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SUMMARY

It is well known that carbon dioxide (CQ) is a greenhouse gas that contributes to global
warming. Nowadays, a third of the worldwide anthropogenic C£emissions arise from fossil
fuel fired power production. Meanwhile, fossil fuels continue to be the main source of energy
for the foreseeable future. The increasing threat posed by enhanced global warming, as well
as the requirement for sustainable energy supplies around the world, have led to the
development ofseveral novel technologies to produce clean energy from fuels. Among these
new technologies is chemical looping combustion (CLC) that uses a solid metal oxide (oxygen
carrier) to react with fuels. This technology has the potential advantage that it prodes a
pure stream of CQ that can then be sequestrated. In a CLC process, the oxygen carrier is
reduced by fuels in one reactor while being oxidised by air in a separate reactor. As the
oxygen carrier circulates through the system, it is subjected to morphagical and
compositional changes such as sintering, attrition and reactions between various metal
oxides and fuels. These changes tend to cause the reactivity of the oxygen carrier to decrease
over time.

The main objective of this PhD study was to invegfate and characterise the morphological
and compositional changes of the oxygen carrier particles after they have undergone
multiple reduction oxidation cycles in a CLC system. A single fluidised bed system was used
in this study. Fuel was fed into a bedf oxygen carrier consisting of mechanically mixed iron
oxide or wet impregnated copper oxide supported on alumina. The bed was fluidised by a
stream of CQ and/or steam. Pyrolysis gases from the fuel gasification process reduced the
oxygen carrier while forming char in the bed. Thus char was oxidised and the oxygen carrier
was regenerated when the fluidising gas was switched to air.

Five different types of fuels were initially used in the tests. They were lignite coal, lignite
char, activated carbon, US ituminous coal and Taldinski bituminous coal. The rates of

gasification of the bituminous coal and activated carbon were much slower than those of the
lignite coal and lignite char, resulting in an unfavourably large accumulation of char during

the reduction stage. Subsequent experiments were conducted with UK bituminous coal to
determine the effect of ash on the oxygen carrier particles over a long operational period.

The series of analytical tests included; stereo microscopy, porosimetry analysis;ra§
diffraction (XRD), Xray fluorescence (XRF), inductively coupled plasma mass spectrometry
(ICP-MS), scanning electron microscopy with an energy dispersive system (SEM/EDS) and
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X-ray photoelectron spectroscopy (XPS). Tests were performed on both the fresimca
reacted oxygen carriers.

Analytical results showed that when the pyrolysis gases react with the oxygen carrier,
mineral matter left behind from the gasification process will deposit on the surface of the
particles and diffuse into the core of the partiles. This is due to the fact that mineral matter
has a higher melting point compared to iron oxide and copper oxide. Iron oxide and copper
oxide diffusing to the surface of the particles will replace those that are lost via attrition. As
a result, the conposition of the surface of these particles remains relatively unchanged. As
more mineral matter diffuses into the core of the oxygen carrier particles, they can segregate
metal oxide molecules located at the surfaces from those located at the core of tlagtjzles.
When this occurs, there is a possibility that the segregated material formed will reduce the
ability of oxygen to diffuse to the surface of the oxygen carrier particles. Hence this will
reduce the conversion of the pyrolysis gases. This will thuead to the reduction in the
conversion of the pyrolysis gas and possibly in the deactivation of the oxygen carrier.

It was found that the support structure played a key role in maintaining the structural
integrity of the metal oxide particles during repeated reduction and oxidation cycles.
Experimental results showed that the rate of attrition initially increases with time indicating
that the oxygen carrier structure weakens as it interacts with the mineral matter in ash.

Results from this research stugt have shown that the sembatch chemical looping
combustion of solid fuels is feasible provided reactive fuels that produce a large quantity of
pyrolysis gases are used. Less reactive fuels will lead to the accumulation of a large inventory
of char in thebed. The slow rate of gasification of char will then result in a lower carbon
capture efficiency. In order to operate a serdbatch chemical looping combustion system
with solid fuel, temperatures of above 1000°C are most likely required. However, this wisl
exclude metal oxides with low melting points to act as potential oxygen carriers and may
cause other problems such as ash fusion. A possible solution is to gasify the solid fuels in a
separate reactor and channel the resulting pyrolysis gases into thehemical looping
combustion system.
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amount of newly formed debris per unit breaking energy
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mechanical energy input, kJ
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fugacity of pure species i at reference state, bar

molar flowrate of MexOy in the reducing reactor, mol s

Froude number

gravity, m s2

total Gibbs free energy of the system, J mél

gravity conversion factor

free energy of formation of species i, J mél

molar free energy of species |, J mbl

standard molar Gibbs free energy of the pure species I, J riol
standard Gibbsfree energy of reaction, J mdl

heat of formation of fuel at 298 K, J mdl

molar enthalpy of species I, J mal

heat of reaction at the reducing reactor temperature calculated per mol M&y
reacted, J mot

heat of reacton at the reference temperature calculated per mol M€&y
reacted, J mot

attrition constant

equilibrium constant
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length of fluidised bed, m
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empirical constant

number of moles of specie i, mol
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referenced pressure, bar

heat added or removed from the system, J mbl
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stoichiometric coefficient of species i
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solids density, kg nm?®

attrition rate constant
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Ni = fugacity coefficient

Ni = ratio of the moles of incoming species i to the moles of M8, entering the
reducing reactor

Ns = sphericity of a particle

Abbreviations

BET Theory of Brunauer, Emmett and Teller

BJH Theory of Barret, Joyner and Halenda

CLC Chemical looping combustion

EDS/EDX  energy dispersive system

HFC hydrofluorocarbon

HHV Higher heating value

ICRMS inductive coupled plasma mass spectrometry

IGCC Integrated gasification combined cycle

MEA monoethanolamine

SEM scanning electron microscope

STP standard temperature and pressure

XPS X-ray photoelectron spectroscopy

XRD X-ray diffraction

XRF X-ray fluorescence

Ag Silver

Al Aluminium

Al203 Alumina

As Arsenic

B Boron

Ba Barium

BaO Barium oxide

Be Beryllium

Bi Bismuth

C Carbon
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Cd
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CO
CQo
Cr
Cu
CuO
Fe
FeOs
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K20
Li
Mg

Mn
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Calcium

Calcium carbonate
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Hydrogen
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Pb
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Se
Si
SIQ
SQ
SG
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T
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Oxygen molecule

Phosphorus pentoxide

Lead

Rubidium
Selenium
Silicon

Silicon dioxide
Sulphur dioxide
Sulphur trioxide
Strontium
Tellurium
Titanium
Titanium dioxide
Thallium
Uranium
Vanadium
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Introduction

Chapter1 INTRODUCTION

1.1 Energy Demand & Supply

It has been projected that about twethirds of the increase in world primary energy demand
between 2002 and 2030 will come from developing countries. Besides that, increasing
demand and the shifting geographical location of available reserves will result in significant
increases in oil and gas trade. It is projected that oil will continue to dominate international
trade and gas imports are expected to rapidly increase. Althoughis will enhance prosperity
and security in the exporting countries, it may adversely affect energy security in importing
countries due to increased dependence on imports from a limited, and potentially unstable,
supply. In contrast, many countries enjoysizeable indigenous coal resources while others
are able to take advantage of a diverse, rapidly growing and wedlpplied international

market (ASPI, 2007).
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Introduction

Figure 1.1 shows that the world primary energy consumption from 1985 to 2010t can be
seen in Figure 1.1hat energy consumption in 2010 grew by 5.6% compared to 2009. Energy
consumption through sources such as oil, natural gas, coal, nuclear, hydroelectricity and
renewables continue to rise at a rapid pace for power generation. Oil remains the dominant
fuel (33.6% of the global total), but has lost its market share over the years and this i
exemplified in Figure 1.2. Figures 1.1 and 1.2 alsadicate that the share of coal and natural
gas in total energy consumption is rising and is projected to continue rising in the near

future.

1973 2009
iy SI:ilchans Biohuals
oo ond Wik (Cghet Hydo ondwaske . .
TR logh o I3tz O

There are many drivers governing the secure supply of energy. Different sources of energy
meet different needsz some are best suited to base load generation, others to peaking, and
others to meet environmental considerations. A diverse mix is one way to ensure security of
supply. Coal has particular attributes that make a positive contribution to energy securitysa
part of a balanced energy mixHowever, coal faces environmental challages, but through
the development and use of clean coal technologies thedetlenges can beddressed (ASPI,
2007).

The use of a wide range of clean coal technologies enables economies to provide an
affordable, reliable and environmentally acceptable sudy of electricity as part of a diverse
energy mix Z reducing energy poverty, providing the means for economic and social

development, and enhancing industrial competitiveness (ASPI, 2007).
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However, energy demands and the related level of @@missions areclosely linked to

population and economic growth. The International Energy Agency has projected that the

global population will grow by, on average, 1% per annum, from 6.4 billion in 2005 to 8.2
AETTEIT ET ¢mom8 ' O OEA OAIiDAmeSi€ Préddict (GEPRIs x 1 O1 A
expected to grow by, on average, 3.6% per annum. This currently translates to an increase

in the total demand for energy of 55% over the same time period.

1.2 Climate Change
Since observation of the planet environment was first reaoled about 150 years ago, it has
been found that the climate has changed over the course of 150 years in many ways. Some
of the evidences include (Imperial, 2010):
F The global average surface temperature has increased by about 0.6°C
The temperatures inthe lowest 8km of the atmosphere has increased
Snow cover and ice extent have decreased
Global sea level has increased by about 10 to 20 cm
Increased precipitation and cloud cover at miehigh latitudes

More severe and frequent occurrence of drouglst

M M WM WM ™

Increase in occurrence of low temperature events

There are several greenhouse gases proceeding from human activities, each one presenting
different global warming potential (GWP). The concept of GWP takes account of the gradual
increase in concentraton of a trace gas with time, its greenhouse effect whilst in the
atmosphere and the time period over which climatic changes occur. The main gases affecting
the greenhouse effect are kD, CQ, CH, N/ h  # & # 6s0OTheAcbniibuBiod to the global
greenhouse effect of the different gases is related to their GWP and to the concentration in

the atmosphere at a given time.

