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Abstract

Biogas is not ideal for combustion in diesel engines mainly due to its low energy
content. The upgrading of biogas into high quality syngas through catalytic reforming

reactions was investigated.

Studies on the effect of temperature, space velocity and O,/CH, molar ratio on various
basic biogas reforming processes were done. The dry reforming of biogas was found to be
active at high reactor temperatures with syngas production and reduction of carbon dioxide.
The promotion of simultaneous dry and oxidative reforming by adding oxygen improves

syngas production at conditions of low temperature and high space velocity.

Subsequently, the biogas exhaust fuel reforming process was done by feeding real
engine exhaust together with biogas into the reforming reactor. Reforming process efficiency
of 95% (ratio of energy content of reformate to biogas) was achieved at high space velocity
and high content of steam in exhaust at medium engine load (300°C exhaust temperature).
Further improvement was observed when reformed exhaust gas recirculation (REGR) was
applied due to increased exhaust steam content in the engine — reactor system which promoted
the endothermic steam reforming reaction. Moreover, improved engine thermal efficiency and
lower emissions were found during reformate gas-diesel operation compared to biogas-diesel

operation.
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CHAPTER 1: INTRODUCTION

CHAPTER 1

INTRODUCTION

1.1 World Energy Outlook

The increase in human population across the globe and the emergence of energy-
intensive nations has driven up the global energy demand. In 2010 alone, there is a growth of
5% in the energy consumption among the G20 countries (Enerdata, 2011) and globally, total
energy consumption grew from 4,675 to 8,286 million tons of oil equivalent between 1973
and 2007 (IEA, 2009). With the prediction by the United Nations showing that by 2050 the
earth’s population will be around 9 billion people, an approximate 30% increase, there will

only be an upward trend on the global demand for energy (Kibert, 2008).

Fossil fuels still remain the most common form of energy source being converted into
utilizable forms such as liquid (oil), gas and solid (coal), mainly due to its high energy density
and the presence of readily available infrastructure networks. However, the heavy reliance of
the world on fossil fuels comes with a heavy price tag. Firstly, fossil fuels are recognized as
non-renewable sources of energy, signifying that the depletion of these resources occurs faster
than the rate at which they can be regenerated. Apart from that, the price per barrel of oil has

skyrocketed these past years due to the increased difficulty and cost of deep-water oil drilling.

Secondly, the use of fossil fuels and the generation of greenhouse gas (GHG) come in
tandem. It is a known fact that the earth is warming, with the average surface temperature
0.8°C warmer during the 1st decade of the 21st century than that of the 20th century and most

of it is attributed to the releasing of carbon dioxide and GHG through burning of fossil fuels
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(NRC, 2010). And finally, the strong dependence on fossil fuels for energy consumption
increases the risk in energy security for a nation as fossil fuels supply is unevenly distributed
across the globe. A good example would be the recent upheaval among the oil supplying
nations which affects the global crude oil market, hence driving up the commodity prices
especially for energy intensive consumer nations. Events such as these have greatly exposed

the vulnerability in energy security for a nation.

1.2 Renewable Energy

1.2.1 Biogas as a Renewable Energy Source

In view of all these factors, countries have turned to renewable energy sources in order
to meet their energy consumption demand and also to meet international commitments in
reducing the GHG emissions set by the United Nations Framework Convention on Climate
Change (UNFCCC) under the Kyoto Protocol to fight global warming (United Nations, 2008).
Among the different sources of renewable energy (e.g. hydropower, solar, geothermal and
etc), the implementation of biomass technology was deemed to be attractive as it not only
helps to reduce carbon emissions but also improves the energy security of a nation if fuels
were sourced and produced locally. Biofuels have been widely use, especially in European
Union (EU) countries whereby there is a target use of 5.75% for biofuels in the transport
sector (REN21, 2009). However, there are growing concerns over the use of biofuels as it
reduces the land usage for growing food crop and might also promotes monoculture, which in

turn affects the global food supply (UNEP, 2009).

Biogas, on the other hand has the potential as the future biomass energy source due to
its ability to recycle waste and its versatility for energy conversion and for various

applications. Essentially, biogas is a gaseous fuel derived from any biomass types, such as
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crops, woods, bio-waste, etc. as long as they contain carbohydrates, proteins, fats cellulose
and hemicelluloses as their main components (Deublein and Steinhauser, 2008). Compared to
other renewable energy sources, biogas is arguably the most versatile energy source mainly
because its production is independent of factors such as geographical location and season
(Poschl et al., 2010). Many European countries have now established favourable domestic
conditions for production of electricity from biogas, with Germany leading the group having

almost 4000 biogas plants (AEBIOM, 2009).

In general, biogas is a mixture of methane (45-70%), carbon dioxide (30-45%) and
nitrogen (1-15%), with small quantities of hydrogen sulphide and sulphur dioxide present
(Rasi et al., 2007). The quality of biogas produced is a measurement of the amount of
methane present in the gaseous fuel (i.e. the combustible portion of biogas) and this is largely
dependable on the feedstock type used and the production environment of the biogas. Based

on current available technology, biogas comes from the four main sources (Jénsson, 2004):

e Sewage treatment plants
e Landfills
e Cleaning of organic industrial waste streams

e Mesophilic and thermophilic anaerobic digestion of organic waste

1.2.2 Biogas Production and Usage

Currently, landfills account for the largest proportion of biogas produced, with almost
40% of biogas in Europe is produced from landfill. However, due to the heavy land usage and
the risk of produced methane escaping into the atmosphere (methane has a global warming
potential of 23 times greater than carbon dioxide (Themelis and Ulloa, 2007)), the use of

anaerobic digestion (AD) plant to produce biogas has been seen as an attractive option. Figure
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1.1 shows the simplified layout of a typical biogas AD plant. The production of biogas and its
usage as an energy source is considered to be a low carbon technology or even carbon neutral
as the carbon dioxide produced through the combustion of biogas is subsequently retrieved

through the photosynthesis of the feedstock (Mezzullo, 2010).

Figure 1.1: Simplified process layout of a biogas AD plant.

Biogas is mainly used for generating heat and electricity, especially in rural areas and
countries where providing electrical infrastructure is expensive. In Austria, 294 biogas plants
were producing green electricity for the country with an average size of 263 kWe of installed
power (AEBIOM, 2009). The electricity generation is done by simply combusting the biogas
produced from the digester (Figure 1.1) in a power generator, be it a gas engine or a gas
turbine. In addition, the heat generated from the combustion process could be recovered for
heating purposes in the AD plant or to warm up the digester. The excess electricity and heat
produced could even be transmitted outside the plant for economic purposes, making it

energetically sustainable. This process is called combined heat and power (CHP) and this
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form of energy usage increases the conversion efficiency up to 85-90% (Deublein and

Steinhauser, 2008).

In terms of domestic usage, biogas is commonly used for cooking purposes in the rural
areas of developing nations. For the farming industry, the digested waste (digestate) from an
AD plant makes a good source of natural fertilizer provided it meets the quality and
legislation standards, hence recycling the nutrient from waste back into the agricultural sector.
It has been reported that the use of digestate as fertilizers in farming has increased the crop
yield up to 20% compared to using organic substrates such as cow manures (EI-Shinnawi et
al., 1988). In addition, digestate could also be used as a solid fuel for combustion processes
(Kratzeisen et al., 2010). From the socioeconomics point of view, the use of biogas is
beneficial as it not only supplies electricity and heat for daily usage, a biogas plant also acts as
sanitisation facility for municipal and industrial wastes disposals. Hence, the use of biogas has
the potential to simultaneously satisfy the three main renewable energy policies concerning a

nation, which are: (i) agricultural policy, (ii) waste policy and (iii) energy policy.

However, the one major drawback of biogas is its lower energy content compared to
other fuels such as natural gas, mainly due to the large portion of carbon dioxide present. As
such, various biogas upgrading options have been made available to increase the usability of
biogas. The most common biogas upgrading technologies are the water scrubber technology
and the pressure swing adsorption (PSA) technology. Both technologies work by separating
the carbon dioxide and sulphur contaminants from the biogas, hence making it into a higher
quality methane-enriched gaseous fuel called biomethane. Biomethane can then be injected
into the natural gas grid for domestic usage, reducing the dependency on fossil derived natural
gas. In addition, biomethane has been widely used as vehicle fuels in Sweden whereby in

2006, there were over 6000 biogas fuelled vehicles registered (Jonsson et al., 2007).
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1.3 The Transportation Sector

1.3.1 The Comeback of CI Engines

Today, a large proportion of the total world energy consumption can be attributed to
the transportation sector, in particularly the burning of gasoline, diesel and other fuels derived
from petroleum through the use of internal combustion (IC) engines. According to the
European Environment Agency (EEA), transport accounts for approximately a third of the
total final energy consumption among the EEA member countries and for more than a fifth of
the GHG emissions (EEA, 2011). As such, governments and environmental agencies are
putting immerse pressure on automotive manufacturers to come out with new innovations for
cleaner and more efficient compression ignition (CI) and spark ignition (SI) engines by
implementing legislative automotive emission standards such as the EURO emission

standards.

For the past few years, Cl engines have become increasingly popular, especially
among European nations due to its higher thermal efficiency and increased torque
characteristics compared to Sl engines. In addition, CI engines are built to resist high
compression ratios, making them more reliable and durable. However, the downside of ClI
engines is the comparatively higher emissions of particulate matters (PM) and nitrogen oxides
(NOx). Nonetheless, current breakthroughs in catalytic exhaust after-treatment systems have
managed to tackle this problem substantially. Another benefit of using CI engines is their
flexibility in fuel source usage (a proportion of biodiesel has been commonly used in ClI
engines throughout Europe without any engine modification) and this has currently driven the

interest in researchers to explore the benefits and challenges of using alternative renewable



CHAPTER 1: INTRODUCTION

gaseous fuels in CI engines, which could potentially be more environmentally beneficial than

liquid biofuels (Patterson et al., 2011).

1.3.2 Engine Waste Energy Recovery for Biogas Upgrade

With the engine thermal efficiency typically ranging from 30 — 40% (Stone, 1992),
technologies to improve engine thermal efficiency for Cl engines have been a much
researched field. Apart from advancements in the combustion technologies, automotive
manufacturers are now looking into ways of how to improve fuel economy by reducing the
generation of engine waste energy and also how to recover this waste energy if its generation
is inevitable. Technologies such as the idle stop and go (ISG) technology and the turbocharger
system are examples of the more common technologies currently available in the market. In
terms of thermal energy loss, the rule of thumb is that about one third of the total chemical
energy input is being converted into waste heat energy dissipated through the engine exhaust.
Therefore, the engine exhaust gas can be considered as the main heat source for thermal

energy recovery (Lee et al., 2011).

Biogas, on the other hand has been widely used in certain countries for generating heat
and electricity (Deublein and Steinhauser, 2008). Nonetheless, due to its low calorific value
resulting from the high proportion of carbon dioxide present, Cl engines fuelled with biogas
suffer from low engine thermal efficiency and high unburned hydrocarbons in exhaust
emissions, especially at part load operations (Bari, 1996, Karim and Wierzba, 1992,
Kobayashi et al., 2007). Fuel upgrading measures have been recommended for biogas to be
used as a fuel source for CI engines (Jonsson, 2004) but these upgrading techniques require
external energy input (i.e. approximately 3-6% of biogas energy output), hence decreasing the

overall energy efficiency of biogas.
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This thesis aims to explore the concept of potentially recovering the engine exhaust
waste heat for the purpose of upgrading the biogas and to achieve on-demand supply of high
quality gaseous fuels for transport vehicles. This technique is called the exhaust gas fuel
reforming process and it involves the catalytic reaction of engine exhaust gas with biogas to
produce synthesis gas (i.e. syngas, a gas mixture of hydrogen and carbon monoxide) for use in

the combustion process of Cl engines.

1.4 Research Objectives

The main objective of this research work is to investigate the upgrading of low energy
content difficult to use biogas into high quality syngas fuel for CI engines through catalytic

fuel reforming processes. To achieve this, the research work is divided into two main parts.
(i) To understand and optimise the biogas exhaust gas fuel reforming process by:

e ldentifying the effect of different temperatures and gas hourly space velocity
conditions on the dry reforming process (DRR, CH; + CO, — 2CO + 2H;) of
biogas in producing syngas.

¢ Investigating the feasibility of adding oxygen into the reforming reactor to achieve
low temperature simultaneous dry and partial oxidation reforming of biogas (POX,
CH, + 0.50; — CO + 2H,).

e Determining the effect of different engine exhaust compositions and biogas input

into the reforming reactor on the exhaust gas fuel reforming process.
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(i) To study the implementation of the engine — reactor system by:

e Investigating the effect of the closed coupled engine — reactor system formed
through feeding reformate gaseous fuel into the engine intake (REGR) on the
biogas exhaust gas fuel reforming process.

e Analyzing the engine thermal efficiency and exhaust gas emission trends for the

reformate gas-diesel dual fuel operation.

1.5 Thesis Outline

In Chapter 1, an overview on the world energy outlook together with the emerging
trend of using biogas as a source of renewable energy has been presented. The increasing
popularity of Cl engines and the engine waste heat recovery techniques have also been
discussed to provide the fundamental knowledge required in the coming chapters. The

remainder of this thesis is organised as follow:

Chapter 2:  Literature Review

This chapter is essentially divided into two main parts, the first being an overview
discussion on the engine performance and exhaust emission trends on the usage of different
gaseous fuels in gas-diesel dual fuel engines. The first part ends with discussions on the
application and technical difficulties associated with biogas for use in dual fuel operations.
The second part of this chapter reviews the theory of the main fuel reforming reactions for
hydrogen production and the operating principles of the exhaust gas fuel reforming process

and the engine — reactor system.
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Chapter 3: Experimental Setup

This section presents the experimental facilities used in this research work, which
includes the engine test rig, engine instrumentations, the design of the reforming mini reactor,
reforming catalyst preparation procedure, reformer product gas and engine exhaust gas
emissions analysis system and selected properties of the fuels (i.e. biogas and diesel fuel) used

in the test.

Chapter 4:  Biogas Upgrade to Syngas via Dry and Oxidative Reforming

This part of the thesis presents a study on the fuel reforming process using biogas.
Equilibrium prediction method followed by experimental studies were done to understand the
effect of temperature and gas hourly space velocity conditions on the dry reforming process of
biogas to produce syngas and to simultaneously reduce the carbon dioxide content of biogas,
hence achieving fuel upgrade. Subsequently, oxygen is being fed into the reforming reactor to
study the feasibility of promoting syngas production at low temperatures (i.e. to simulate low

exhaust temperature conditions) via simultaneous dry and oxidative reforming reactions.

Chapter 5: Biogas Upgrade through Exhaust Gas Fuel Reforming Process with

Engine Exhaust Waste Heat Recovery

This section describes the exhaust gas fuel reforming process in which the biogas is
catalytically reacted with real engine exhaust obtained from a single cylinder diesel engine to
produce syngas. The main aim of this chapter is to study the reforming reaction profiles for
the main reforming reactions (i.e. dry reforming, steam reforming and etc. which will be
explained in Chapter 2) involved in the exhaust gas reforming process. In addition, the effects
of different reactor biogas feed rate and gas hourly space velocity conditions on the reforming

reactor product gas distributions and the overall reforming process efficiency were also being

10



CHAPTER 1: INTRODUCTION

investigated. Lastly, the optimum engine and reforming reactor operating conditions were

indentified and these conditions were to be used in the engine — reactor system.

Chapter 6: Performance of the Biogas Exhaust Gas Fuel Reforming Process and the

Gas — Diesel Dual Fuel Operation with REGR

In this chapter, with reference to Chapter 5 the reformed exhaust gas recirculation
(REGR) was implemented in the engine — reactor system by coupling the catalytic exhaust
gas fuel reforming reactor to the single cylinder diesel engine. The real reformer product
gaseous fuel was fed directly into the engine and the reformate gas-diesel dual fuel operation
was investigated. For the reforming section, the effect of REGR on the reactor gas product
distribution and the overall process efficiency were analyzed and compared to that in Chapter
5. Subsequently, the effects of introducing the reformer gaseous fuel into the diesel engine
were studied by analyzing the engine thermal efficiency, exhaust gas emissions and
percentage fossil diesel fuel replacement at various engine operating conditions. Lastly,
comparison studies between pure diesel, biogas-diesel and reformate gas-diesel operations
were done and the beneficial effects of implementing the engine — reactor system were

concluded.

Chapter 7:  Conclusions and Future Work

An overall summary on the key findings obtained from this current research work and
the motives and general linking behind each chapter are presented. In addition, the

recommendations for potential future work in this research subject are given.

11
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CHAPTER 2

LITERATURE REVIEW

2.1 CI Engine

2.1.1 Basic Operating Principles

The basic working idea of an IC engine is to convert the chemical energy of the
supplied fuel (i.e. either in liquid form or in gaseous form) into thermal energy through the
combustion process, to provide for the desired power output. Cl engines work by utilizing the
heat generated through the compression of air to initiate the ignition of the fuel inside a
combustion chamber. Compared to Sl engines, the higher compression ratios (typically from
12:1 to 24:1) and the ability to operate in lean fuel mixture together with the absence of

throttling have led to higher efficiencies in CI engines.

A typical Cl engine operates on four-stroke cycle, meaning two revolutions of
crankshaft are required to provide one power stroke. To understand the combustion
characteristics of Cl engines, the rate of heat release (ROHR) diagram (derived from the in-
cylinder pressure data) is used for explaining each phase that occurs during the combustion
process. For a typical four stroke CI engine, the combustion of fuel takes place in a short
period of time around the top dead centre (TDC) which is, at the end of the compression
stroke and at the early stage of the expansion stroke. The combustion process is divided into

four main phases, as illustrated in Figure 2.1.

12
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Figure 2.1: Typical ROHR diagram for a direct-injected diesel fuelled CI engine.

A-B: Ignition delay is defined as the period between the start of injection (SOI) to the start
of combustion (SOC) in which the injected fuel undergoes the vaporisation process and mixes

with the intake air, resulting in the negative value of ROHR.

B-C: Premixed combustion, whereby the premixed air-fuel mixture has reached the
flammability limit and combusts within a very short period of time. This gives rise to the

sudden sharp peak in the ROHR diagram.

