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Abstract
Combustion of fossil fuel for energy production is not a sustainable method since it releases
CO2, particulate materials and greenhouse gases such as NOx into the atmosphere, which
causes environmental pollution and global warming. Additionally, fossil fuel resources are
limited, thus reliance on fossil fuels is not sustainable. To address this, special attention has
recently been paid to renewable energy resources as alternatives for fossil fuels. However, it
requires the development of new processes, or to integrate systems to produce energy through
clean technologies aimed at the reduction of carbon dioxide emissions. One promising method
is to convert fossil fuels, or biomass, to synthetic fuel referred to as “syngas”.
Gasification is an established method for producing syngas from a carbonaceous fuel. The
conventional gasification pathways employ air to supply the required oxygen for the reactions,
however, due to the presence of the nitrogen in the gaseous products, the quality of the syngas
(molar ratio of H2: CO) is relatively low. Thus, a new process for the production of syngas
has been developed, referred to as a “chemical looping gasification” process, which uses solid
metal oxide as the oxygen carrier. This process prevents direct contact between the feedstock
and the air, addressing the challenge of the presence of nitrogen in the product. However,
there are some disadvantages associated with the use of solid metal oxides, such as sintering,
breakage of the particle, agglomeration and the deposition of the carbon on the oxygen carrier
particles. Therefore, one potential solution to address the aforementioned challenges is to use
a liquid metal oxide as an oxygen carrier instead of solid particles in a new process referred
to as Liquid Chemical Looping Gasification (LCLG).
To assess the LCLG system, a thermodynamic model was developed to simulate the reactions
occurring in a chemical looping gasification system with a liquid metal, such as copper oxide,
as the oxygen carrier. To identify other suitable oxygen carriers, a thermodynamic model and
a selection procedure were also developed to assess the chemical performance of the system
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with various metal oxides. Copper, lead, antimony and bismuth oxides were potential options.
Amongst them, lead oxide was assessed for integration of the system with a supercritical
steam turbine cycle for the co-production of work and syngas. Bismuth oxide was
thermodynamically and experimentally assessed for the gasification of biomass, coal and
natural gas. To validate the developed models and to demonstrate the liquid chemical looping
process, a series of experiments were conducted using a thermo-gravimetric analyser.
Experiments were performed to assess the reduction and oxidation reactions of bismuth oxide
with a graphitic carbon and air by measuring the mass change of the samples in the nitrogen
and the air environments. The activation energy and reaction constant for the reduction and
oxidation reactions were measured experimentally. The results obtained with the
thermodynamic models for the bismuth oxide were in good agreement with those obtained
with the experiments.
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Chapter 1 Introduction

Chapter 1 Introduction
1.1. Background and motivation
Sustainable production of energy is by far one of the greatest challenges in the world and
various methods for producing energy have been developed to satisfy the demands and
requirements for social and economic development. Hence, developing an economically viable
and reliable energy production system and decreasing its contribution to climate change are the
two barriers towards a sustainable future (Owusu & Asumadu-Sarkodie, 2016). Currently,
fossil fuels (carbonaceous fuels) are the main resources for energy production, however,
reliance on fossil fuels is not sustainable since they are limited and pollute the environment.
Combustion is an established method to release energy from the carbonaceous feedstock
accompanying the emission of CO2 and other greenhouse gases. A census has been reached
that the emission of CO2 into the environment is one of the major reasons for global warming.
Hence, seeking for an alternative source of energy and/or an alternative energy production
method have been targeted by researchers to address the aforementioned challenges.
Australia is one of the main exporters of coal in the world and has the fifth largest resources of
black coal. The black and brown coal account for ~75% of total electricity production in
Australia (Burnard & Bhattacharya, 2011). However, the combustion of coal produces various
pollutants, such as sulphur-based products, heavy metals and some trace elements, such as
arsenic. These trace elements, together with other components, are pollutants, which directly
(or indirectly) influence the environment. Some are known to cause cancer and respiratory
illnesses, while some of them influence decision-making and the brain inside the human body.
Thus, release of particulate materials and chemical compounds, together with carbon dioxide,
are the main challenges associated with the use of fossil fuels for energy production in the
majority of industrial sectors in Australia.
To overcome the pollution and CO2 emissions, one potential solution is to convert fossil fuels
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such as coal into cleaner products, such as liquid fuels or hydrogen. Liquid fuels, such as
alcohols, generate lower pollution levels and do not release trace elements into the atmosphere.
To convert coal to liquid fuel or hydrogen, an intermediate product is required. Synthetic gas
(referred to as syngas: a mixture of hydrogen, carbon monoxide, a small amount of methane
and other gaseous components) is the main product of the gasification process, which can be
converted to liquid fuels via Fischer-Tropsch and syngas-to-liquid processes.
Gasification comprises a chain of reactions in which a carbonaceous feedstock is partially
oxidised and converted to H2, CO and other gaseous products. During the gasification of
feedstock, the following reactions occur:

C(s)+O2 (g)  CO2 (g)
C(s)+CO2 (g)  2CO(g)
C(s)+H2O(g)  H2 (g)+CO(g)

CO(g)+H2O(g)  H2 (g)+CO2 (g)
C(s)+2H2 (g)  CH4 (g)
CO(g)+3H2 (g)  CH4 (g)+H2O(g)

Main combustion (1)
Gasification Boudouard (2)
Steam gasification (3)
Water gas shift (4)
Hydro-gasification (5)
Methanation (6)

The net enthalpy of reaction for the above reactions is positive and as a result, gasification is
an endothermic process. Therefore, for gasification reactions to proceed, thermal energy must
be supplied to the gasifier. Hence, in a conventional gasification process, part of the feedstock
is combusted to meet the thermal energy required for driving the gasification process, thereby
requiring more feedstock to be combusted and gasified.
To provide sufficient oxygen for the gasification process, air is blown into the gasifier, which
not only produces a bubbly and/or fluidised medium for better heat and mass transfer, but also
supplies the required oxygen for the gasification reactions. Furthermore, the ratio of air to inlet
feedstock has always been a determining parameter for the gasification process. If the ratio of
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the inlet air to feedstock equals the stoichiometric value, the feedstock is completely
combusted, however if the ratio of air to feedstock is less than the stoichiometric value, the
feedstock is gasified into CO, H2 and other gaseous products. Despite the fact that air is a
suitable candidate for gasification, it introduces nitrogen into the gasifier. As a result, the final
gas product includes a large portion of nitrogen (e.g. ~30%), which not only reduces the purity
of the syngas, but also reduces the quality of the syngas and limits its application. For example,
a syngas with the molar ratio of H2: CO~2.01 can be used in fuel cells and Fischer-Tropsch
processes (Riedel et al., 1999). However, if the molar ratio is H2: CO~1, the syngas has more
limited applications, such as combustion of syngas (Karimipour, Gerspacher, Gupta, & Spiteri,
2013). Hence, the presence of nitrogen in syngas (referred to as nitrogen dilution) is another
challenge associated with conventional gasification processes (Prathap, Ray, & Ravi, 2008).
To address the nitrogen dilution issue, a chemical looping gasification process has recently
been developed (Fan, Li, & Ramkumar, 2008; Li et al., 2009), which prevents direct contact
between the air and fuel, thereby hindering syngas dilution. This concept employs solid metal
oxide particles to supply the oxygen required for the gasification reactions. Particles are
circulated between two reactors, namely the air and the gasification reactors, as shown in Figure
1.1. In the gasification reactor, a chain of reactions occurs between the feedstock and metal
oxide particles and the feedstock is partially oxidised. During the partial oxidation of the
feedstock, the metal oxide releases its oxygen content and a reduced metal oxide forms in the
reactor. The syngas is produced in the gasifier and leaves the reactor. The molar ratio of H2:
CO is highly dependent on the molar ratio of the oxygen carrier to the feedstock. The higher
the molar ratio of metal oxide particle to feedstock, the lower the mole fraction of CO and H2.
Instead, the combustion reaction proceeds, resulting in an increase in the mole fraction of CO2
and H2O.
The reduced metal oxide is transported to the air reactor, in which air is introduced to react
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with the reduced metal oxide. The reaction in this reactor is highly exothermic and the oxygen
of the oxygen carrier is recovered. The outlet from the air reactor contains hot air with a mole
fraction of oxygen << 0.21, which is referred to as “vitiated air”. Notably, to enrich the syngas
and to increase its calorific value (giving a lower heating value), steam is injected into the
gasification reactor. This has two advantages: 1) enriching the hydrogen content of the syngas,
and 2) fluidising and changing the physical properties and porosity of the feedstock, which
facilitate the heat and mass transfer within the reactor.

Figure 1.1 A schematic diagram of the chemical looping gasification process for syngas
production with steam.
Despite the advantages associated with the use of chemical looping gasification, the reactivity
of solid metal oxides is gradually reduced due to the occurrence of sintering, attrition and
agglomeration of particles. The sintering of the solid metal oxide particles results in the
formation of the clog and the agglomeration of the particles within the reactors, which not only
devastate the reaction sites on the external layer of the particles, but also change the size of the
metal oxides after several cycles (Ku et al., 2017). Since the kinetic of the solid-gas systems is
highly dependent on the size and specific surface area of the particles, the reactivity of the
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particles decreases. The challenge is more pronounced when particles are exposed to a carboncontaining feedstock. In this condition, carbon deposition worsens the scenario by covering the
irregularities and reaction sites of the particles. This results in a drastic reduction in the
reactivity of the oxygen carrier. For example, in a study conducted by Ku et al. (Ku et al.,
2017), CuO was utilised as an oxygen carrier in a chemical looping process at temperatures
ranging between 1000°C and 1300°C. Figure 1.2 presents the results of a visualisation study
on the morphology of CuO metal oxides as an oxygen carrier in a chemical looping process.

Figure 1.2 Scanning electron microscopic images of CuO metal oxide particles used as an
oxygen carrier in a chemical looping process. Images are adapted from (Ku et al., 2017), a)
fresh CuO, b) CuO after one cycle, c) CuO after two cycles and d) CuO after three cycles.

As shown in Figure 1.2, after several cycles of operation, the morphology of the CuO particles
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was changed. The mean size, the average surface area together with the general structure of the
particles, were destroyed due to the occurrence of attrition, sintering and agglomeration. In
addition, they showed that the challenges are more pronounced at high temperatures.
One potential solution to address the challenges associated with the utilisation of solid metal
oxides in chemical looping systems is to use liquid metal oxides as an oxygen carrier instead
of solid metal oxide particles. By doing this, not only challenges such as sintering, attrition and
agglomeration are addressed, but also the phase of reactions in the gasification reactor is
changed from a solid (feedstock)-solid (oxygen carrier)-gas (gasifying agent) reaction to a solid
(feedstock)-liquid (oxygen carrier)-gas (gasifying agent) reaction. The latter can present better
heat and mass transfer in comparison with the former. This is because the thermal conductivity
of liquid metals is high (e.g. 394 W/m. K for copper oxide, or 36 W/m. K for lead oxide).
Moreover, the mass transfer in liquid metals is plausible (Dunn, Bonilla, Ferstenberg, & Gross,
1956). Such characteristics can enlist the liquid metals as a plausible oxygen carrier to be
utilised in an LCLG process.
The primary motivation of this study is to develop a new understanding and a well-resolved
model to investigate the plausible application of liquid metal oxides for the gasification of
carbonaceous feedstock in a chemical looping gasification process. The research goals are not
only to develop a thermo-chemical equilibrium model for the gasification of feedstock with
liquid metal oxides but also to determine the potential thermodynamic parameters for operating
and controlling the chemical looping gasification process.