It has been known that carbon dioxide, Cfis a greenhouse gas that contributes to the
warming of the earth. CQis a naturally occurringgas that helps to regulate the temperature

on earth as C®and other greenhouse gases act as a protecting layer in the troposphere that
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prevents most of the outgoing longwave radiation from the earth from leaving the
atmosphere. The greenhouse effect 8 phenomenon in which water vapour, C£) methane

and other atmospheric gases absorb outgoing infrared radiation and cause a rise in
temperature. However, the amount of C£In the atmosphere has risen to such high levels in

the past few decades thatthe e E8 O OOOAAAA AT A 11T xAO AOI T OPERA
rate. The temperature increase is believed to be associated with the fact that 06 an
anthropogenic gas. The concentration of G the atmosphere today has risen to a value of

about 380 ppm whichis more than 30% higher than the preindustrial value of about 280

ppm (Benson and Surles, 2006; Socolow, 2005; IPPC, 2007).

It has also been observed that the climate change is affecting biological and physical systems.
Some evidences include (ImperiaR010):
E Thawing of permafrost
Reduced season of lake surface freezing
Extension of mid latitude growing seasons
Earlier flowering of plants

Pole ward extension of plant and animal ranges

M M M N

Loss of some species

Climate models have been used to pduce quantitative information about the possible
future scenarios if the planet continues to undergo warming at the current rate. These data
can be combinedvith the general information on the consequences aflimate change has on
the planetin order to predict the possible consequences of climate change (Imperial, 2010).
It was deduced that natural and biological systems are vulnerable to the effects of climate
change as they lack the ability to adapt quickly. The consequence of continued warming will
resOl O ET OEA Ag@OET AOCEIT 1T &£ I ATU OPAAEAO AT A AA
as coral reefs, tropical forests and glaciers, resulting in the possible collapse of large
ecosystems. Besides that, human systems will also be affected by climat@rge. This is
because climate change will decrease water resources, agriculture and energy production
(Imperial, 2010).
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All the evidence above suggest that the Earth is vulnerable to a sudden and irreversible

change and therefore immediate action is reqgued in order to mitigate the effects of climate

change. One of the main actions being taken at the moment is that policies and agreements

are being implemented in order to mitigate the effects of climate change (Imperial, 2010).

As energy demand is clodg associated with gross domestic product (GDP), it is very likely

that the demand for energy will continue to increase in the future as an effect of economic

growth in developing countries as well as developed countries (Benson and Surles, 2006;

IPPC, 208, 2007; Lindeberg, 1999). In order to meet the increasing energy demand while

decreasing the C® emissions, these following general routes were proposed (Yamsaki,
2003; Pacala and Socolow, 2004; IPPC, 2005):

E

Increase the efficiency of energy conversion a@hincrease the efficiency in energy
usage

Increase the sequestering of Carom the atmosphere by extending biological sinks
such as afforestation

Switching to fuels with a higher proportion of hydrogen to carbon than coal, e.g.
natural gas, nuclear and reewables

Increasing the use of renewable energy and nuclear energy

Capturing and storing the C®from the generation of energy

Movement towards sustainable technologies and renewable energies which produce
less carbon dioxide

Adaptation of lifestyles to reduce waste

Enhancing carbon sinks such as forests by planting more trees and reducing the scale
of deforestation

Tighter government regulations on areas such as energy production, construction
and transportation in order to improve energy efficiency

Introd uction of schemes such as carbon trading

Imposing stricter conservation guidelines to help as far as possible to preserve and

enhance ecosystems and habitats
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E Providing support for less economically developed countries to overcome the issues
such as poverty welfare and health that would otherwise leave them vulnerable to
the effects of climate change

E Preparing for future scenarios through programmes such as flood defences, stock
piling vaccine, city planning and refugee support

F Continuing research into the causes and effects of climate change in order to

continuously refine climate change mitigation policy

It was reported that a third of the global anthropogenic C&emissions come from fossil fuel
fired power production and about a fifth arises from the transportation sector (Yamasaki,
2003; IEA, 2007). There are major structural differences between these sources of2C(D
the transport sector, these emissions are divided into numerous mobile sources and each of
these releases a relatively small amount of@. It is not feasible to capture C&from each
vehicle and hence, to reduce emissions from the transport sector a change to renewable
fuels, hydrogen or electricity is necessary. To avoid net emissions of £@ydrogen and
electricity as fuels for vehicles need to be produced from no#ossil energy sources, or at

large fossil fuel plants where the C&could be captured and stored (Lindeberg, 1999).

Similarly, in the domestic sector it does not seem to be technically and economically feasible
to install capture technology on small heating units. As with the transportation sector, a
change in energy supply (e.g. to district heating or heat pumps) could improve the
possibilities for limiting COz emissions. For the power production sector, the conditions are
guite the opposite and therefore a change of fuel does not necessarily need to take place. The
sources are stationary and usually very large, which facilitates collection and transport of
CQ. For energy intensive industry such as ammonia production, oil fiming, cement or gas
processing, a way to sequestrate and limit C@missions could be useful (Socolow, 2005;
Davidson and Thambimuthu, 2004; Lindeberg, 1999).

Some advances have already been made. For example, currently, ¢watl power stations
predominantly employ pulverised fuel boilers. Plants with supercritical steam operating at
up to 565°C have been operating for many years. They have higher efficiency than the older
S Page
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subcrititcal plants with the same steam temperatures. Materials advances are now
permitting steam temperatures to be raised and supercritical plants with steam conditions
of about 275 bar, 580z 600 °C or higher and efficiencies over 45% are now commercially

available.

However, it is clear that no single technology option will provié all of the emissions
reductions needed. Even, the added efforts for all of the above solutions will probably not
allow reaching the desired low levels of C£emissions due to our heavy reliance on fossil
fuels. As a result, C£xapture and storage may bemportant and the most viable technique
for reducing CQ emissions into the atmosphere (IPPC, 2005, 2007; Pacala and Socolow,
2004).

CQ capture will be utilized in the combustion industry to reduce C®emission. Separation
of CQ from the flue gases igequired in order to capture CQ. Many techniques have been
developed to perform the separation but most of them require a large amount of energy to
obtain a high CQconcentration. The separation techniques have a large energy penalty and
will decrease the overall power generation efficiency. Besides that, they are expensive to
retrofit into power plants and retrofitting will increase the price of energy delivered to

consumers (Imperial, 2010).

1.3 Legislation
1.3.1 Kyoto Protocol

The Kyoto Protocol is the United Mtions Framework Convention on Climate Change
designed as an international response to climate change. The protocol sets that developed
countries are required to reduce the emission of londgjved industrial gases such as hydre
fluorocarbons (HFCs), peifluorocarbons (PFCs) and sulphur hexafluoride and their
collective emissions of six key greenhouse gases such as carbon dioxide, methane and

nitrous oxide by at least 5% based on their 1990 baseline emission.
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Kyoto Protocol introduces a few schemes that al@ countries to have a certain degree of
flexibility in the way they measure their emissions reductions. The first scheme is known as
emissions trading that is established to allow industrialized countries to buy and sell
emission credits amongst themselvesThe second scheme is known as joint implementation
in which industrialised countries will be able to acquire emission reduction units by
financing greenhouse gases emission reduction projects in other developed countries. The
third scheme is known as theclean development mechanism that is designed to promote
sustainable development that will enable industrialised countries to finance greenhouse

gases emission reduction projects in developing countries and receiving credit for doing so.

1.3.2 Climate Change Ad 2008

One of the main objectives of the Climate Change Act 2008 is to improve the carbon
management in the UK to help in the transition towards a low carbon economy in the UK.
Besides that, the Act allows the UK government to demonstrate its leadershigemationally

by signalling that the UK is committed to taking its share of responsibility for reducing global
emissions (DECC, 2009).

4EA 5+80 #1 Ei AOA # Beknh faRewbridb® the UKgaperrént th redutel C
greenhouse gas emissions. ThecArequires UK to reduce its greenhouse gas emissions by at
least 80% of the 1990 level by 2050. Carbon budgets covering ayBar period have also been
set. The first 3 budgets cover the period between 2008012, 20132017 and 20182022.

The Committee on @mate Change that was created as part of the Act, recommended that the
UK should reduce its greenhouse gas emissions by 34% of the 1990 level in the third carbon
period that runs from 2018-2022 and by 42% of the 1990 level, once a global pact to reduce

greenhouse gases emission has been achieved (DECC, 2009).

1.3.3 Carbon Budgets
Although a great deal has been achieved in terms of improving power generation efficiency
with less carbon dioxide emissions, and reducing emissions from transportation such as

trains, more has to be done in maintaining a secure energy supply, seizing opportunities for
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new green jobs, and helping to ensure that every home is heated adequately and affordably
(DECC, 2009).

1.3.4 Energy Act 2008
This Acts covers (DECC, 2009):

E Offshore Gas Suygy Infrastructure: This regulation allows private sector investments
Ol EAI D [ AET OAET OEA 5+860 AT AOcu OOPDPI EAO
imported gas to meet about 80% of her energy demands by 2020.

E Carbon Capture and Sequestration (CCSJhis regulation allows private sector
investments in CCS projects. This is because CCS has the potential to reduce the
carbon dioxide emissions from fossil fuel power plants by about 90%.

F Renewables: This regulation strengthens the current Renewables @ation. It also
helps to increase the diversity of the UK electricity generation sources. Besides that,
it will also improve the reliability of the energy supplies within the UK and help in
reducing the carbon emissions from the electricity generation sxor.

F Feed In Tariffs: Under this regulation, the UK government will provide financial
support for projects related to low-carbon electricity generation plants of up to 5
Megawatts (MW).

F Renewable Heat Incentive: Under this regulation, the Secretary State will be able
to provide financial support for renewable heat generated from any sources and from

anywhere

1.3.5 Renewables Obligation

2AT AxAAT AO |/ A1l ECAOETIT xAO AOOAAI EOEAA EIT c¢mm
support electricity generation from renewable sources. Electricity generated from

renewable sources has doubled and a project pipeline of more than 11 GW has been installed

across the UK since the Renewables Obligation came into force in 2002. The UK government

has invested more heavily irthe fields of offshore wind and biomass in order to generate at

I AAOGO pnbp 1T £ OEA 5+80 A1l AAOOEAEOU AAI ATAO £&O

constraints to the availability and the use of cheaper forms of renewables (DECC, 2009).
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1.3.6 Renewable Energy Strategy

The Renewable Energy Strategy was published by the UK government on the 15th July 2009.
One of the articles in the strategy was on expanding and extending the Renewables
Obligations to enable the generation of electricity from renewable sources toert at least
30% of the electricity demand in the UK (DECC, 2009).

The consultation on Renewable Electricity Financial Incentives which was set up as part of
the strategy, aims to provide financial incentives for projects related to low carbon electricity

generation from renewable sources; renewables obligations ahfeed in tariffs (DECC, 2009).