C-D: Diffusion combustion commences once the premixed combustion stopped and it ends
at the end of injection (EOI). In this phase, the main combustion process of the injected fuel
occurs and the heat release rate are mainly controlled by the availability of the air-fuel

mixture for the combustion reaction.

D-E: Late combustion is the final combustion phase which extends into the expansion

stroke. The heat release during this phase is due to the combustion of small fractions of

13
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unburned fuel with very low heat release rate (primarily due to the decreasing cylinder
temperatures during the expansion stroke) and this phase completes at the end of combustion

(EOC).

The whole cyclic process is then repeated again, starting with the induction of air in

the intake stroke for the new engine cycle.

2.2 Dual Fuel Concept

2.2.1 Gas — Diesel Dual Fuel Operating Principles

Traditionally, CI engines are operated on liquid diesel fuels. However, due to the
recent rise in oil prices and the availability of cheaper gaseous fuels such as natural gas, ClI
engines operating on gaseous fuels have gained much interest. With relatively simple
modification and conversion processes, diesel Cl engines can be made to operate on gaseous
fuels efficiently in what is known as “dual fuel CI engine”. Unlike normal diesel operation
whereby only fresh air is inducted (as explained in earlier section), in dual fuel engine a
homogenous mixture of gaseous fuel and air is compressed and then ignited through the
injection of a smaller amount of diesel fuel. With the overall combustion process being
similar to that of diesel cycle, dual fuel CI engine tends to retain most of the positive trades of
diesel operation (i.e. high thermal efficiency and power output) (Badr et al., 1999).
Papagiannakis et al. (2008) suggested two operating modes, (i) conventional dual fuel

operation and (ii) pilot ignited dual fuel operation.

Under conventional dual fuel operation, at a given engine speed, enough amount of
liquid diesel is provided to achieve the certain percentage of the required engine power output.

The rest percentage of engine power output required is then achieved by supplying gaseous

14
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fuel into the system. As such, only small amounts of gaseous fuel is used and this operating
mode is suitable for low engine load operations (Abd Alla et al., 2000). For pilot ignited dual
fuel operation, a constant quantity of diesel fuel (pilot injection) is used mainly as the ignition
source for the gaseous fuel. In this case, the small quantity pilot diesel injected (i.e. between
10% and 20% of the operation on diesel alone) covers approximately the mechanical losses of
the engine and the remaining required engine power output is achieved using the gaseous fuel
supplied. This operating mode allows for high substitution level of liquid diesel but suffers
from low thermal efficiency and high unburned hydrocarbon (UHC) emissions at low engine

load (Bedoya et al., 2009).

2.2.2 Dual Fuel Combustion

In dual fuel engines, the combustion process is dependent on the spray and ignition
characteristic of the pilot fuel used and also on the type and concentration of gaseous fuel
present in the combustion chamber. Nonetheless, a typical ROHR diagram for a dual fuel
engine can be considered as a process being made up of three over-lapping components
(Figure 2.2) as suggested by Karim (2003). The first component (I) is mainly due to the
combustion of the pilot fuel, hence resulting in the almost similar level of ROHR in Figure
2.2 (a) and (b) at both heavy and light load respectively. For the second component (l1), the
proportion of gaseous fuel that is in the immediate vicinity of the ignition and combustion
centres of the pilot is being burnt rapidly. And lastly, the third component (111) is due to the
subsequent turbulent flame propagation advancing through the remainder of the premixed

gaseous fuel-air charge present in the combustion chamber.
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Figure 2.2: Schematic representation of the different components of the combustion ROHR

diagram in a dual fuel engine at: (a) heavy load (b) light load (Karim, 2003).

From Figure 2.2 (b), it can be seen that with very lean gaseous fuel-air mixture or at
light engine load, the bulk of the energy release only comes from the ignition and subsequent
rapid combustion of the small pilot zone together with part of the gaseous fuel-air mixture
entrained into the pilot zone. The energy release also comes from the combustion of the
immediate surrounding zones where the local temperatures are higher. This is mainly due to
the absence of consistent flame propagation from ignition centre to the gaseous fuel, resulting
in the low ROHR for component (III) as shown in Figure 2.2 and the high amount of UHC
emission in the engine exhaust as mentioned earlier. It was suggested that by increasing the
quantity of the pilot fuel, the effectively larger amount of mixtures entrained within the larger
pilot combustion zone promotes partial flame propagation and consequently producing a

higher amount of total energy release at engine part load operations (Wierzba et al., 1995).

Equally important in the combustion process is the variation in ignition delay of a dual
fuel engine compared to that of a diesel engine, which has a profound effect on the subsequent
combustion process, engine performance and engine emissions. Karim (2003) studied the
effect of introducing different types of gaseous fuel into a dual fuel engine at constant pilot

quantity and found out that the ignition delay trend is significantly different from those seen
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in similar diesel operating conditions, as shown in Figure 2.3. It can be seen that the trend is
very much dependable on types of gaseous fuel used and the ignition delay tends to increase
with increasing amount of gaseous fuel up to a certain point followed by a dip before reaching
the total stoichiometric ratio (based on combined gaseous and liquid fuel with the air
available). Liu and Karim (1998) explained that the introduction of gaseous fuel into a diesel
engine together with the air intake charge resulted in both the physical ignition delay (i.e.
change in charge temperature, pressure, pre-ignition energy release and heat transfer) and the
chemical ignition delay (i.e. chemical interactions between the gaseous and diesel fuel, such
as the formation of radicals), depending strongly on the type of gaseous fuel used and its

concentration in the combustion chamber.

Crank Angle at Ignition (Degrees)

Total Equivalence Ratio

Figure 2.3: Variations of the ignition point with total equivalence ratio for gaseous fuels at a

constant pilot quantity together with the corresponding diesel operation (Karim, 2003).
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The main factor contributing to the physical ignition delay of a dual fuel engine is the
decrease in charge temperature when gaseous fuel is introduced together with the intake air.
Prakash et al. (1999) showed that the induction of gaseous fuel replaced part of the intake air,
hence decreasing the oxygen partial pressure activity inside the charge during the
compression stroke and subsequently reduces the charge temperature. Secondly, the use of
gaseous fuel increases the overall specific heat capacity, leading to a significant drop in
charge temperature at the TDC (Papagiannakis and Hountalas, 2004). Nielsen et al. (1987) too
came to the same conclusion by concluding that the use of gaseous fuel with higher specific
heat capacity increases ignition delay further in a dual fuel engine compared to that of a

gaseous fuel with lower specific heat capacity.

In terms of chemical delay, it was shown that the homogenous gas fuel-air mixture in
the vicinity of the pilot zone can undergo some chemical reactions during the compression
stroke (i.e. rise in cylinder temperature), forming intermediates which competes with the pre-
ignition process of diesel fuel. This is supported by Nielsen et al. (1987) whereby it was
discovered that the induction of diatomic gaseous fuels (i.e. hydrogen, carbon monoxide and
nitrogen) with comparable specific heats produces different ignition delay periods, suggesting

that the difference in ignition delay is predominantly caused by chemical effects.

2.2.3 Dual Fuel Emissions

The emissions of a diesel fuelled engine remains a concern for causing environmental
pollutions, in particularly the generation of PM and NOx through the combustion process.
Research work investigating the emissions of dual fuel engines have shown that the
application of gas-diesel dual fuel operation is capable of reducing both PM and NOX,

simultaneously, hence capable of potentially breaking the PM-NOXx trade off resulted from
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diesel combustion. Nonetheless, the downside for dual fuel operation is the increased
emissions of both carbon monoxide (CO) and unburned hydrocarbons (UHC), which are

almost negligible in the case of diesel fuel operation.

Nitrogen Oxides (NOx) emissions consist of nitric oxide (NO) and nitrogen dioxide
(NO,) formed through the combination of dissociated oxygen with nitrogen, with NO being
the dominating species (Heywood, 1988). As shown in Figure 2.4, NOx formation is affected
considerably by the introduction of gaseous fuel, generally showing lower levels of formation
compared to that of diesel at similar operating conditions (engine speed and load). It is
commonly known that the formation of NOx is mainly determined by the cylinder charge
temperature and the local oxygen access ratio (Papagiannakis et al., 2007). At low engine
loads, the lower rate of premixed controlled combustion of the gaseous fuel resulted in lower
charge temperature inside the combustion chamber compared to normal diesel operation,
hence resulting in the lower NOx emissions (Figure 2.4). At higher engine loads, apart from
the lower charge temperature effect, the low oxygen concentration in the charge due to the
higher level of gaseous fuel inducted reduced NOx formation even further. Nonetheless, it
was shown that too high gaseous fuel concentration at high engine loads led to an increase in
the rate of energy released and consequently increased the NOx formation due to higher in-

cylinder maximum temperature (Abd-Alla et al., 2000 ).
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Figure 2.4: Variation of NOx emissions under diesel and pilot ignited dual fuel operation

versus load at 1500 and 2500 rpm engine speed (Papagiannakis and Hountalas, 2004).

Particulate Matters (PM) emissions are formed from unburned hydrocarbon fuel
which nucleates from the vapour phase to a solid phase in fuel-rich regions and at elevated
temperatures. After which, hydrocarbons or other available molecules may condense on, or be
absorbed by the particulate, depending on the surrounding conditions (Tree and Svensson,
2007). For normal diesel operation, high PM emissions are observed at high engine loads and
it decreases with decreasing engine load. At high engine loads, the increasing amount of
liquid diesel injected into the combustion chamber for the diffusion combustion process and
the corresponding increase in total equivalence ratio promotes soot formation. Nonetheless,
significant amount of reduction in PM emissions are found in dual fuel operations, with up to
70% reduction being reported (Mustafi and Raine, 2008). As the majority of PM is formed

from liquid diesel fuel, the reduction in liquid diesel fuel due to the gaseous fuel substitution
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simply reduces PM emissions at the same time. In addition, most of the gaseous fuel type
used (e.g. methane, propane and etc.) are lower members of the paraffin with no aromatic
compounds and the high hydrogen/carbon ratio decreases the PM formation tendency (Tree
and Svensson, 2007). At dual fuel high engine loads, the increased charge temperature

contributes to the oxidation of PM, hence further reducing its emission.

Unburned Hydrocarbons (UHC) emissions are in essence partially burned
hydrocarbon fuels found in the engine exhaust. For normal diesel operation, UHC exists only
in small quantities and does not have significant effect on overall diesel emissions. Despite
that, UHC emissions are considerably higher in dual fuel operation, especially at low engine
loads as shown in Figure 2.5. The formation of UHC emissions are influenced by the quality
of engine combustion process. At low engine load, the lower charge temperature and excess
air/fuel ratio (AFR, A) caused the suppression of turbulent flame propagation from ignition
regions of pilot, allowing small quantities of gaseous fuel to escape the combustion process
(Liu and Karim, 1997). In addition, the higher ignition delay for dual fuel operation also

caused an increase in UHC emissions (Karim, 2003).

It was shown that an effective approach to decrease UHC emissions at low engine load
would be to increase the quantity of pilot diesel injected and to decrease the gaseous fuel
inducted. By doing so, the pilot ignition centre could be increased, hence more gaseous fuel
that is entrained by or in the immediate vicinity of the larger ignition centre will burn (Abd
Alla et al., 2000). Apart from the combustion process, there are contributions from crevice
volumes whereby some gaseous fuel-air mixture is forced into during the compression
process and remained unburned. In addition, valve overlapping between intake and exhaust
stroke for scavenging purposes could also increase UHC emissions as unburned gaseous fuel-

air mixture is blown out of the cylinder (Weaver and Turner, 1994).
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Figure 2.5: UHC emissions under normal diesel operation and duel fuel operation versus load
at 1500 and 2500 rpm engine speed (Papagiannakis and Hountalas, 2004).

Carbon Monoxide (CO) emissions are a result of incomplete combustion of fuel due
to insufficient oxygen concentration. Therefore, its formation is controlled primarily by the
total equivalence ratio (Heywood, 1988). Much of the CO produced is formed at the early
stage of combustion process and most of it is oxidised further to CO,, thus the low CO
emissions level for normal diesel operation. In dual fuel operation, CO emissions are
significantly higher (Papagiannakis and Hountalas, 2004) and its formation is thought to be
resulted from the partial oxidation of gaseous fuel in regions within and adjacent to the
burning pilot zone (Bittner and Aboujaoude, 1992). It was shown that at similar equivalence
ratio test condition, increasing pilot quantity increases the size of the burning zone, hence

resulting in higher CO emission for dual fuel operation (Karim, 2003).
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The UHC - CO Emissions Trend was suggested by Badr et al. (1999) to summarize
the relation between the two main emission constituents for dual fuel operation. At constant
pilot quantity, the UHC-CO trend is affected by the total equivalence ratio and it can be
represented as four different operating regions (Figure 2.6). For Region I, at extremely low
equivalence ratio (i.e. low gaseous fuel admission), there was low level of CO formation
produced mainly from the incomplete combustion of pilot diesel. However, due to the
limiting combustion of surrounding gaseous fuel, UHC emissions are high in this region. In
Region II, the consumption of gaseous fuel (i.e. decreasing UHC) and formation of CO
continues with increasing amount of inducted gaseous fuel. The start of Region Il signifies
the beginning of flame initiation through the gaseous fuel surrounding the pilot zone. It can be
seen from Figure 2.6 that further increasing the equivalence ratio into Region Il allows some
limited flame propagation through the gaseous fuel, hence decreasing both UHC and CO
emissions simultaneously. In Region IV, the flame spread limit (FSL) is reached and flame
propagation now extends to all parts of gaseous fuel in the combustion chamber, producing
high rates of heat release with the smallest value of UHC and CO emissions. In general, it can
be said that limiting values of equivalence ratio at ®;, @, and @3 (Figure 2.6) may signify the
start of local partial oxidation, flame initiation and the successful spread of flame propagation

through the gaseous fuel-air mixture respectively.
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Figure 2.6: Schematic variations of UHC and CO emissions with total equivalence ratio,

showing various operating regions (Badr et al., 1999).

2.2.4 Biogas — Diesel Dual Fuel Operation

The engine performance and emission characteristics for gas-diesel dual fuel
operations are largely dependent on the types of gaseous fuel used, as shown earlier in Figure
2.3. In the past, compressed natural gas (CNG, which comprised mainly of methane) and
liquified propane gas (LPG) have shown greatest potential to be applied as gaseous fuels for
dual fuel operation. Due to their high octane rating; those fuels are not susceptible to the
knocking phenomenon which is common in CI engines with high compression ratio. Table
2.1 shows the comparison of fuel properties between various alternative gaseous fuels suitable
for dual fuel operation and liquid diesel fuel. Nevertheless, both CNG and LPG are
categorized as non-renewable sources of energy; hence their usage contributes to the emission

of GHG into the atmosphere.

Biogas, as mentioned earlier in Chapter 1 is a type of clean and renewable gaseous
fuel derived from the anaerobic digestion of organic mass. Table 2.2 shows the various
properties of biogas. In biogas, the main constituent contributing to the fuel heating value is

methane and therefore the performance of biogas usage in dual fuel operation is largely
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determined by the amount of diluents (mainly carbon dioxide) present in it (Bedoya et al.,
2009). Tests were carried out by Bari (1996) to investigate the effect of carbon dioxide on the
biogas-diesel dual fuel engine performance by introducing pure carbon dioxide at various
substitution levels together with methane gas at a constant engine speed and load. It was
shown that when the percentage induction of carbon dioxide increases, the biogas supply
needed to provide the same engine power output also increases, hence resulting in a higher

brake specific fuel consumption (BSFC).

Table 2.1: Various properties for alternative gaseous fuels and diesel (Owen and Coley, 1995).

Fuels Hydrogen CNG LPG Diesel
Chemical Formula H, CH, CsHs ~C15H29.13
Molecular Weight 2.016 ~17.06 44 ~170
Density @ 15°C (kg/m°) 0.082 0.46 0.5 ~835
LHV (MJ/Kg) 120.0 50.01 92 42.9
Stoich Air/Fuel 34.3 17.19 15.6 14.5
(RON+MON)/2 - 124.5 102.5 ~0
CN - - - 52-60
Flammability  (Upper) 75.0 15 9.5 7.5
Limits (%vol.) (Lower) 4.0 5 2.1 0.6

Henham and Makkar (1998) also reported that the overall efficiency of the dual fuel
operation decreases with the addition of carbon dioxide and this effect is even more
pronounced at high engine speed. Duc and Wattanavichien (2007) studied the effect of using
biogas produced from a pig farm in an indirect injection (IDI) diesel engine at different engine
load conditions and showed that at high engine load, the engine thermal efficiency for the
biogas-diesel dual fuel system is comparable to that of normal diesel operation. Nonetheless,
the engine thermal efficiency deteriorates greatly at low and medium engine load when biogas

is used.
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Table 2.2: Properties of biogas (YYoon and Lee, 2011).

Properties Data
Methane (%, by vol.) 30-73
Carbon dioxide (%, by vol.) 20-40
Nitrogen (%, by vol.) 5-40
Hydrogen (%, by vol.) 1-3
Oxygen (%, by vol.) 0-5
Boiling point (°C) (-) 126-162
Density (kg/m®) 0.65-0.91
Octane number 130
Auto-ignition temperature (°C) 632-813
AJF ratio (by vol.) 17.2
Lower heating value (MJ/kQg) 26.17

To understand the emissions characteristics resulted from biogas-diesel operation,
Mustafi and Raine (2008) investigated the effect of using three biogas composition, (i) BG1:
80% methane, 20% carbon dioxide (ii) BG2: 70% methane, 30% carbon dioxide and (iii) BG3:
60% methane, 40% carbon dioxide on the emissions of dual fuel operation compared to that
of using pure methane at high engine load conditions. It was concluded that while increasing
carbon dioxide present in biogas does not affect the formation of CO emissions, there was a
minor increase in the emission of UHC when biogas is used and the emission is increased
with increasing amount of carbon dioxide present. On the contrary, as shown in Figure 2.7,
both NOx and PM emissions were reduced tremendously when biogas is used. The
experiment conducted by Yoon and Lee (2011) also showed that at low engine load, both
NOx and soot emissions decreased with the use of biogas compared to normal diesel
operation. Nonetheless, they also concluded that there is a significant increase in CO and

UHC emissions at low engine loads for biogas-diesel dual fuel operation.
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Figure 2.7: NOx concentration and PM mass emission for diesel and dual fuelling (engine

speed: 1750 rpm; torque: 3 Nm (light load) and 28 Nm for others), (Mustafi and Raine, 2008).