1.2. Objectives of the research
The primary objective of the present research is to develop a thermochemical equilibrium
model for the gasification of carbon-containing components with liquid metal oxides in a
chemical looping gasification. This is because the lack of knowledge in this area is seen and a
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detailed assessment of the process is required. To achieve this objective, it is necessary to
model the system using thermo-equilibrium techniques such as Gibbs’ minimisation method to
determine the composition of the solid, liquid and gas phases before and after the gasification
process. It is expected that at certain temperatures above the melting point of a liquid metal
oxide, oxygen is released from the liquid metal oxide and reacts with the feedstock to produce
carbon monoxide. Likewise, the reaction between the gasifying agent (e.g. steam) and
feedstock, together with liquid metal oxide, produces hydrogen and CO, which are the main
components of a synthetic gas. Therefore, the Gibbs free energy of all components, enthalpy
of reactions and equilibrium constant of the reactions need to be estimated using an accurately
developed model.
The secondary objective of this work is to assess the chemical performance and potential of
various liquid metal oxides as an oxygen carrier in liquid chemical looping gasification
thermodynamically. This can be achieved by assessing different metal oxides against criteria
such as the Gibbs free energy of oxidation and reduction reaction, enthalpy of reaction, melting
point, oxygen molar content, syngas quality and chemical performance. The thermodynamic
selecting procedure will identify plausible oxygen carriers for the chemical looping gasification
process.
The third objective is to assess the thermodynamic potential of liquid metal oxides identified
in the previous tasks for the co-production of syngas and work via a power cycle connected to
the process through vitiated air. To improve the energetic performance of the system, a liquid
chemical looping gasification system is proposed, to be connected to a combined cycle power
block through the air reactor to produce work together with syngas production from the
gasification reactor. For this purpose, it is essential to assess the exergy of the process, together
with energetic analysis.
The last objective of this work is to conduct thermodynamic modelling to assess the potential
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application of liquid chemical looping gasification for producing syngas with a high molar ratio
of H2/CO from low-grade feedstock such as biomass. In addition, a set of experiments will be
conducted using high-fidelity instruments to validate the outcome of the models and to partially
prove the gasification of carbonaceous feedstock with liquid metal oxides. To achieve this, a
thermo-gravimetric analyser together with x-ray diffraction tests will be employed to
demonstrate the reduction and oxidation of a liquid metal oxide with feedstock and air. The
activation energy and the reaction constant of the reduction and oxidation reactions will be
measured experimentally and the liquid metal oxide characterised before and after the
experiments. Results of the experiments will be used to validate both the models and the results
obtained from the previous tasks.

1.3. Structure of the thesis
The structure of this thesis is briefly discussed in this section. The template of this thesis is
formatted as a collection of manuscripts that have been published or are currently under review
in peer-reviewed journals. At first, an introductory chapter discusses the motivation behind this
research. A literature review is also added as an independent chapter (Chapter 2). The published
papers and those under review form the foundation and the basis of this thesis and constitute
other chapters, which show the progress of the current study sequentially.
In chapter 2 of this thesis, a deep literature review was conducted to determine the key
questions and gaps in the existing knowledge to establish a detailed framework of this study.
Initially, the fundamentals and basics of the gasification process were studied, to discuss the
chemical and thermodynamic parameters associated with the gasification process. The
advantages and limitations of conventional gasification processes were elaborated and the
importance of the employment of the chemical looping process was highlighted. Then, various
configurations of chemical looping, including chemical looping combustion, chemical looping
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reforming and chemical looping gasification, were elaborated. Again, the advantages and
drawbacks of each process was described. Finally, a review was conducted on the state-of-theart studies on the potential application of liquid metal oxides for hydrogen and syngas
production.
In chapter 3, a thermodynamic model was presented, through which the potential of a liquid
metal oxide for the gasification of a carbonaceous feedstock was assessed. The influence of
different parameters such as temperature, pressure, partial pressure of oxygen and the molar
ratio of the liquid oxygen carrier to the feedstock and the steam to the feedstock on the
composition of the syngas product was investigated thermodynamically. The lower heating
value of syngas (the exergy partitioned in the syngas) was also assessed for various operating
conditions.
In chapter 4, a thermodynamic model was developed to analyse various pairs of metal oxides
to identify the most suitable candidates for the LCLG. To achieve this, the chemical and
thermodynamic potential of different liquid metals were assessed against criteria such as
melting temperature, the Gibbs free energy of oxidation and reduction reactions, enthalpy of
reactions, oxygen molar content, the quality of the syngas (the molar ratio of H2: CO), the molar
ratio of CO/CO2 and the exergy partitioned in the syngas. This assessment narrowed down a
wide range of metal oxides to a few options. Finally, selected metal oxides were suggested for
combustion and gasification applications based on their thermodynamic potential and lower
heating value, the quality of the syngas and the composition of the exhausted gases.
In chapter 5, the thermodynamic potential of lead oxide was investigated for the co-production
of syngas and work with a power block connected to the liquid chemical looping gasification
process. For this purpose, a supercritical steam power block was connected to the air reactor
through the vitiated air for producing steam in a supercritical condition, while syngas was
produced through the gasification reactor. The influence of different operating parameters such
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as the liquid oxygen carrier to the feedstock, the steam to the feedstock and also the molar ratio
of CO2 to the feedstock on the quality of syngas, exergy and thermal energy of the system was
investigated.
In chapter 6, the potential of liquid metal oxide for the gasification of biomass, coal and natural
gas was investigated thermodynamically to produce syngas with a high molar ratio of H2: CO
(> 3). Such syngas can have wide applications in hydrogen production, clean fuel production,
fuel cells and Fischer-Tropsch processes. In this chapter, based on the phase diagram of liquid
bismuth oxide, a suitable gasification regime was identified and, with the use of excess steam,
the quality of the syngas was set to > 3. An exergy analysis was performed to evaluate the
portion of exergy partitioned in the syngas. The biomass conversion was calculated and the
quality of the syngas product was compared with the results reported in the literature.
A set of experiments was conducted and discussed in Chapter 7 to demonstrate the reduction
and oxidation of a liquid metal oxide with graphitic carbon and air respectively. To conduct
the experimental investigation, a thermo-gravimetric analyser was used to monitor the mass
change during the gasification of bismuth oxide with carbon. The mass change was evaluated
at various ratios of bismuth oxide to graphite and temperatures. The activation energy of the
reaction and oxidation reactions, together with the reaction constant were measured
experimentally and a first-order kinetic of reaction of liquid bismuth with carbon and air was
developed experimentally using the Kissinger method. This not only validated the
thermodynamic models developed for the process, but also produced some novel data on the
kinetics of the reaction of bismuth with carbon, which to the best of the author’s knowledge is
not available in the literature.
The final chapter is chapter 8, which includes the key findings obtained in each chapter,
conclusions drawn during the modelling and experimental investigations and suggestions for
future research.
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1.4. Publications arising from this thesis
The research conducted in this thesis has led to several publications. Some of them have been
published in well-known peer-reviewed journals and peer-reviewed conference proceedings
and some of them are still under review for possible publication in high impact journals. The
following is the list of papers published and under consideration for possible publication:
1.4.1. Published journal papers
M.M. Sarafraz, M. Jafarian, M. Arjomandi, G.J. Nathan, Potential use of liquid metal oxides
for chemical looping gasification: A thermodynamic assessment, Applied Energy, 195, 2017,
702-712.
M.M. Sarafraz, Mehdi Jafarian, Maziar Arjomandi, Graham J. Nathan, The relative
performance of alternative oxygen carriers for liquid chemical looping combustion and
gasification, International Journal of Hydrogen Energy, 42, 2017, 16396-16407.
M.M. Sarafraz, M. Jafarian, M. Arjomandi, G.J. Nathan, Potential of molten lead oxide for
liquid chemical looping gasification (LCLG): A thermochemical analysis, International Journal
of Hydrogen Energy, Volume 43, 2018, 4195-4210.
M.M. Sarafraz, M. Jafarian, M. Arjomandi, G.J. Nathan, The thermochemical potential liquid
chemical looping gasification with bismuth oxide, International Journal of Hydrogen Energy,
44, (2019) 8038-8050.
M.M. Sarafraz, M. Jafarian, M. Arjomandi, G.J. Nathan, M. M. Sarafraz, M. Jafarian, M.
Arjomandi, G. J. Nathan, Experimental investigation of the reduction of liquid bismuth oxide
with graphite, Fuel Processing Technology, 188, (2019) 110-117.
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1.4.2. Conference presentation
M.M. Sarafraz, M. Jafarian, M. Arjomandi, G.J. Nathan, Solar Liquid Chemical Looping
Gasification for syngas production-A thermodynamic assessment, Asia-Pacific Solar Research
Conference 2017, Melbourne, Oral presentation.
M.M. Sarafraz, M. Jafarian, M. Arjomandi, G.J. Nathan, Potential application of liquid
antimony oxide for solar-aided hydrogen production, Asia-Pacific Solar Research Conference
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1.5. Thesis format
This thesis is based on the collection of the manuscripts produced during the course of the
research and has been submitted according to the format approved by the University of
Adelaide. The thesis is provided and available in both hard and soft copy which are identical.
The soft copy is available online at the University of Adelaide Library and can be viewed using
Adobe Reader.
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Chapter 2 Literature review

Chapter 2 Literature review
2.1. Background
Since the industrial revolution in the eighteenth and nineteenth centuries, dependence on fossil
fuels by the industrial sectors have been anomalously increased. Much effort has been made to
employ other energy resources, such as nuclear or renewables (e.g. wind or solar thermal and/or
electrical energy) to lower the reliance on fossil fuel. However, more than 90% of the world’s
energy demand is anticipated to be met by fossil fuels until 2030 (Conti et al., 2016; Gaffney
& Marley, 2009; IEA., 2017; Velazquez-Vargas, 2007). A consensus has been reached that the
presence of CO2 in the atmosphere can gradually increase the mean temperature of the
atmosphere around the earth. According to a study conducted by the US Energy Information
Administration (EIA), as represented in Figure 2.1, by 2030, the energy demand will reach
~700 quadrillion BTU, increasing by ~28% in comparison with the current world energy
demand. Fossil fuel resources are limited resources, hence, this is a driver to seek alternative
fuels or to develop new pathways for combusting fossil fuels with a view to lowering the
emissions of greenhouse gases and pollutants to the environment (Change, 2007).