1.4 Catalysis

Most industries involved in refining, manufacturing and energy processing usesainsition
metal oxidesas catalysts in their operations This is becauséransition metal oxides have the
ability to lower the activation energy ofan uncatalystreaction resulting in a higher rate of

reaction at the same reaction temperature.

For example, in petr@hemical industry, catalysts are used in the processes such as
alkylation, catalytic cracking, naphtha reforming and steam reforming. Alkylation uses
sulphuric acid or hydrofluoric acid to convertisobutane and low molecular weight alkenes
(propene, butene) into a mixture of highoctane, branted-chained paraffinic hydrocarbons
(isoheptane, isooctane). Fluid catalyt cracking uses catalyst composed of crystalline
zeolite, matrix, binder and filler to convert the higher boiling point, higher molecular weight
hydrocarbons fractions in the petroleum crude oils into gasline and olefinic gases. Steam
reforming uses nickel to convert hydrocarbons into syngasCatalytic converters in
petrochemical industries and vehicles use catalysts composed of platinum and rhodium to
convert unburned hydrocarbons, carbon monoxide and tiogen oxides into carbon dioxide,

nitrogen and steam.

In chemical looping combustiona catalyst in the form ofa metal oxide oroxygen carrieris

~ s N N -

used to circulatethe two interconnected fluidised bed reactorsd EA AAOOEA 08 O
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transfer oxygen from the combustion air to the fuel During this process, the metal oxidevill
be oxidised in the riser by taking up oxygen from aior steam. They are then transferred to
the downer where they are reduced via combustion of the fuel with thexygen fromthe

oxygen carrier. This is illustrated in Figure 1.3.

N, O, CO,, H.O
MO,
Air- Fuel-
reactor reactor
M\,o‘i-'l
Air Fuel
CAIddey B # EAT EAAI 11T PETC AT ACeOo®EhiT YIT xOEA

1.5 Statement of Problem Addressed in this Thesis

The increasing threat posed by enhaced global warming as well as the requirement to
secure energy supplies around the world have led to the development of several novel
technologies to produce clean energy from fuels. Among these new technologies is chemical
looping combustion (CLC) that ges a solid metal oxide as the oxygen carrier to react with
fuels. This technology has the potential advantage to produce a pure stream of carbon
dioxide (CQ) that can then be utilised or sequestrated. This is because the oxygen carrier is

reduced by fuek in one reactor, while being reoxidised by air in a separate reactor.

However, as the oxygen carrier circulates the system, it is subjected to morphological and
compositional changes such as sintering, attrition and reaction between metal oxides and
fuels. These changes might cause the reactivity of the oxygen carrier to decrease over time.
These changes have not been studied extensively by other researchers as most of them

focused on screening of the oxygen carrier particles and the reactor design.
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1.6 Reseach Objectives
The main objective of this PhD study onhemical looping combustionwas to investigate and
characterise the morphological and compositional changes in particles such as metal oxides

after they have undergonemultiple reduction oxidation cycleswith solid fuels.

The research studyfocusedon:
1 Understand the different analytical techniques used in characterising the metal oxide
particles as well as their potential limitations
1 haracterise the morphological and compositional changes in the pactes after
multiple reduction oxidation cycles
1 Understand the effects ofthese changes on the performance of the metal oxide

particles

1.7 Layout of Thesis
E Chapter 1: Introduction
o Introduces the background of the research study, the problem statements dn

objectives of this research study

E Chapter 2:Literature Review
o Presents the different types of C&capture and storage technologies, such as pre
combustion, postcombustion and oxyfuel combustion. It introduces the concept
of chemical looping conbustion with syngas as well asssues associated with
chemical looping combustion with solid fuels. Propertieof the commonly used

oxygen carriersas well as their preparation methodology are discussed
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1 Chapter 3: Theoretical Studies

0 The concept ofluidisation is discussed After that the concept of the nmimisation
of Gibbs free energy used for the thermodynamics calculation igresented
Ellingham diagram as well as the equilibrium constant diagrams for the reactions
between pyrolysis gases (CO, 2and CH) is illustrated. Reaction mechanisms
between the pyrolysis gass and the oxygen carriers aredescribed before
hypothesis for the interaction between mineral matter and metal oxidesare
detailed.

E Chapter4: Experimental Program
o Describesthe expaimental set-up and operating conditions of both experimental
setups used in this study The experimental procedures as well as the
measurement accuracyfor equipment used in this experimental work are
detailed.

E Chapter 5 Experimental and Analytical Reults
o Describes the results obtained from the experimental work and discusses the
analytical work done to characterise the particles using techniques such asray
diffraction (XRD), Xray fluorescence (XRF)porosimetry analysis andinductively
coupled plasma mass spectrometry (ICRMS). The possible metal oxide

deactivation mechanismsare presented.

E Chapter 6: Attrition in Chemical Looping Combustion
o0 Presents the results and discusses thmte of elutriation of oxygen carriersused
over multiple oxidation and reduction cycles with solid fuels The possible
attrition mechanismsthat led to the elutriation of the metal oxide fines as well as

the effect of sodium and potassium on the metal oxide particlese discussed.
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E Chapter 7:Surface Analysis
o Details the results scanning electron microscope with energy dispersive system
(SEM/EDS) as well agrom the X-ray photoelectron spectroscopy(XPS) analysis.
Discusses the possible mechanisms behind the observed trend from these

analytical results and howthey complement hypothesis presented in Chapter 3.

E Chapter 8: Conclusions & Future Work
0 Presents the main conclusions from this research and outlines possible future

work to be carried out to address issues found in this research
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Chapter 2  LITERATURE REVIEW

2.1 CQ Capture & Storage
CQ capture is the process of removing C{produced by hydrocarbon combustion (coal, oil
and gas) before it enters the atmosphere. The process will be most cost effective when it is

used on large point sources of GQuch as power stéons and industrial plants.

CQ capture is an existing industrial technology widely used, on a smaller scale, in the
manufacture of fertilisers, the foodprocessing industry and within the oil and gas sector.
The main challenge for any capture process the low concentration of CQin the flue gas.
Depending on the industrial source, C£content can vary from a few percent to over fifty
percent. Other contaminant gases such as oxygen, sulphur oxides, water vapour and nitrogen
can also be present in fluegases. Due to economic and energy issues, it is impossible to
compress and store all of them. As a result, @@®ust be preferentially separated from the

other flue gases by a capturing process.

Currently, there are currently three main methods of capturig CQ. They are:
F Postcombustion capture
E Pre-combustion capture

F Oxy-fuel combustion capture
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2.1.1 Post Combustion Capture

Post combustion capture is a process in which dilute G@& removed from the flue gases after
combusting the hydrocarbons. This techalogy can be retrofitted onto existing industrial
plants and power stations without significant modifications to the existing plants (SCCS,
2008).

There are a number of post combustion capture technologies being investigated at the
moment. The first tecnology is known as solvent capture. An example of solvent capture is

the amine scrubber shown inFigure 2.1. An amine scrubber uses a dilute solution of about

30% monoethanolamine in water which will react with CGET  OEA & OA CAO Au O
loaded material will then be transported to a stripper where heat is added to reverse the
reaction thereby producing a pure stream of C£while regenerating the sorbent at the same
time. The CQwill then be compressedand transported to a site where it will be sequestered
(Imperial, 2010).
N, 0, compression
To sequestration
Ahsorber
T~ 550C, Stripper
P~ 1 bar D T=120°C,
) P~ 2 bar
Flue gasfrom _
power station Reboiler
Compression
CSEC@aA ' 1 ET A OAOOAAAO YI T xOEAAO j)I BPAOI
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Current research on solvent capture is focused on the improvement of solventor CQ
capture. This includes discovering and testing new solvents. Besides that, investigation of
the operation and flexibility of solvent capture plant is being carried out. Other issues with
solvent capture that are currently being studied include tle degradation in the C@capture
ability of the sorbent over repeated cycles. This includes studies to determine the kinetics
and the mechanism of degradation of the sorbents. Interactions of sorbent with trace and
minor species in the flue gas such as $@nd mercury are also being carried out before this

technology canbe marketable (Imperial, 2010).

The second technology is known as calcium looping. This technology uses the ability of
calcium oxide to react with C@to produce limestone, CaCfvia carbonation (Imperial,
2010).

CaO+CeQP # A#/ (Reaction 2.1)

Limestone is then heated up to release the G®ia calcination and the quicklime is then

recycled.

Limestone can be used to enhance the water gas shift reaction. This could be done by agldin
quicklime to remove CQ in reaction. Adding quicklime into the reaction will enhance the
production of hydrogen from coal, oil or natural gas (Imperial, 2010).

Ho C #4+C0 ( (Reaction 2.2)

Besides that, limestone can be added into Reacti@nl in order to remove CQfrom flue gas.
An example of this process is shown iRigure 2.2 which shows the mitigation of CQemission

from a coakHired power station (Imperial, 2010).
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Sequestration
Combustor
Heat
Flue gas recovery
Fure GO,
Carbonator cata Calciner Fuel
———————
T Cad + CO: —_— A ———————— CaCOE—PCaO
? CaCOy a0 002 L
Spent sarhent to
cement manufacture
o CaCo,
2 rmakeug
Flowsheet for back end removal of CO, from a
combustor, with integrated CO, capture.

CSECQA # Al AEOI

However, the ability of CaO to take up G@educes with the number of cycles of calcination

ITTPETC YIT xOEAAOD

i)l DA

and carbonation undergone. As a result, various researchers are trying to come up with

different pre-activation technologies as well as different methods to reactivate the spent

sorbent. It is also possible to integrate this technology with cement manufacturing as it is

possible to take the limestone from this process in the calcined fornCa0O) with the already

sequestered C@®to produce cement (Imperial, 2010).

Other forms of post combustion capture are focusing on cryogenically solidifying €®om

the flue gases; removing COwith solid adsorbents; and passing C&through a membrane.

Pog combustion capture requires an additional energy input of about 2§80% compared to

plants without the CQ capture technology as the additional energy is required released €0

from the solvents. Thus, the whole output of 1 plant in 4 plants would be requd to provide

energy for such carbon capture.

One advantage of this technology is that it is economically feasible to retrofit the technology

into existing industrial plants and power stations. The existing technology with amine

solvents has existed forabout 60 years. This technology is currently being used to capture

CQ for use in soft drinks plants (SCCS, 2008).
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One disadvantage of this technology is that a high operational cost is needed to run this

technology. This is because the absorber and the giaded solvents need constant

replacement. Besides that, this technology has been used mainly in smaller scale plants and

therefore there is limited operational experience in using this technology for larger scale

plants (SCCS, 2008).