It was explained that the reduced engine power output in biogas-diesel dual fuel
operation is mainly due to the higher biogas induction (due to the low energy content)
compared to other gaseous fuels such as CNG, which resulted in a higher fresh air substitution
level (Henham and Makkar, 1998). Hence, there is a drop in the engine volumetric efficiency
and less power is being generated. In addition, it was also shown that the presence of diluents
(carbon dioxide) in biogas further increases the heat capacity of the cylinder charge per unit
mass of fuel, reducing the flame temperature and inhibiting flame propagation at the same
time (Abd-Alla, 2002). The reduction in charge temperature contributes to the prolonged
ignition delay for biogas-diesel dual fuel operation, which in turn is beneficial in reducing the
NOx and PM emissions simultaneously. A thorough investigation was done by Kobayashi et
al (2007) to understand the characteristics of methane-air mixture turbulent premixed flames
diluted with carbon dioxide. The study concluded that with the presence of carbon dioxide,
the local turbulent burning velocity was reduced and the combustion oscillation of the
premixed gaseous fuel-air mixture was restrained, hence resulting in less gaseous fuel being

burnt.
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2.2.5 Hydrogen for Enhancing Biogas — Diesel Dual Fuel Operation

It was clear that even though the use of biogas for the gas-diesel dual fuel operation
provides better NOx and PM emissions, it resulted in lower engine thermal efficiency together
with higher CO and UHC emissions at low and medium engine load operating conditions.
Bedoya et al. (2009) suggested that gaseous fuels with high burning rates could be used to
improve the combustion process of the biogas-diesel dual fuel engine, especially at part load
operations. Hydrogen, as shown in Table 2.1 has very high mass lower heating values and its
wide flammability limits allow a wide range of engine power output at various mixture
equivalence ratios, rendering it superior to other gaseous fuels. It was shown that the
minimum ignition energy of hydrogen-air mixture is an order magnitude lower than that of

methane-air mixture at atmospheric condition (Ono et al., 2007).

An experimental study was done by Roy et al. (2011) to investigate the effect of
adding hydrogen at various substitution levels into low quality producer gas for combustion at
constant pilot injection pressure and quantity. The result shows that the average values of
maximum engine thermal efficiency increases with increasing hydrogen substitution level and
concluded that it was contributed by the higher ratio of specific heats and flame speed of
hydrogen. In addition, lower UHC and CO emissions were reported with increased hydrogen
substitution level. Nonetheless, it was shown that there was an increase in NOx emissions
when more hydrogen was being introduced into the dual fuel system. Gomes Antunes et al.
(2009), on the other hand reported an approximately 20% drop in NOx levels with the use of
direct injected hydrogen into a diesel engine, stating that the presence of hydrogen reduces
high-temperature zones inside the combustion chamber, which acts as the main factor for
NOx formation. A detailed experimental study on the combustion of natural gas and hydrogen

mixture by Tinaut et al (2011) also reported that the addition of hydrogen increases burning

28



CHAPTER 2: LITERATURE REVIEW

velocity of the gaseous fuel-air mixture, which in effect reduces the overall combustion

duration.

2.3  Fuel Reforming

2.3.1 Hydrogen Production, Storage and Applications

Despite the superior properties of hydrogen compared to other conventional gaseous
fuels, serious technical and economical challenges are to be overcome in utilizing hydrogen as
an energy carrier. This is due to the fact despite being the lightest and most abundant element
on earth, hydrogen can only be found in compound forms such as water (H,O) and
hydrocarbon (HCs) fuels. Therefore, in order to make use of hydrogen as an energy carrier for
transportation applications, it must first be generated and subsequently stored on-board a
vehicle, making it energetically inefficient. In current technology, hydrogen fuels are
produced either from the reforming and gasification processes with hydrocarbons as feedstock

or through the electrolysis process using water.

There are in general three main ways for storing hydrogen on-board, either through
physical or material-based storage methods. The simplest method would be to store hydrogen
as a compressed gas. With this approach, hydrogen is being compressed to approximately
350-700 bar pressure and stored in either metal-lined or polymer-lined pressurized vessels.
Nonetheless, due to the inherent disadvantage of being a low density gas, this option requires
storage tanks with a large volume capable of storing enough hydrogen to allow for a driving
range of more than 500 km (DOE, 2009), making it impractical for automotive applications.
The second approach is to store hydrogen in the form of cryogenic liquid. Despite the fact that
hydrogen stored in this manner has a much higher volumetric capacity than compressed form,

the high energy inefficiency incurred for hydrogen liquefaction and the unavoidable loss of
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hydrogen during extended parking and refilling substantially reduces the overall energy
efficiency of a vehicle. It was suggested that these problems could potentially be overcome by
using insulated pressure vessels in the cryo-compressed hydrogen storage system (Ahluwalia
et al., 2011). The third method is the use of metal hydrides systems. Metal hydrides such as
aluminium hydride (AlH3) have the potential for reversible hydrogen storage and release at
the optimum pressure-temperature operating window. Nonetheless, the low gravimetric
capacity, the slow uptake and release kinetics and the high cost associated with the metal

hydride system makes it unsuitable for vehicular applications (DOE, 2008).

Apart from applications in IC engines as mentioned earlier, hydrogen fuel also acts as
the main fuel source for fuel cell applications in power generations and transport applications
(Andujar and Segura, 2009). Today, over 2500 fuel cell plants have been installed for
stationary power generation purposes and portable fuel cells are also available for providing
electricity in rural areas or for military purposes. In terms of transportation purposes, apart
from providing the usual mechanical power output required by a vehicle, it was also proposed
that fuel cell could be used secondarily as auxiliary power units (APU) to supply electricity in
long haul trucks. Nonetheless, present applications related to fuel cells in the transportation

sector are still considered to be in the research, development and testing stage.

2.3.2 Main Fuel Reforming Reactions

Fuel reforming processes using hydrocarbon fuels for hydrogen production can be
done either catalytically or non-catalytically. A catalytic reformer normally consists of
precious metals such as platinum (Pt), rhodium (Rh) and nickel (Ni) and the key variables in
choosing a suitable catalyst includes the nature of precious metals, precious metal loading,

and composition of the catalyst support (Peucheret et al., 2006). The presence of transition
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metals is usually being utilized as an active catalyst to perform reforming processes (Frusteri
et al., 2004). For instance, Rh has been known for high reactivity and stability during the dry
reforming process (Richardson et al., 2003) while Pt is active in both the water gas shift
reactions and oxidative reforming processes (Horn et al., 2007). In addition, different precious
metals are also reactive towards different types of fuels, e.g., for the steam reforming process
of different hydrocarbon fuels, the activity of Rh is C,Hg>C,H;,>CH,; while that of Pt is
CH4>C,Hs/C,H,4 (Graf et al., 2007). A combination of different metals in a bimetallic catalyst

could be used to provide higher catalytic stability and to reduce cost.

A catalyst works by decreasing the activation energy of the various reactions taking
place during the reforming processes, hence providing a catalytic reformer with the advantage
of having lower operating temperatures compared to a non-catalytic reformer. On top of that,
lower temperatures also simplified materials selection for construction of the reforming
reactor to a certain degree. Nonetheless, there are potential problems associated with catalytic
reforming, such as the occurrence of sulphur poisoning, carbon masking of catalytic sites and
thermal damage to the catalyst. In this section, methane (the main constituent of biogas) is

used as the main hydrocarbon fuel for the explanation of each fuel reforming reactions.

Steam Reforming Reaction (SRR) is the most common method for large scale
hydrogen production commercially. This process is extremely reactive with high hydrogen
yield (Eg. 2.1). But since it is endothermic in nature, high heat energy input is required to
drive this process which also resulted in substantial energy loss. The production of hydrogen
through SRR using methane is typically carried out at temperatures ranging from 700 to
900 °C and at pressures ranging from 20 to 40 bar (Ryi et al., 2009). In industrial applications,

these energy demand is supplied by inter stage heaters or external burners.
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CHs+H,0 > CO+3H, (A Hr=+226.81kl/imol) (2.1)

Water-Gas Shift Reactions (WGSR) can also take place following the SRR
reforming reaction in a two stage reforming reactor model as shown in Figure 2.8.
Downstream the SRR reforming reaction, the CO present reacted with the excess steam to
form the secondary WGSR reaction, producing additional hydrogen together with carbon
dioxide (Eq. 2.2) at reactor temperatures ranging between 550 to 700 °C (Tsolakis and

Golunski, 2006).

CO + H,0 — CO, + H, (A Hr = - 33.86 kJ/mol) (2.2)
I T T T T T T T T T T T T ST T ST TS ST T ST TSI T TS E T e EE s 1
[} 1
Water ———p CO, CO, H
Methane 1 Steam Reforming Reaction Water Gas Shift Reaction -E#»

Figure 2.8: Thermodynamics model for steam reforming and water gas shift reactions.

Partial Oxidation (POX) is an exothermic reforming process whereby methane is
partially oxidised in a limited supply of oxygen to produce hydrogen and carbon monoxide
(Eq. 2.3). POX is a self-sustaining reaction with intrinsically faster transient response than
other endothermic processes; hence making it favourable to be used in transient operations
(Tomishige et al., 2001). Nonetheless, due to the exothermic nature of POX process, the
produced hydrogen enriched gaseous fuel has a lower calorific value than that of methane
feed gas (Lee, 2001). Moreover, regulation on the air to fuel mass ratio is crucial to avoid the
occurrence of complete oxidation which is undesirable in terms of hydrogen production, as

shown in Eq. 2.4.
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CH, + 050, — CO+2H, (A Hr = - 22.63 kJ/mol) (2.3)

CHy + 20, — CO, + 2H,0 (A Hr = -891.64 kJ/mol) (2.4)

Dry Reforming Reaction (DRR) is another highly endothermic reaction that occurs
at high temperature range (>800 °C). This process is of particular interest for this thesis since
both the main components of biogas (i.e. methane and carbon dioxide) are consumed to
produce hydrogen, as shown in Eq. 2.5. However, the DRR is a slow reacting process and it is
affected by the contact time between the reactor gas feed and the catalyst active sites (Jing

and Zheng, 2006).

CHs+CO, — 2CO+2H, (A Hr = + 260.62 kl/mol) (2.5)

Autothermal Reforming (ATR) combines both the POX and SRR processes in a
single reforming reactor. As shown in Figure 2.9, methane, water and oxygen are introduced
simultaneously into the reactor to produce hydrogen enriched product gas. In this
configuration, the fast reacting POX process is initiated at the front of the reactor through
complete combustion of part of the methane fuel, extending to the middle section. The SRR
process then utilizes part of the heat generated by the exothermic oxidative processes, leading
to lowered catalyst temperature (Ding and Chan, 2008). The general form of the reaction for
ATR can be described as in Eq. 2.6. In addition, WGSR could occur downstream the reactor
if there is excess steam present and the temperature requirement is reached, further improving
hydrogen production. Depending on the extend of each individual reforming reactions
required (i.e. either exothermic or endothermic), appropriate selection of metals and supports
for catalyst design are crucial in achieving the desired product selectivity and to improve

reforming efficiency (Ahmed and Krumpelt, 2001).

CH4 + X0, + (1-2x)H,0 — CO + (3-2x)H, (2.6)
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Figure 2.9: Thermodynamics model for autothermal reforming reaction.

2.3.3 Exhaust Gas Fuel Reforming

For on-demand hydrogen production in automotive applications, the reformer reactor
hardware must satisfy the criteria of being both compact and lightweight to avoid imposing
weight penalty on a vehicle. In addition, the hydrogen production system should be self-
sustaining, without the requirement for external energy input and capable of utilizing various

hydrocarbon fuels for the reforming process.

A promising technique would be the use of exhaust gas fuel reforming process. The
reforming reaction profiles in exhaust gas fuel reforming are practically similar to that of
ATR, involving both SRR and POX as the main reforming reactions. Since the diesel
operation is always lean, there exists a considerable amount of oxygen and steam in the
engine exhaust. While a separate source of water and oxygen is needed for the ATR process,
exhaust gas fuel reforming utilizes both the steam and oxygen which is readily available in the
engine exhaust for the reforming reactions. Therefore, the extent of each reforming reactions
(i.e. either exothermic or endothermic) is dependable on the engine operating conditions
which in turn affects the diesel engine exhaust compositions. The reactions for both the
combustion of a typical diesel fuel and the exhaust gas fuel reforming of biogas can be

described as follow (Tsolakis and Megaritis, 2004):
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CoHuggn + 1.4700(0; + 79/21N,) — nCO, + 0.94nH,0 + 1.47n(A-1)0, + 1.47nM(79/21)N, 2.7)

[aCH, + bCO,] + x[nCO, + 0.94nH,0 + 1.47n(A-1)O, + 1.470A(79/21)N,] — yCO + zH, + 1.47nxA(79/21)N,

(2.8)
where n is the number of carbons in the diesel fuel molecule, both a and b are the amount of
methane and carbon dioxide compositions of biogas and x represents the volume of exhaust
gas required to achieve stoichiometric reaction with one unit volume of biogas. y and x are the

number of kmols of carbon dioxide and hydrogen produced respectively.

Experimental investigations on the exhaust gas fuel reforming process of diesel fuel
were done by Tsolakis et al. (2004). It was shown that even at low catalyst bed temperature of
290 °C; up to 16% hydrogen content of the reactor gas product was achieved through the
exhaust reforming process with diesel engine exhaust as reactor feed gas. Moreover, water
addition into the reforming reactor up to a certain level reduced power losses in the reforming
process and enhanced the hydrogen production by SRR process, with up to 15% more
hydrogen produced compared to that without water addition. Despite the beneficial effects,
further increasing the water addition only resulted in increased WGSR process and no
significant addition in hydrogen production by the SRR process was observed (Tsolakis and

Megaritis, 2004).

2.3.4 Engine — Reactor System

The schematic diagram of the engine — reactor system is shown in Figure 2.10. In the
catalytic fuel reformer, the hydrocarbon fuel (i.e. biogas feed in this thesis) gets in direct
contact with hot engine exhaust gas to generate hydrogen and carbon monoxide (syngas) as
described in Eg. 2.8. Nonetheless, the unused engine exhaust gas and unreacted biogas in the

catalytic fuel reformer would mix with the produced syngas, generating the reforming reactor
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product gaseous fuel termed ‘reformate’. The potential heat energy required in the catalytic

fuel reformer is met by combusting part of the biogas feed and also through heat exchanging

process with the surrounding surplus exhaust gas, hence achieving engine waste heat energy

recovery. Reformate produced is then fed back into the engine by mixing it with fresh intake

charge, supplying reformate gaseous fuel into the engine through reformed exhaust gas

recirculation system (REGR). This operating concept is called the engine — reactor system,

with the formation of an REGR loop as shown in Figure 2.10. Unlike conventional exhaust

gas recirculation (EGR) systems whereby the only adjustable configurations are the flow rate

and the temperature of the recycled gas (i.e. either hot or cooled EGR), the composition of

REGR could be altered by controlling the exhaust gas intake and fuel feed into the catalytic

reformer (Tsolakis and Golunski, 2006).
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Figure 2.10: Schematic for exhaust gas fuel reforming system using biogas (Tsolakis, 2004).

Based on Figure 2.10, it can be seen that instead of feeding the hydrogen enriched

reformate gas back into the engine intake, alternatively it could also be routed to provide

reformate for various engine after-treatment devices. Despite having a positive impact on the
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combustion process of a gas-diesel dual fuel engine as discussed earlier, the use of hydrogen
has also shown beneficial effects in after-treatment systems. For instance, adding hydrogen
into the engine exhaust stream improves the hydrocarbon selective catalytic reduction (HC-
SCR) catalyst performance in reducing NOx under lean diesel condition, especially at lower
temperature region (Abu-Jrai and Tsolakis, 2007). Nonetheless, a penalty is imposed on the
overall engine fuel economy as more hydrocarbon fuels would be needed to produce the

required hydrogen enriched gas in the engine — reactor system for after-treatment purposes.

2.4 Summary

Based on the literature review presented in this chapter, it is clear there are a lot of
research work investigating the potential of using gas-diesel dual fuel operation for better Cl
engine emissions and energy security purposes. Even though both NOx and PM are
substantially reduced in dual fuel operations, the inevitable releases of both UHC and CO in
the engine exhaust emissions and poor engine performance, especially at low engine load

operating conditions is a concern.

Biogas, being clean and renewable has shown tremendous benefits to be used as an
energy carrier. In addition, the digestate waste produced from the anaerobic digestion process
could be recycled back into the carbon chain as fertilizers for farming purposes, potentially
making production and usage of biogas carbon neutral. Nonetheless, due to the high amount
of diluents gas (i.e. carbon dioxide) present, the biogas-diesel dual fuel operation suffers from
low engine thermal efficiency and high UHC emissions at low and medium load engine

operating conditions.
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Hydrogen is a highly efficient and low polluting gaseous fuel suitable for power
generation, heating and transportation purposes. The introduction of hydrogen into the biogas-
diesel dual fuel operation is able to improve the engine thermal efficiency and exhaust
emissions concurrently. Nonetheless, utilizing pure hydrogen for vehicular applications still
proves to be impractical with the aforementioned problems related to the production and
storage of hydrogen. In the following chapters of this thesis, the catalytic reforming of biogas
to produce hydrogen enriched syngas and the effect of introducing the engine — reactor system

on a Cl engine operation will be presented.
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CHAPTER 3

EXPERIMENTAL FACILITIES

3.1 Test Engine and Engine Instrumentation

This chapter mainly describes the experimental facilities used for this research. The
test setup and data or sample acquisitions performed in this thesis for both the engine
experimental tests and fuel reforming tests are described. Typical testing data sheets used for

monitoring results during the tests are presented in the Appendix B.

3.1.1 Test Bench Engine

The test engine used in this research work is the Lister Petter TR1 engine, which is a
naturally aspirated and air-cooled single-cylinder direct injected diesel engine as shown in
Figure 3.1. An externally cooled EGR system was also implemented in this engine. For fuel
injection parameters, the fuel injector has an opening pressure of 180 bar and the injection
timing is set by the manufacturer at 22 crank angle degree (CAD) before TDC. The detailed

engine specifications for TR1 are given in Table 3.1.

Table 3.1: Test engine specifications.