Figure 2.1. World energy consumption from 1980 to 2030 adapted from Outlook(Outlook,
2007).
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To address the environmental challenges associated with the combustion of fossil fuels, one
potential solution is to convert the fossil fuels into clean products, such as liquid fuels or
hydrogen. However, liquid fuels are not a natural resource; hence, energy needs to be consumed
to convert fossil fuels to these products. Thus, the conversion of a fossil fuel to a clean fuel
requires an intermediate product such as synthetic gas (Woolcock & Brown, 2013).
Syngas can be converted to other renewable fuels such as hydrogen (with a CO sweeping
process) or liquid fuels (with a Fischer-Tropsch process). Apart from this, a synthetic gas has
many applications in the industrial sectors. It is usually used in internally combusting engines
for electricity production or is employed for producing the thermal energy for high-temperature
process heat (Lieuwen, Yetter, & Yang, 2009). Since the combustion temperature of syngas is
higher than that of fossil fuels, therefore, in those processes with syngas as a primary fuel, the
thermal efficiency of the process can be higher than for those with lower combustion
temperatures. Direct combustion of syngas can also be used in equipment such as steam boilers,
cement kilns and dryers (Rostrup-Nielsen, 2002). Given the fact that the syngas can be subject
to a chemical transformation process, it can also have wide range of other applications in the
automotive, plastic, hygiene and transportation sectors.
The conventional method for producing a hydrogen-enriched syngas from a gaseous fuel is to
use an air/steam reforming process, while another well-established method to produce syngas
from a solid feedstock is the gasification process. Both processes are very similar and the main
differences lie in the type of fuel and the configuration of the reactors used for the process.
During the gasification process, a partial oxidation of carbon occurs and the hydrogen content
of the feedstock is released. The molar ratio of the produced hydrogen to carbon monoxide,
referred to as the syngas quality, is a critical parameter determining the application of syngas
(Rostrup-Nielsen, 2002). For example, if H2: CO~2, syngas can be used in a Fischer-Tropsch
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process plant, however, if H2: CO~1, it can be used for direct combustion. In most of the
carbonaceous fuels and biomass feedstock, the hydrogen content is not normally sufficient to
enrich the syngas and increase its quality. Therefore, a gasifying agent such as steam is used
not only to increase the mixing inside the reactor, but to enhance the molar ratio of H2: CO.
The simplest configuration of a gasifier is an air gasifier, which employs air to gasify a
carbonaceous fuel. For this configuration, air is blown into the gasifier to provide agitation and
mixing of the feedstock with air. The air gasification process normally occurs at > 900°C to
achieve a high conversion rate of feedstock to syngas. Since there are some impurities in the
feedstock, a cyclonic ash separator is used to separate the ash materials and unreacted
feedstock. Although the use of air for gasification is cost-effective and simple, nitrogen dilution
is the main challenge associated with the air-blown gasifiers. This is because nitrogen appears
in the syngas product, resulting in the dilution of the syngas (Prathap et al., 2008). This limits
the application of the syngas product. Therefore, direct contact between air and fuel in the
gasification reactor must be avoided. The chemical looping process is a recently developed
technology, which provides conditions to avoid direct contact between air and fuel.
A chemical looping process employs two reactors referred to as the air and the fuel reactor. An
oxygen carrier is employed to absorb the oxygen in the air reactor and release it in the fuel
reactor. The released oxygen from the oxygen carrier is used to drive the combustion and/or
gasification reaction. The reduced particles are sent to the air reactor and their oxygen content
is recovered via oxidation reaction with air. By doing this, direct contact between the air and
the fuel is prevented, resulting in the production of syngas with a higher molar ratio of H2: CO.
Hence, depending on the application of the chemical looping, it can be classified into different
processes as follows:
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2.2. Chemical looping combustion
The main purpose of a Chemical Looping Combustion (CLC) process is to release the energy
of a carbonaceous fuel to produce heat that can be used in further applications (e.g. heat
exchanging media) or other endothermic processes (Adánez et al., 2004; Adánez et al., 2005;
de Noronha, Miranda, Cavalca, Memmott, & Ramesh, 2014; Hatanaka, Matsuda, & Hatano,
1997; Ishida & Jin, 1994; Kim, Go, Jeon, & Park, 2010; Lyngfelt, Kronberger, Adanez, Morin,
& Hurst, 2004). A CLC process usually consists of two interconnected reactors, namely fuel
and air reactors. The complete oxidation of fuel occurs in the reduction reactor resulting in the
production of CO2 and H2O. To achieve the complete conversion of fuel, oxygen needs to be
supplied to the fuel reactor at its stoichiometric value. Solid metal oxides are utilised as the
oxygen carrier to provide the required oxygen for the combustion process. Consuming the
oxygen in the fuel reactor, the particles are reduced and subsequently conveyed to the air
reactor. In the air reactor, the reduced particles are exposed to a large amount of air to absorb
the oxygen in the air and to produce the metal oxide. The process of circulation of the oxygen
carrier between reactors in a CLC continues repeatedly without using air in the fuel reactor.
Notably, the outlet from the fuel reactor is carbon dioxide and water that can be captured and
stored. Hence, CLC is inherently a carbon capture process. Likewise, the combustion reaction
in the fuel reactor is endothermic, while the oxidation reaction in the air reactor is exothermic.
Hence, the oxygen carrier can be utilised to transfer the released heat in the air reactor to the
fuel reactor. Figure 2.2 presents a schematic diagram of the CLC process.
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Figure 2.2. A schematic diagram of a chemical looping combustion system.
In the fuel reactor, the rate of heat and mass transfer is a key parameter, which influences the
configuration and chemical performance of the CLC. This is because it directly influences the
residence time, size and type of the reactor. Better heat and mass transfer inside the reactor
results in a decrease in the required residence time and, subsequently, the size of the reactor is
decreased. It is worth mentioning that the type of reactor depends on the kinetics of the
reactions and the operating conditions. A fluidized bed is a plausible reactor for the CLC
process, as it facilitates effective phase contact and sufficient residence time (Pan, Velo, Roca,
Manya, & Puigjaner, 2000). The effective phase contact between the reactants enhances the
heat and mass transfer between the components inside the reactor.
In the air reactor, the reduced metal oxide is exposed to a high flow rate of air to provide
sufficient fluidisation and better solid-gas contact. Hence, a high-velocity reactor is a plausible
configuration for the air reactor. Notably, the rate of the oxidation reaction is relatively higher
than that reported for the reduction reaction. Thus, the configuration of the air reactor and the
fuel reactor might not be the same. Therefore, many studies have been conducted to assess the
various configurations for the air and fuel reactors in a chemical looping combustion process,
which are reviewed as follows:
At first, chemical looping combustion was designed and fabricated to work with gaseous fuels
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such as natural gas under atmospheric pressure. Hence, much effort was made to identify the
best plausible configurations for an atmospheric CLC system working with natural gas. For
example, Lyngfelt et al. (Lyngfelt, Leckner, & Mattisson, 2001) proposed a basic design for
the recirculation of an oxygen carrier in fluidised bed reactors referred to as a “circulating
fluidised bed configuration”. The proposed system showed a plausible rate of heat and mass
transfer between the oxygen carrier and the gaseous fuel. This was attributed to the superior
surface contact between the solid particles and the gaseous fuel due to the uniform fluidisation
of the solid phase. Other configurations were also assessed, considering high-velocity risers
and low-velocity bubbling reactors (Johansson, Lyngfelt, Mattisson, & Johnsson, 2003;
Kronberger et al., 2004; Kronberger, Lyngfelt, Löffler, & Hofbauer, 2005) and almost the same
results were reported. It was found that CLC has the ability to work at different configurations,
however, depending on the performance required from the process, specific configurations and
oxygen carriers need to be matched and employed. In fact, the type of fuel and the rate of the
reaction between the oxygen carrier and the fuel were determining parameters for the design
of the CLC (Lyngfelt & Thunman, 2005b; H.-J. Ryu, Jin, & Yi, 2005). All of them noticed that
for most solid-gas reactions, the mass transfer resistance is relatively higher than that measured
for the liquid-gas reactions. Hence, more residence time is required for the solid-gas reactions
to proceed. Therefore, it was concluded that the riser configuration can not only provide
sufficient residence time for the reduction of the oxygen carrier but also provide sufficient
driving force for the circulation of the oxygen carrier. These features are also offered by
bubbling fluidised regimes (Adánez, Gayán, et al., 2006; H. Ryu, Jo, Park, Bae, & Kim, 2010).
The dual fluidised bed configuration is another plausible option, which was proposed and tested
at the Technology University of Vienna (TUWIEN), in which two bubbling fluidised bed
reactors were employed for the air and fuel reactors. The test rig was designed based on a 120
kW thermal input (Kolbitsch, Pröll, Bolhar‐Nordenkampf, & Hofbauer, 2009). To achieve
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higher thermal and chemical performances, a turbulent bubbling regime was identified. In this
regime, sufficient heat and mass transfer between the oxygen carrier and gaseous fuel was
provided. A pneumatic system was used to recirculate the oxygen carriers between the reactors,
while providing a bubbling regime in both reactors. To control the solid holdup, a direct
hydraulic link between the two reactors was provided. It was found that the circulation of the
oxygen carrier strongly depends on the flow rate of the air and the gaseous fuel.
At IFP France, a new concept of two interconnected bubbling beds with an independent solid
flow control was developed at a scale of 10kW thermal input. To provide sufficient oxygen in
the fuel reactor, a rapid circulation system, independent from the gas flow rate, was developed
(Shen, Wu, Xiao, Song, & Xiao, 2009). Later, Ryu et al. (H. Ryu et al., 2010) modified the
concept developed by Shen et al. (Shen et al., 2009) at 50 kWth and implemented some
injection nozzles inside each reactor. This further enhanced the mixing and the circulation of
the oxygen carrier within the reactors.
ALSTOM developed a new concept for the hybrid gasification and combustion of
carbonaceous fuel including natural gas and solid feedstock (Abdulally et al., 2011). The
proposed configuration implements a chemical looping system to circulate the oxygen carriers
between the air and fuel reactor, and the sorbent calciner. The whole process occurs at high
temperatures > 1000ºC (Joshi, Lou, Neuschaefer, Chaudry, & Quinn, 2012). Li and Fan (Li &
Fan, 2008) developed a moving bed system for the CLC process. By doing this, they reduced
the required volume for the fuel and the air reactors because the plug flow of the oxygen carrier
resulted in a higher conversion of the reaction between the fuel and the oxygen carrier in
comparison with the fluidized bed. Recently, a parallel arrangement of a moving bed fuel
reactor and a fluidised bed air reactor has been suggested by Schwebel et al. (Schwebel,
Wiedenmann, & Krumm, 2010). They recommended that this configuration is suitable for the
gasification of biomass with chemical looping gasification.
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To increase the thermodynamic efficiency of the CLC, it was proposed to feed the vitiated air
from the air reactor and the exhaust gases from the fuel reactor to a power cycle to co-produce
heat and power. Importantly, to achieve higher efficiency, not only the power cycle but also
the CLC should work at higher temperatures and pressures (Brandvoll & Bolland, 2002;
Noorman, van Sint Annaland, & Kuipers, 2010; Wolf, Anheden, & Yan, 2001). Thus, the idea
of running the chemical looping system at high pressures was developed. However, it was
identified that the circulation of the oxygen carrier at high temperatures and pressures is
technically challenging due to sintering, agglomeration and particle breakage.
Faced with the above literature, the configuration and operating condition of a CLC system is
highly dependent on the type of fuel and the application of the exhaust and vitiated gases from
the reactors (Brown, Dennis, Scott, Davidson, & Hayhurst, 2010; Scott, Dennis, Hayhurst, &
Brown, 2006). For solid fuels, such as carbon particles or biomass, a moving bed together with
a fluidised bed is a plausible configuration that can be used for CLC. A moving bed provides
sufficient residence time and better chemical conversion of fuel, while a fluidised bed is also a
plausible configuration since it offers great surface contact between the solid oxygen carrier
and the fuel.
For all the chemical looping configurations discussed here, the circulation rate is a key
parameter influencing the chemical performance and working mode of the system. If the
circulation rate of the oxygen carrier is sufficient that the quantity of oxygen reaches the
stoichiometric value, the system operates as chemical looping combustion. However, if the
circulation ratio is not sufficient and is below the stoichiometric value, the system operates as
chemical looping gasification (if the feedstock is solid) or chemical looping reforming (if the
feedstock is natural gas). The main product of chemical looping reforming and gasification is
syngas or hydrogen.
2.3. Chemical looping reforming
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Chemical Looping Reforming (CLR) is a process utilized for syngas and hydrogen production.
Auto-thermal and steam chemical looping reforming are two well-established configurations
of CLR. (Kim et al., 2010; Wang, Yu, Qin, Hou, & Duan, 2015). For CLR, a gaseous fuel such
as natural gas is utilised as a fuel and partial oxidation of fuel inside the fuel reactor provides
conditions for the reforming reactions to occur, which produce hydrogen, H2O, CO, and CO2.
By controlling the amount of oxygen released in the fuel rector, the composition of the product
is also controlled (Ahmad, Zawawi, Kasim, Inayat, & Khasri, 2016). In some cases, steam is
used as the reforming agent not only to produce more hydrogen but also to increase the mixing
inside the reactor and to maintain the temperature of the reactor. Notably, a CLR employs the
adsorption technique to remove CO2 and CO from the gas products to produce pure hydrogen.
Figure 2.2 presents a schematic diagram of a chemical looping reforming process and methane
as a fuel.