Figure 2.3 and 2.4 showthe layout of a post combustion capture reactoand the schematic

diagram of a post combustion capture processespectively (SCCS, 2008).

CSECQZHA 01T OOODAEI A AADPOOOA OAAETTIT GU | 3##

Post-combustion

POWER PROCESS HEAT

Air Exhaust gas
capture of CO, ¢ 9
. Remove
Prepare Oxidise Recover Remove Capture Compress
fuel - fuel Ed heat > impurities = CO, B4 i::ﬁ,'ﬁg‘s = Co,

SEC@@A o1 6O AT i AOOGOEIT 1

A

APO

(@}
Ol
To
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2.1.2 Pre-Combustion Capture

Pre-combustion capture is a process in which GQs removed prior to combustion inorder
to produce hydrogen. Combustion of hydrogen produces no @@missions as the primary
by-product is water vapour. This technology has the potential to provide a G@®mission free

system if it is integrated with a carbon storage facility (SCCS, 2008).

The CQ capture in a process such as the integrated gasification combined cycle (IGCC)
process shown inFigure 2.5 consists of 3 stages. During the first stage, fuel is gasified with
pure oxygen into H and CO tdorm syngas. The syngas will then be cleaned up by removing
sulphur and the other contaminants before the second stage takes place. During the second
stage, a water gas shift reaction (Reaction 2.2) occurs in which the carbon monoxide is
reacted with stean to produce more H and convert CO into C&Imperial, 2010).

Ho C #4+C0 ( (Reaction 2.2)

In the final stage, the COwill then be separated from H by using a membrane which is
permeable only to . The separated Hwill then be combusted in a gas turbine (or would
be used in a fuel cell), while COwill then be compressed into liquid and transported to a
storage site (SCCS, 2008).

One advantage of this technology is that it is able to capture 885% of the CQ emitted to
the atmosphere. This technology is applicable generally to oil refineries and nati gas and
coal fired IGCC plants. It also has the lowest technology risk. This technology can also be used

to produce hydrogen and liquid fuels from coal (SCCS, 2008).

One disadvantage of this technology is that it requires a chemical plant in front tife gas
turbine. High investment cost is required in order to build a dedicated new plant. Besides
that, this technology produces high nitrogen oxides emissions, and expensive scrubbers will
be required to reduce these emissions. The efficiency of hydrogénrning in turbines is also

lower than that in conventional turbines. This technology may also be less flexible under a
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varying electricity generation market requirement and, as such, base load is normally
preferred (SCCS, 2008).

C0O,to
sequestration

Coal

I: | H,, CO, HyO

Oxygen
CAJdepdB ( UAOT CAT 0071 AGAOETT &I T xOEAAO &£O01Ti )T 6O
#UAT A j)' ##Q j) 1 PAOEAI h ¢@etuvt(Q

Gasifier
CO, separation

Desulphurisation
Water-Gas Shift

Figure 2.6 and 2.7 showthe layout of apre-combustion capture reactor and tle schematic

diagram of a pre-combustion capture procesgespectively (SCCS, 2008).
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Pre-combustion POWER Transport
capture of CO, T inject & '
(IGCC) Air. O store CO,
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= ¢Sleam. air, O’, THydrogen
Remove
Carbon-based Prepare L React Ly ‘Remove —p| Capture > | watter & _.)Compress
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2.1.3 Oxyfuel Combustion Capture

Oxy fuel combustion capture is a process in which fuel is combusted in pure oxygen in order
to produce water vapour and a pure stream of GOA proportion of the CQ will then be
recycled to the burner to reduce the temperature of the flame to an acceptable level. The
products in the exhaust stream consist of almost pure GQaround 90%) and water vapour.
The water vapour can be separated from the C®y condensation (SCCS, 2008yigure 2.8

illustrates a simpleconfiguration of an oxyfuel combustion system.

> CO,to
seguestration

0,

{from Air
separation
unit)

Coal

CAdJaegyBs/ gUAOAT AT T AOOOETT YI 1T xOEAAO ) it
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One of the difficulties with this technology is that it is difficult to separate oxygen from the
air. This is because a large amount of energy is required and this is usually carried out
cryogenically. A typical 500 MW coal fired power station will require about 15% of its
electricity generated to supply pure oxygen. As a result, new technologies such as zero
emission coal technology (ZECA) and chemical looping combustion (CLC) are being
developed (SCCS, 2008).

L0, for sepuedraton
CARB CINAT TOM ?
CH, caca,
shem. CH, —  CaC0, —p — makeup
—1 co, # REFORMATION
GASIFICATION Co CALCTNATION
SHIET
CONVERSION
: —— (a0 ]
I t | W, s co,
COAL H, stearn :-IIM’E]I[:EHERATII]H |
CAdJutpys : AOIETATI BROAT OAAETTITCU j:%#!'q YIilxOE

The ZECA concept is shown in tHeigure 2.9. The process involves the gasification of coal in
hydrogen via hydrogasification and it is designed to avoid usingxygen for combustion. The
integrated process route has not been studied experimentally, but different parts of the
concept have been studied. They include hydrogasification and CaO driven steam reforming
and shifting of CH (Imperial, 2010).

During the first stage of the process, coal is hydrogasified at a pressure of about 70 bars to
produce CH (Reaction 2.3) (Imperial, 2010).
C+2HP #( 3 ( -75 kJ motit (Reaction 2.3)

Reaction 2.3 is an exothermic reaction and as a result, steam would need to be added into
the reactor to moderate the temperature of the reactor to about 900°C. During the second

stage, ChHl undergoes the steam eforming reaction to produce hydrogen (Reaction 2.4).
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Besides that, the water gas shift reaction (Reaction 2.2) is used to maximise the hydrogen

concentration of the gas (Imperial, 2010).

CH+H/ jCQ P2#/ @(o(E Cgme E* |1 [Reaction2.4)
CO+H j CQ+h #/ 3 ( -48 kJ mott (Reaction 2.2)
CaO+C&P # A#/ 3 ( -1#9 kJ moft (Reaction 2.1)

The overall hydrogen production reactions are endothermic. As a result, the heat required
by the reactions will be provided by the hydrogasificabn reaction (Reaction 2.3) and by the
carbonation reaction (Reaction 2.1). The carbonation reaction provides most of the energy
required in the production of hydrogen and acts as C@emoval from the reaction mixture.
The resulting shift in equilibrium of the shift reaction (Reaction 2.2) will ensure that the
concentration of His maximised and provides the means of collecting a concentrated stream
of CQ. Reaction temperatures may be limited by the melting properties of the coal and its
mineral matter, the need to avoid the formation of eutectic liquid phases in the solid sorbents
used to remove C® and the equilibrium controlled inability of CaO to bind C® at
temperatures above 900°C at a C@artial pressure of less than 10 bars. To ensure effective
energy utilisation, reactions (2.4, 2.2, 2.1) will need to be conducted in a single reactor
(Imperial, 2010).

Overall, the scheme will result in the production of four moles of hydrogen for each two
moles of hydrogen used in the hydrogasification stage. Hsabgen required for the
hydrogasification stage is taken from the hydrogen stream remaining after the further
processing of the gas. The bound GWill then be released as a concentrated stream for
sequestration by heating the CaCOOverall, the ZECA proas produces the same amount of
CQ per kg of coal being hydrogasified compared to conventional combustion technologies.
However, ZECA process has the potential advantage of producing a higher electrical
efficiency of about 65% as energy losses can be avedivia integration of the various process
steps. It is also able to isolate CG@roduced as a nearly pure stream for storage by using the

carbonation and calcination cycle (Imperial, 2010).
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One of the advantages of this technology is that it has the potal to capture 100% of the
CQ released during combustion. Besides that complete combustion will produce less
harmful emissions. This technology can also be retrfitted into existing coal power plant
(SCCs, 2008).

One of the disadvantages of this techhagy is that high energy consumption is required if
the process is not carried out via the ZECA concept or CLC (SCCS, 2008).

Figure 2.10 and 2.11 showthe layout of an oxyfuel combustion capture reactorand the

schematicdiagram of an oxy-fuel combustion capture processespectively (SCCS, 2008).
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2.2 Chemical Looping Combustion

The concept of chemical looping combustion (CLC) is based on the use of an oxygen carrier
a result, any costly separation of nitrogen is avoided since the uptake of oxygen from the air
is achieved by a simple solidjas phase reaction. A flowsheet of CLC is shown in Figure2.1
The combustor consists of two interconnected fluidded bed reactors; an air reactor (riser)

or a fuel reactor (downer). The oxygen carrier particles circulate between these two
reactors. The oxygen carriers are oxidised in the riser by taking up oxygen from the air. They
are then transferred to the downerwhere they are reduced via combustion of the fuel with
the oxygen from the oxygen carrier. Hence, in both reactors, the reactions proceed through

solid-gas phase reactions shown below:

N, O, CO,, H,0O
Myo,

Air- Fuel-
reactor reactor
MO,

Air Fuel

CAdueNd #EAI BAADPETI ¢ Al T AOOOEIT T YI 1T xOEAAO
Downer: 2n+mMyOc+ GH2m©  § ¢ 1T @G mHO + nC® (Reaction 2.5
Riser: (2n+m)MyOc1 + (N+0.5mM)Q°  § ¢ 1 @k Q- (Reaction 2.6)
Overall: GiHem + (n+0.5m)Q:© 120 + nCO (Reaction 2.7)

The overall result of the two separate reactions is the same as for normal combustion.
Reaction 2.5 is either endothermic or exothermic, depending on the type of oxygen carrier

and fuel whereas Reaction 2.6 is alwayxethermic. The advantage of CLC is that the mixtar
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of CQ and steam can be condensed such that €{3 obtained in a separate stream. The
temperature range of a CLC system is 80IR00°C and the combustor can either be

pressurised or atmospheric.

Besides that, a CLC system does not generate thermakiQhe riser due to the low reaction
temperature. The absence of thermal NOn the exit gases was verified experimentally by
Ishida and Jin (1996) and Son and Kim (2006). The existence of fuel N@s not been

verified, but the conditions in the downer is &pected to be unfavourable for N©formation.

2.3 Oxygen Carriers

2.3.1 General Particle Characteristics

Listed below are some of the desired oxygen carrier characteristics for usage in a oheal

looping combustion system adapted frontan (2010).