Engine Specification Data
Number of cylinders 1
Bore/stroke 98.4 mm/101.6 mm
Displacement volume 773 cm®
Connecting rod length 165 mm
Compression ratio 15.5:1
Related power (kW) 8.6@ 2500 rpm
Peak torque (Nm) 39.2@ 1800 rpm
Injection system Three holes pump-line-nozzle
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Figure 3.1: Lister Petter TRI Test Engine.

3.1.2 Engine Instrumentation

The main part of the single cylinder test engine instrumentation is the thyristor-type
air-cooled Thrige Titan DC electric dynamometer which was used to load and motor the
engine. The external cooled EGR system was controlled using a valve and the EGR level was
determined volumetrically as a percentage reduction in the volumetric flow rate of air at a
certain engine speed and load. The in-cylinder pressure traces were recorded using a Kistler
6125B pressure transducer mounted at the cylinder head and connected to a National
Instruments data acquisition board via a Kistler 5011 charge amplifier. The corresponding
crankshaft positions were measured using a digital shaft encoder. In-house developed
LabVIEW based software is then used to obtain the pressure data and the combustion analysis
which includes peak engine cylinder pressure, values of indicated mean effective pressure
(IMEP), percentage coefficient of variation (COV) of IMEP, indicated power and heat release.

Multiple k-type thermocouples were used at various points on the test engine to measure the
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oil, inlet manifold and exhaust temperatures and the data is recorded for use in combustion

analysis.

3.2 Reforming Tests

3.2.1 Reforming Catalyst

The reforming catalyst used in this research is a monolith catalyst developed by
Johnson Matthey. The reforming monolith catalyst consists of a high cell-density cordierite
substrate (900 cells per square inch) which has been coated with 2%Pt-1%Rh (by mass)
dispersed on a support containing 30% (by mass) ceria-zirconia (3:1 mole ratio) on 70% vy-
alumina. The reforming catalysts used in this research were cored from large monolith
substrates into the desired diameter and length for the reforming reactor. Reforming catalyst
with aspect ratios (AR = length/diameter) of 3.75 and 3 were being used in this research.
Figure 3.2 shows a fresh monolith catalyst and a central hole is to be drilled through the
catalyst, representing the available movement of the thermocouple for temperature monitoring

purposes along the monolith catalyst.

Figure 3.2: Monolith type reforming catalyst with 25 mm in diameter and 75 mm in length.
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3.2.2 Mini Reactor Design

The mini reactor used in this study is a two phase system, involving gas phase (air,
engine exhaust gas and biogas) and solid phase (monolith catalyst) as shown in Figure 3.3.
The reactor was placed in a tubular furnace in which the reactor temperature was controlled
by means of a temperature controller. The desired amount of air or exhaust gas is fed through
a heated line to avoid any condensation and into a 1/4” outer diameter (0.d.) stainless steel
tube to the reactor. The volumetric flow rate of the air and exhaust gas was controlled using a
glass tube flowmeter. Moreover, for exhaust gas fuel reforming experiments, the temperature
of the exhaust gas entering the reactor was monitored using a K-type thermocouple and
external heat was provided by the furnace as a means of maintaining the temperature level

similar to that of actual engine exhaust.

Biogas from a pressurised bottle was supplied directly into the reactor and mixed with
the air or exhaust gas using a union tee at a distance above the top of the catalyst bed (Figure
3.3). This allows sufficient time for the biogas and exhaust to mix well before getting in
contact with the reforming catalyst. The volumetric flow rate of biogas entering the reactor is
again controlled using a glass tube flowmeter. The position of the catalyst is maintained
throughout the test by placing a hard spring coil underneath it. As mentioned earlier, another
K-type thermocouple was used to record the temperature profile along the catalyst by
inserting it inside a stainless steel tube (0.d. 3.175mm) fitted in the centre of the reactor.
Downstream the reactor, the reforming reactor product gas was condensed and the water was

removed using a water trap; allowing the dry based analysis of reforming reactor product gas.
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Figure 3.3: The front view (left) and isometric exploded cross-sectional view (right) of the

CAD drawing for the reforming reactor.

3.2.3 Engine — Reactor System

For the engine — reactor system tests, reforming monolith catalysts with 25 mm in
diameter and 75 mm in length (i.e. AR = 3) were situated inside the reforming reactor as
shown in Figure 3.4. The reforming reactor is then placed in the same tubular furnace and the
temperature was again controlled using a temperature controller to simulate the actual engine
exhaust temperature. As biogas is combustible, a one way valve was used to prevent the back
propagation of flame from the reactor into the pressurised bottle. The biogas flow rate into the
reactor was controlled as described in the previous section. At the reactor outlet, the flow rate
of the total product gas was controlled using a pump and another glass tube flowmeter. The

total product gas is then being directed back into the engine intake and a portion of it was
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directed to different analyzers using a two-way valve. The temperature profile along the

monolith catalyst was measured as described in the previous section.
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Figure 3.4: Schematic diagram for the engine — reactor closed loop system.

3.3 Fuels

The two main fuels used in this research are Ultra Low Sulphur Diesel (ULSD) and
dry-based simulated biogas. The fuel properties of ULSD are shown in Table 3.2 and it is
supplied by Shell Global Solutions UK. The simulated biogas used in this research work
consists of 60 % volume methane and 40 % volume carbon dioxide supplied in a pressurised

bottle by BOC.
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Table 3.2: Fuel properties for ultra low sulphur diesel provided by Shell Global Solutions UK.

Fuel Analysis Method
Cetane number 53.9 ASTM D613
Density at 15°C (kg m™) 827.1 ASTM D4052
Viscosity at 40°C (cSt) 2.467 ASTM D445
50% distillation (°C) 264 ASTM D86
90% distillation (°C) 329 ASTM D86
LCV (MJ kg™ 42.6

Sulphur (mg kg™) 46 ASTM D2622
Carbon (wt. %) 85.3

Hydrogen (wt. %) 13.9

Oxygen (wt. %) -

Aromatics (wt. %) 25.6

3.4 [Exhaust Gas Monitoring and Analysis

3.4.1 MKS Multigas and AVL Emissions Analyzers

The MKS MultiGas 2030 is a Fourier-transform infrared (FT-IR) based gas analyzer
for measuring multiple gases. It was used to analyze the concentration of the engine exhaust
emissions including: NOx (NO + NO,), CO, CO,, H,0O, UHC and CH,4. An AVL Digas 440
Analyzer was used for measuring UHC, CO and CO, by non-dispersive infrared (ND-IR) and
O, in the reforming reactor product gas through an electrochemical method. The main reason
for utilizing two analyzers was to avoid contamination between sampling of the engine

exhaust gas and sampling of reforming product gas.

3.4.2 Gas Chromatograph

A Hewlett Packard (HP) gas chromatograph (GC), integrated with a thermal
conductivity detector (TCD) and a HP integrator model 3395 was used to measure the

hydrogen concentration. The oven for the GC is temperature controlled and it is installed with
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two packed columns for hydrogen detection. Argon, which has a low thermal conductivity
(0.024W/m/K) compared to that of hydrogen (0.223 W/m/K) was introduced into the GC as a

carrier gas.

Certified span gas containing 30% hydrogen in nitrogen was used for GC calibration
in this research work. To measure the amount of hydrogen present in the analyzing gas, the
apparatus was first calibrated with the span gas to obtain a representative plot area for 300000
ppm hydrogen (i.e. 30 % by volume) plotted by the integrator. On sampling the analysis gas,
another plot area corresponding to the hydrogen peak is obtained and the actual hydrogen
concentration (ppm) is calculated by interpolation from the known certified span gas. For all

tests, four measurements were taken and the calculated average value of hydrogen was used.

3.4.3 Horiba Mexa 1230PM

A Horiba Mexa 1230PM was used for continuous measurement of soot by a diffusion
charging (DC) method and soluble organic fraction (SOF) by dual flame ionisation detection
(FID) method. A heated dilution was implemented to prevent nucleation of particles and a

dilution ratio of approximately 40 was set for the soot diluter.

3.4.4 Scanning Mobility Particle Sizer (SMPS)

A TSI SMPS 3080 Spectrometer was used to measure the total particle mass and
number concentrations. The SMPS is comprised of an electrostatic classifier series 3080, a
3081 Differential Mobility Analyzer (DMA) and a model 3775 Condensation Particle Counter
(CPC). The particle distributions were measured in the range of 10 — 500 nm with the exhaust
gas dilution ratio preset to 200:1 at 150°C using a calibrated dilutor (Rotating Disk). Some of

the other parameters used for the SMPS are as follow:
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Table 3.3: Operating parameters for SMPS.

Parameter Value
Sheath Flow rate (L/min) 5.00
Aerosol Flow Rate (L/min) 0.50
Lower Size (nm) 10.746
Upper Size (nm) 486.968
D50 (nm) 978.876
Scan Time (sec) 90
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CHAPTER 4

BIOGAS UPGRADE TO SYNGAS VIA DRY AND OXIDATIVE

REFORMING

4.1 Introduction

There are two main approaches to improve the usability of biogas for vehicular engine
operations, (i) to reduce the amount of carbon dioxide and (ii) to upgrade it into fuels with
higher energy content. As shown in Eq. 2.5, it is clear that the endothermic DRR reaction is
capable of achieving both the above mentioned upgrading methods by producing high quality
syngas (i.e. gas mixture of hydrogen and carbon monoxide) from the methane and carbon

dioxide present in biogas.

The first objective of this chapter is to investigate the reaction profiles and reactor
product distribution for the catalytic DRR reforming process of biogas. The basic process
parameters affecting the reforming activity of DRR are the reformer operating temperatures,
the gas hourly space velocity (GHSV) and the carbon dioxide-to-methane (CO,/CH,4) molar
ratio. Nonetheless, since the composition of biogas remains constant throughout this research
work (i.e. 60% methane with 40% carbon dioxide), consequently the CO,/CH,4 molar ratio is
fixed for the work in this chapter as no external carbon dioxide is being fed into the reactor. A
reforming catalyst with an aspect ratio of 3.75 was used. The temperatures implemented in
these test range from 400 to 980 °C and this is used to represent the temperature ranges that
occurred in the exhaust gas fuel reforming process. The GHSV is defined as the ratio of the

reactor gas feed rate to the volume of the reforming catalyst bed as shown in Eq. 4.1 and it
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was fixed at 16,500 h™ and 27,500 h™* respectively. Both the space velocities were chosen as
the maximum process efficiency that can be achieved in this GHSV range and the values are
also representative for on-board vehicle applications.

1 Feed Rate(m*h™)

GHSV(h™) =—— — = 3
Residence Time CatalystBed VVolume(m®)

(4.1)

According to the stoichiometric chemical equation for the DRR process of biogas (Eq.
4.2), the use of the selected biogas composition in the DRR process will produce
approximately 11% volume of unreacted methane in the reforming reactor product gas
distribution. Therefore, if biogas were to be used in exhaust gas fuel reforming processes
under low exhaust temperatures, the excess methane or part of it could potentially be used in
the exothermic POX to produce additional hydrogen (Eg. 2.3) or in complete oxidation (Eq.
2.4) to raise the reactor temperature and promote the DRR and SRR reactions. Therefore, this
forms the second objective of this chapter; to study the effect of adding oxygen into the
biogas DRR process. The simultaneous DRR and POX reforming reactions of biogas is

represented by Eq. 4.3.

0.6CH, + 0.4CO, — 0.8H, + 0.8CO + 0.2CH, (4.2)

0.6CH4 + 0.4CO; + 0.150, — 0.9CO + 1.2H, + 0.1CO, (4.3

Apart from temperatures and GHSVs, the main process parameter for the POX
reforming reaction is the oxygen-to-methane molar ratio (O,/CH,4). The O,/CH4 molar ratio
represents the oxygen availability in the reforming reactor and three values (i.e. 0.16, 0.25,
and 0.57) were selected for this test. The O,/CH, molar ratio at 0.16 was chosen to study the
effect of oxygen at low oxygen concentration while the ratio of 0.25 was used to investigate

the effect of oxygen at stoichiometric condition for the simultaneous DRR and POX reaction
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(Eq. 4.3). Lastly, the O,/CH4 molar ratio of 0.57 was selected to study the effect of oxygen at
excess oxygen composition present in the reforming reactor. Figure 4.1 shows the schematic

diagram for the test setup in this chapter.

Figure 4.1: Test setup for biogas DRR and POX reforming reactions.

For both experimental studies, the temperature profile for the reforming reactor was
first recorded with only nitrogen flow (inert gas), followed by the temperature profile under
reaction conditions at each test point. Obtaining the temperature profile allowed the study of
the sequence of the main reforming reactions along the catalyst bed (i.e. either exothermic or

endothermic) and the overall nature of the reforming reactions.

50



CHAPTER 4: BIOGAS UPGRADE TO SYNGAS VIA DRY AND OXIDATIVE REFORMING

4.1.1 Equilibrium Calculation

As a first step towards understanding the reforming processes of biogas, the
STANJAN equilibrium model (v 3.91, Stanford University) was used to calculate the
theoretical product gas distributions for (i) DRR and (ii) simultaneous POX and DRR process
of biogas. STANJAN is a software for use in analysis of chemical equilibrium in single- or
multi-phase systems whereby the input parameters are the output species, the atomic
populations and reaction operation parameters (Reynolds, 1986). In this test, the equilibrium
calculations were performed at a constant pressure of 1 bar and the stated temperature range
from 300 — 980 °C. The temperature range not only includes temperatures that can be found
in the engine exhaust (e.g. 300 — 700 °C), but also temperatures where completed reactants
conversion can be achieved (i.e. promotion of an exothermic reaction to raise the reactor
temperature). Using the predicted reactor product distribution, the reforming process

efficiency was calculated as follow:

CV, m
fuel prod - fuelprod o 100% (4.4)
LCV,

fuel in mfuel in

L
Reforming Effciency (%) =

where LCV fyel prod and LCV el in are the lower calorific values (LCV) of combustible gases in
the reactor product distribution (i.e. H,, CH4, CO) and biogas while both 1 fyel prod @and 1 fuel in

are the mass flow rate of reactor product gas and reactor feed gas respectively.
4.2 Dry Reforming of Biogas

4.2.1 Equilibrium Predicted Results

According to the preliminary results from the predicted equilibrium calculations as

shown in Figure 4.2, at low temperatures (i.e. below 400 °C) the DRR process shows very
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little difference from the input composition with less than 10% of hydrogen produced. As the
reforming reactor temperature increases, both hydrogen and carbon monoxide production are
expected to increase significantly. As can be seen from Figure 4.2, starting at 600 °C, the
equilibrium of the DRR process of biogas is predicted to increase and stoichiometric
equilibrium is reached at approximately 800 °C reactor temperature with a maximum
hydrogen production of 44.4% volume. In addition, as shown earlier in Eq. 4.2, the predicted

unreacted methane remaining in the reforming product is approximately 11%.
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Figure 4.2: Equilibrium predicted product distribution for DRR of biogas.

Figure 4.3 shows the calculated reforming process efficiency for the DRR process of
biogas. It should be noted that the heat energy supplied by the furnace for temperature control
purposes was not taken into account during the process efficiency calculation as these heat
energy will be provided by the exhaust gas and by burning part of the fuel in the exhaust gas
fuel reforming process as explained in the Literature Review section. Hence, the calculated
process efficiencies were always higher than 100% since the DRR process is highly
endothermic. The increasing hydrogen production (the LCV of hydrogen is approximately

three times higher than that of methane) and the continuous reduction in carbon dioxide
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(which is a non-combustible diluents gas) give rise to the increasing process efficiency at
higher temperatures. The maximum predicted process efficiency for the DRR of biogas is at

146% and it is reached at 800 °C.
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Figure 4.3: Process efficiency predicted for DRR of biogas.

4.2.2 Experimental Results

Similar to the results trend predicted by the equilibrium calculations, the DRR process
activity of biogas increases with increasing temperature for both GHSVs, as shown in both
Figure 4.4 and 4.5. At high reactor temperature of approximately 900 °C and low GHSV of
16,500 h™, stoichiometric equilibrium is reached with approximately 44% volume of
hydrogen production as shown in Figure 4.4. When both Figure 4.4 and 4.5 were being
compared, it can be seen that the DRR process activity of biogas is higher at the low GHSV
of 16,500 h™ compared to that at the higher GHSV of 27,500 h™. As explained in the
literature review section, DRR is a slow reacting process. An increase in GHSV from 16,500

to 27,500 h™ corresponded to an overall decrease in residence time from 0.22 to 0.13 seconds
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(Eq. 4.1), thus resulted in decreasing catalytic reaction between the gas feed and the catalyst

active sites.

It can be observed that throughout all test conditions, the production of carbon
monoxide remained slightly higher than that of hydrogen. As shown by Bradford and Vannice
(1996), the apparent activation energy barriers for hydrogen formation is higher compared to
that of carbon monoxide, hence giving rise to the observed product distribution trend. In
addition, the large activation barrier associated with the endothermic DRR process also
resulted in the low initial methane conversion at low temperatures region, as shown in Figure

4.16.
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Figure 4.4: Experimental values of reactor product gas composition for DRR of biogas at
GHSV: 16,500 h™,
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Figure 4.5: Experimental values of reactor product gas distribution for DRR of biogas at
GHSV: 27,500 h™.

Figure 4.6 shows the temperature profile for the DRR process of biogas at
approximately 700 °C. The drop in temperature along the monolith catalyst at both GHSVs
proves that an endothermic DRR process was occurring. Nevertheless, there is a rise in
temperature starting at 50 mm from the monolith catalyst inlet, showing that the DRR process

activity ceased at that point in the catalyst.
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Figure 4.6: Effect of the GHSV on the reactor temperature profile for DRR of biogas at

approximately 700 °C reactor inlet temperature.
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4.3 Simultaneous Dry and Partial Oxidation Reforming of Biogas

4.3.1 Equilibrium Predicted Results

According to the product distribution predicted from equilibrium calculations, the
overall reforming process efficiency dropped with the addition of oxygen, particularly with
increasing O,/CH, molar ratios. This is mainly due to the exothermic nature of the POX
process where part of the fuel energy is released as heat energy which in turn increases reactor
temperature (Figure 4.7). Nonetheless, the addition of oxygen into the reactor is expected to
increase hydrogen production and the increment is more significant at the low temperature
range, as shown in Figure 4.8. In comparison to Figure 4.2 (i.e. DRR of biogas), it can be seen
that the addition of oxygen at the lowest O,/CH4 molar ratio of 0.16 increases the equilibrium
hydrogen concentration from approximately 0% to 30% at the gas equilibrium temperature of
400 °C. At O,/CH4 molar ratio of 0.57, the hydrogen production is predicted to be almost

constant at approximately 50% throughout all the temperature ranges.
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Figure 4.7: Process efficiency predicted for simultaneous DRR and POX of biogas.
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Figure 4.8: Equilibrium predicted product distribution for simultaneous DRR and POX of
biogas at O,/CH,4 molar ratio: (a) 0.16 (b) 0.25 (c) 0.57.