Figure 2.2. Schematic diagram of chemical looping reforming.

If the fuel of the system is a solid feedstock, the process is referred to as “chemical looping
gasification”, which is described in the following section.

2.4. Chemical looping gasification
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To mitigate the challenge of the nitrogen dilution in syngas production and to avoid direct
contact between the air and the feedstock, one potential option is to employ a chemical looping
gasification (CLG) process. CLG is a recently developed process, employing metal oxide
particles to transport oxygen between the reactors. In a chemical looping gasification system,
there are two reactors, namely the air and the gasification reactors. The operation of the CLG
is similar to CLR, however, instead of a gaseous fuel, a solid feedstock such as coal or biomass
is employed. Figure 2.3 presents a schematic diagram of the chemical looping gasification
process.

Figure 2.3. A schematic diagram of the chemical looping gasification system for syngas
production.

In the fuel reactor, which is referred to as “gasification reactor”, the metal oxide is reduced and
oxygen is released to react with the carbonaceous feedstock and the gasifying agent. A
gasifying agent is injected into the gasification reactor not only to improve the mixing but also
to increase the content of hydrogen (if the gasifying agent is steam) and/or CO content (if the
gasifying agent is CO2) in syngas. The reduced metal oxide is transported to the air reactor in
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which the reduced metal oxide is oxidised with air to recover the consumed oxygen. The
regenerated metal oxide is transported to the gasification reactor again and this process
continues repeatedly. Figure 2.4 presents the general scheme of a chemical looping gasification
system for a solid feedstock.

Figure 2.4. A schematic diagram of the steam chemical looping gasification process.

Gasification reactions in the gasifier include several main reactions namely, the Boudouard
reaction, water-gas shift, steam gasification, methane reforming and methanation, as presented
in Table 2.1.
Table 2.1. The reactions occurring in the gasification reactor (Kern, Pfeifer, & Hofbauer,
2013; Kumar, Jones, & Hanna, 2009).
Name of reaction

Chemical equation

Gasification (A)
Gasification (B)
Boudouard
Methanation
Complete combustion
Partial combustion
Water-gas shift
Methane reforming

C(s)+H2O(g)  CO(g)+H2 (g)
C(s)+2H2O(g)  CO2 (g)+2H2 (g)
C(s)+CO2 (g)  2CO(g)
C(s)+2H2 (g)  CH4 (g)
C(s)+O2 (g)  CO2 (g)
C(s)+0.5O2 (g)  CO(g)
CO(g)+H2O(g)  CO2 (g)+H2 (g)
CH4 (g)+H2O(g)  CO(g)+3H2 (g)

Enthalpy
(kJ/mol)
+118.5
+103
+159.9
-87.5
-393.5
-123.1
-40.9
+225

No.
(1)
(2)
(3)
(4)
(5)
(6)
(7)
(8)

The studies conducted on the kinetics of the gasification have shown that the temperature and
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pressure of the gasifier (Adanez, Abad, Garcia-Labiano, Gayan, & Luis, 2012), the content of
the ash (Adanez et al., 2012; Brown et al., 2010) and the quantity of oxygen in the gasifier are
effective parameters. These parameters can determine the dominant reactions in the gasifier
(see Table 2.1) (Irfan, Usman, & Kusakabe, 2011; Johnson, 1974; Kirubakaran et al., 2009).
Amongst these parameters, temperature is the key parameter. It determines the composition
and yield of the syngas product and the activation energy and the conversion extent of the
feedstock. Many investigations have been conducted to identify the role of temperature on the
yield of CO and H2 (Corella, Aznar, Delgado, & Aldea, 1991; Herguido, Corella, & GonzalezSaiz, 1992; Turn, Kinoshita, Zhang, Ishimura, & Zhou, 1998). Notably, gasification at higher
temperatures results in the production of small amounts of methane and other hydrocarbons
(Kalinci, Hepbasli, & Dincer, 2009). For example, Nipattummakul et al. (Kalinci et al., 2009)
and Shen et al. (Shen, Gao, & Xiao, 2008) demonstrated that the rate of production for CO2
and CH4 is highly dependent on the temperature of the gasifier, such that with an increase in
the temperature, the rate of production of CO2 and CH4 decreases. Identical behaviour was also
reported by Chang et al. (Chang, Chang, Lin, Lin, & Chen, 2011) and Turn et al. (Turn et al.,
1998), Gao et al. (Gao, Li, Quan, & Gao, 2008; Udomsirichakorn & Salam, 2014).

2.5. Thermodynamic and experimental assessments of chemical looping gasification
Several studies were conducted, thermodynamically and experimentally, to assess the influence
of different operating parameters on the syngas yield, the molar ratio of H2: CO, and the energy
demands of the process. In most of them, the content of oxygen was identified as a
determinative parameter influencing the performance of the chemical looping gasification. To
understand the role of oxygen on the chemical performance of CLG, it is necessary to define a
parameter which relates the content of oxygen in the oxygen carrier to the performance of the
system (Abad et al., 2007). Ro is the oxygen transport capability, which is defined as follows:
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Ro 

mo  mr
mo

(9)

Here, m is the instantaneous mass of the oxygen carrier for the oxidation (o) and the reduction
(r) states. Figure 2.5 presents the values of the oxygen transport capability for various metal
oxides. As can be seen, some of the metal oxides presented in the Fig. 2.5 are not suitable for
gasification, as they release a large amount of oxygen in the reactor (e.g. nickel or iron).
Therefore, they can be used in chemical looping combustion. Likewise, there are other metals
(e.g. cobalt), which release a small amount of oxygen during the reduction reaction and can be
used for chemical looping gasification.

Figure 2.5. The oxygen transport capability for different metal oxides adapted from (Adanez
et al., 2012).

Hence, not only the oxygen content of the oxygen carrier particles influences the chemical
performance of the CLG but also the circulation rate affects its chemical performance. The
circulation rate is important because it changes the amount of sensible heat transported from
the air reactor to the gasification reactor. As discussed before, in the air reactor, the reactions
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are exothermic, thus, thermal energy is released, which can be employed in the gasification
reactor. However, the net energy demand for the process is highly dependent on both the
circulation and the flow rate of the feedstock.
Figure 2.6 presents the dependence of the energy demand of the chemical looping gasification
system on the circulation ratio and the oxygen content of the gasification reactor obtained by
Ortiz et al. (Ortiz et al., 2011). They showed that the net thermal energy required for chemical
looping gasification is a function of the circulation rate, such that, with an increase in the
circulation rate, the thermal energy required for the system greatly changes. For example, for
a molar ratio of oxygen to fuel=1, at circulation rate=0.5 kg/s, the net enthalpy of the system is
~58 kJ/s, however, at circulation ratio=4 kg/s, it is ~25 kJ/s.

Figure 2.6. Dependence of the energy demand for a chemical looping gasification system on
the circulation rate of oxygen available in the gasifier for various circulation rates, adapted
from (Ortiz et al., 2011).
The molar ratio of the oxygen carrier to fuel is also a determining parameter in chemical
looping gasification and chemical looping combustion systems. Jafarian et al. (Jafarian,
Arjomandi, & Nathan, 2014) conducted a thermodynamic analysis on the potential of different
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oxygen carriers to be employed in hybrid solar chemical looping combustion. They assessed
five metal oxides for three different fuels, including carbon monoxide, natural gas and
hydrogen. They identified that the ratio of oxygen carrier to fuel can be a determining parameter
on the performance of the chemical looping process. Likewise, the type of reaction of the
oxygen carrier with the fuel was another key parameter. Their calculations showed that the
highest system’s Carnot efficiency could be achieved with cobalt, followed by nickel and iron,
while the highest solar share was achieved with iron oxide. This was attributed to the type of
reaction of iron, which is highly endothermic. In another study, Wang et al. (Wang, Yu, Qin,
Hou, & Duan, 2016) found that the ratio of steam to feedstock is another determining parameter
for operating the CLG system, which considerably influences the gas yield and its composition.
Figure 2.7 presents the dependence of the yield of gas products on temperature for various
steam to fuel ratios.