Good Oxygen Cartying Capacity

Higher oxygen carrying capacitywill allow lower particle circulation rate in a dual fluidised
bed system The maximum oxygen carrying capacity of t particle is determinedby the
property of the primary metal oxide andsupport usedin preparing the particle. The effetive
oxygen carrying capacity isdefined as the amount of transferable oxygen in the particle
during the looping operation, reflects the extent of the solid conversion that is affected by
the gas and solid residence time in théooping reactor. For oxygen carrier particles with
multiple oxidation states, the type of the looping reactors and their gas Bd contact patterns

can influencethe effective oxygen carrying capacity of the particles.

Good Gas Conversions during Reductio n and Oxidation

Higher gas conversionwvill increase theenergy conversion efficienciesThis can be achieved
during oxidation and reduction by using properly selected primary metal oxide materials,
reactor type and gassolid contact mode. Tlermodynamic relationships among thevarious

oxidation states of the metal oxide with the reactant as well as the product gas

concentrations play an important role in the metal oxide selection process
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High Rate of Reaction
Higher rate of reactionwill enable smaller reactor to be usedin order to achieve the same
reactant conversion.The rateof reaction is influenced by the properties of therimary metal

oxides, supports, promoters, particle synthesis techniques and reaction conditions

Satisfactory Long Term Recyclab ility and Durability

Improving the recyclability and durability of the particle will lead to the reduction in the
spent particle purging rate and the fresh particle makeup raterequired for continuous
operation. The particle recyclability and durability is influenced by the properties of the

support used with the primary metal oxidesas well as theparticle synthesis procedures.

Good Mechanical Strength
Good mechanical strength can lower the ratefattrition . The mechantal strength of the

particle is influenced bythe properties of the support or binder materials, additives, overall

High Heat Capacity and High Melting Point

Particle with a high heat capacity can be used as a heat transfer medium i tleactor. This
will benefit the reactor design in that the particle can be used to moderate the temperature
changes in the reactor as a result of the endothermic or exothermic reactions. This will thus
reducethe requirement of constructing heat exchanges to moderate the temperature in the
reactor. The heat capacity of the particle imfluenced by the properties of the inert support
High melting point for the metal oxides and their reduced forms as well as for the support

materials is preferred to maintain the integrity and reactivity of the particles.

Ability to Change the Heat of Reaction

Minimising the heat duty requirement in the reactor is essential when designing the heat
integration scheme for the process. This is usually done by adding a secondeeactive metal
oxide into the particle that will participate in at least one of the redox reactions. The chosen
secondary metal oxide usually has an opposite sidgor its heat of reaction when compared

to the primary metal oxide.
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Low Cost and Ease in $aling Up of the Synthesis Procedures

The cost of the raw material and the cost required to synthesise the oxygen carrier play a
major role when it comes to choosing the preferred metal oxide, support material and the
synthesis methodology. Besides thathe synthesis methodology should be easilycaled up

for industrial application.

Suitable Particle Size

Particle size cannfluence the rate of reactionand the flow properties in the reactor.

Resistance to Contaminant and Inhibition of Carbon Formations

Various contaminants may be present in the fuelsised for chemical looping combustion
processes.As a result, he interaction between the contaminants and the oxygewarrier
particles in the reducing reactor should be minimised because the formation of nmatcarbide
and/or metal sulphide will lead to the deactivation of the oxygen carrier particle. This is
usually done by reducing the gas concentration into the reducing reactoor by addng a

suitable doping agent onto the particle.

Pore Structure

A porouspatrticle is desirable for low temperature operations as the rates of reaction in this
regime is influenced by the diffusivity of the gaseous reactants and products. High
temperature operations will result in particle sintering which will alter the pore structure
and hence the reactivity of the particle As such it is desirable to synthesise particles with a

stable pore structure for usage in a chemical looping combustion system.

Health and Environmental Impacts

Due to the large particle circulation rate m a chemical looping combustion system, a large
quantity of purged particles will need to be disposed. As a result, metal oxides and supports
chosenduring the synthesis process will need to haveow health and environment impacts

so that they can be dispsed easily.
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2.3.2 Oxygen Carriers Preparation Methodologies

Listed below are some of the most commonly used oxygen carrier preparation

methodologies found in literature.

Mechanical Mixing

Mechanical mixing isthe simplest and mosteconomicalpreparation method that can yield a
satisfactory result. The preparationprocedure involves the direct mixing of the metal oxide
and the support in a certain ratio to form the composite looping medium. The powdeifer
both materials are first dried before the dried powders are mechanically mixed. Binding
agentsare sometimesadded in the mixing step to strengthen the composite matrix. After the
formation of the metalsupport matrix, the powder is processed into the desired size and
shape.This can be done by using thextrusion or compressionprocessto produce pelletsor
granulation to produce powders.Calcinationis often performed after obtaining particles in
a desirable morphology.When bulk pores are desirable, graphite can be mixed into the
matrix initially and can then be combusted during calcinatiorto form pores (de Diego et al.,
2004).

Although mechanical mixing ischeap and effectivefor most applications, it yields a less
homogeneous medium comparedto other preparation methodologies The particles
obtained by medanical mixing have beenobserved to have a metal oxideich phase and a
support-rich phase.However, mechanical mixing was found to be unsuitable for metal oxides
such as copper oxideas copper oxidesinters at low temperatures. De Diego et al. (2004
found that copper based oxygen carriers prepared by mechanical mixing lose activity

because of sitering of the metatrich phase.
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Freeze Granulation

Freeze granulation ighe preferred methodology to synthesisesmall spherical particleswith
well-defined morphology. In order to preparefreeze granulation type ofparticles, the metal
oxide and the support are mixed in distilled water with a small amount of dispersant such as
polyacrylic acid. The dispersantis used toimprove the homogeneity of the mixture. Tle
mixture will then be grounded in a ball mill for an extended period of time to obtain a fine
powder slurry. The slurry is then treated with a small amount of binder to achieve improved
particle strength. The resulting product is then dried using the freee-drying technique.
Finally, the particles are sintered at elevated temperaturepefore sieving themto vyield
desired particle sizes.After being treated at certain sintering temperatures, the spherical
shape patrticles obtained using this method can hawaevery smooth surfacgJohansson et al.,
2004).

Freeze granulationis not suitable for the synthesisof copperbased oxygen carriers due to
the sintering of the copperrich phase (Cho et al., 2004) The chemical reactivity of the
particles prepared by this method is highly dependent on the metal oxide and binder
interaction. The crushing strength of the particleswas found to improve with increasing

number of redox cyclesThis is believedto be due to the adjustment of the structure of the

particle to the best suited form(Johansson et al., 2003, 2004)

Dry | mpregnation

A support medium with well-defined pore volumein its powder form is essential for the
preparation of dry impregnation particles. The support isfirst exposed to a metal salt
solution with volume equal to the total pore volume. Solutions of metal nitrate salts are often
used because of their high solubility and availability. After being doped on the support, the
oxygen carrier is then calcined. The calcination stepwill cause the metal nitrates to
decomposeinto metal oxides. This process is repeated until the desired metal oxide
percentage isachieved Finally, high temperature calcination is carried out to obtain the
desired physical stability. It is difficult to predict the exact amount bmetal loading because
of the inherent nature of the techniqueAs a result two parameters are used to quantify the
metal oxide percentage. They are theoretical percentage of metal loading and actual
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percentage of metal loading. The theoretical metal loing is determined based on the
amount of the metal salt solution used, whereas the actual metal loading is determined from

reduction/oxidation experiments (Mattisson et al., 2003)

This methodology is suitable for the synthesis of all types of oxygen caers. However, due
to the tedious synthesis procedure andhe high synthesis cost, the method is predominantly
used for a copperbased looping medium to reduce the effect of copper sintering. It is
believed that the reduced sintering effects due to thelimited metal loading in the pores of
the support (de Diego et al., 2005) The particles synthesized using this method showed a
crushing strength similar to that of the support, thus highlighting the importance of the
support selection (Mattisson et al., #03). The metal loading of the particle obtained using

this methodology is limited by the pore volume of the support.

Wet Impregnation

The wet impregnation technique isan empirical preparation methodology. The difference
between wet and dry impregnationlies in the amount of metal nitrate solution usedWet
impregnation required the support to be soaked in thanetal nitrate solution followed by
low-temperature calcination to decompose the nitrates into insoluble oxide3.his procedure

is repeated until the desired metal loading is achieved. The amount of solution used in wet
impregnation in each soaking step is higher than thafor dry impregnation. A high-

temperature sintering step isthen used to improve the properties of the particles.

Particles prepared viawet impregnation have properties similar tothat prepared via dry
impregnation technique. De Diego et al2004) found that copper based particles generated
using this method have very good chemical stability and reactivity coupled with mechanical
resistance when compared with other preparation methodologies However, wet
impregnation preparation technique will form an outer shell of metal oxide that has a weak

bond with the support and tends to attrite after initial ¢ycles.
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Co-Precipitation and Dis solution

Coprecipitation and dissolution are the preferred preparation methodologiesto obtain
oxygen carriers that are homogeneous. This method can also be used when the support
material is less porous causing the impregnation approach to be urfeasible. Three
precursors, that is, the metal salt solution, the support solution, and the precipitating agent,

are required for this preparation methodology.

Co-precipitation particles are prepared by mixingthe metal salt solution and the support
solution together in liquid form. The precipitating agent, usually alcohol, is theadded to the
mixed solution to initiate the precipitation of metal and support in powder form (de Diego
et al., 2004)

Dissolution particles are prepared by addinghe metal salt solution and the support solution
to the alcohol (precipitating agent) and water simultaneouslyJin et al., 1998, 1999; Ishida
et al., 1998, 2002; Jin & Ishida 2001, 2002, 2004Powders that contain metal and support
are obtained in a similar manner as the co-precipitation method. Although the
methodologies followed by co-precipitation and dissolution are different, the particles

obtained from these two methods are simila(Haber et al., 1995)

Multiple drying steps will then be carried out in order toremove the water, alcohol and acid,
and to improve the interaction between the metal and the support. Jin et alLlg98) used a
four-step drying and calcining path wherdy the sample was initially dried at 100°C for 12
hours to remove the water content completelyThis isthen followed by drying at 150°C and
200°C for 24 hours and 5 hours respectively to heatreat the particles, to initiate
interactions between support and metal and to remove the alcohol. Finally, calcination at
500°C for 3 hours in the presence ohir removes the acid formed and induces physical
stability by sintering (Jin et al., 1999) The resulting powder is tlen formed to the final

product.
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The occurrence of simultaneous precipitation of metal and support is essential for the
dissolution and @-precipitation method. Some governing factors for such a simultaneous
precipitation include the pH of the solution and reaction rates of the indidual precipitation

reactions.