4.3.2 Experimental Temperature Profile

The addition of oxygen into the reforming reactor gives rise to a temperature profile

which is different from the DRR process of biogas in Figure 4.6. As shown in Figure 4.9,

there is a steep rise in temperature to a peak which is close to the catalyst inlet face before

declining much more gradually downstream the monolith catalyst. The rise and peak in the

temperature profile is associated with the exothermic POX or even possibly the complete

combustion of the methane gas component of the biogas, depending on the availability of

oxygen in the reforming reactor. On the contrary, the decline in temperature is corresponded
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to the endothermic DRR process of biogas. The trend of rise followed by gradual decrease in
temperature profile is mainly due to the fact that the exothermic POX process or combustion

of methane proceed much faster compared to that of the DRR process (Tomishige et al., 2001).
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Figure 4.9: Reactor temperature profile at GHSV 27,500 h™ at approximately 400 °C reactor

temperature.

The position, height and width of the temperature peak responded to the changes in the
reactor gas feed. Figure 4.9 shows the temperature profile along the monolith catalyst at inlet
gas temperature of approximately 400 °C and GHSV of 27,500 h™’. It can be seen that with an
increase in O,/CH,4 molar ratio from 0.16 to 0.57, the maximum peak temperature rose from
approximately 500 °C to 700 °C, mainly due to the increase in availability of oxygen for the
POX process to occur. It should also be noted that throughout all the test conditions, the
conversion of oxygen remained 100%. Figure 4.10 shows the temperature profile at
approximately 700 °C and 27,500 h™. When comparing both Figure 4.9 (inlet temperature
400 °C) with Figure 4.10 (inlet temperature 700 °C), it can be observed that at the higher
temperature range, the overall maximum rise in the temperature peak decreased and it was

followed by a more drastic drop in the temperature profile at approximately 20 mm from the
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catalyst inlet face. This signifies that the high temperature condition demotes the POX process
of biogas, with no temperature peak observed at low O,/CH, molar ratio of 0.16 (Figure 4.10).
On the contrary, the high temperature range promotes the endothermic DRR process of biogas,
as explained earlier in the Literature Review section. Hence, this contributed to the rapid
decline in temperature profile starting at the peak of approximately 800 °C. Overall, it can be
concluded that the process exothermicity for simultaneous DRR and POX processes of biogas

decreased with increasing reactor temperature.
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Figure 4.10: Reactor temperature profile at GHSV 27,500 h™* at approximately 700 °C reactor

temperature.

In terms of comparison between the high and low GHSVs used, the effect on the
profile peak temperature along the monolith catalyst is more profound at low temperature
range whereby the POX process is dominant. As shown in Figure 4.11, an increase in GHSV
at approximately 500 °C increased the peak temperature and shifted it towards downstream,
causing the overall exothermic reaction to move further down the monolith catalyst bed.

Unlike the DRR process, increasing the GHSV actually promotes the POX process of biogas
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as it improves the transport of reactants to the active sites on the catalyst surface, resulting in
higher rates of oxidation. This can be seen from the overall higher temperature readings along
the monolith catalyst bed at GHSV of 27,500 h™. In addition, the larger amount of heat
released at high GHSV generated a hot layer on top of the catalyst bed, indirectly allowing the

DRR process that follows to proceed at higher temperatures.
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Figure 4.11: Effect of GHSV on catalyst temperature profile at gas inlet temperature of
approximately 500 °C.

4.3.2 Experimental Reformer Product Distribution

According to the experimental results obtained, the positive effect of adding oxygen
onto the reforming process of biogas is more pronounced at the lower temperature range
(Figure 4.12 — 4.15). As shown in Figure 4.12 and 4.13, the addition of oxygen at O,/CH,4
molar ratio of 0.16 shows that at low temperature range (i.e. 400 — 600 °C), the amount of
leftover unreacted methane present in the reformer product gas is lower than that of carbon
dioxide. This product distribution trend differs from that of the DRR process, indicating that

methane is being used up for the POX process by oxygen at low temperature range.
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Figure 4.12: Experimental reactor product gas distribution for simultaneous DRR and POX of
biogas at O,/CH, molar ratio of 0.16 and GHSV 16,500 h™.
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Figure 4.13: Experimental reactor product gas distribution for simultaneous DRR and POX of
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Figure 4.14: Experimental reactor product gas distribution for simultaneous DRR and POX of
biogas at O,/CH, molar ratio of 0.57 and GHSV 16,500 h™.
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Figure 4.15: Experimental reactor product gas distribution for simultaneous DRR and POX of
biogas at O,/CH, molar ratio of 0.57 and GHSV 27,500 h™.
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At O,/CH, molar ratio of 0.57 as shown in Figure 4.14 and 4.15, the amount of
methane present in the reformer product gas is always lower than carbon dioxide throughout
the entire temperature range. This proves that at high O,/CH, molar ratios, the increased
availability of oxygen promotes the oxidative reforming processes and most probably
increased the carbon dioxide content in the reactor gas product through complete combustion
of methane at low reactor temperatures (Eq. 2.4). In addition, the high amount of carbon
dioxide present at temperature range 600 — 700 °C could potentially be due to carbon dioxide
formation through Eq. 4.5 at low hydrogen-to-carbon monoxide (H2/CO) molar ratio (Figure

4.19) (Richardson and Paripatyadar, 1990).

2CO — C + CO, (4.5)

In parallel with Figure 4.16, the conversion of methane increased with the addition of
oxygen throughout the temperature range with almost 100% conversion achieved at O,/CHy,4

molar ratio of 0.57 and approximately 900 °C. The conversion of methane is calculated as

follow:
- m methane biogas ri’]methane product
Methane Conversion (%) = - X 100% (4.6)
methane biogas
where m and m are the respective methane mass flow rate for biogas

methane biogas methane product

input and the reformer product gas.

Regarding hydrogen production for the simultaneous DRR and POX process of biogas,
it can be seen from Figure 4.17 and 4.18 that in general, when oxygen is being added into the
reforming reactor, there is an increase in catalyst peak temperature along with an increase in
the amount of hydrogen produced. At temperature range below 500 °C, the addition of

oxygen at any O,/CH,; molar ratios and GHSVs increases the hydrogen production.
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Nonetheless, starting from 500 °C at GHSV 16,500 h™ and 600 °C at GHSV 27,500 h™, the
introduction of oxygen at low O,/CH, molar ratio of 0.16 has negative effect on the hydrogen
production even though the methane conversion is increased (Figure 4.16), as compared to the
case when no oxygen is being added into the reactor (DRR process of biogas). This could be
because at this temperature range and low O,/CH, conditions, the added oxygen caused part
of the methane in biogas to be fully combusted without any significant rise in the reforming
reactor temperature profile, hence consuming methane while forming steam and carbon

dioxide instead of hydrogen (Eqg. 2.4).
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Figure 4.16: Effect of O,/CH, molar ratio on the methane conversion at GHSV: 16,500 h™.

At the low GHSV value of 16,500 h™ as shown in Figure 4.17, the addition of oxygen
into the reforming reactor at O,/CH, molar ratios of 0.25 and 0.57 resulted in significant
increase in hydrogen production at low temperature range (below 600 °C), but with an
adverse effect on hydrogen production at high temperatures. On the contrary, at 27,500 h™ the
introduction of oxygen at O,/CH, molar ratios of 0.25 and 0.57 increases hydrogen
production throughout the entire temperature range. This is thought to be mainly due to the

generation of hot layer on the catalyst bed at high GHSV as explained earlier (overall
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increment in the temperatures along catalyst bed in Figure 4.11), which promotes the

endothermic DRR process of biogas downstream the catalyst.
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Figure 4.17: Reactor product hydrogen for the different Oo/CH4 molar ratios at 16,500 h™.
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Figure 4.18: Reactor product hydrogen for the different Oo/CH4 molar ratios at 27,500 h™.
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The H,/CO reactor product molar ratio is derived based on the reactor product gas
distribution (Figure 4.12 — 4.15) and it allows the study of each individual reforming reactions.
Based on Eq. 2.3 and Eq. 2.5 for the chemical equation of POX and DRR respectively, the
stoichiometric H,/CO product molar ratio for POX process is 2, which is higher than that of
the DRR process at 1. Therefore, it can be deduced from Figure 4.19 that at low temperature
range of 500 °C, the higher H/CO product molar ratio and the larger increment in peak
temperature of 220 °C at 27,500 h™ (compared to only 173 °C at 16,500 h™) signifies that the
exothermic POX process of biogas is being favoured at high GHSVs. Despite that, there is a
drop in Hy/CO product molar ratios with increasing temperatures, showing that the
exothermic POX process of biogas becomes less significant at high temperatures, consistent
with the temperature profile plot in Figure 4.10. Further increasing the reactor temperatures
causes the H,/CO product molar ratio to rise back starting at 700 °C and it reached
approximately 1 at 900 °C. This shows that at high temperatures, DRR process of biogas is

the dominating reforming reaction and the reaction is complete.
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Figure 4.19: H,/CO product molar ratio at both GHSVs and O,/CH4 molar ratio of 0.57

66



CHAPTER 4: BIOGAS UPGRADE TO SYNGAS VIA DRY AND OXIDATIVE REFORMING

4.4 Summary

The DRR process of biogas, followed by the simultaneous DRR and POX process of
biogas were investigated at various temperature range and GHSVs. The main findings are

summarized as follow:

e For upgrading biogas into high quality syngas, biogas can be reformed through the DRR
reforming process and high hydrogen vyield is achieved at high temperatures and low
GHSVs conditions.

e The addition of oxygen into the reforming reactor which promotes the oxidative reforming
reactions within the reforming reactor improves the hydrogen yield, especially at low
temperatures and the beneficial effects were more significant at high GHSVs.

e Based on the reactor gas composition acquired and the temperature profile along the
monolith catalyst, it can be concluded that at low temperatures below 600 °C and high
GHSVs, the exothermic POX process of biogas is the dominating reforming reaction. The
heat generated in turn promoted the DRR process of biogas downstream the monolith
catalyst.

e The effect of oxygen availability in the reforming reactor (i.e. the O,/CH4 molar ratios) on
the hydrogen production had been investigated. At low O,/CH; molar ratio of 0.16,
increase in reactor temperatures reduces the hydrogen production irrespective of GHSVs.
At high O,/CH, molar ratios, increasing temperature promotes hydrogen yield at high
GHSV but has an adverse effect on hydrogen production at low GHSV.

e Simultaneous DRR and POX process of biogas has the potential for use in vehicular or
power generation applications as it improves syngas production at low temperature range

(400-600 °C), which represents the typical engine exhaust gas temperature level.
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CHAPTER 5

BIOGAS UPGRADE THROUGH EXHAUST GAS FUEL

REFORMING PROCESS WITH ENGINE EXHAUST WASTE

HEAT RECOVERY

5.1 Introduction

This chapter presents the experimental findings on the exhaust gas fuel reforming
process using biogas to achieve on-demand generation of high quality hydrogen-enriched

gaseous fuels for vehicular applications.

As shown in Chapter 4, biogas has the potential to be upgraded through catalytic
reforming at a low temperature range with the utilization of oxygen into the reforming reactor.
The use of engine exhaust gas from diesel operation is beneficial for the exhaust gas fuel
reforming process as diesel engines, which operate under lean conditions (i.e. A>1) always
contain excessive oxygen in the engine exhaust. Nonetheless, based on Eq. 2.7 and 2.8, it is
clear that the engine exhaust compositions (i.e. % volume of oxygen, steam and carbon
dioxide present) is largely dependent on the engine operating conditions (differing A value)
which then in turn affects the performance of the biogas exhaust fuel reforming process. The
main objective of this chapter is to investigate the effects of various engine operating
conditions (i.e. engine load and % EGR implemented) and GHSVs on the reaction profiles
and reactor product distribution of the biogas exhaust fuel reforming process at low exhaust
temperatures. Figure 5.1 illustrates the experimental setup for the biogas exhaust gas fuel

reforming process.
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Figure 5.1: Schematic diagram for the exhaust gas fuel reforming process of biogas.

Three engine test conditions were chosen and the engine exhaust gas compositions at
each operating condition were summarized in Table 5.1. The engine exhaust gas is fed
directly into the reformer reactor loaded with a monolith catalyst with an aspect ratio of 3. In
addition, the actual exhaust gas temperature at each engine operating point is maintained
through the use of an external furnace, as shown in Figure 5.1. The IMEP values of 2 and 4
bar represented “low” and “medium” engine load conditions respectively. Calculations for the

various engine operating parameters are as follow:

Indicated work per cycle &PdV
Displaced volume vV,

Indicated Mean Effective Pressure (IMEP) = (5.1

where p and V are both the in-cylinder pressure and the corresponding cylinder volume
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V. -V
Percentage of cooled EGR (% vol) = 0\'/ - x100 (5.2)

0

where V, and V; are the measured intake air volumetric flow rates without and with EGR,

respectively.

Table 5.1: Exhaust gas composition for the three engine operating conditions.

Condition 1 Condition 2 Condition 3
Engine exhaust gas Speed: 1500 rpm Speed: 1500 rpm Speed: 1500 rpm
composition (wet) IMEP: 2 bar IMEP: 4 bar IMEP: 4 bar

EGR: 0% EGR: 0% EGR: 20%

0, (vol%) 16.57 13.47 11.06
H,O * (vol %) 3.02 5.23 6.63
CO (vol %) 0.015 <0.01 <0.01
CO; (vol %) 3.21 5.56 7.05
Exhaust Temperature (°C) 186 295 300

* H,0 contents are calculated values.

As explained in the literature review section, the exhaust gas fuel reforming process is
a combination of the basic reforming reactions (Eg. 2.1 — 2.5) in a single reformer reactor.
Hence, the basic operating parameters affecting the reforming process are the (i) steam-to-
methane (H,O/CH,4) molar ratio, (ii) O,/CH4 molar ratio and (iii) CO,/CH,4 molar ratio of the
reactor gas feed inlet. Based on the discussions in Chapter 4, it was concluded that at low
temperatures the production of hydrogen enriched gaseous product from biogas is highly
dependent on the O,/CH,4 molar ratios. Therefore, four values of O,/CH, molar ratios at 0.16,

0.25, 0.50 and 0.75 were selectively used in this test.

The GHSV was fixed at 16,500 h™ and 25,500 h™ and according to Eq. 4.1, these
GHSV values correspond to the total reactor gas feed volumetric flow rate of 10 and 15 L/min

respectively. Based on Table 5.2, the individual feed rate of the engine exhaust and biogas
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into the reactor was altered accordingly at each test point (there are 24 test points in total).
Table 5.3 summarizes the corresponding reactor gas feed H,O/CH, and CO,/CH,4 molar ratios

at each test points.

Table 5.2: Individual exhaust and biogas feed gas flow rates for all reforming test conditions

measured at 100 °C and atmospheric pressure (1 bar).

Engine O,/CH, GHSV: 16,500 h™ GHSV: 25,500 h™
Condition Exhaust (L/min)  Biogas (L/min)  Exhaust (L/min)  Biogas (L/min)
0.16 35 6.5 5.0 10.0
1 0.25 4.5 5.5 7.0 8.0
0.50 6.0 4.0 9.0 6.0
0.75 7.0 3.0 10.5 4.5
0.16 4.0 6.0 6.0 9.0
2 0.25 5.0 5.0 7.5 7.5
0.50 6.5 35 10.0 5.0
0.75 7.5 2.5 11.0 4.0
0.16 4.5 5.5 6.5 8.5
3 0.25 5.5 4.5 8.5 6.5
0.50 7.0 3.0 10.5 4.5
0.75 8.0 2.0 12.0 3.0

Table 5.3: H,O/CH,4 and CO,/CH,4 molar ratios at specified O,/CH, molar ratios for the three

engine conditions.

Engine 0,/CH,: 0.16 O,/CH,: 0.25 O,/CH,: 0.50 O,/CH,: 0.75
Condition  H,O/CH, CO,/CH, H,O/CH; CO,/CH, H,0/CH, CO,/CH, H,O/CH, CO,/CH,
1 0.021 0.76 0.034 0.78 0.060 0.82 0.094 0.87

2 0.027 0.80 0.040 0.83 0.078 0.92 0.12 1.04

3 0.032 0.84 0.051 0.89 0.094 1.03 0.16 1.25
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5.2 Temperature Profile for Biogas Exhaust Fuel Reforming

5.2.1 Effects of Engine Conditions on Temperature Profile

At engine condition 1 (i.e. low engine load operation), no reforming activity was
observed when the engine exhaust gas was fed into the reactor together with biogas, hence the
temperature profile along the catalyst was flat and was not shown. This is mainly due to the
low exhaust temperature (i.e. approximately 186 °C) at this engine condition being

insufficient to achieve the light-off temperature of the monolith catalyst used in this test.

When the engine operating load was increased from low (2 bar IMEP) to medium (4
bar IMEP), a non-uniform temperature profile was observed along the length of the catalyst
bed. Figure 5.2 shows the different reactor temperature profiles varying the with O,/CH,4
molar ratios at engine condition 2 and at GHSV of 25,500 h™. It can be observed that the
trend for the temperature profile was similar to that of simultaneous DRR and POX process of
biogas, with the temperature rising steeply close to the catalyst inlet face, before gradually
declining along the length of the catalyst. The peak in the temperature profile is associated
with the oxidation of the methane component of biogas either through the POX process or by
catalytic combustion. In contrast, the decline is mainly associated with the endothermic SRR
or DRR of biogas. It was also worth noting that some of the heat generated at the catalyst inlet
was back-radiated, resulting in a 100 — 200 °C temperature increment at 10 mm distance

upstream the catalyst bed (Figure 5.2).
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Figure 5.2: Reactor temperature profile at engine condition 2 at GHSV 25,500 h™.