Figure 2.7. Dependence of CO, CO2 and H2 yields on the temperature for various steam to
fuel ratios in a chemical looping gasification system, working with Mn2O3 metal oxide
particles.
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As can be seen, with an increase in the molar ratio of steam to fuel, the CO yield decreases,
while the H2 yield increases. This causes an increase in the ratio of H2: CO. It was also found
that the carbon conversion extent is increased with an increase in the ratio of steam to fuel,
reaching 100% at T > 800°C for steam to fuel ratio=9. Likewise, the quality of syngas
decreases with an increase in the temperature of the gasifier. This is because the CO yield
increases with temperature and this decreases the ratio of H2: CO at high temperatures, such as
1000°C. Overall, Mn2O3 showed a potential to be used in CLG and the molar ratios of the
oxygen carrier to the fuel and the steam to the fuel were the key thermodynamic parameters
controlling the gas yield and thermal energy required for the process.
Feasibility of the co-production of hydrogen and electricity with CLG has also been assessed
in the literature. For example, using iron oxide as the solid oxygen carrier, a cyclic oxidation
and reduction of iron with carbonaceous feedstock has been investigated thermodynamically
by Li et al. (Li, Zeng, Velazquez‐Vargas, Yoscovits, & Fan, 2010). The Gibbs minimisation
method was applied to the process using an Aspen software package and the results were
verified using a moving bed reactor. They showed that the moving bed gasifier has better heat
and mass transfer, together with a higher carbon conversion, in comparison with the fluidised
bed gasifier. They conducted the experiments for ~15 hr and reached a conversion extent of >
99.5%. However, the recovery rate for the oxygen carrier was ~50%. The results obtained from
the experiments clearly showed that the chemical looping process is feasible for syngas
production, however, the oxygen carrier needs further improvement to be used for successive
cycles (Li et al., 2010).
To overcome the issue of regeneration of the oxygen carrier and to enhance the quality of the
syngas, chemical looping steam gasification was proposed. A set of experiments were
conducted at various oxygen to carbon ratios in a fluidised bed reactor to produce high-quality
syngas. Iron oxide was used as the oxygen carrier in the reactors (Guo, Cheng, Liu, Jia, & Ryu,
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2013). They investigated the influence of different operating parameters, such as temperature,
pressure and the molar ratio of the oxygen carrier to the feedstock to determine the optimized
operating regime for the system. They also studied the influence of the number of reactive sites
of the oxygen carrier on the gas yield and reaction mechanisms. They used steam as the mixing
and gasifying agent and noticed that the presence of steam not only maintains a uniform
temperature profile in the gasifier, but also increases the amount of hydrogen in the syngas.
They also modified the iron oxide oxygen carrier with CaO and assessed the potential reactivity
of CaO-decorated iron-based oxygen carrier particles in successive reactions. They reported
that the carbon conversion could reach ~81% with an increase in the ratio of the oxygen carrier
to the feedstock. The addition of CaO enhanced the carbon conversion and the gasification rate
substantially and reduced the production of H2S. They also used an x-ray diffraction instrument
to assess the structure of the oxygen carrier before and after the experiments. They showed that
a modified oxygen carrier with CaO was completely regenerated after six redox cycles.
The presence of steam in the gasifier fortifies the mixing inside the gasifier and increases the
content of hydrogen via a water gas shift reaction. The effect of mixing of steam with the
oxygen carrier was investigated by Huang et al. (Huang et al., 2016). They implemented the
natural iron ore as an oxygen carrier for CLG of biomass char in a fixed-bed reactor. They
noticed that the reduction-oxidation reactions between biomass char and iron ore occurs under
the oxygen-depleted environment, however, due to the lack of oxygen, the conversion of char
was low. In addition, the contact between the surfaces of the solid particles was not sufficient
and, as the result, the chemical performance of the system was low. Thus, they used steam to
enhance the mixing between the solid particles and to increase the temperature and hydrogen
content of the gaseous products. They obtained the optimum oxygen carrier to char and steam
to char ratios, in which the highest conversion of char can reach ~80%, whilst the gas yield was
three times higher than for the case without steam. They reported that with an increase in the
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number of working cycles, sintering and attrition occurred within the system, decreasing the
lifetime of the particles. After 52 hours of operation, the iron oxide showed reasonable
reactivity, however, it required further modifications to be able to use it for longer operating
hours (Huang et al., 2016).
He et al. (He, Galinsky, & Li, 2013) modified the iron oxygen carrier with copper oxide to
further improve both its oxygen molar ratio and its reaction. To achieve this, a set of
experiments were conducted using a thermo-gravimetric analyser to assess the structure of the
oxygen carrier before and after the experiments. They analysed the amount of oxygen released
and absorbed from the oxygen carrier for various amounts of copper oxide mixed with iron
oxide. The results showed that an oxygen carrier consisting of a small amount of CuO (5% by
weight) is more effective for char conversion than an oxygen carrier without copper. Also, the
mathematical modelling of the process showed that the presence of small amounts of copper
results in the increase in the rate of H2 production and its yield (He et al., 2013).
The type of feedstock was found to influence the yield of the gasification and syngas
composition. Hence, extensive research has been conducted to evaluate the influence of
feedstock on the chemical performance of the CLG, which is discussed as follows:

2.6. Influence of the type of feedstock on the performance of chemical looping
gasification
Apart from natural gas, which is mainly used in the reforming process, coal and biomass are
the main feedstocks for the gasification processes. Hence, it is important to understand the
mechanism of gasification of coal and biomass. During the gasification of this feedstock with
a gasifying agent, the following mechanistic steps occur:


Drying stage: In this stage, the moisture content in coal or biomass is taken out of the
feedstock in the form of water vapour. The drying process occurs under specific
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conditions to prevent the feedstock from decomposing. Therefore, the temperature in
the drying zone is not sufficiently high for pyrolysis of the feedstock.


The pyrolysis stage is referred to as “de-volatilization”: This stage is the next step after
the drying process, in which a dried biomass feedstock is decomposed into components
with low molecular weight volatiles, including solid material referred to as char and tar.
This process occurs in the absence of oxygen. Most reactions in this stage are
endothermic and, as a result, the energy must be supplied from an external source or
with pre-combustion of part of the feedstock.



Combustion stage: In this stage, the volatiles are partially oxidised by the oxygen
provided to the gasifier. Normally, carbon monoxide, carbon dioxide and water are the
main components of this stage. Although the main reactions of this stage are
combustion reactions and exothermic, this heat is normally consumed by the
endothermic reactions in the gasification stage.



Gasification stage: In the gasification stage, reactions occur in the absence of oxygen.
This is because all the oxygen content in the system has been consumed by the
combustion reactions. The gas products from this stage are carbon monoxide, hydrogen,
methane and water, together with a small quantity of CO2 produced from the
combustion reactions.

Thus, the oxygen available in the system and the method by which the oxygen is introduced in
the gasifier influences the products of the system. For chemical looping gasification, the
oxygen carrier determines how much oxygen can be consumed in the combustion and/or
gasification region. Therefore, the oxygen carrier must meet specific conditions and must have
some thermodynamic features before it can be used in the CLG system.
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2.7. Solid oxygen carrier
For each oxygen carrier, accomplishment of the following characteristics is necessary:
(1) An oxygen carrier must have good thermo-physical properties. Since heat transfer is one of
the important phenomena in the gasification process, the oxygen carrier must have high thermal
conductivity and heat capacity. (2) The oxygen carrier must have sufficient oxygen transport
capacity to supply the required oxygen for gasification. (3) The reactions between the oxygen
carrier and feedstock, oxygen carrier with steam and the reduction and oxidation reactions for
the oxygen carrier must be sufficiently fast to avoid solid inventory inside the reactors. (4) The
oxygen carrier must tolerate high-temperature and high-pressure conditions and can be used
for successive reduction-oxidation cycles. The physical structure, together with the chemical
performance of the oxygen carrier, must be constant over a long operation. (5) It is also crucial
that the oxygen carrier has good fluidisation characteristics and must be resistant against issues
such as sintering, particle breakage and abrasion. (6) Other factors such as cost and
environmentally benign characteristics are important.
According to the above characteristics, in a CLG process, the solid oxygen carrier particles are
subject to a chain of reactions. Therefore, the general kinetics of reaction and the performance
of the gasifier is strongly influenced by the mechanism of reduction and oxidation of the
oxygen carrier, the activation energy and temperature in which oxygen carrier is reduced or
oxidised. Therefore, it is important to understand how an oxygen carrier participates in a
reduction or oxidation reaction. Hence, different models have been proposed to predict the
behaviour of oxygen carriers in a gasifier or an air reactor, as is briefly discussed in the
following sub-sections.

2.8. Particle size models for solid-gas reactions
2.8.1. Changing grain size model
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In the changing grain size model, it is assumed that the oxygen carrier is a spherical particle
and several intermediate steps are considered until the reduction or the oxidation reaction is
completed. It is also assumed that both the re-dox reactions occur inside the core of the particles
and any reacting gas needs to overcome the mass transfer resistances. For instance, for an
oxidation reaction, the following intermediate stages occur: (1) The bulk of the reacting gas
(oxygen) diffuses through the surface of the solid reduced metal oxide and passes through the
external layer of the particle. This stage is referred to as “film diffusion”. (2) The reacting gas
is then diffused through the pores and irregularities of the oxygen carrier. It is also assumed
that this porous region is a constant domain and porosity is constant during the diffusion
phenomena. (3) The adsorption stage in which the reacting gas is adsorbed by the core of the
particle where the main oxidation reaction occurs. (4) The general oxidation reaction, which
occurs between the oxygen and the reduced metal oxide. As the reaction proceeds, the size of
the particle increases. However, for the reduction reaction, while the porous region remains
constant, the core of the particle shrinks, resulting in a reduction in the size of the particle.

2.8.2. Shrinking core model
In this model, initially, the reaction happens on the external surface of the spherical particle,
with a small mass transfer resistance. During the reaction, a layer of the solid product is formed
around the unreacted core inside the particle. At the same time, the size of the unreacted core
reduces gradually. The border area between the unreacted core and the solid product is the
exact location where the general reaction occurs. Hence, the reacting gas must overcome the
following resistances before the reaction can occur via film transfer, diffusion through spaces
such as pores, diffusion through the solid product layer and the chemical reaction on the
interface. This model also supports the change in the particles’ size over the reaction time.
Figure 2.8 presents schematically the mechanisms occurring during the changing grain size and
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shrinking core models. Overall, both models support particle size changes during the reduction
and the oxidation reactions and successive changes in the size of the particle can weaken its
structure and deform its morphology.

Figure 2.8. A schematic diagram of the different models for predicting particle size during
the reaction, a) Changing grain size model (Szekely, Lin, & Sohn, 1973), b) Shrinking core
model (Georgakis, Chang, & Szekely, 1979) adapted from the literature (Adanez et al.,
2012).

2.9. Challenges associated with solid oxygen carriers
Fluidisation and interaction between particles at high temperatures result in the advent of some
challenges, such as attrition and agglomeration. The attrition of an oxygen carrier particle is an
important issue affecting the performance of chemical looping, especially for the fluidized-bed
configurations. Attrition reduces the number of reactive sites on the external layer of an oxygen
carrier, decreasing its reactivity over time. To evaluate the attrition, the crushing strength of an
oxygen carrier particle is a preliminary indicator, which can be performed using standard test
facilities. The results of the attrition assessment tests conducted on oxygen carriers used in
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chemical looping systems show that at temperatures ~700°C and above, the friction between
the particles due to particle collision and fluidisation can cause severe attrition, which directly
influences the lifetime and operability of the chemical looping system.
Attrition can change the external layer of the particles and deform the reaction sites on the
external surface of the particles. It also decreases the effective specific surface area of the
particle by decreasing its external area. The lifetime of oxygen carriers is also important, since
it relates to the economic viability and operation of the CLG. The lifetime of the oxygencarriers can be defined as the average time in which a particle must be under reaction (reduction
or oxidation) in the system, without any side reactions or structural losses that cause the particle
to be removed or replaced. Generally, a reduction in the particle size to less than 45μm is
referred to as “fine loss”. Table 2.2 presents the attrition measured for different oxygen carriers
for various chemical looping systems.
Table 2.2. Attrition of diverse oxygen carriers in various chemical looping processes.
Solid oxygen carrier

concept

Iron

CLC

Test time
/lifetime*(hrs)
10/1600

attrition

CuO/NiO
CuO (on alumina)

CLC
CLC

67/2700
100/2400

0.042
0.04

NiO (on alumina)

CLC

100/40000

0.0023

NiO (on alumina)

CLG

37/NG*

-

NiO (on NiAl2O4)
*Estimated.