Sol-Gel Synthesis
The solgel synthesiss the preferred methodology when a hghly homogeneous particles are
desired as this methodology allows foexcellent control over the physical parameters of the

particles. However, this increases the difficulty and the cost in preparing sajel based

particles.
This method was originally deEET AA AO OOEA DPOADPAOAOGEIT 1 &£ AAO
I £ A Ol1Th CAITAGETT 1 £ OE(Brinker et di., 1990).AThe(pbdessOAT T

begins with the selection of the dissolved or solution precursors of the intended metal oxide
and support. The precursors can be metal alkoxides, metal salt solutions, and/or other
solutions containing metal complexes. Metal alkoxides are commonly employed because of
the high purity observed in the final product. These precursors are then mixed togethand
undergo a series of hydrolysis and condensation reactions with water to form amorphous
metal oxide or oxyhydroxide gels. These gels contain colloidal particles of metal, metal
oxide, metal oxyhydroxides, and/or other insoluble compounds that is subsquently
molded to the required shape and rigidified using dehydration, chemical crodsking, or
freezing. This rigid mass is then cured by calcinations. In some cases, the calcination step is

essential for obtaining the desirable metal oxidéSakka et &, 1995).

The solgel method produces a homogeneous mixture and provides good control over the
microstructure. The degree of aggregation or flocculation of the colloidal precursor can
control the pore size of the yield. The drawback of the sgel methodis the high raw

materials cost and the elaborate synthesis procedures.
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Solution Combustion

Solution combustion based particles is prepared by mixing metal nitratesnd the support in
the desired ratio in water solution with glycine (combustible agent). Tie sdution is then
heated to vaporige the water. Once most of the water is driven out, the solution is ignited
when the temperature is beyond the critical selgnition temperature. The metaloxide-
based oxygen carrier is obtained after combustiors then ground in a mill and processed to

the desired shape and calcined.

This method avoids the time consuming drying steps required for the other preparation
methods. The particles obtained from this method shoed good reactivity for multiple cycles
and high cushing strength. However, theywere found to havehigh rates ofattrition (10%)
andthat the performance of the extruded particles deteriorate quite rapidly(13% reduction

in activity after 10 cycles)(Erri & Varma, 2007).

2.4 Oxygen Carrying Capacity

Table 21 shows the oxygen carrying capacity (moles of oxygen per mole of metal) for
different metal oxide configurations (Hossain and de Lasa, 2008). The oxygen transfer
capacity, i.e. the ratio of mass of active oxygen in the carrier to the mass of the fullydesed
oxygen carrier for different metal oxides isillustrated in Figure 2.13 (Johansson, 2007).
Figure 2.14highlights the equilibrium constant, K (logarithmic scale) against 1/T plots for
the reduction of the different metal oxides with methane as theaducing agent. A high log K
value indicates that the metal oxide has a high potential to react with methartenally, Figure
2.15 provides the degree of Ckconversion to CQ calculated via the minimisation of Gibbs

free energy (Mattisson and Lyngfelt, 200).
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¢l ontg / JUCAT AAOOUET ¢ AAPAAEOU &I O AEAAAOAT O
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Metal Oxide Moles of O2/mole metal
NiO/Ni 0.5
CuO/Cu 0.5
CwO/Cu 0.25

FexOs/FesQs | 0.083
Mn203/MnO 0.25
Mn3Qs/MnO | 0.17
Cau/Co 0.67
CoO/Co 0.5

Ratio of free oxygen
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2.5 Chemical Looping Combustion with Solid Fuels

There are plenty of research studies on chemical looping focusing on gaseous fuels, but there
is only limited research conducted on chemical loopingith solid fuels, as the oxygen carrier
particles are not easily separable from the fuel or the ash particles. Without separation, the
solid fuels would enter the air reactor along with the oxygen carrier and give G the off-

gas. As a result, a few tdniques have been developed (Dennis, 2009).

The first technique is to gasify the solid fuel separately and burn the syngas using a
conventional chemical looping arrangement for gaseous fuels. The advantages of this
technique are that it allows better conbustion efficiencies, reduced coking, and syngas as
input for the chemical looping system as opposed to natural gas. One of the disadvantages of
this technique is that the gasifying agent would need to be pure2@r a mixture of @ and
CQ, to ensure thatthe syngas is mainly CO anda-Awithout N2. This, however, would require

an air separation unit that will defeat the purpose of using chemical looping (Dennis, 2009).

Alternatively, the gasification could be performed in pure C£or mixtures of CQ and steam.
However, in order to balance the endothermic gasification reactions, heat will have to be
supplied to the gasifier from the air reactor. This method will complicate the reactor design.
One possibility would be to use a packed bed configuration or toedign a concentric fluid
bed arrangement whereby heat transfer can take place from the air reactor to the gasifier,

both fluidised, via a shared vessel wall (Dennis, 2009).

The second technique is in situ gasification in a cyclic batch operation. This edque
involves the in situ gasification and combustion of solid fuel with one fluidised bed. The
reactor operated in a cycle of three consecutive periodsi,ttz and ts. During t, solid fuel is
fed continuously to a bed of oxygen carrier, fluidized by sam or CQ, or a mixture of both.
During the reaction, the fuel loses its volatile matter that will be oxidised. After that, the
fluidising gas gasifies the resulting char, producing syngas, which immediately reacts with

the oxygen carrier to form CQ@and steam (Dennis, 2009).
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At the end of i, the feed of coal is stopped and the remaining inventory of carbon is allowed
to gasify and combust for a further time period of4, until the inventory of char is sufficiently
small. At the end of 1, the bed is fludised with air instead of steam or C&for a time period

of t3, when the depleted oxygen carrier is regenerated. A new cycle will then begin. Ideally
several reactors would be used to operate the various phases in the cycle to even the load to
the downstream power cycle. If the solid fuel produces a very reactive char, the second phase

may be omitted as the inventory of fixed carbon in the bed would be low (Dennis, 2009).

The third technique is in situ gasification of the solid fuel in the presence of thmetal oxide

in pure CQ or steam or a mixture of both. The unburned fuel will then be separated from the
spent oxide before the solids are passed to the oxidation reactor. Lyngfelt and colleagues
developed a fuel reactor designed to separate the unburneddl from the spent metal oxide
before the carrier is recycled to the air reactor. The overall plant design consists of an air
reactor operating as a fast fluidised bed connected to a riser that leads to a cyclone where
the elutriated particles are separatel. The fuel reactor is designed so that gasification and
reaction occur, and that the solids pass to a downstream section, where a separation can be
effected between the fuel particles and the carrier on the basis of different elutriability of the
carrier and the fuel particles, the latter being of lower density and smaller in size (Dennis,
2009).

Figure 2.16 shows a CLC layout for solid fuels proposed by Cao and Pan (2006) and Cao et al.
(2006). The riser and cyclone are used to oxidise the reduced metakide particles and
recycle them back into the downer. Steam or recycled @@ used as the fluidisation media
and gasification agent in the downer. Metal oxide particles are reduced during their reaction
with volatiles and carbons in the downer. The redued particles will enter the riser via a
small loop seal. A bubbling bed and a turbulent fluidised bed are designed in the downer to
react and separate the metal oxide particles. A bubbling bed is designed for the downflow
section as the residence time fothe reaction between the oxygen carriers and the solid fuel
is relatively long. The oxygen carrier is separated from the fly ash by controlling the
operating velocity at bubbling or turbulent flow regimes as the ash and unburned carbon are
lighter due to the smaller density of 8061200 (kg/m3) compared with the oxygen carrier
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Literature Review

particles (density >5000 kg/m3). The fly ash and unburned carbon are entrained out of the
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(2) carbon stripper, (3) high velocity part, (4) low velocity part

Berguerand and Lyngfelt (2008) operated a 10 kW CLC for 22 hours, 12 hours of which were

under stable conditions, with South African coal and ilmenite as oxygen carrier. The

experimental design was quite similar to the one above except the downer was dividlénto

three chambers; low velocity chamber, carbon stripper and high velocity chamber, as shown

in Figure 2.17. The solid fuels are gasified, while the oxygen carrier particles are reduced by

the volatiles in the low velocity chamber. This chamber is fuhter divided into two parts

separated by a wall with an opening at the bottom through which the particles are forced to

pass. The unburned carbon is separated from the metal oxide particles in the carbon stripper.

The unburned carbon is recovered with a cyone while the metal oxide particles enter the

riser. In the high velocity chamber, a certain proportion of both unburned carbon and metal

oxide particles are entrained upwards in order to provide particle recirculation and re

collection back into the dowrer. Steam is used as the fluidising agent instead of the fuel gas

flow. lIiImenite was found to be a suitable oxygen carrier as it has good mechanical properties,

low fragmentation/attrition, and good reactivity.
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Their experiments detect some key issues Wit the application of solid fuels in chemical
looping combustion. Firstly, they found that the conversion of the fuel in the reactor system
is mostly dependent on the residence time of the fuel particles in the fuel reactor and the
separation efficiency ofthe fuel reactor cyclone that recirculates unburned particles. The low
conversion rates obtained during their experiments were attributed to the poor efficiency of

the cyclone as well as the low reactivity of the fuel (Berguerand and Lynfelt, 2008).

Besides that, they found that the carbon capture is dependent on the loss of unconverted
carbon to the air reactor. This was attributed to the low efficiency of the separation in the
carbon stripper and the low reactivity of the fuels used. The low reactivity auses the
residence time in the fuel reactor to be too short to achieve high conversion for the fuels
(Berguerand and Lynfelt, 2008).

Lastly, they found that the degree of gas conversion shows that even with sufficient
circulation, unconverted gases are gesent in the stream from the fuel reactor. The low
oxygen demand was attributed to the inadequate contact between the reducing gases
released from the particles and the oxygen carrier. They suggested a possibility to deal with

the reducing gases inthe xAOOO £O0T I OEA £EOAI OAAAOT O EO
step downstream where, after the fuel reactor cyclone, pure oxygen is injected into the gas
flow to fully oxidize the combustibles to C@and HO (Berguerand and Lynfelt, 2008).
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Chapter 3  THEORETICAL $UDY

3.1 Fluidisation

Principle of Fluidisation

Fluidisation occurs when the drag force by upward moving gas equals to the weight of the
particles or:

Pressure drop across the bed x Crossectional area of tube = Volume of bed x Fraction of

solids x Specifioveight of solids (Kunii & Levenspiel, 1977).