In exhaust gas fuel reforming, the height, width and position of the temperature peak
reflects the condition of each of the main reforming reactions and to the changes in the reactor
gas feed (Tsolakis and Golunski, 2006). From Figure 5.2, it was shown that the peak
temperature increases with increasing O,/CH, molar ratios due to the higher availability of
oxygen for exothermic reforming reactions. In addition, the higher temperature peak provides
the enthalpy required and increases the reaction rate for the SRR and DRR downstream, hence
increasing the hydrogen yield. Nonetheless, it should be noted that increasing O,/CH4 molar
ratios could potentially impose a penalty on the overall reforming process efficiency as more

chemical energy from the feed gas is being converted into waste heat energy.

Figure 5.3 shows the effect of implementing 20% EGR in the engine on the reactor
temperature profile at the O,/CH, molar ratio of 0.75 and the GHSV of 16,500 h™. The fuel
reforming reaction with exhaust from the engine operating with EGR increases the

temperature peak slightly at the constant GHSV and O,/CH, molar ratios. As shown in Table
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5.1, introducing EGR into the engine decreases the oxygen content inside the engine exhaust
due to the displacement of fresh air intake by EGR. Therefore, in order to maintain the similar
0O,/CH4 molar ratios for both engine conditions (i.e. 0 and 20% EGR), less biogas and more
hot exhaust gas has to be fed into the reforming reactor when 20% EGR was implemented
(refer to values in Table 5.2). The larger proportion of hot exhaust gas entering the reforming
reactor was believed to have increased the catalyst bed temperature due to the formation of
hot spots (Li et al., 2006, Mukainakano et al., 2007). In addition, applying EGR also increases
the amount of steam and carbon dioxide present in the engine exhaust, promoting SRR and
DRR downstream, as can be seen from the larger temperature drop along the monolith

catalyst.
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Figure 5.3: Effect of EGR on the reactor temperature profile at O,/CH,: 0.75 and GHSV:
16,500 h™.
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5.2.2 GHSYV Effects on Temperature Profile

The effect of GHSV on the temperature peak in the catalyst bed was more pronounced
when exhaust gas from the engine without EGR was used, as can be observed from Figure 5.4.
At 0% EGR (Figure 5.4(a)), the increase in GHSV from 16,500 h™ to 25,500 h™* increased the
peak temperature and shifted it downstream, similar to that observed in simultaneous DRR
and POX reforming of biogas. The more drastic decrease in the temperature immediately after
the peak at high GHSV indicates that the endothermic SRR and DRR process of biogas was
promoted at the temperature range in the vicinity of the profile peak. By contrast, the effect of
GHSV on the temperature profile along the catalyst was less significant with 20% EGR to the
engine. As can be observed from Figure 5.4(b), the peak temperature at engine condition 3 is
almost consistent for both the GHSVs implemented. However, the temperature drop
downstream is significantly larger at the low GHSV of 16,500 h™, with a temperature drop of
approximately 250 °C compared to only 170 °C at 25,500 h™. This is mainly because the high
GHSV decreases the residence time and significantly reduces the endothermic reaction rates

for both the SRR and DRR process further downstream, hence recovering less heat.
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Figure 5.4: Effects of GHSV on the reactor temperature profile at O,/CH, molar ratio 0.5 at:

(a) engine condition 2 (b) engine condition 3
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5.3 Reactor Product Distribution

5.3.1 Engine Condition Effects on Overall Reactor Product Distribution

As mentioned earlier, the reforming catalyst was inactive at the low exhaust
temperatures in engine condition 1. This is confirmed in Figure 5.5 and 5.6 which shows that
none of the oxygen fed into the reactor was consumed and the hydrogen and carbon monoxide

yields remained 0 throughout all conditions used.
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Figure 5.5: Reactor gas product distribution at engine condition 1 and 16,500 h™.
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Figure 5.6: Reactor gas product distribution at engine condition 1 and 25,500 h™.
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Upon increasing the engine operating load from low to medium and thus raising the
exhaust gas temperature from approximately 186 to 295 °C, exhaust gas fuel reforming
activity was observed for both engine conditions 2 and 3, with all the oxygen content being
consumed and hydrogen being formed (Figure 5.7 — 5.10). As mentioned earlier, an increase
in the O,/CH4 molar ratio increases the oxidative reforming activities (POX process and
complete combustion) which raised the temperature along the catalyst bed and hence,
increased hydrogen and carbon monoxide production through the promotion of endothermic

reforming reactions for all test conditions.

At engine condition 2 (i.e. 0% EGR), by comparing Figure 5.7 and 5.8, it can be
deduced that the POX process of biogas was promoted at high GHSV of 25,500 h™* whereby
higher hydrogen and carbon monoxide yields were observed at high O,/CH; molar ratios.
Nonetheless, the effect of GHSV on the hydrogen production was much less significant at
engine condition 3 (20% EGR) as shown in Figure 5.9 and 5.10. The effect of using the
exhaust gas from the engine operated with EGR on the hydrogen production can be seen by
comparing Figures 5.7 and 5.8 to Figures 5.9 and 5.10. It was observed that the addition of
EGR at low GHSV and low O,/CH, molar ratios benefits hydrogen production, due to
increase in SRR process of biogas. In addition, despite producing more hydrogen with the
introduction of EGR into the engine system, the methane conversion at low GHSV remained
lower for all the O,/CH4 molar ratios implemented (Figure 5.11). This is beneficial for the
overall exhaust gas reforming process efficiency as there will be more combustible product

gas present in the reformate.
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Figure 5.7: Reactor gas product distribution at engine condition 2 and 16,500 h™.

40

35 ~ ——H2 —+&-C0 —=—(C02 ——CH4 —x02

25 ~

20 ~

H,,C0,C0,,CH, (vol %)

10 A —+1

0 o — T ¥ T HK—
0 0.2 0.4 0.6 0.8

0,/CH, molar ratio

Figure 5.8: Reactor gas product distribution at engine condition 2 and 25,500 h™.

78



CHAPTER 5: BIOGAS UPGRADE THROUGH EXHAUST GAS FUEL REFORMING PROCESS
WITH ENGINE EXHAUST WASTE HEAT RECOVERY

40

——H2 —+&-CO =—CO02 CH4 —%—02

N
wv
1

H,,C0,€0,,CH, (vol %)
(Y )
[0, o

0 e — , ¥ , *—]
0 0.2 0.4 0.6 0.8
0,/CH, molar ratio

Figure 5.9: Reactor gas product distribution at engine condition 3 (20% EGR) and 16,500 h™.
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Figure 5.10: Reactor gas product distribution at engine condition 3 (20% EGR) and 25,500 h™.
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Figure 5.11: Methane conversion at GHSV: 16,500 h™ at engine condition 2 (0% EGR) and
engine condition 3 (20% EGR).

5.3.2 Engine Condition Effects on Individual Reforming Reactions

According to Table 5.1, the introduction of EGR (i.e. engine condition 3) increases the
steam and carbon dioxide content in the engine exhaust, resulting in higher H,O/CH, and
CO,/CH,4 molar ratios in the reactor gas feed at each test point (Table 5.3). It was shown by
Simeone et al. (2008) that the positive effect of increasing H,O/CH4 molar ratio was more
pronounced at the low O,/CH,; molar ratio test conditions, which is consistent with the

experimental results obtained in Figure 5.7 — 5.10 at O,/CH,4 of 0.16 and 0.25.

Based on Eq. 2.1, 2.3 and 2.5, the stoichiometric H,/CO product molar ratios for the
SRR, POX and DRR processes are 3, 2 and 1 respectively. At 0% EGR (engine condition 2)
in Figure 5.12(a), the increase in Ho/CO molar ratio in the reactor product gas ran parallel for
both GHSVs throughout the different O,/CH,4 molar ratios used, reaching a maximum value

of approximately 1.8, reflecting the high CO vyield at this operating condition. Therefore, it
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could be concluded that the SRR process of biogas is less reactive at 0% EGR. In this
condition, oxidative reforming reactions predominate, with the POX process of biogas
occurring at the low O,/CH,4 molar ratios and catalytic combustion of biogas being favourable
under high O,/CH4 molar ratios (Horn et al., 2007). This is proven from the result trend
involving higher methane conversion (Figure 5.11) with lower hydrogen yield (Figure 5.7 —

5.8) at engine condition 2.
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Figure 5.12: Effect of different GHSVs on the H,/CO product molar ratio at: (a) engine
condition 2 (b) engine condition 3.

With the application of 20% EGR at engine condition 3, a large increase in the H,/CO
product molar ratios was observed, especially at the low GHSV level (Figure 5.12(b)). The
maximum value reached is approximately 2.7 at the highest O,/CH, molar ratio, compared to
that of only 1.8 at engine condition 2. This shows that the SRR process of biogas is significant
at 20% EGR ratio and the low GHSV condition helps promote that endothermic activity. In
addition, as shown in Table 5.1 the application of EGR on the engine system not only
increases the steam content but the carbon dioxide content as well. Hence, it can be said that
the increase in H,O/CH4 and CO,/CH4 molar ratios comes in tandem (by comparing engine

condition 2 and 3 in Table 5.3). This increase in CO,/CH,4 molar ratio at high O,/CH, molar
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ratio test conditions promotes the DRR process of biogas, especially at the low GHSV due to

the slow reacting nature of the endothermic process as explained earlier in Chapter 4.

As mentioned earlier, the stoichiometric H,/CO product molar ratios for the DRR and
SRR processes are 1 and 3 respectively. Hence, from the rapid decline in the incremental rate
for the H,/CO product molar ratios at 16,500 h™ with EGR (Figure 5.12(b)), it can be deduced
that there is a shifting trend in reforming reactions from SRR to DRR processes at this
condition. This increase in the DRR process activity not only reduces the carbon dioxide
content in the reformate, it is also beneficial to the overall exhaust gas reforming process as
DRR has been reported to have potential benefits in reducing the formation of carbon

depositions that can occur through methane dissociation from biogas (Nagai et al., 2007).

Apart from the SRR process of biogas, implementing EGR in the engine system also
promotes the secondary WGSR process due to the excess steam from the engine exhaust, as
explained in the Literature Review section. In general, the WGSR process can be constrained
either kinetically by the low residence time between biogas and the catalyst active sites or
thermodynamically by the high temperature environment inside the reforming reactor. Since
based on Figure 5.2 it can be seen that the peak temperatures inside the reforming reactor
ranges from approximately 500 °C to 700 °C, which is the optimum range for the WGSR over
the Pt-Rh based reforming catalyst (Tsolakis and Golunski, 2006), the kinetic effect seems
more significant for the study in this chapter. This is shown by the relatively low carbon
monoxide level in the reactor product gas at low GHSV of 16,500 h™ and engine condition 3,
showing that part of the carbon monoxide produced from the other primary reforming

processes was consumed in the WGSR process to produce more hydrogen.
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Figure 5.13 summarizes the overall hydrogen production distribution at engine
conditions 2 and 3. In general, the implementation of 20% EGR onto the engine system
improves hydrogen production due to the promotion of SRR process of biogas (i.e. the highest
hydrogen yield reforming reaction) and WGSR side reaction with increased steam content in
the engine exhaust. Nonetheless, the hydrogen production peaked at the O,/CH,4 molar ratio of
0.75 with 0% EGR and 25,500 h in GHSV. This could mainly be explained from the fact
that the complete combustion of methane was favourable at such reactor conditions, hence
providing the excess heat and suitable temperature range (Figure 5.2) which activates the SRR
and DRR processes of biogas. However, it should be noted that the high hydrogen yield might
come with a price of increased fuel penalty on the overall reforming process efficiency as
more non-combustible carbon dioxide and steam were produced from complete oxidation of

biogas. This is further discussed in the following section.
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Figure 5.13: Reactor hydrogen product distribution at GHSV 16,500 h™* and 25,500 h™ and

engine condition 2 and 3.
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5.4 Exhaust Reforming Process Efficiency

As defined earlier in Eq. 4.4, reforming process efficiency is the ratio of the total
chemical energy associated with the reformer gaseous product to the reactor energy input.
Since the aim of this thesis is to investigate the upgrading of biogas for use in vehicular
applications, the output energy for the biogas exhaust fuel reforming process includes the
chemical energy associated with all the reactor gaseous products which are combustible in the
dual fuel operation (i.e. hydrogen, carbon monoxide and unreacted methane). On the contrary,
the energy input is simply defined as the chemical energy of the biogas being fed into the
reactor. Nonetheless, from Table 5.1 it can be seen that even though there are some gases
present in the engine exhaust that could potentially be used in the reforming process (e.g.
carbon monoxide and unburned hydrocarbons from diesel combustion), these gases are

present in small amount and so is not being taken into account.

In general, it can be observed from Figure 5.14 that increasing O,/CH,4 molar ratio at 0%
EGR engine condition improves the reforming process efficiency at the high GHSV, with a
drop in efficiency at the maximum O,/CH,; molar ratio at low GHSV conditions. This is
mainly because the high GHSV promotes the POX process of biogas which produces more
hydrogen with higher calorific value and hence, increases the overall process efficiency.
Nonetheless, the reforming process efficiency was improved throughout all test conditions
with the introduction of 20% EGR onto the engine system. There are two main factors
contributing to this beneficial effect. Firstly, it was shown in Figure 5.3 that with EGR, the
overall temperature along the catalyst bed was partly increased. Thus, the combination of high
catalyst bed temperature and high steam content in the reactor promotes the endothermic SRR

activity which helps reduce the generation of waste heat energy. The second factor is mainly

84



CHAPTER 5: BIOGAS UPGRADE THROUGH EXHAUST GAS FUEL REFORMING PROCESS
WITH ENGINE EXHAUST WASTE HEAT RECOVERY

due to the volumetric flow rate of reactor biogas feeds. As shown in Table 5.2, in order to
compensate for the lower exhaust oxygen content at 20% EGR condition, higher amounts of
engine exhaust gas and hence less biogas were being fed into the reforming reactor. Since
there was no energy contribution from the engine exhaust, this simply reduces the energy

input into the reforming reactor and therefore increasing the overall process efficiency.

The maximum process efficiency achieved by the biogas exhaust reforming is
approximately 95% with engine condition 3 (20% EGR) at 25,500 h™ GHSV and the O,/CH,
molar ratio of 0.5, which corresponds to the O,/CH, molar ratio for the stoichiometric POX
process (Eq. 2.3). Further increasing the O,/CH, molar ratios causes complete oxidation (Eq.
2.4) to occur which increases the generation of waste heat energy, thus decreasing the
reforming process efficiency. Therefore, by optimizing the biogas and engine exhaust gas

feed ratios, biogas could be upgraded with a minimal loss in the energy content.
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Figure 5.14: Effect of O,/CH4 molar ratios on the overall exhaust reforming process

efficiency.
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5.5 Summary

The upgrading of biogas through the exhaust gas fuel reforming process was
performed at various engine conditions, O,/CH, molar ratios and GHSVs. The main findings

are summarized as follow:

At low engine load, the extremely low engine exhaust temperature at approximately
186 °C was insufficient to achieve the light-off temperature of the reforming catalyst.
Hence, no reforming activities were observed in this engine condition.

e At medium engine load (engine condition 2 and 3), it was shown that reactor product gas
with up to 20% volume hydrogen production is achieved. In general, the increase in
O,/CH,4 molar ratios improves the hydrogen yield at both low and high GHSV conditions
due to the increased temperatures along the catalyst bed.

e When no EGR was applied onto the engine system, the fast reacting exothermic POX
process of biogas proves to be dominant and this reforming process was further enhanced
at high GHSV condition.

e With the introduction of 20% EGR (i.e. engine condition 3), both SRR process of biogas
and the WGSR side reactions become increasingly active due to the high steam content
present in the engine exhaust gas which promotes the forward reaction for the two
endothermic reforming processes. In contrast to POX process, SRR process of biogas and
WGSR was enhanced at low GHSV, with higher hydrogen yield at 16,500 h™.

e In addition, it was also shown that the overall exhaust gas fuel reforming process

efficiency was improved resulting from the higher reactivity of the endothermic reforming

processes at engine condition 3. The maximum process efficiency reached was

approximately 95%, showing that at optimum conditions biogas could be upgraded into
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higher quality syngas with a minimal loss in the energy content at low exhaust

temperatures.
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CHAPTER 6

PERFORMANCE OF THE BIOGAS EXHAUST GAS FUEL
REFORMING PROCESS AND THE GAS - DIESEL DUAL

FUEL OPERATION WITH REGR

6.1 Introduction

This chapter investigates the performance of the exhaust gas fuel reforming process
for upgrading biogas in the engine — reactor system and the effect of adding reformate
gaseous fuel through REGR on the combustion efficiency and emissions of the gas-diesel
dual fuel operation. As shown in the Literature Review section (Figure 2.10), the REGR
operation was achieved by coupling the exhaust gas fuel reforming process with the diesel
engine operation, directly feeding the reformer product gas into the engine air intake and
hence forming the engine — reactor system. Figure 3.4 illustrates the experimental setup for

the engine — reactor system described in this chapter.

For the experiments conducted in this chapter, the engine operating condition used
was 1500 rpm engine speed with 3.5 bar IMEP (representing 45% engine load). In addition,
based on the findings from Chapter 5, it was shown that the amount of EGR implemented on
the engine system has a significant effect on the overall reforming process efficiency. Hence
0%, 10% and 20% EGR were applied to the engine operating condition and the corresponding
engine exhaust gas was fed directly into the reforming reactor. For the exhaust gas fuel
reforming process, the GHSV was fixed at 25,500 h™ and the corresponding total reactor

product outflow of 15 L/min representing 3% of the total engine air intake volumetric flow
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was fed back into the engine (i.e. engine — reactor system). Hence, 3% REGR ratio is used
throughout all the tests. The calculation of % REGR was done based on Eq. 5.2, similar to
that of % EGR. The O,/CH, molar ratios of 0.35 and 0.5 were implemented to study the effect
of two different engine exhaust to biogas feed ratios on the reactor product composition and
the overall reforming process efficiency. As explained in Chapter 5, the individual volumetric
flow rate for both the biogas and engine exhaust gas being fed into the reforming reactor were
altered for each test condition, maintaining a total reactor volumetric flow rate of 15 L/min
(Table 6.1) corresponding to GHSV of 25,500 h™. In addition, Table 6.2 shows the respective

H,O/CH,4 and CO,/CH, molar ratios at each test point.

Table 6.1: Measured individual exhaust and biogas reactor feed rate for each engine % EGR

at 100 °C and atmospheric pressure (1 bar).

