel.

Generally, hydrogen is derived from fossil fuels such as natural gas and coal,
which are the non-renewable resource. The steam reforming of natural gas, which is
associated with a high emission of green house gases (GHGs), is a widely used
method for hydrogen production. Alternatively, the production of hydrogen from
renewable energy source is an interesting option. Among various renewable sources,
biogas is a potentially important fuel. It can be produced through an anaerobic
digestion of organic material such as biomass, municipal waste and sewage. Biogas
mainly consists of methane (CH4) and carbon dioxide (CO,). Biogas can be directly
used as a combustible gas; however, the combustion process of biogas to generate
heat has low efficiency. In contrast, the utilization of biogas as a feedstock for a
reforming process to produce hydrogen offers several advantages; (i) it can reduce the
emission of green house gas, (ii) it is a renewable fuel, which can replace natural gas
and (iii) it is easily produced from available local agricultural products. For this
reason, biogas is considered a promising alternative feedstock for hydrogen

production.



Since CH4 and CO, are main components of biogas, carbon dioxide reforming
or dry reforming of methane is a potential method for converting biogas into
hydrogen (Therdthianwong et al., 2008). This reaction is strongly endothermic and
requires high operational temperatures to achieve a high equilibrium conversion.
However, a carbon formation which causes catalyst deactivation is the serious
problem of dry reforming. Changes in operating conditions and addition of steam are
the effective ways to prevent the formation of carbon in reforming processes
(Choudhary and Mondal, 2006). Therefore, the investigation of dry and steam
reforming of biogas should be performed (Effendi et al., 2002).

To date, a number of studies have been concentrated on the systhesis of
catalysts to minimize carbon formation and maximize hydrogen yield (Kambolis et
al., 2010; Xu et al., 2010). In addition, many investigations have focused on the
thermodynamic analyses of hydrogen production from various fuels using different
reforming technologies. The aim was to determine an optimal operating condition
which not only maximizes hydrogen yield but also minimizes carbon formation.
However, a theoretical analysis of hydrogen production from biogas is still limited.

This understanding would lead to a suitable reforming process of biogas.

In general, a synthesis gas (“syngas”) obtained from reforming processes
consists of H, and CO. The use of a syngas with high hydrogen content to fuel a fuel
cell for electricity generation has been received much attention. However, it is found
that the syngas cannot be directly fed to a fuel cell, especially a low-temperature fuel
cell like a proton electrolyte membrane fuel cell (PEMFC), due to a high content of
CO. If hydrogen fuel contains CO higher than 10 ppm, Pt anode catalyst will be
deactivated. To overcome this problem, the syngas is treated by a two-step water gas
shift (WGS) reactor: high temperature water gas shift (HT-WGS) reactor and low
temperature shift water gas shift (LT-WGS) reactor. However, when the two-step
WGS reactor is applied, the CO concentrations still excess the limitation due to the
equilibrium constraint of exothermic reaction, which favors at low temperature
operation. To further purify the syngas, other purification units are added to a fuel
processing system. Among various technologies for reducing CO content from the

LT-WGS reactor, a preferential oxidation (PROX) process is a widely used method.



However, this conventional method is technically more complex and has high
operating cost because the reaction and separation of product stream are required in
this hydrogen production process (Dixon, 2003). Furthermore, portion of hydrogen is

also consumed by hydrogen oxidation reaction during proceeding this process.

An integration of a membrane water gas shift (MWGS) technology and a
biogas reforming system is an interesting method to produce hydrogen for PEMFC
applications. The advantages of this approach include (Battersby et al., 2008, 2007):
(1) a fuel processing step is reduced because H, obtained from the MWGS is pure
enough for PEMFC applications without requiring a further CO cleanup process, (2)
capital and operating costs of the system are decreased and (3) the removal of H; via a
membrane enhances the WGS reactions, leading to increases H, yield and WGS

efficiency.