Db @ W (AL emf)g( r g)gﬂ § (Equation 3.1
Iiﬁ :(1 -emf)( [ - g)gﬁ (Egtion 32)
'mf c

This phenomenon is caused by the resistance between the particles and the fluid passing
through them (Botterill, 1983). As the gas passes through the bed, it is able to convert the
bed particles into a suspended and expanded mass. This will cause the bed particles to
exhibit liquid like properties and as a result, this will reduce the resistance as the particles
will be able to move more freely (van Swaaij and Prins, 1986; Pell and Daon, 1997). If the
air flow rates are below the critical value for the system, complete fluidization will not occur,
whereas if the air flow rates are above the threshold, bubbles will form within the sand bed
(Pell and Dunson, 1997). Bed expansion is oftenot uniform when a gas is used and
consequently instabilities (bubbles) will form in the bed (Howard, 1989). If expansion and
fluidization are more uniform, the mixing is will be more even and will result in a more

constant heat transfer during combustim (Valk, 1986).

Minimum and Maximum Fluidising Velocities and Pressure Drop

The fluidising velocity is the speed at which the gas, or liquid, flows through the packed bed
to initiate fluidisation. There are five key stages in the behaviour of the bed alsd fluidizing
velocity is increased. They are: (i) when the bed remains packed; (ii) the occurrence of

incipient fluidization; (iii) bubbling of the bed starts; (iv) slugging of the bed ensues; and (v)
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entrainment of the bed begins (Botterill, 1983; Howard 1989). In the first phase, the bed

doesndd AEAT CA A COAAO AAAl AO OEA CAO ET EOEAI I U
by the loss of mechanical energy due to the friction between the particles and gas can be

I AGAOOGAA j OAT 3xAAEE AT A O0OET Oh p ewtengdes,! O OEA
the magnitude of which depends on the gas and particle properties. Pressure drop though

fixed beds of uniformly sized solids can be calculated by using Equation 3.3 correlated by

Ergun (Kunii & Levenspiel, 1977):

2 2
q) gc :150(1 em) ’mo . a7 B ﬁ fguo
&, (fsdp) & &,

T (Equation 3.:

As the gas flow rate increases further, the second behavioural phase is achieved, as the
incipient fluidization of the particles occurs once the minimum fluidization condition is
reached.Ums, the superficial velocity at minimum fluidizing condition can becalculated by

combining Equations3.2 and 3.3 (Kunii & Levenspiel, 1977).

& > (Equation 3.

1.7580, U, ", 0 150(1' emf) diuy 7, & 5( s/ g)g
fs %f EB m = 5 qu e ¢ m 9

4EA AEOOOEAQOOI O bl AGA AT A OEA OAOO 1T &# OEA Ouc
Swaaij and Prins, 1986). Once incipient fluidization is acAiOAAh ET x AOAOh OEA 3
increase further as shown in Figure 3.1, but the bed expands as particles are rearranged to

increase bed voidage. As the gas velocity increases, phase three occurs whereby the
temperature and composition of the bed become soewhat more homogeneous and this is

usually accompanied by the presence of sufficient but neaniform bubbles. By increasing

the fluidizing gas velocity further, phases four and five can be achieved whereby slugging of

the bed and subsequent particle entraiment occur respectively. Both cause severe pressure
fluctuations across the bed, until so much of the bed has been entrained that the pressure

drop decreases. The behaviour of particles fluidised using a liquid instead of a gas is
somewhat different, partcularly when fluidizing velocities above those inducing incipient

fluidization are used (Howard, 1989).
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Terminal Velocity, Transport Disengagement Height and Elutriation

The gas flow rate through a fluidized bed is limited on one hand bynuand on the other by
entrainment of solids by the gas. When entrainment occurs these solids must beyeled or
replaced by fresh material to maintain steady state operations. This upper limit to gas flow
rate is approximated by the terminal or free fall velocity of the particles (Kunii & Levenspiel,

1977), which can be estimated from fluid mechanics by:

f4gdp(rs_ 6)
3r,Cy

u'(:

@D~ (D~ (D
E'C’&”H

(Equation 3.5

For both spherical and nonspherical particles the terminal velocity «can be obtained from

Figure 3.2, an experimental correlation of dimensionless groupsiRe,? versus Re (Kunii &

Levenspiel, 1977), where:

d r.u :
Re, :% (Equation 3.
And the velocity independent group (Kunii & Levenspiel, 1977):
49d3r | -
C,R€ = 9% g( - ga @Eation 3.7

3ni
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An alternate way of finding u for spherical particles uses analytic expressions for the drag
coefficient Gi (Kunii & Levenspiel, 1977).
24

Cd,sph(—:‘rical = R_ep RF < 04

10
Cd.spherical - ?éf 0.4 RI? <500
Cyspnencas = 0-43 50& Re < 200(

Replacing the values of &bbtained into Equation3.7 gives analytic expressions for u(Kunii
& Levenspiel, 1977):

_9(rs- 4)d

ut,spherical - 18m R)e < 04

1
Y 2 A
_eal(r- 6o %
ut,spherical_é225 r.m 8 p
(%]
u
¢!

0.4< Rg <500
e g
@;‘3.19(/’5- G)dp
A r

(¢

uI,spherical =

500< Re <2000

g

(4]

To avoid carry-over of solids from a bed, the gas velocity for fluidized bed operations should
be kept somewhere between unt and u. In calculating un, the mean diameter for the size
distribution present in the bed is used whereas in calculating uthe smallest size of solid

present in appreciable quantity is used (Kunii & Levenspiel, 1977).

Pinchbeck and Bpper (1956) derived an equation to estimate the ratio tu mf for spherical
particles, considering the total force holding a particle in suspension as the sum of viscous

resistance and fluid impact. Both the upper and lower limits of du mf may be calculaéd

directly via:
For fine solids, Re< 0.4: U/umi=91.6
For large, solids, Re> 1000: ut/u mf = 9.16

Page46



Theoretical Study

The ratio w/u mf is usually between 10:1 and 90:1 and is one indication of the flexibility of
possible operations. The ratio uums is smaller for large sized particles, indicating less
flexibility than for smaller particles. It is also an indication of the maximum possible height
of the fluidized bed. This is because the pressure drop through the bed results in an increase
in gas velocity through thebed. Thus the maximum height of bed is where the bed is just
fluidized at the bottom and where u is just reached at the top. These considerations of
maximum height of bed and narrowed range of operations do not apply to liquid fluidized

bed because the desity of fluid remains essentially unchanged (Kunii & Levenspiel, 1977).

The range of satisfactory operations of a gas fluidized bed may be considerably narrowed by
channelling and slugging. This is especially serious with large, uniformed sized particles
where it is often difficult to fluidize the bed. With proper use of baffles or in tapered vessels,

this undesirable behaviour can be reduced (Kunii & Levenspiel, 1977).

Violently bubbling fluidized bed can be made to operate at gas velocities in excedstle
terminal velocity of practically all the solids, with some entrainment, which may not be
severe. This is possible because the major portion of the gas flows through the bed as large,
practically solid free gas bubbles while the bed solids are suspeed by a relatively slow
moving gas. In addition, by using cyclone separators to return the entrained solids, even

higher gas velocities can be used (Kunii & Levenspiel, 1977).

A related concept to wis the transport disengagement height (TDH), which ishie distance
above the bed at which particle entrainment and elutriation become constant, also known as
the transport disengagement zone (Pell and Dunson, 1997). This TDH is also the term used
to describe the sufficient height of the freeboard to limit themount of particles that are lost;
these two different definitions are sometimes referred to as the TDtHand TDH:, respectively
for coarse (C) and fine (F) particles (Howard, 1989). It is therefore vital that enough
freeboard height is provided to ensure hat any disengaged particles above the surface of the
bed will fall back to the bed from the gas stream (Howard, 1989). This ensures that particles
are not lost from the system and carried out with the gas emissions. Elutriation occurs at
extreme velocities as it is caused particularly by bubbles bursting at the surface (Botterill,
S Ppage7
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1983). Providing a sufficient TDH is necessary for appropriate solid loading and size
distribution within the fluid; it is also important that heights which dramatically exceed he
TDH are not used, as this not only increases the cost of construction, but also the height

needed to house the vessel (Howard, 1989).

Types of fluidisation

On increasing the fluid velocity up to the point of fluidisation, flow patterns are usually well
AAOAOEAAA AU $AOAUBO 1 Ax8 (1 xAOGAoOh AEOAO OEA
fluid flow are observed: particulate and aggregative fluidization. In the former case the bed

behaves in a uniform manner: as the flow rate is increased the bedipkt increases; hence,

the increasing fluid flow simply goes to expand the bed as shown in Figure. The overall
pressure drop remains constant, and equal to the bed height per unit area, until entrained

particles are elutriated out by the fluid flow.

In aggregating, or bubbling, fluidisation aggregates (of fluid) may be observed within the
fluidized bed that move rapidly to the surface. This type of fluidization is often associated

with the fluidization of solids using gases.

In an aggregative fluidised bd the fluid can pass through the bed in a similar fashion to
particulate fluidization and bubbles of fluid form. The bubbles may travel very quickly
through the bedz hence in the case of catalytic of hydrocarbons this provides a way in which
some hydrocaibon vapour can bypass the catalyst and, therefore, reaction. So, a bubbling
bed has an emulsion phase surrounding the bubble and a lean phase where the bubble is

lean of solids.

Froude number:

u2
Fr=—" (Equation 3
X9

For high (>1) values bubbling is nore likely. Other correlations include the use of Reynolds

number, density ratio and bed ratio:
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Rei ok . A, (Equation 3.9
Fr Rei=§£rs_7rg’ aL,, g<100 Particulateiflisation

¢ o &, 2
Fr Rei=%rs_7rg’ w000 Bubbling fluistition

Er, 8l

3.2 Minimisation of Gibbs Free Energy

Two methods of equilibrium analysis can be employed. They are minimisation of Gibbs free
energy ard method of independent reactions. Minimsation of Gibbs free energy was
preferred due to its flexibility. This is because the method of independent reactions has the
disadvantage in that an extra reaction must be added for everpmponent added into the

system.