Engine 0,/CH,4 GHSV: 25,500 h™*
% EGR Molar Ratio Exhaust Flow (L/min) Biogas Flow (L/min)
0 0.35 10 5
0.5 11 4
10 0.35 10.3 4.7
0.5 11.4 3.6
20 0.35 10.5 4.5
0.5 12 3

Table 6.2: H,O/CH,4 and CO,/CH4 molar ratios at specified O,/CH, molar ratio and EGR ratio.

Engine 0,/CH,: 0.35 0,/CH,4: 0.5

% EGR H,O/CH,4 CO,/CH,4 H,O/CH,4 CO,/CH,4
0 0.080 0.853 0.114 0.904
10 0.106 0.898 0.142 0.955
20 0.125 0.915 0.184 1.021

Comparison studies on the engine indicated thermal efficiency and emission analysis
were performed for the 3 engine operations (i) pure diesel operation (ii) biogas-diesel dual

fuel operation and (iii) reformate gas-diesel dual fuel operation (i.e. engine — reactor system).
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The pure diesel operation was done by running the engine with ULSD at the start of each test.
For the biogas-diesel dual fuel operation, the same amount of biogas used in the exhaust
reforming process (Table 6.1) was fed directly into the engine air intake at each test point. It
should be noted that during the dual fuel operations, the diesel fuel intake was reduced in
order to maintain constant engine power. The engine indicated thermal efficiency was
calculated as follow:

Indicated Power
D [Myein x LCV,

fuel in fuel in ]

Engine Indicated Thermal Effciency (n,,), % = (6.1)

IMEP x Displaced volume x n x K
60000

Indicated Power (IP) = (6.2)

where m,,,, and LCV,,,, are the total mass flow rate and lower calorific value for the diesel

fuelin
fuel and biogas respectively. n represents the number of power strokes per minute while K is

the number of cylinders in the engine (i.e. K=1 for this thesis).

In calculating the engine indicated thermal efficiency for the reformate gas-diesel dual
fuel operation, the biogas mass flow rate into the reforming reactor and not the mass flow rate
of the combustible reactor gaseous products (i.e. hydrogen, carbon monoxide and unreacted
methane) was considered. This is due to the fact that the engine — reactor system (Figure 2.10)
starts with the input chemical energy for the reforming reactor (i.e. biogas) and ends with the
engine power output. It was assumed that the biogas was upgraded into high quality syngas
through the exhaust gas fuel reforming process by recovering the engine exhaust waste heat.
Hence, the biogas energy input for both the reformate gas-diesel and biogas-diesel dual fuel
operations are similar. Nonetheless, since the LCV of reformate gas differs from that of pure

biogas, the liquid diesel fuel substitution level would be different, hence giving rise to
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different values in engine indicated thermal efficiency obtained for both reformate gas-diesel

and biogas-diesel dual fuel operations.

6.2 REGR Effects on Exhaust Gas Fuel Reforming Process

6.2.1 Reactor Product Distribution

The reactor gas product distribution shown in Figures 6.1 and 6.2 represents the
REGR composition for the engine — reactor system. It was observed that there are two
beneficial effects in increasing the O,/CH, molar ratios. Firstly, there was an increase in
hydrogen production from 20% at O,/CH, molar ratio of 0.35 to 24% at 0.50. This increasing
trend is consistent with the experimental results observed in chapter 4 and 5. In addition,
compared to the maximum hydrogen production of only 20% for the biogas exhaust fuel
reforming process in Chapter 5, it can be deduced that the implementation of REGR benefits
hydrogen production with an increase in maximum hydrogen yield to 24%. It has been shown
earlier that increasing steam content in the engine exhaust promotes the endothermic SRR
process of biogas, resulting in high hydrogen yield. The engine — reactor system further
increases the steam content in the engine exhaust through the combustion of the hydrogen
present in the reformate, subsequently increasing hydrogen yield in the exhaust gas fuel

reforming process.

The second beneficial effect of increasing the O,/CH, molar ratios is the significant
reduction in unreacted methane in the reactor gas product. As can be seen in Table 6.1, less
amount of biogas was being fed into the reforming reactor at high O,/CH, molar ratios and
this simply reduces the amount of unreacted methane present. In addition, the increased
O,/CH4 molar ratios in the reactor feed gas was shown to promote the oxidative reforming

reactions, hence consuming more methane portion of biogas. As described in the Literature
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Review section, unburned methane is the main constituent for biogas-diesel dual fuel
emissions. The reduction of methane % volume present in reactor product gas (i.e. reformate)
is crucial in reducing the UHC emissions and hence potentially improving the overall

efficiency for the engine — reactor system. This is further discussed in the following sections

in this chapter.
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Figure 6.1: Reactor product gas distribution at O,/CH4 molar ratio of 0.35 and engine % EGR
condition 0, 10 and 20.
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6.2.2 Overall Reforming Process Efficiency

Figure 6.3 shows the overall reforming process efficiency for the engine — reactor
system. By comparing Figure 6.3 to Figure 5.13, it was observed that the overall efficiency
was improved with the implementation of the engine — reactor system, reaching a maximum
value of 127% at O,/CH,; molar ratio of 0.5 and 20% EGR engine condition. This
improvement in the process efficiency was mainly due to the increased hydrogen production
from the higher H,O/CH,4 molar ratio reactor gas feed conditions. At 0% EGR, the process
efficiency drops when increasing the O,/CH, molar ratio as the high oxidative reforming
reactivity at that engine condition generates more waste heat. On the contrary, the significant
increase in the endothermic SRR and DRR process of biogas due to the higher catalyst bed
temperature at both 10% and 20% EGR engine conditions improves the overall process

efficiency at high O,/CH, molar ratio reactor gas feed conditions.
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Figure 6.3: Effect of EGR application on the overall reforming process efficiency.

93



CHAPTER 6: PERFORMANCE OF THE BIOGAS EXHAUST GAS FUEL REFORMING
PROCESS AND THE GAS - DIESEL DUAL FUEL OPERATION WITH REGR

6.3 REGR Effects on Gas — Diesel Engine Performance

6.3.1 Engine Indicated Thermal Efficiency

Figure 6.4 presents the engine indicated thermal efficiency for the three engine
operations, namely (i) pure diesel operation, (ii) biogas-diesel dual fuel operation and (iii)
reformate gas-diesel dual fuel operation. It was clear that at engine part load operation (45%
engine load) the induction of biogas into the engine (i.e. biogas-diesel operation) significantly
reduces the engine thermal efficiency, with approximately 8% drop in engine indicated
thermal efficiency compared to pure diesel operation (Figure 6.4). This is mainly due to the
high amount of inert carbon dioxide present in biogas, which reduces the cylinder charge
temperature and affects the burning velocity of the gaseous fuel-air mixture in the combustion
chamber (Abd-Alla, 2002). This resulted in less gaseous fuel being effectively utilized in the
dual fuel combustion process. Another factor contributing to the lower engine thermal
efficiency is the displacement of a large volume of intake air by the biogas induction through
the engine intake manifold due to the low heating value of biogas. The large volumetric flow
rate of low energy content biogas reduces the air flow into the engine and in turn decreases

the engine volumetric efficiency (Korakianitis et al., 2011).

The induction of reforming reactor product gas into the engine system proved to be
superior in terms of engine thermal efficiency. From Figure 6.4, it can be seen that the engine
thermal efficiency was significantly improved at all engine operating conditions, with a
maximum increment value of almost 2%. In addition, a direct correlation is observed between
Figure 6.3 and 6.4 whereby the increment trend in the engine thermal efficiency is directly

affected by the overall efficiency of exhaust gas fuel reforming process, showing that the
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exhaust reforming process and engine combustion characteristics within the engine - reactor

system are closely coupled.
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Figure 6.4: Engine indicated thermal efficiency for (i) pure diesel operation (ii) biogas-diesel

operation (iii) reformate gas-diesel operation at % EGR condition: 0, 10 and 20.

There are two main reasons contributing to the higher engine thermal efficiency for
the reformate gas-diesel operation, (i) the reduced amount of carbon dioxide in the reformate
gas compared to biogas and (ii) the positive effects of inducting hydrogen and carbon
monoxide into the combustion chamber. Based on the experimental findings in Chapter 4 and
5, it was shown that the carbon dioxide present in biogas was reformed into comparatively
higher flammable hydrogen and carbon monoxide gaseous fuels through the biogas DRR
process. This reduction in carbon dioxide improves the flame propagation from the diesel
pilot ignition point to the surrounding gaseous fuel-air mixture, as explained in the Literature

Review section.
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Apart from the lower amount of inert carbon dioxide present in the cylinder charge,
the hydrogen-air mixture has higher laminar burning velocity and lower minimum ignition
energy (an order of magnitude lower) compared to that of the methane-air mixture (Ono et al.,
2007). These superior properties of hydrogen-air mixture enhanced the flame propagation and
improved the combustion process of the total gaseous fuel-air mixture; hence decreasing the
amount of unburned methane in the exhaust and increases the engine thermal efficiency. It
should also be noted that no hydrogen was detected in the engine exhaust throughout all the
test conditions, showing that the combustion of hydrogen is complete. In addition, the higher
energy content of hydrogen and carbon monoxide present in reformate also contributed to the
higher engine thermal efficiency in the reformate gas-diesel operation. Nonetheless, it was
shown in Figure 6.3 and 6.4 that the highest reforming process efficiency obtained at 20%
EGR engine condition and O,/CH4 molar ratio of 0.5 does not correspond to the highest
improvement in the engine thermal efficiency at that particular test condition. This is mainly
due to the fact that at 20% EGR engine condition, the comparatively high amount of inert
carbon dioxide being recirculated back into the combustion chamber through EGR adversely

affects the flame propagation within the reformate gas-air mixture (Chigier, 1981).

6.3.2 Engine Cylinder Pressure and Heat Release Rate

Figure 6.5 shows the in cylinder pressure and rate of heat release (ROHR) diagram for
both pure diesel and reformate gas-diesel operations at 0% EGR engine condition. Due to the
small quantity of REGR used (3% volume of the total air intake), it can be seen that the
introduction of reformate gaseous fuel into the combustion chamber does not significantly
affect the overall trend of the combustion process. Nonetheless, the ignition delay was

prolonged and the cylinder peak pressure was slightly reduced compared to the pure diesel
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operation. The increase in ignition delay was mainly due to the reduced oxygen content
(replacement by REGR) in the cylinder charge mixture which led to the reduction in the
reformate gas-air mixture temperature during the compression stroke. In addition, the higher
specific heat capacity of the reformate gas-air mixture also decreased the temperature
increment of the cylinder charge and hence resulted in longer ignition delays. The slightly
decreased cylinder peak pressure was mainly due to the presence of inert gases (i.e. carbon
dioxide and steam) in the combustion chamber which inhibits the burning velocity of the
reformate gas-air mixture. The overall longer ignition delay caused the pilot diesel to auto-
ignite at a later stage, which then starts burning the gaseous fuel surrounding the ignition
region of the pilot diesel, hence contributing to the slightly higher ROHR at the diffusion
combustion phase. In general, the overall combustion stability was not affected in the engine

— reactor system.
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Figure 6.5: In-cylinder pressure and rate of heat release for pure diesel and reformate gas-
diesel operations at 0% EGR engine condition.
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6.3.3 Fossil Fuel Replacement

As stated in the Introduction section, the main goal of utilizing biogas for vehicular
applications is that it is a renewable source of energy, hence potentially reducing dependence
on the use of fossil fuels. Figure 6.6 shows the percentage replacement of fossil diesel fuel (i.e.
ULSD) achieved for both biogas-diesel and reformate gas-diesel operations in energy basis. It
can be seen that there was substantial amount of liquid diesel being replaced (maximum fossil
fuel replacement of approximately 14%) even with small amount of gaseous fuel used (Table
6.1). In addition, the liquid diesel replacement was significantly higher in the engine — reactor
system, mainly due to the higher energy content of reformate and less unburned methane

being emitted into the atmosphere as wasted chemical energy through the engine exhaust.

18

16 - B Biogas (02/CH4:0.35) HE Reformate (02/CH4:0.35)

I Biogas (02/CHA4:0.5) H Reformate (02/CH4:0.5)

10 +

Fossil Diesel Fuel Replacement (Energy %)

0 10 20
% EGR Engine

Figure 6.6: Percentage fossil fuel substitution for both dual fuel operations in energy basis.
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6.3.4 UHC and CO Emissions

It was explained in the Literature Review section that one of the main disadvantage for
using gaseous fuel is the high amount of unburned hydrocarbon (UHC) emissions present in
the engine exhaust, especially at engine part load operating conditions. In this chapter, the
main constituent of the UHC consists of unburned methane in the combustion chamber
originating either from biogas or reformate gaseous fuel. Figure 6.7 shows the amount of
unburned methane in the exhaust emissions for both the biogas-diesel and reformate gas-
diesel operations. The pure diesel operation was represented at O,/CH,4 molar ratio of 0. It can
be seen that there is a significant reduction in unburned methane emission at all engine
operating conditions when reformate is used compared to that of biogas-diesel operation. The
main reason for this is the superior fuel properties of reformate over biogas which improves
the combustion of the total gas-air mixture, hence reducing the amount of unburned methane
in the combustion chamber. Another reason is due to the fact that part of the methane from
biogas was being reformed into syngas, hence smaller amount of fresh methane was being
inducted into the engine for the reformate gas-diesel operation. In addition, this reduction in
unburned methane also contributed to the higher engine thermal efficiency as less gaseous

fuel was being wasted in the engine exhaust.

Nonetheless, higher CO emission was found for the reformate gas-diesel operation
(Figure 6.8). This is mainly due to the insufficient combustion of high amount of carbon
monoxide present in reformate (Figure 6.1 and 6.2). For the biogas-diesel operation, the
carbon monoxide was formed from the partial oxidation of the gaseous fuels in the vicinity of
the pilot diesel combustion. It was also shown by Bari (1996) that the dissociation of carbon
dioxide into carbon monoxide and oxygen is possible at high temperature conditions, leading

to the high CO emissions during both dual fuel operations.
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Figure 6.7: Unburned methane emission for the biogas-diesel and reformate gas-diesel

operations at O,/CH,4 molar ratio 0, 0.35, 0.50.
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Figure 6.8: CO emission for the biogas-diesel and reformate gas-diesel operations at O,/CH,4
molar ratio of 0, 0.35, 0.50.

100



CHAPTER 6: PERFORMANCE OF THE BIOGAS EXHAUST GAS FUEL REFORMING
PROCESS AND THE GAS - DIESEL DUAL FUEL OPERATION WITH REGR

6.3.5 NOx Emission

There was a significant drop in NOx emission level with the usage of both gaseous
fuels (i.e. biogas and reformate) at all engine operating conditions compared to that of pure
diesel operation (Figure 6.12). This reduction in NOx emission for dual fuel operations was
mainly due to the lower cylinder charge temperature and it was explained in detailed in the
Literature Review section. Moreover, from Figure 6.12, the use of reformate in the engine
decreases the NOx emission level even further compared to when biogas is being used. It was
shown by Shrestha et al. (2000) that small quantity of hydrogen (i.e. from reformate) present
in the combustion chamber reduces the NOx formation due to its combustion characteristics.
In general, hydrogen burns more rapidly and cleanly compared to both liquid diesel fuel and
biogas as the smaller size molecules of hydrogen enters the combustion reaction at a higher
velocity (hence the high flame propagation speed of hydrogen). In addition, the lower
activation energy of hydrogen incurs more molecular collisions than other heavier molecules.
These superior characteristics of hydrogen are believed to improve the combustion process of
the gaseous fuel-air mixture and reduce hot spots within the combustion chamber which acts
as the main contributor for the formation of NOx (Gomes Antunes et al., 2009). Additionally,
Masood et al. (2007) also shows that adding hydrogen increases the mole fraction of steam
present in the combustion chamber (from hydrogen combustion) which subsequently brought

down the cylinder peak temperature and hence further decreasing the NOx emission level.

Figure 6.9 and 6.10 shows both NO and NO; distributions in the engine exhaust
emissions. In overall, the use of gaseous fuels (i.e. either biogas or reformate) in the engine
significantly reduces the NO level while increasing the NO; level in the engine emissions
compared to that of pure diesel operation. The end result is a drop in the overall NOx

emission due to the fact that NO is the main constituent of NOx emission and the reduction in
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NO level is greater than the increment in the NO; level. In addition, the usage of reformate in
the engine — reactor system was seen to further decrease the NO while increasing the NO,
emissions at all engine operating conditions. The major path in the formation of NO, was via
the oxidation of NO with HO; as shown in Eq. 6.3 (Kuo, 2005). The presence of hydrogen in
reformate effectively increases the HO, level in the combustion chamber, as shown
experimentally by Bika et al. (2008) and numerically by Lilik et al. (2010) which then

subsequently resulted in the increase in NO; emission level.

NO + HO, <> NO, + OH (6.3)
750
—&— Biogas (OEGR) - 8 = Reforming (OEGR)
650 4 —¢— Biogas (10EGR) - ¢ = Reforming (10EGR)
—a— Biogas (20EGR) - = - Reforming (20EGR)
550

250

150

0 0.1 0.2 0.3 0.4 0.5
0,/CH, Molar Ratio

Figure 6.9: NO emission for biogas-diesel and reformate gas-diesel operations at O,/CH,4
molar ratios of 0, 0.35, 0.50.
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Figure 6.10: NO, emission for biogas-diesel and reformate gas-diesel operations at O,/CH,
molar ratios of 0, 0.35, 0.50.