The purpose of this work is to investigate the performance of an integration
system of a biogas processing, consisting of reforming and membrane-based water
gas shift reactors for hydrogen production, and proton electrolyte membrane fuel cell
(PEMFC) for power generation. Simulation studies are performed using Aspen Plus
simulator software. The thermodynamic analysis of hydrogen production from biogas
based on different reforming processes, i.e., dry reforming and steam reforming, are
investigated and compared. Effect of reforming operating conditions, including,
temperature, biogas ratio (CO,/CH4) and steam-to-methane ratio (H,O/CHs) on
hydrogen production and carbon formation is also considered to obtain a suitable
biogas reforming process. Moreover, the integration of biogas processing unit and

PEMEC for power generation is also studied.

1.2 Objectives

1. To find the optimal reforming process of biogas to produce hydrogen for
PEMEC.
2. To investigate the performance of a PEMFC system fed by biogas for

hydrogen and power generations.



1.3 Scopes of work

1. To simulate a hydrogen production from biogas using different reforming
processes, i.e., dry reforming and steam reforming.

2. To analyze the effects of operating parameters including, reforming
temperature, biogas ratio (CO,/CH4) and steam-to-methane ratio (H,O/CHj) on
hydrogen yield and carbon formation.

3. To investigate the performance of a water gas shift membrane reactor for
hydrogen purification.

4. To investigate the performance of a PEMFC system fed by biogas in terms

of electrical and thermal efficiencies.

1.4 Expected benefits

1. To obtain a suitable biogas reforming process for hydrogen production.

2. To understand the effect of operating conditions on the hydrogen
production of biogas reforming process.

3. To obtain a novel integrated process of the PEMFC system for hydrogen

and electricity production.

1.5 Methodology of research

1. Study the basic principle of biogas, hydrogen production from different
reforming technologies and various raw materials, hydrogen purification and PEMFC
as well as review the literature on related topics.

2. Perform the thermodynamics analysis of various reforming processes for
hydrogen production by using the minimization of Gibbs free energy method via
Aspen Plus simulator software.

3. Investigate the effect of various operating conditions such as reforming
process, reformer temperature, biogas ratio (CO,/CH,), and steam-to-methane ratio

(H,O/CH4) on equilibrium compositions, mole flow rate and mole fraction of



hydrogen, hydrogen yield, carbon formation, methane conversion, carbon dioxide
conversion, heat duty, and reforming efficiency.

4. Design a hydrogen production process based on biogas reforming coupled
with water gas shift membrane reactor for a power generation of PEMFC.

5. Investigatethe performance of a PEMFC system.

6. Analyze and summarize the simulation results.

7. Write thesis and prepare a manuscript for publication.



CHAPTER 11

LITERATURE REVIEWS

This chapter presents literature reviews of hydrogen production from biogas
reforming for proton electrolyte membrane fuel cell (PEMFC) application. The
reviews are focused on biogas reforming technologies, a water gas shift membrane

technology, and the PEMFC system.

2.1 Biogas reforming for hydrogen production

2.1.1 Dry reforming

Dry reforming of biogas is an attractive and promising method for hydrogen
production and utilization of biogas. This method could take advantage of CO,
present in biogas composition as an oxidizer in reforming reaction that could be
reduced green house gas emissions. Because of the biogas ratios (CH4/CO,) always
more than unit, it causes significant catalyst deactivation from carbon formation. The
carbon formation can be inhibited by controlling the reaction kinetically using an
appropriate catalyst. Thus, there are many researches that studied the development of

catalyst for dry reforming of biogas technologies.

Kambolis et al. (2010) shows that Ni/CeO,-ZrO, catalysts can be improved the
stability under the thermal reductive treatment. The catalysts supported on binary
oxides are much more active than that supported on pure ceria. This is attributed to
the higher surface density of active sites on the ternary catalysts. In the presence of
Zr** filamentous carbon is formed, not detected in Ni/CeO, spent catalyst. Higher
amounts of carbonaceous deposits are accumulated on the nickel catalysts supported
on ceria-rich CeO,-ZrO, supports. However, the Ni catalysts have also a drawback of
the carbon formation and the sintering of Ni particles. These problems have been

avoided using different types of support and bimetallic catalysts. For example, the



research of Xu et al. (2010) shows that the Ni-Co bimetallic catalysts, Ni-
Co/La,05/Al,03 have a high level of activity and excellent stability for biogas
reforming. The experimental results also indicated that the carbon formation over

catalyst surface can be inhibited effectively under the conditions of 800 °C, 1 atm, and

a GHSV of 6000 ml/gc,h.