CLG

160/4500

0.02

0.0625

Ref.
(Wu, Shen, Hao, &
Gu, 2010)
(Gayán et al., 2011)
(Luis et al., 2007b)
(Lyngfelt &
Thunman, 2005a)
(Rydén, Lyngfelt, &
Mattisson, 2008)
(Rydén et al., 2008)

Agglomeration of the oxygen carrier is another issue associated with solid oxygen carriers,
which must be avoided in chemical looping systems, particularly for fluidized bed systems, as
it can devastate the fluidisation process, together with causing a massive reduction in the rate
of heat and mass transfer. For a fixed bed reactor, agglomeration causes gas and/or liquid
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entraining, channelling and high-pressure drop problems. Channelling decreases the heat and
mass transfer and the contact between the gas and the particles. Agglomeration causes the
particles to be attached to each other, creating larger clogs and clusters of particles with higher
density. As a result, the clogs are deposited at the bottom of the reactor, decreasing the oxygen
content over time. The rate of agglomeration depends on the structural strength of the particles,
operating temperature and pressure and also the height of the reactor or tank in which the
particles react or are stored (Adanez et al., 2012; Cao & Pan, 2006; Cuadrat et al., 2012;
Hossain & de Lasa, 2008; Leion, Mattisson, & Lyngfelt, 2009; Luis et al., 2007b; Mattisson,
Johansson, & Lyngfelt, 2004).
Much effort has been made to investigate the potential agglomeration of different oxygen
carriers in a chemical looping gasification process. It was found that the combinations of metal
oxide with a structural support, type of support and calcination conditions can avoid
agglomeration problems in nickel-based, copper-based, zirconium-based and aluminium-based
oxygen-carriers (Cho, Mattisson, & Lyngfelt, 2006; De Diego et al., 2004; Gayán et al., 2008;
Mattisson, Johansson, & Lyngfelt, 2006). Ni-based oxygen carriers do not exhibit
agglomeration problems at temperatures ~950°C. In experimental work conducted by Liu et al.
(Liu, Liao, Wu, & Ma, 2018), calcium ferrites (CaFe2O4) were adopted as the oxygen carrier
to be tested in a chemical looping gasification and microalgae was selected as the fuel. Using
a thermo-gravimetric analyser and FTIR instruments, the performance and characteristics of
the system were assessed. The results showed that calcium ferrite has a lower oxidation
capacity than iron oxide. The great selectivity of calcium ferrite was also verified. With steam,
the chemical efficiency of gasification enhanced from 82.95% (with iron oxide) to 92.49%
(with Ca2Fe2O5) at 850 °C. However, after one operating cycle, some of the CaFe2O4 particles
agglomerated and formed larger clogs, and some parts of the tiny pores were extinguished,
while larger pores were formed. The reason for the agglomeration was attributed to the
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hydroxylation phenomena occurring on the external surface of the metal oxide, which led to
the attachment of particles to one other.
Agglomeration is a serious challenge in CLC systems. During the operation of a CLC, the
agglomeration phenomenon was clearly shown by Cho et al. (Cho et al., 2006). De-fluidization
also occurred during the oxidation reaction in the air reactor (Mattisson et al., 2004). Similar
results were found with the natural mineral ilmenite (FeTiO3) for CLC applications (Leion,
Lyngfelt, Johansson, Jerndal, & Mattisson, 2008). Adánez et al. (Adánez, Gayán, et al., 2006;
Luis et al., 2007a) reported the same results for Cu-based oxygen carriers in a 10-kWth
chemical looping combustion system. An oxygen carrier consisting of 60% NiO and 40%
NiAl2O4 was used in a 10-kWth chemical looping combustion system for 160 h of operation
with fuel. Agglomeration occurred inside the fuel reactor despite the fact that the flow rate and
the temperature of the system were both maintained. While the exact reason and mechanism
behind the agglomeration of the oxygen carrier was not discovered, it was found that the degree
of oxidation has a direct influence on the agglomeration. It was also revealed that the reduced
particles seem to agglomerate more easily. Importantly, the agglomeration was so massive that
the circulation between the reactors could not be maintained. Finally, the fuel reactor had to be
opened and the agglomerations crushed and re-introduced. The morphology and status of the
particles before and after the test was evaluated using scanning electron microscopy. Figure
2.9 presents the results of the morphology test for a fresh particle and one typical agglomerated
clog after 4 days of operation.
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Figure 2.9. Scanning electron microscopic images before and after a 4-day operation in a
chemical looping combustion system, a) a fresh particle; b) agglomerated particles after a 4day operation.

Carbon deposition is another serious challenge associated with the use of a solid oxygen carrier
in chemical looping gasification systems. In the gasifier, the external layer of the oxygen carrier
is exposed to the carbonaceous feedstock. Since the temperature is high (e.g. 900°C), the
exterior layer of the oxygen carrier is expanded along with the micro-cavities and irregularities,
providing room for the deposition of the unreacted carbon. This results in a reduction in the
capacity of the reduced metal oxide for absorbing the oxygen in the air reactor. The carbon
deposited on the oxygen carrier can react with air in the oxidation reactor (air reactor), resulting
in the production of CO2.
Much effort has been expended to identify the effect of carbon deposition on the CLG process
for various oxygen carriers (Adánez, García-Labiano, et al., 2006; Jerndal, Mattisson, &
Lyngfelt, 2009; Jin, Okamoto, & Ishida, 1998; Mattisson, Johansson, Jerndal, & Lyngfelt,
2008). It has been shown that the rate of carbon deposition depends on the type of metal oxide,
inert material and the molar ratio of the steam to fuel. They found that the main reason for the
carbon deposition is the Boudouard reaction, which releases unreacted carbon material in the
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reverse direction. Notably, the carbon formation strongly depends on the availability of oxygen.
The formation of carbon on the oxygen carrier normally occurs at the end of the reduction
period, when more than 80% of the available oxygen was consumed (Cho, Mattisson, &
Lyngfelt, 2005). Similar phenomena were found for Cu-based oxygen carriers at carbon
conversions higher than 75% (De Diego et al., 2005). Interestingly, for iron particles, a very
small amount of carbon deposition was formed on the oxygen carrier (Cho et al., 2005).
Apart from the role of the availability of oxygen, the ratio of steam to fuel is another parameter
affecting carbon deposition (Hoteit, Chandel, & Delebarre, 2009; Ishida, Jin, & Okamoto,
1998; H.-J. Ryu, Bae, & Jin, 2003).
To overcome the challenge of carbon deposition, one potential option is to use supportive
materials such as zirconium or nickel to add some physical resistance to the body of the oxygen
carrier and to strengthen its core. For this purpose, several methods such as doping, coating and
synthesizing, or a combination of these methods, are applied to the oxygen carriers, using
complex and need-specific technologies. These methods are not only expensive but at labscale, and need further development. Hence, this is another driver for seeking alternatives to
solid oxygen carriers for chemical looping systems.
The application of solid metal oxides in chemical looping processes is thermodynamically
limited. It means that the reduction and oxidation reactions of a metal oxide need a specific
thermodynamic regime to proceed. Figure 2.10 presents the dependence of the Gibbs free
energy of reaction on temperature for different reactions, including combustion and
gasification. As can be seen, metal oxide is suitable for a CLC process if the Gibbs free energy
of reaction between a metal oxide, fuel and the reacting gas (e.g. steam) equals the values
represented by the blue colour. However, if the Gibbs free energy of the reaction equals the
values represented with the orange colour, it can be used for the CLG process. Therefore, it is
clear that a wider range of metal oxides can be employed for CLC, while a smaller number of
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metal oxides are usable for the gasification process.

Figure 2.10. Dependence of Gibbs free energy of reaction on metal oxides at specific
temperatures.

The use of a liquid metal oxide as the oxygen carrier, instead of solid metal oxide particles, can
overcome the aforementioned challenges associated with the use of solid oxygen carriers. The
following section highlights the state-of-the-art investigations conducted on the potential
application of liquid oxygen carriers in chemical looping combustion processes.

2.10. Liquid oxygen carriers for chemical looping combustion
The application of liquid metal oxide in chemical looping combustion was first introduced by
Ritcher and Knoche (Richter & Knoche, 1983). They developed a prototype of a CLC system
that worked with cadmium as the oxygen carrier at an operating temperature higher than its
melting point. The system was later improved by McGlashan (McGlashan, 2008). They
demonstrated that the liquid/gas phase could be implemented for CLC processes to enhance
the efficiency of the system. Then, it was found by McGlashan (McGlashan, 2008) that Na and
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Zn can be utilized as an oxygen carrier. A new configuration of CLC was developed by Lamont
(LaMont, Seaba, Latimer, & Platon, 2010), in which a liquid oxygen carrier was used in a semibatch reactor. In a batch reactor, the reactants were first loaded into the reactor and then
reactions were commenced. In comparison with the batch reactor, the semi-batch reactor
showed features such as continuous addition/removal of one or more streams of components.
In the proposed system, fuel entered the semi-batch reduction reactor, which was previously
charged with active metal oxide for the reduction reaction to take place. Then, the fuel line was
closed, and the air was injected into the reactor to recover the released oxygen and reactivate
the reduced metal oxides. However, in contrast with the batch reactor, the quantity of reactants
could be changed during the reaction, which increased the flexibility of the process. To validate
the configuration, they evaluated other metal oxides, including Mn, Cr and Bi and showed that
neither quenching nor endothermic reactions occurred during the gasification process. Later,
they improved the system by using two inter-connected semi-batch reactors. However, the
operating temperature of the improved system had an upper limit of 800°C, which caused lower
efficiency as the temperature was relatively low in comparison with the temperature required
for the power cycles. More importantly, this system was not appropriate for gas turbine power
blocks due to the evaporation of the metals (LaMont et al., 2010). Recently, Jafarian et al.
(Jafarian, Arjomandi, & Nathan, 2017) have proposed the concept of liquid chemical looping
combustion working with liquid iron oxide, in which the proposed system is capable of working
continuously using two interconnected bubble reactors. They showed that if the rate of
circulation of liquid metal decreases between two reactors, the system can operate as chemical
looping gasification, however, they did not assess the details of the gasification process using
liquid metal oxides and did not prove the concept experimentally.
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2.11. Liquid metals for hydrogen and syngas production
The potential application of liquid metal for the gasification of carbonaceous feedstock for
hydrogen and syngas production has recently been investigated by several researchers
worldwide. The first attempt to gasify a carbonaceous fuel with a molten metal was performed
and patented by Tyrer et al. and, since then, much effort has been made to develop new systems
for hydrogen and syngas production using molten metals (Daniel, 1931). For example,
Steinberg et al. (Steinberg, 1999) developed a system for the decomposition of a carbonaceous
fuel with liquid metal. They used liquid tin as a heat and mass transfer medium and natural gas
was used as a carbonaceous fuel. Martynov et al. (Martynov, Gulevich, Orlov, & Gulevsky,
2005) and Gulevich et al. (Gulevich, Martynov, Gulevsky, & Ulyanov, 2008) proposed a novel
system for producing H2 via a liquid metal alloy (a mixture of lead and bismuth) by injecting
the natural gas into the lower section of the reactor. They targeted the pyrolysis reaction and
used the sensible heat carried by the liquid metal alloy to supply the required heat for the
pyrolysis of methane. Paxman et al. (Paxman, Trottier, Nikoo, Secanell, & Ordorica-Garcia,
2014) reported some results based on the thermochemical equilibrium for cracking of methane
in a bubble column reactor using various designs. They published their preliminary reports on
the potential of liquid tin for hydrogen production. In their most recent study, they presented
some experimental data obtained for methane cracking in a tubular reactor with and without
applying the liquid metal. In another study conducted by Schultz et al. (Schultz & Agar, 2015),
a new system for utilising a liquid metal in a capillary reactor was proposed. They demonstrated
that at 1100°C, methane cracking conversion could reach ~32%. Interestingly, after 5 hours of
operation, neither carbon deposition nor agglomeration was seen on the walls and in the liquid
phase.
Gasification and hydrogen production in a bubble column reactor has been extensively
investigated to demonstrate practically the capability of liquid metals to gasify a carbonaceous
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feedstock (Geißler et al., 2015; Plevan et al., 2015; Schultz & Agar, 2015; Serban, Lewis,
Marshall, & Doctor, 2003). For example, Serban et al. (Serban et al., 2003) conducted some
experiments using a stainless steel-made micro reactor filled with liquid tin, liquid lead and a
combination of tin/packed bed material. They used natural gas as a fuel and chose a bubbling
regime for better mixing of the natural gas in the system. They reported a ~57% conversion of
methane to hydrogen at temperatures around 750°C. They utilised a SiC-made packed bed
material and noticed that tin can also be contained with SiC. Plevan et al. (Plevan et al., 2015)
performed some experiments in a larger stainless steel reactor but with the same experimental
conditions as those conducted by (Serban et al., 2003). They reached an 18% conversion at
900 °C. For similar experiments with liquid tin, Geißler et al. (Geißler et al., 2015) reported a
conversion of 30% without any significant carbon deposition within the reactor. They used a
quartz reactor. Again, a set of experiments was performed to investigate methane pyrolysis
with liquid tin in a quartz-made bubble reactor. The reactor was filled with tin and some
cylindrical quartz rings was used as a packed bed to increase the contact between the gas and
the liquid. Tests were performed at different temperatures ranging between 930°C and 1175°C.
Methane was bubbled within the column. The ratio of methane to liquid tin was also adjusted
using dilution of the inlet gas with nitrogen. It was found that with an increase in the flow rate
of methane, the yield of hydrogen also increased. Likewise, an increase in the temperature of
liquid metal also resulted in an increase in the hydrogen yield. Interestingly, the hydrogen yield
reached ~78% at 1175°C. The liquid phase was analysed using x-ray diffraction and it was
found that only 1.5% of the liquid metal could be converted to other tin-related products, such
as SnC alloy. The carbon formed a flake-shaped ash on the surface of the tin. The
agglomeration was also seen during the experiments with a mean size of 40 nm to 100 nm.
Interestingly, due to the significant difference between the density of carbon and liquid tin,
carbon was easily separated from the molten tin. Also, due to the bubbling regime, carbon
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particles appeared in the off-gas stream (Geißler et al., 2015). At the end of the experiments, a
massive solidified lump of tin was observed in the reactor from the injection point to the upper
part of the bubble reactor. Figure 2.11 presents a schematic diagram of the bubble column
reactor used for hydrogen production.