6.3.6 Soot Emission

Figure 6.11 — 6.14 show the soot concentration and particle size distribution for both
pure diesel and reformate gas-diesel operations. The total particle mass (Figure 6.13) were
calculated using the particle number concentration distribution obtained from SMPS (Figure
6.11) and the density of the particles, by implementing the particle density calculation
equation developed by Lapuerta et al. (2003). Based on Figure 6.11 — 6.14, it can be seen that
increasing the EGR ratio increases the amount of particles in the engine exhaust for all test
conditions, mainly due to the associated lower combustion temperature. In addition, the trend
for the total particle mass (Figure 6.13) is consistent with the distribution of soot

concentration (Figure 6.14).
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Figure 6.11: Particle number distribution for pure diesel operation (no reforming) and

reformate gas-diesel dual fuel operation.
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Figure 6.12: Total particle number and mean diameter for pure diesel operation and reformate

gas-diesel dual fuel operation.
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Figure 6.13: Total particle mass distribution for the pure diesel operation and reformate gas-

diesel dual fuel operation.
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Figure 6.14: Soot concentration for pure diesel operation and reformate gas-diesel dual fuel

operation.
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At 0% EGR engine operating condition, the reduction in soot emission is mainly due
to the reduction in pilot diesel fuel intake (i.e. main compound for soot formation) due to the
gaseous fuel substitution. When comparing the use of both gaseous fuels (Figure 6.15), the
higher energy content and the presence of less methane in the reformate compared to biogas
resulted in the larger decrease in liquid fuel injected into the combustion chamber at constant
engine power output, hence further decreasing the soot emission in the engine — reactor
system at 0% EGR engine condition. Nonetheless, the simultaneous introduction of both EGR
and reformate gaseous fuel (3% REGR) decreases the total volume of air intake into the
engine and hence resulting in a drop in the A value. The effect of adding gaseous fuel was
only beneficial up to a certain level of engine intake air substitution level. Beyond that, the
lack of oxygen in the combustion chamber (i.e. to reduce soot formation and promote soot
oxidation) resulted in increasing soot emission (Mustafi and Raine, 2008). This resulted in the
high soot emission level when reformate was being inducted into the engine at 20% EGR
condition as the A value decreases significantly from 2.93 (pure diesel operation) to 2.75
(reformate gas-diesel operation). This large drop in the A value is mainly due to the fact that
no oxygen is present in the REGR composition (i.e. reformate) for the combustion process. In
addition, the lower cylinder charge temperature observed during the premixed combustion
phase at low A conditions demotes the soot oxidation process and hence further increases the

soot emission level (Papagiannakis et al., 2010).

There is also the possibility of soot formation in the reforming reactor at 20% EGR
engine condition which was then being fed directly into the engine. As shown by Pedersen-
Mjaanes et al. (2005), the rich combustion of methane (i.e. POX reforming process) during
the exhaust gas fuel reforming process promotes the formation of soot. Hence, it was

speculated that at high EGR ratio, the high quantity of pre-existing soot present in the engine
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exhaust which was then being fed into the reforming reactor could promote the formation of
soot through both surface growth and coalescence process. This is shown in Figure 6.12 and
6.14 whereby at 20% EGR, the decrease in total particle number when O,/CH4 molar ratio
was increased from 0.35 to 0.50 (increased exhaust gas feed rate into the reactor) was
associated with the increase in both the particle mean diameter (coalescence) and soot mass

concentration (surface growth).

6.3.7 Soot — NOx Emissions

Figure 6.15 summarizes the overall NOx and soot emissions for the different EGR
ratios implemented in the engine system. It can be seen that the trade-off between soot and
NOX is clear whereby as % EGR increases, there was a reduction in NOx emission together
with an increase in soot emission. At low EGR ratio conditions the use of reformate is capable
of reducing both NOx and soot simultaneously, breaking the trade-off. At 0% EGR,
introducing reformate (at O,/CH,4 molar ratio of 0.35) resulted in a reduction in NOx emission
of up to 17% together with a 13% decrease in soot emission. Even though the addition of
reformate at high EGR ratios further decreases the NOx emission, the overall soot emission

was increased as explained earlier.
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Figure 6.15: Soot — NOx emissions for pure diesel, biogas-diesel and reformate gas-diesel

operations at all test conditions.

6.4 Summary

The investigation of the effects of implementing REGR in the engine — reactor system
on both the biogas exhaust fuel reforming process and the engine performance for the gas-

diesel operation was performed. The main findings were summarized as follow:

e Higher hydrogen production and an increase in the overall reforming process efficiency
were observed in the engine — reactor system. This was mainly due to the increased
endothermic SRR process of biogas resulted from the higher steam content (from
hydrogen combustion) present in the engine exhaust gas.

e In terms of engine performance, it was shown that the engine indicated thermal efficiency
for the reformate gas-diesel operation was significantly improved compared to that of
biogas-diesel operation due to the superior properties of reformate gaseous fuel and the

overall reduction in carbon dioxide content which improves the combustion process.
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Nonetheless, prolonged ignition delay and lower cylinder peak pressure was observed
when both gaseous fuels (i.e. reformate and biogas) were inducted into the engine due to
the reduced air intake and high specific heat capacity of the cylinder charge.

The introduction of both biogas and reformate gaseous fuel into the engine have resulted
in increased unburned methane and carbon monoxide emission levels compared to pure
diesel operation due to insufficient combustion of both emission gases.

During the dual fuel operations, NO emission was reduced while the NO, formation was
somewhat enhanced and this trend was more prominent with the use of reformate. The
overall NOx emission was significantly reduced with the induction of both gaseous fuels
into the engine system due to the lower cylinder charge temperature.

At low %EGR engine conditions, soot emission was decreased when REGR was
implemented in the engine — reactor system as less liquid diesel fuel was injected due to
substitution of liquid fuel by reformate. Nevertheless, a slight increase in soot emission
was observed with increasing EGR ratio as high amount of inert gas and soot was being
recirculated back into the engine system.

In general, the engine — reactor system was deemed beneficial for dual fuel operations
with higher engine thermal efficiency and greater fossil diesel fuel replacement. Moreover,
both NOx and soot emission levels were reduced at low EGR ratios, hence breaking the

PM-NOXx trade off with the implementation of REGR in the engine — reactor system.
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CHAPTER 7

CONCLUSIONS AND FUTURE WORK

7.1 Concluding Remarks

Preliminary equilibrium calculations and detailed experimental studies were done to
investigate the potential of upgrading biogas into higher quality syngas. The upgrade of
biogas through catalytic reforming reactions using a monolith reforming catalyst coated with
2%Pt and 1%Rh was first studied to understand the catalyst performance at various
temperatures, gas hourly space velocities and feed rates test conditions. Subsequently, biogas
upgrading at low exhaust temperature through catalytic exhaust gas fuel reforming process
was investigated and reformate gaseous fuel (i.e. upgraded biogas) produced was fed directly
into the engine air intake to study the system with REGR. The resulting effects of REGR on
the biogas exhaust fuel reforming process were investigated. Finally, a comparison study was
done to distinguish the key differences in the engine performance and emissions
characteristics at part load condition when reformate and pure biogas were individually used
as a fuel source for dual fuel operations. Equally important is the amount of fossil diesel fuel
that was being successfully replaced in the dual fuel operations. The main findings of this

research are further summarized as follow.

7.1.1 Biogas Upgrade to Syngas via Dry and Oxidative Reforming

Both equilibrium calculations and experimental work were done to investigate the
reaction profile and process efficiency of biogas dry reforming and the effect of adding

oxygen into the reactor at various O,/CH4 molar ratios on the overall reforming process. It
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was concluded that syngas could be produced from biogas at high temperatures but the highly
endothermic DRR process of biogas deteriorated at conditions of low temperature range and
high GHSV, with low hydrogen yield generated. Nonetheless, the addition of oxygen into the
reforming reactor significantly increased the hydrogen production at low temperatures due to
the promotion of the exothermic oxidative reforming processes of methane present in biogas.
In addition, the increase in temperature along the catalyst bed resulting from the exothermic
processes also promoted the DRR process of biogas downstream the catalyst. As opposed to
the slow reacting DRR process, the increase in GHSV promoted the POX reforming activity
in the reactor. Nonetheless, at high temperatures the introduction of oxygen had little effect on
the overall hydrogen yield as the DRR process of biogas remains the dominant reforming

reaction.

7.1.2 Biogas Upgrade through Exhaust Gas Fuel Reforming Process with Engine

Exhaust Waste Heat Recovery

Real exhaust gas from engine fuelled with ULSD at part load condition was fed
directly into the reforming reactor together with biogas. Detailed studies were done on: (i) the
reforming reaction temperature profiles and (ii) reformer product gas compositions for the
catalytic exhaust gas fuel reforming process. It was shown that reformer product gas
containing up to 20% hydrogen and having approximately similar energy content as the feed
biogas can be produced at low exhaust temperature conditions. The maximum overall
reforming process efficiency of approximately 95% was obtained. In addition, the reduction
in carbon dioxide content in biogas resulting from converting it into high energy content

reformate rendered it more suitable as a fuel source for use in IC engines.
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Generally, increasing the O,/CH4 molar ratios of the feed gas into the reforming
reactor increases the hydrogen production throughout all test conditions. When the engine is
operated without EGR, the high oxygen and low steam content in the exhaust promoted the
POX process of biogas and this reaction was further enhanced at high GHSVs. However, with
the introduction of 20% EGR into the engine, the increased steam content in the engine
exhaust caused the high hydrogen yielding SRR process and the WGSR side reaction to
dominate in the reactor, hence significantly increased hydrogen production was obtained at
low GHSVs. In addition, the increase in endothermic reactivity further promotes the recovery
of waste heat and improves the overall reforming process efficiency. Therefore, with the
optimization of the process, on-demand supply of high quality syngas produced from biogas

could be achieved with minimal energy loss for dual fuel engine operations.

7.1.3 Performance of the Biogas Exhaust Gas Fuel Reforming Process and the Gas —

Diesel Dual Fuel Operation with REGR

The engine — reactor system was implemented by feeding the reformer product gas (i.e.
reformate gaseous fuel) from the reactor placed in the REGR loop into the air intake of the
engine fuelled with ULSD. The effect of REGR on the overall reformer product composition
and on reforming process efficiency was investigated and compared with that of biogas
exhaust fuel reforming in previous chapter. Comparison studies on the engine performance
and exhaust gas emissions for (i) pure diesel operation, (ii) biogas-diesel dual fuel operation

and (iii) reformate gas-diesel dual fuel operation were also conducted.

The reforming activity for the biogas exhaust fuel reforming in the engine — reactor
system was mainly influenced by the higher amount of steam present in the engine exhaust

gas as a result of combusting hydrogen-enriched reformate gaseous fuel obtained through the
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implementation of REGR. The increased steam content into the reforming reactor which
further promotes the endothermic SRR process proved to be beneficial, with up to 24%
hydrogen in the product. The resulting overall process efficiency was higher than 100% at

optimum operating condition; hence exhaust waste heat recovery was achieved.

The beneficial effects of introducing reformate into the dual fuel system at engine part
load operation was evident compared to that of using pure biogas. It is believed that the
superior properties of hydrogen and carbon monoxide present in reformate and the substantial
reduction in carbon dioxide content improved the turbulent flame propagation through the
gaseous fuel-air mixture. This belief is further supported by decreased unburned methane
emissions and simultaneous increased engine indicated thermal efficiency. Moreover, the
achieved liquid diesel fuel replacement was also significantly higher in dual fuel reformate
gas-diesel operation than in biogas-diesel operation. At low EGR ratio, both NOx and soot
emissions were substantially reduced with the introduction of reformate compared to both that
of biogas-diesel and pure diesel operations. Alas, the use of reformate increased the soot
emission at high EGR ratio even though the NOx emission level still remained the lowest

with the use of reformate.

7.2  General Closing Remarks

The use of gaseous fuels for dual fuel operations can retain most of the positive traits
of a diesel engine while providing better engine exhaust emissions. Nonetheless, the use of
biogas especially during engine part load operation resulted in lower engine thermal
efficiency and high UHC emission. The engine - reactor system has shown great potential in
improving the engine performance and emissions of dual fuel operation by upgrading biogas

into hydrogen-enriched syngas through the exhaust gas fuel reforming process. As a result of

113



CHAPTER 7: CONCLUSIONS AND FUTURE WORK

this work, it was observed that the exhaust gas fuel reforming process using biogas was
influenced by both the reactor operating conditions and the compositions of engine exhaust
being fed into the reforming reactor. Process optimisation is thus essential in order to achieve
high hydrogen content in the reactor gas product with minimal energy loss in the reforming
process. With the implementation of REGR in the engine — reactor system, the high steam
content in the engine exhaust gas proved to be beneficial by increasing hydrogen yield in the
reactor gas product and improving the overall reforming process efficiency. At low EGR ratio
engine operating conditions, simultaneous reduction in NOx, soot and UHC emissions were
observed in the reformate gas-diesel operation compared to that of biogas-diesel operation.
Moreover, at all engine operating conditions, higher engine thermal efficiency and greater

fossil diesel fuel replacement were achieved in the engine — reactor system.

7.3 Future Work

It can be seen that the equilibrium calculation method is a convenient tool to predict
the results of the reactor reforming products for preliminary studies. Nonetheless, the
STANJAN equilibrium model used in this thesis is only capable of performing steady state
calculations (i.e. constant temperature and pressure conditions). Based on the experimental
studies for the exhaust gas fuel reforming process presented in this thesis, it was clear that the
reactor temperature changes along the monolith catalyst bed and hence resulting in a non-
uniform reactor temperature profile. It was proposed that an in-house model built from
software such as ANSYS FLUENT or MATLAB that could predict the chemical kinetics of
the various reforming processes at a non-uniform temperature profile would be useful for the

preliminary studies of the exhaust gas fuel reforming process. This would also enable the
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study for the optimization of the exhaust gas fuel reforming process in various engine exhaust

compositions and reactor conditions without incurring the cost of laboratory work.

In terms of engine performance and emission characteristics, it was shown in this
thesis that the use of reformate gaseous fuel in the engine — reactor system proves to be
superior compared to that of biogas-diesel dual fuel operation even at low REGR condition of
only 3%. A full scale engine - reactor configuration capable of providing reformate gas at a
higher flow rate should be set up to study the effect of adding reformate into the diesel engine
at higher % REGR conditions. This study would enable further investigations of the exhaust
gas fuel reforming process at various GHSV conditions and subsequently different engine
intake air substitution levels for the engine — reactor system. In addition, part of the hydrogen-
enriched reformate gaseous fuel produced from the full scale reformer reactor could be

utilized in the diesel after-treatment systems, further reducing engine exhaust emissions.

Lastly, research into the formation of soot in the reforming reactor would be necessary
as the next step in studying the engine — reactor system. The high amount of soot present in
the engine exhaust, especially at high % EGR engine conditions could potentially promote the
undesirable soot formation during the exhaust gas fuel reforming process. Detailed study on
the amount of soot formed in the reforming reactor would give an insight into the cause for
the high soot emission at high % EGR conditions as shown in Chapter 6. In addition, by
thoroughly understanding the soot formation in the reforming rector, the possible deactivation
of reforming catalyst due to coking (i.e. carbon deposition on catalyst surface) especially with
the introduction of long-chain hydrocarbon fuels in the exhaust gas fuel reforming process

could be avoided in the future.
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APPENDIX

A. Technical Data for Measuring Equipment

Table A.1: Technical data for the MKS Type MultiGas Analyzer Model 2030.

Measurement Specifications

Measuring Technigque FT-IR spectroscopy

Gases and Vapor Measurable Most molecules with dipole moments except for N, H,, and O,

Ranges Concentration between low ppb and 100 ppm scale

FT-IR 2102 Process FT-IR

Spectral Resolution 0.5-128 cm™

Scan Speed 1 scans/sec @ 0.5 cm™

Scan Time 1-300 sec

Infrared Source Silicon Carbibe at 1100°C

Reference Laser Helium — Neon (15798.2 cm™) — dependent upon detector

Detector LN,-cooled MCT; TE-cooled MCT

Pressure Transducer MKS Baratron (0-1000 torr 0-3000 torr standard; consult model
code)

Table A.2: Technical data for the AVL Digas 440 analyzer.

Gas Measuring range Resolution Accuracy
CO 0-10% vol. 0.01% vol. <0.6% vol.: £0.03% vol.

>0.6% vol.: 5% of ind. val.
CO, 0-20% vol. 0.1% vol. <10% vol.: £0.5% vol.

>10% vol.: £5% of ind. val.
HC 0-20000ppm vol. <2000 ppm: 1ppm vol. <200 ppm vol.: £10ppm vol.

>2000 ppm: 10 ppm vol. >200 ppm vol.: 5% of ind. val.

0, 0-22% vol. 0.01% vol. <2% vol.: £0.1% vol.

>2% vol.: 5% of ind. val.
NO 0-5000ppm vol. 1 ppm vol. <500 ppm vol.: £ 50ppm vol.
>500 ppm vol.: +10% of ind. val.
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B. Test Spread Sheet

Table B.1: Engine emissions recording spreadsheet.

No Engine Condition| EGR (%) | GHSV (k/h) | Reformate (I/min) CcO2 co(l) 02 Nox THC THC NO(H)
: 0
25.5 15
z 20
1500rpm/ 4bar
> 0
3 16.5 10
Py 20
Table B.2: Reformer reactor product gas recording spreadsheet.
No Engine Condition| EGR (%) | GHSV (k/h)| Reformate (I/min) ™ o Pro((:il:lzt Gas (cﬁgz o2
; 0
25.5 15
i 20
1500rpm/ 4bar
5
p 0
7 i 16.5 10
8
Table B.3: Reactor temperature profile recording spreadsheet.
No Engine Condition | EGR (%) |GHSV (k/h)|Reformate (I/min 1 7 3 Ter:peratureSProfile Alzng M0n0|i7th © 3 Py o 1
E 0
2
25.5 15
2 2
1500rpm/ 4bar
> 0
? 16.5 10
3 20
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C. Author’s Publications and Award

C1 Author Publications

Lau, C. S., Tsolakis, A., Wyszynski, M. L. 2011. Biogas Upgrade to Syngas (H,-CO)
via Dry and Oxidative Reforming. International Journal of Hydrogen Energy,
36(1), 397-404.

e Lau, C. S, Allen, D., Tsolakis, A., Golunski, S. E., Wyszynski, M. L. 2012. Biogas
Upgrade to Syngas Through Thermochemical Recovery using Exhaust Gas Reforming.
Biomass and Bioenergy, 40(0), 86-95.

e Lau, C. S., Herreros, J. M., Tsolakis, A. 2012. Engine — Reactor Closed Loop

Exhaust Reforming of Biogas for Improved Dual Fuel Performance and Emissions.

Submitted to Renewable Energy.

e Leung, C. P, Lau, C. S., Tsolakis, A., Wyszynski, M. L. 2010. Fuel Reforming for
Gasoline and Alternative Fuels. Presented by the Author at the UnICEG Meeting at

University of Nottingham 2010.

C2 Author Award

e Guest Keen and Nettlefolds Scholarship for outstanding academic achievements.
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