The thermodynamics analysis is an interesting method that is helpful to
determine the optimum operating condition by realizing the carbon formation. The
operating process at optimal and no carbon formation condition can extend the
catalyst lifetime and the performance of system. In the recent years, there are many
researches about the dry reforming of various fuels for hydrogen production that
mostly focus on the thermodynamic analysis using the minimization of Gibbs free
energy method. Most of them study the efficiency in terms of hydrogen yield and
reactant conversion, as well as the carbon formation. For example, Wang and Wang
(2009) studied the thermodynamics of ethanol reforming with carbon dioxide for
hydrogen production by Gibbs free energy minimization method. The results
indicated that the increasing pressures have a negative effect on H, yield and the
maximum H, efficiency is obtained at atmospheric pressure. However, the H, yield
also increase with increasing the concentration of inert gases but it should be noted
that inert gases will consume some energy in heating the reactants to the required
temperatures. At the same time, the carbon formation could be formed at low
temperatures and low CO,/C,HsOH molar ratios. In addition, a carbon dioxide
reforming of methane with a Gibb free energy minimization was investigated
byYanbing et al. (2008). This work was studied the influence of operating parameters
such as temperature, pressure and CH4/CO, ratio on CHy conversion, product
distribution, and energy coupling between methane oxidation and carbon dioxide
methane reforming.The results show that the CHjs conversion increases with
temperature and decreases with pressure. When the CH4/CO, ratio increases, the CHy
conversion drops but the H,/CO ratio increases. However, there are few studies that
present the dry reforming of biogas for hydrogen production by considering the

carbon formation.



2.1.2 Steam reforming

The carbon formation is the major problem of biogas reforming that is
essentially dry reforming of methane but this could be prevent by using highly
selective catalyst. However, the adding steam into the dry reforming reaction of

biogas is one option to reduce the carbon formation.

Today, there are many researches that studied the steam reforming of biogas.
Effendi et al. (2002) studied the catalytic activity of 11.5 wt% Ni/Al,Os in the steam
reforming of a clean model biogas at 1 atm in a fluidized- and a fixed-bed reactor. The
carbon formation on the catalyst surface during the reforming reaction was
characterized. The effect of feed gas to steam ratio 0.3-3.0 and temperature 650-850
°C on CHy4, CO; conversions and H,/CO ratio as well as carbon formation are studied
by employing a fluidized-bed reactor. The conversions of CHs and CO, were 75 and
67%, respectively, in a fixed-bed reactor under the ratio of 1.5. However, the overall
higher conversions (7-15%) were observed in the fluidized-reforming reactor. Fast
carbon formation was observed in the fixed-bed with a feed gas to steam ratio of 1.5
causing complete reactor blockage. Moreover, the inferior heat distribution in the
fixed-bed reactor created cold spots in the catalyst bed yielding much lower
conversions than the fluidized-bed reactor. After that, the hydrogen production was
also studied through steam reforming of a clean model biogas in a fluidized-bed
reactor followed by two stages of CO shift reactions by Effendi et al. (2005) as well.
The effects of steam ratio and temperatures on H, production and conversion of clean
biogas were investigated. The results show that the increasing steam concentrations
results in an enhanced CHy conversion and a lower CO, conversion. Moreover, the
addition steam into biogas improves the H, selectivity and reduces the CO
concentration in product. The carbon formation can be eliminated when the excess
steam was used in reforming reaction, and high CH, conversion (>98%) was

achieved.