Figure 2.11. Schematic diagram of a reactor designed for hydrogen production, adapted from
(Geißler et al., 2015).

As can be seen in Figure 2.12, the solidification of the tin caused a severe blockage, starting
from the bottom of the reactor (orifice location, 0 mm) and reaching to the top region.
Therefore, for such systems, the temperature of the reactor must be maintained at temperatures
higher than the melting point of the liquid metals to avoid the solidification challenge. Notably,
heat loss to the environment in some regions can cause solidification too, which must be
considered carefully. Since this pathway for hydrogen production is an emerging technology,
such challenges can be a driver for further research in the field.
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Figure 2.12. The cross section of the reactor, after the test adapted from (Geißler et al.,
2015).

For the first time, Ono et al. (Ono et al., 1999) discussed the potential of concentrated solar
thermal energy for producing hydrogen for thermal cracking of methane with liquid metals.
Solar thermal energy was used to drive the molten metal reactor and then to drive the heat-topower cycle for the output of mechanical work and/or electricity. The energy generated with
the power plant was utilised for the separation of the hydrogen from the unreacted natural gas
using a novel membrane. They also studied the first law efficiency of the power plant and
concluded that ~35% of the total energy input of the system was lost in the receiver and the
molten metal reactor and this was because of the re-radiation from the receiver as the
temperature is relatively high (~1000 to 1200°C). Likewise, ~59% of the input energy was
implemented in the hydrogen purification unit for the purification of hydrogen. They concluded
that the overall thermal performance of the system highly depends on the heat loss from the
reactor and receiver to the environment, the extent of the conversion of the natural gas in the
reactor, the operating pressure of the membrane and the efficiency of the power generation
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cycle. Figure 2.13 presents the schematic diagrams of the conceptual designs for the bubble
reactor and the solar thermal process for hydrogen production.

Figure 2.13. Schematic diagram of the co-production of power and hydrogen using concentrated
solar thermal energy adapted from (Ono et al., 1999), a) Schematic diagram of the hydrogen
reactor, b) Schematic diagram of the process integrated with a concentrated solar thermal process.

A new alternative concept for the pyrolysis of methane has recently been developed at the
Institute for Advanced Sustainability Studies. The development was in a collaboration with the
Karlsruhe Institute of Technology (KIT) (Abánades et al., 2016). Following the conceptual
design of the process, together with material tests, experiments were conducted to produce a
CO2-free hydrogen from natural gas. They used tin and tin-based alloys in the reactor and
reached ~80% conversion of methane to hydrogen. Figure 2.14 presents a schematic diagram
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of the process, together with the reactor designed for hydrogen production using molten metal.
They used a liquid metal bubble reactor, and a carbon separator to remove any carbon ash from
the top of the liquid metal. Since they used a bubbling mechanism, natural gas was used as the
main source of the fuel.

Figure 2.14. Schematic diagram of the process for the production of hydrogen from liquid metals,
a) Schematic diagram of the process, b) The hydrogen reactor (Abánades et al., 2016).

During their experiments, however, they noticed that the rate of corrosion is relatively higher than
that observed in conventional reactors. They measured the corrosion of the walls of the reactor and
understood that the corrosion at high-temperature operation (status B represented in Figure 2.15) is
more severe than that for low-temperature operation (status A represented in Figure 2.15). However,
high-temperature operation has higher efficiency and conversion extent compared with lowtemperature operation. Thus, there is a trade-off between the operating temperature of the process
and the corrosion of the molten metal and the conversion of the reaction.
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Figure 2.15. Corrosion of liquid tin in a bubble column reactor at a) Low-temperature
operation and b) High-temperature operation.

In another study conducted by Tan et al. (Geißler et al., 2016), the production of hydrogen with
a gallium/aluminium-based liquid metal was investigated, where the mass percentage of Al
was less than 1%. Three different liquid metal alloys at room temperature, including Ga-In,
Ga-Sn and Ga-Zn, were examined and compared against pure gallium. The results showed that
the production rate of hydrogen with the Ga-In alloy was very much smaller than that recorded
for gallium. They also noticed that the presence of gallium has a catalytic effect on the hydrogen
production. To optimize the catalytic ability of gallium, they measured the hydrogen
production rates at different times of the process and at various temperatures. They found that
temperature intensifies the hydrogen production rate and that the gallium remains untouched
during the process. They used x-ray diffraction tests to ensure the structure of the gallium and
showed that at the end of the experiment, gallium has the same structure, morphology and
colour. Figure 2.16a presents the dependence on time of the morphology and chemical
composition of different liquid metals. As can be seen, after ~20 minutes of reaction, gallium
retains its initial morphology and chemical composition. Figure 2.16b presents the dependence
of yield of hydrogen on time for various liquid metals. The highest yield belongs to hydrogen
production with a gallium-tin liquid bath, followed by pure gallium. For 20 minutes of the
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reaction, the H2 yield is ~40 ml and ~35 ml for gallium-tin and pure gallium, respectively.

Figure 2.16. Dependence of the morphology of liquid metals and hydrogen yield on time of
reaction for various liquid metals adapted from the literature (Geißler et al., 2016), a)
Dependence of morphology and chemical composition of liquid metals on the time of the
reaction, b) Dependence of hydrogen yield on the time of the reaction.

With the continuous progress in mathematical and modelling sciences, together with
advancements in material science, a new process for the gasification of carbonaceous fuel was
developed referred to as the Hymelt process, which uses molten iron as the oxygen carrier in a
specific type of a furnace (Burke & Gull, 2002). Marathon Ashland Petroleum and Envires
LLC re-developed the HyMelt process to produce high-quality syngas with different streams
for hydrogen and carbon monoxide (Holcombe & Malone, 2002). The process’ principle is
based on the release of the energy content of the feedstock, dissolved in the molten iron
(Halloran, 2008). There are also several other processes with a similar mechanism but with
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different aims, in which, by means of the catalytic effect of molten metal, a carbonaceous
material is cracked into a product such as syngas or hydrogen (Bach & Nagel, 1986).
Another process designed for disposing of the petroleum coke is the Corex process, in which
the waste materials are poured into the molten slag to produce syngas. The syngas product is
then used for iron making processes (Greenwalt, 1997). For most of these processes, the main
source of the feedstock is coal, biomass or municipal waste. Steam is also used to promote the
mixing, the hydrogen content of the syngas and to control the temperature and the conversion
of the reactions. Although this process is plausible for syngas production, the ratio of H2: CO
is limited and the syngas quality cannot reach ~2.
Direct syngas production with molten metals is another pathway for converting feedstock such
as coke and biomass to an upgraded fuel such as syngas. For example, in research conducted
by Eatwell-Hall et al. (Eatwell-Hall, Sharifi, & Swithenbank, 2010), a liquid metal bath was
implemented to gasify the carbon. The gasification occurred in two successive stages: at the
first stage, high-temperature steam was fed into the liquid metal phase in a bubbling regime,
then a metal oxide formed and, as a result, hydrogen was released. At the second stage, carbon
was fed into the molten metal and the metal oxide was reduced, while carbon monoxide and
carbon dioxide were released. They fabricated and tested the process. The syngas product was
almost pure and did not need to any syngas cleaning process. The syngas product could be used
in a fuel cell. Figure 2.17 presents a schematic diagram of the process proposed by EatwellHall for hydrogen production using a tin and iron liquid bath.
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Figure 2.17. Schematic diagram of the process developed by Eatwell-Hall et al. used for
hydrogen production from natural gas using an FeO liquid bath, taken from (Eatwell-Hall et
al., 2010).

Alberta Innovates Technology Futures (AITF) is another institute where a new liquid metal
technology has been developed for hydrogen/syngas production from a carbonaceous fuel. In
their commercialisation path, they conducted some bench-scale experiments on methane
cracking with liquid metal (Paxman et al., 2014) at 1023 K to 1373 K. They reported that the
minimum residence time for methane to be completely converted to hydrogen is highly
dependent on the size of the gas bubbles within the molten metal bed. To increase the residence
time, they fabricated a ceramic tubular reactor and developed a model to show that the
hydrogen yield is a function of the bubble size and the rate of diffusion of the fuel in the liquid
metal. Figure 2.18 presents a schematic diagram of the tubular furnace developed for methane
cracking with liquid metal. Ceramic material was used, as tin can be contained in ceramic
material.
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Figure 2.18. A schematic diagram of the reactor developed for hydrogen production from
molten tin, adapted from the literature (Paxman et al., 2014), a) Detailed schematic diagram
of the reactor, b) Image taken from the tubular reactor for hydrogen production.