The following section was adapted from Brown (2010)In order to establish the basis of the
minimi sation of Gibbs free energy, consider an isothermal, isobaric system. At equilibrium
the total Gibbs free energy of the systent , is at minimum i.e.

dG=0 (Equation 3.10

where the total Gibbs free energy is given by:

G=3Gn (Equation 3.11)

That is, total Gibbs free energy is equal to the sum of the product of the paitmolar free

energy of specied , G, and the number of moles of specieis, ;. At a given temperature,

T, and pressure,P, the partial molar free energy of species can be expressed as follows:

G=¢@¢ +RTInge:io (Equation 3.12)

Cli
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where GiO is the standard molar Gibbs free energy of the pure spesi¢ and fi/fi0 is the

ratio of the fugacity of specied in the mixture to the fugacity of the pure species at the

reference state. This ratio can be further simplified since the gasAsl T OEAAOAA Ol

the reference state, sofi0 can be replaced withP° (the referenced pressure). Furthermore,

fi =Y Pfi , Where Y, is the mole fraction of speies i and fi , the fugacity coefficient, is equal

to unity for ideal gases. The ideal gas assumption is valid for high temperatures and low

pressures, both of which are consistent with the proposed system. Tk,
anP 00,

G=4 § +RT|ngenz—P0 o (Equation 3.13)

—_—

where N, is the number of moles of species and N, the total number of moles in the
system. Differentiating Equation3.13results in:

dG=3 ndG +3Gdn & (Equation 3.14)

The first term is zero at constant temperature and pressure, in accordance with the Gibbs

Duhem equation.

Two constraints must be imposed on the system. Firstly, that mass is conserved according

to the following elemental balance:

a an-¢ I (Equation 3.15)

where &; is the total number of atoms of elemeny in speciesi , and €, is the total number

of moles of elementj in the mixture. Secondly, to avoid negative concentrations of species,

a non-negativity constraint is imposed on the solid species, i.e.:

n20 (Equation 3.16)
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Comhbning Equations 3.11, 3.15and 3.16 results in a constrained minimisation problem.
50ET ¢ , ACOAT CA8O0 1T AOGET A 1T &£ O1 AAGAOI ET A@, i Ol OE

is obtained:

-O: Ot

-aan +am (Equation 3.17)

Q='a_'.C_5.ﬂ +_'6'./,-
i j

mg@Dmo

where /i and g are Lagrange multipliers. The minimum of this new function must now be
obtained. Thus the objective function is partially differentiated with respect to the

independent variables (N, /i and g ) and set equal to zero, resulting in the following:

MEQ—O YG -4/ g 190 (Equation 3.18)
j

S/—%o Yej a lin 6 (Equation 3.19)
i J

n>0Ug 0 (nactive) (Equation 3.20)

n=0Ug 0O (active) (Equation 3.21)

Equations3.18to 3.21were solved at a given pressure and temperature using a reduced step

Newton method. For all components the free energy of formatiorDCj;, at 1 bara and at the

temperature of interest was used. For gases, ideal behaviour was assumed dadwas

calculated from

o

a
G=G,(T) RTIML—— SrAmZe N (Equation 3.22)
clbara =+ e da n
(;il gas phase

while solid species were assumed to have a fixethemical potential at a givenT and P,

thus

G =G, (T) (Equation 3.23)
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DG;; (T) was calculated from:

DG, (T) =B, (T) = sS40 (Equation 3.24)

where the partial molar enthalpies and entropies were calculated from the enthalpies of

formation at a reference temperature of 298 K.

A,(T) = Bl (T,) ficp(T) d (Equation 3.25)
and
Cp(T)=a # O+ & 7 (Equation 3.26)

Equilibrium Constant

The relationship between Gibbs free energy and the equilibrium constant is as follows:

o

K,(T)= expge DG, (Equation 3.27)
C RT

where K, is the equilibrium constant in terms of activity, DGr_Xn is the standard Gibbsfree

energy of reaction andR is the universal gas constantK, EO  OAT AOAA Oi OEA ODb;

at equilibrium,

K.(T)= Oa =;";b (Equation 3.28)
ot 2ag..

where & is the activity and V, is the stoichiometric coefficient of specied , respectively.

For a species in a gaseous mixture at low or moderate pressure the activity of the species can
be simplified to

_yP _PR Equation 3.29
a lbar 1bar (Bq )

For pure solidsthe activity is equal to unity.
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Coalderived syngas, which is composed of CO.ldnd CH is a frequently used fuel in
chemical looping combustion processes. In these processes, metal oxide is first reduasth

syngas and then regenerated with steam and/or air. Specifically, the reduction of metal oxide
with CO can be written as:

yeor Mg - ycop Lm
y4 V4

The equilibrium constant is then defined as:

Ko T dtiqn 3.30)

where P is the total pressure or the partial pressure of a gaseous species. Similarly, the
reduction reaction between metal oxide and klis:

M, +ZMO, - yHO &M
Z Z

The equilibrium constant is

Fo
Kepp = sz (Equnas.31)
H.

2

It is noted that when the reducinggas is a mixture of CO and#ithe reaction among CO, 4
H20 and C®@also will take place:

CO+ HO- CP+ }

The above water gas shift (WGS) reaction has the equilibrium constant of:

P_P
Kog=—tt (EquatioB23
PcoP/go
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Ke‘ﬁ can ke expressed in terms oI’KEq1 and Keq2 by combining equations to form:

1
LAk, B _
K.p _E;%(_ﬁ 8 (Equation3j.

Therefore, the overall thermodynamic equilibrium condition for a system composed of metal

oxide, CO, bland their reaction products is determined by K, and K, . It can also be shown

that the molar fractions of CO and Hexiting from the reducer, x , can be expressed by:

P +P
X= @ 4 (Equation 3.34
Pco+ P/g +ch -P.glo
The initial CO fraction in the syngag., can be derived as:
0 1-£3
X = oo *( CO) (Equation 3.3!

where x represents the minimum amount of CO and +exiting from the reducing step and
is an important parameter for theselection of particles as oxygen carriers. An ideal oxygen

carrier particle should have a very small value ofx .

The general equation for the reduction of hydrocarbon can be written as:

a2x +

28+
CXHy+ge— @lo - xco < yo+—§7

The equilibrium constart is defined as:

Y
RGP,
K, = (EquatioBb)
@ P
C H

Xy
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7EOEI OO Ai1T OEAAOET ¢ 1 OEAO OAAAOQOEI T O OOAE
reactions, the maximum equilibrium hydrocarbon conversiory at a given total pressure”

can be expressed by the following equation:

Y
2y B L L1
XX% Oq 2'D0 2 .
K= €= = > (Equatodir)
X+=— 1
e 3 0D
(1-9)& +G 4 1-5)
é ¢ ]
Heat Balance
The heat balance for a steady flow system is given by:
Q.=H"™ & (nA),, -ia( MH) e (Equation 3.38)

where H_i is the partial molar enthalpy of speciesi and H ff”e' is the heat of formation of the

fuel at 298 K. It should be noted thaf): is defined with respect to the surroundings such that

a negative value imples that heat must be supplied from the surroundingstfueI was

calculated from the equation given by Li et al. (2001) as follows:

HM* =HHV {327.6 %417.94) (Equation 3.39)

where HHV is the higher heating védue of the fuel calculated from the equation given by
Cordero et al. (2001):
HHV =357.8C +1135.61 4.8 119% 853 ¢ (Equation 3.40)

where C,H, N, Sand O are the mass fractions of carbon, hydrogen, nitrogen, sulphur and

oxygen in the fuel. The reactor was assumed to be isothermal, the outlet temperature of the
product species was set and the model calculated the heat load required to maintain that

temperature. The inlet temperature for all cases was assumed to be the same tas
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temperature of the reactor. Thus, the energy required to heat the reactants was not

considered.

3.3 Oxygen Carrier Chemistry and Thermodynamics
3.3.1 Iron Oxide

The following are the reaction schemes for the reduction of iron oxide in syngas and
pyrolysis gasat 800°C and for the oxidation of iron oxide in air at 800°@ere calculated

based on data found INASAGlennThermodynamicsProperties (McBride et al., 2002)

Fe:C m800c0 #/3u>0388@apx &A Reaction 3.1
3' -3B9kImotth 3-(25KJmoth 33 E-lnosw * +

FeO:+0.333 H0 18 @@+ 0.838 HO Reaction 3.2
3' -388kJmoth 3-0.25kJmotth 33 E-lnor8t * +

Fes+0.8 ¢ #/ O om®p 0.982 GA Reaction 3.3
' 3Fklmoth 3( E pRS8e3EEIMOBBw * +

FesQ:+0.832 H0 0 8 popayD +&.832 HO Reaction 3.4
3' 3B9kIJmoth 3( E T1TW8®3EElnMobtBY * +

FeooO+CQO m8wtyx &A C #/ Reaction 3.5
' E vuv8th sEQ7.3HIMobith 3-31.2 B K molt

FenoalO+HO m8 wt 0 &A C ( Reaction 3.6
' E o¢8phu 3(* H ipps8@3EEImoBLP * +

FeOs+0.111 CHO 118 @@+ 0.&1A COr 0.222 HO Reaction 3.7
3' -3B9kiJmoth 3( E cWw8@3EEImolfBT * +
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FeOs + 0.083 CHO
3 ' -3F.7 kJ motth

FesOs + 0.277 CHO
3 ' -16.9 kJ motth

FesOs + 0.208 CHO
3 ' -1F.8 kJ motth

Fen.0470 + 0.333 CHIO
3' -3H.9 kJ motth

Fen.0470 + 0.25 ChIO
3 ' -9E6 kJ motth

T 8 @a@ix+ 0.888 CO+ 0.167 HO Reaction 3.8
3( E ph8g3EElnmoyByY * +

0 8 popsdD +H.R77 CO + 0.5550 Reaction 3.9
3( E pnrhp83 EF 1ghgii 8w * +

0 8 popsdD +H.R08 CoO+ 0.416 HO Reaction 3.10
3( E YO8@¢3EEImopBw * +

ndwtX &A C nDooco #/ C 1mREagtiprk3.11
3( E CcO8®w3EElrmoyBT * +

m8wtX &AMOGHOSCUL #/ Reaction 3.12
3( E wp8m3EElmolBp * +

0.947 Fe +0.56° &&O Reaction 3.13

3 ' -184.7 kJ motth

Fen.0470 + 0.131 @©
3 "' -4B.5 kJ motth

3-@65.FEkJ moith  3-@5.6 B K. mol-1

8 oy &A Reaction 3.14
3-79.7KkJ motth  3-29.1 B K mol-1

FesOs+ 0.250:0 p 8203 & A Reaction 3.15

3 ' -48.5 kJ motth

3-122.8kJ motth  3-23.4 B K mol-t
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