The catalytic steam reforming of a model biogas was investigated to produce
Hj-rich synthesis gas by Kolbitsch et al. (2008). The influent of process parameters

such as reactor temperature and amount of excess steam was analyzed. The



experimental results show that H, yield reaches maximum within 700-800 °C at
steam-to-methane ratio of 2.2. However, the high energy demand is needed in this
process to evaporate and superheat the excess water. Moreover, Ashrafi et al. (2008)
studied the operational envelope of biogas steam reforming by optimizing the
performance of an externally heated reformer in terms of CH, conversion, H, yield,
and catalyst efficiency. Therefore, a clean model biogas, using a constant molar ratio
of CH4/CO, = 1.5, is contacted to different supported nickel catalysts in a fixed bed
reactor. The results show that the steam/carbon molar ratio in the range of 3-4 and
operating temperature of 700 °C are the optimal operating condition. In addition, the
catalyst activity, thermal stability, and resistance to carbon formation have been

observed as critical parameters on the application of different kinds of catalysts.

2.2 Water gas shift membrane technology

Brunetti et al. (2007) performed the simulation study of water gas shift (WGS)
in a Pd-alloy membrane reactor (MR) membrane reactor by means of a non-
isothermal mathematical model. The influence of temperature, feed flow rate and feed
pressure on conversion and final hydrogen recovery was evaluated. The effect of the
Damkohler’s number (Da), a dimensionless parameter taking to account the

characteristic reaction time and the space time, was also studied.

Adrover et al. (2009) studied the simulation of a dense Pd membrane reactor
(MR) for the water gas shift (WGS) reaction using a pseudo homogenous 1D
mathematical model. The effect of pressure and thermal on the membrane reactor
performance was analyzed and the results were compared with a conventional fixed-
bed reactor (CR). The simulation results indicated that the CO conversion of MR is

higher than CR due to the shift of equilibrium caused by hydrogen permeation.

Mendes et al. (2010)studied the performance of Pd-Ag membrane reactor
when CuO/ZnO/Al,O; and simulated reformate gas were used as catalyst and
reactant, respectively. The performance of reactor was evaluated in terms of CO
conversion and hydrogen recovery in several parameters: temperature, feed pressure,

vacuum and sweep-gas modes. They found that the combination of an active low-
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temperature CuO/Zn0O/Al,0O; catalyst with a high H, permeable and selective Pd-Ag
self-supported membrane showed significant improvements in comparison to
analogous systems reported in literature. For the effective of H, separation and
production system, the higher CO conversions can generally be achieved at lower
temperatures. Furthermore, H, recovery can be improved by increasing temperature
and/or applying a higher difference of H, partial pressure between the retentate and
permeate side of the Pd-Ag membrane. Moreover, the performance of WGS
membrane reactor can be improved by operating the system at lower feed space

velocities.

Gosiewski et al. (2010) presented the preliminary results of the simulation of
the water gas shift membrane (WGSM) reactor applied for the coal-derived gas
processing. Considering the comparison of the conventional two-stage WGS reactor
with the membrane reactor, it is found that operating temperature range of the
membrane reactor unit is too narrow and there is no present commercial catalysts
providing high activity for the one-stage WGSM reactor. Thus, the new catalysts with
a relatively low initial reaction temperature and adequately wide operating

temperature range for WGSM technology should be developed.

2.3 Proton electrolyte membrane fuel cell (PEMFC)

The simulation of reforming options for hydrogen production from fossil fuels
for PEM fuel cells was carried out by Ersoz et al. (2006). In this work, the simulation
of 100 kW PEM fuel cell systems utilizing three different major reforming
technologies, namely steam reforming, partial oxidation and autothermal reforming
was compared. Natural gas, gasoline and diesel are the selected hydrocarbon
fuels.The effects of selected fuel reforming options on the overall fuel cell system
efficiency, which depends on the fuel processing, PEM fuel cell and auxiliary system
efficiencies, were investigated. The simulation results indicated that steam reforming
has better performance than partial oxidation and autothermal reforming for all
investigated fuels and the natural gas steam reforming shows the highest fuel cell

system efficiency.
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Ersoz (2008) studied the thermodynamic characteristics of the several
reforming options namely, steam reforming, autothermal reforming and partial
oxidation fed by natural gas fuel for a kilowatt-based PEM fuel cell. The different
parametric proc