The hydromax gasification process is also a relatively new technology, developed for
producing hydrogen and syngas with the gasification of carbonaceous feedstock with a liquid
bath of Sn and FeO. The system uses the thermal energy of molten iron oxide at high
temperatures, e.g. 1250°C, to gasify feedstock into syngas and employs a robust injection
system to enrich the hydrogen content of the gaseous product with steam. Around four patents,
together with 240 claims of inventions regarding the hydromax process, have been registered.
The hydromax process was employed for purifying iron oxide to absorb oxygen, with a
carbonaceous material to produce pure iron. However, recently, the application of this process
has broadened to include hydrogen and syngas production, though it has only been
demonstrated at lab-scale (Energy, 2009). This process has shown some promising results, such
as lower N2 dilution of syngas, higher yield of CO and lower CO2 production in comparison
with current gasification systems (Schenk, 2007). However, it can only be used for molten iron
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at high temperatures, such as 1250°C. It is worth mentioning that the containment of molten
iron at such high temperatures is technically challenging. Moreover, the molten phase is not
pure and has lots of impurity in it, causing a massive reduction in the ratio of H2: CO. This is
because the presence of impurities within the liquid metal results in the occurrence of side
reactions, which changes the general kinetics of the gasification. Thus, further investigation is
required to develop a new insights into better understanding the kinetics of gasification with
molten metals. Figure 2.19 presents a schematic diagram of the hydromax reactor working with
an iron oxide/tin alloy for hydrogen production.

Figure 2.19. A schematic diagram of the hydromax reactor used for hydrogen production,
adapted from (Energy, 2009).

2.12. Kinetics of reaction with carbon in liquid metal
The kinetics of reaction between a molten metal oxide and a carbonaceous feedstock is
complicated to understand. This is because the reactions occur in three different phase
interactions of solid-liquid (feedstock and molten metal oxide), solid-gas (feedstock-gasifying
agent and volatile gaseous products), and liquid-gas (molten metal oxide and gasifying agent
and gaseous products). The rate of reaction in solid-liquid and solid-gas reactions is generally
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slower than that observed for liquid-gas and gas-gas reactions. However, the presence of liquid
metal within the reaction container may enhance the reaction rate due to the catalytic effect of
the metal. Therefore, it is necessary to investigate the kinetics of gasification reactions with
molten metals further, to identify the exact mechanisms involved in the process.
Many experiments have been conducted to better understand the kinetics of reactions in
systems containing molten metal reactants. For example, in metal purification processes and
steel-making industries, a liquid metal phase referred to as “slag” is in direct contact with solid
or gaseous carbonaceous feedstock to reduce the amount of oxygen dissolved in the liquid
phase down to a threshold value. This is because the presence of oxygen in the liquid metal can
add unfavourable properties, such as brittleness and low thermal conductivity. In such
processes, the carbonaceous feedstock is partially/fully oxidised with the oxygen in the slag,
resulting in the production of syngas. However, the presence of other impurities such as SiO2
and some heavy metals may result in the production of syngas with a very low ratio of H2: CO.
In addition, the reaction rate between slag and feedstock depends on different parameters, such
as the temperature, amount of impurity and quantity of oxygen dissolved in the slag.
The mechanism and kinetics of the metal purification process is similar to that which occurs in
the gasifier in the CLG process. Many studies have been conducted to understand the
mechanism for the reduction of metal oxides with a carbonaceous feedstock. For example, in
a study performed by Sato et al. (Sato, Aragane, Kamihira, & Yoshimatso, 1987), a set of
experiments was conducted to further understand the mechanism of reduction of iron oxide
with a carbonaceous feedstock. They used a mixture of slag and iron oxide to quantify the
amount of CO gas produced due to the reduction of iron oxide with graphite. They repeated the
experiments at various temperatures ranging between 1320 °C and 1620 °C in which iron was
kept in liquid state and noticed that the rate of reduction reaction of iron with graphite was
proportional to the second power of the concentration of iron (Sato et al., 1987). Seaton et al.
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(Seaton, Rodriguez, Gonzalez, & Manrique, 1983) conducted several experiments to assess the
reduction of iron pellets in carbon and liquid steel. They demonstrated that the magnitude of
heat transfer between iron pellets and molten steel strongly depends on the rate of CO
production in the process. They showed that, with an increase in the rate of CO production, the
higher heat transfer rate could be seen within the process. Likewise, the produced CO was the
product of the reaction between the carbon and the oxygen released from the iron oxide
dissolved in the liquid steel (Seaton et al., 1983).
Upadhya et al. (Upadhya, 1986) assessed the reaction mechanism for the reduction of lead
oxide in a dilute liquid mixture of CaO-A12O3-SiO2 slag using graphite dissolved in iron. They
studied the influence of different operating parameters such as the pressure, concentration of
carbon and concentration of lead oxide. They noticed that lead oxide is reduced with the
reaction between a gas evolved from the lead oxide and the carbon in the system. They also
noticed that the ratio of lead oxide to carbon is a determinative parameter influencing the degree
of reduction. Likewise, temperature was found to intensify the rate of reduction as well.
With the advent of the thermo-gravimetric analyser (TGA), this technique was used to measure
the activation energy of the reactions. However, there are few studies conducted on the kinetics
of the reaction of liquid metals, in which the thermo-gravimetric device was used to measure
the activation energy. For example, in a study conducted by Monazam et al. (Monazam et al.,
2012), the thermo-gravimetric instrument was used to assess the reduction reaction of CuO
impregnated in bentonite with natural gas at 1023 K to 1173 K. The experiments were
conducted at 20%-100% (by volume) of natural gas. They found that the activation energy of
the reduction reaction for copper oxide with natural gas was 37.3 ± 1.3 kJ/mol. They also
reported that the copper oxide was not deactivated after 10 successive cycles of the
experiments. With another experiment, they confirmed the TGA results using outlet gas
measurements. They advised that a CuO/bentonite oxygen carrier is a promising candidate for
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CLG/CLC systems. In another study, the activation energy of the reduction reaction of copper
oxide with CO gas was measured by Plewa and Skrzypek (Plewa & Skrzypek, 1989). They
reported a value of 44.3 ±1.8 kJ/mol, using experiments conducted with a thermo-gravimetric
analyser at 398 K to 473 K. They advised the utilisation of CuO particles for CLC/CLG
processes. Figure 2.21 presents a schematic diagram of the thermo-gravimetric device used for
the measurement of the activation energy of copper oxide.

Figure 2.21. Schematic diagram of a thermo-gravimetric test rig used for measuring the
reaction kinetics of molten metals with feedstock, adapted from the literature (Monazam et
al., 2012).

Faced with this literature review, although the kinetics of reduction of molten metals such as
copper, lead, aluminium and iron with carbon has been studied extensively, the lack of a
systematic study is seen for other metal oxides, such as bismuth oxide in liquid phase. Having
sufficient knowledge of the reaction rate, activation energy and kinetic constants could pave
the way for designing an efficient gasification reactor together with optimised operating
conditions in liquid chemical looping gasification.
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2.13. Summary and discussion of identified gaps
According to the literature review, the following gaps were identified:
 Combustion of fossil fuels is the main source of energy production in industrial sectors;
however, it is not a sustainable source due to the emission of CO2 and other pollutants
such as NOx. As a result, renewable energy has emerged and new processes such as
chemical looping gasification have been developed for producing clean products, such
as synthetic gas. A chemical looping gasification system uses metal oxides as the
oxygen carrier to provide a plausible rate of heat and mass transfer between the reactors.
However, there are challenges associated with the use of solid oxygen carriers, such as
agglomeration, sintering and deposition of carbon on the external surface of the oxygen
carrier. These challenges deactivate the oxygen carrier over successive operating
cycles. Therefore, one potential solution to address these issues is to use a liquid metal
oxide instead of solid oxygen carriers. There are a few studies conducted on the
application of liquid metals for gasification processes, however, further investigation is
still required, as this technology is emerging. Particularly for liquid chemical looping
gasification, there is no study to investigate the thermodynamic potential and energetic
performance of the process. Hence, the lack of a comprehensive thermodynamic
assessment of liquid chemical looping gasification is seen in the literature.
The first objective of this project is to develop a new thermodynamic model to assess
the chemical and energetic performance of the liquid chemical looping gasification
(LCLG) system.
 Chemical looping gasification can work with different types of oxygen carriers,
including solid and liquid oxygen carriers. For solid oxygen carriers, much effort has
been made to identify the parameters associated with solid oxygen carriers influencing
the performance of CLG. These parameters include but are not limited to tolerance
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against high-temperature operation, sufficient oxygen content, a facile uncoupling
feature for releasing the oxygen, a good heat and mass transfer rate, and sufficient
rigidity against sintering and agglomeration. However, for a liquid oxygen carrier, there
is no systematic study to assess the various liquid metal oxides for potential application
in chemical looping gasification systems. Likewise, no systematic approach has been
applied to identify the key parameters to select the appropriate liquid oxygen carrier for
LCLG. In addition, a detailed assessment of the chemical performance of liquid
chemical looping gasification is required to identify the potential oxygen carriers
suitable for LCLG for further applications, such as the co-production of heat, power
and syngas or biomass gasification.
The second objective of this project is to assess the energetic and chemical performance
of the chemical looping gasification process for various liquid metal oxides as the
oxygen carrier and to identify some thermodynamic criteria for assessing the suitability
of various liquid metal oxides to be used in LCLG.
 Since liquid chemical looping gasification is a new concept, the potential of this process
to be connected to a power block for the co-production of heat, power and syngas needs
to be investigated thermodynamically.
The third objective of this project is to assess the potential of the liquid metal oxides
identified in the previous tasks for the co-production of syngas, power and heat via a
power block.
 The models developed in the previous objectives are based on pure graphitic carbon.
However, renewable resources such as biomass and coal have significant amounts of
impurities and ash content. Hence, the performance of the LCLG will be highly
influenced by the ash content. For LCLG, the chemical performance of the system has
not been assessed thermodynamically for biomass feedstock. Apart from the
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thermodynamic point of the view, the detailed kinetics and specifications of the
chemical reactions occurring between the liquid metal oxide and a carbonaceous
feedstock are yet to be fully understood. Despite the fact that few studies have been
conducted to understand the kinetics of the reduction reactions of some liquid metal
oxides including copper, iron and alumina with some carbonaceous materials including
CH4 and graphite, the lack of experimental investigation into the reactions of other
liquid metal oxides with carbonaceous feedstock can be found in the literature.
The fourth objective of this work is to conduct a set of experiments for assessing the
kinetics of the reaction of the liquid metal oxide identified in objective two, not only to
validate the thermodynamic models but also to develop a kinetic model for the
reduction and oxidation of the liquid metal oxide with a carbon feedstock.
It is worth saying that, in the present work, a thermodynamic assessment followed by
an experimental analysis will be conducted to develop and validate the equilibrium
model to assess the chemical and thermal performance of a liquid chemical looping
process. Hence, design and fabrication of the reactors and the process plant is beyond
the scope of the present investigation and will be recommended as a future work.
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Chapter 3 development of a model for liquid chemical looping gasification
3.1. Chapter overview
In this chapter, a thermodynamic equilibrium model is developed for the chemical looping
gasification process with a liquid metal oxide using the thermochemical equilibrium analysis.
The model developed in this chapter addresses the first objective of this work. The
thermodynamic potential and feasibility of the gasification of a carbonaceous feedstock with a
liquid metal is theoretically assessed. In addition, the operating parameters to control the LCLG
is identified and a detailed assessment is conducted on the chemical performance of the process.
To assess the Gibbs free energy of the potential reactions occurring in the reactors, the Gibbs
minimisation method was employed. Enthalpy of reactions together with the composition of
components in each phase was estimated using thermochemical equilibrium analysis. A prescreening on the potential liquid metal oxides revealed that copper oxide can be used for the
feasibility study as it has plausible heat and mass transfer properties.
Initially, the phase diagram of copper and oxygen was studied to identify the suitable
thermodynamic region for the operation of the CLG. Any regions with two-phase flow and
unknown chemical compositions were eliminated. Using the Gibbs minimisation method,
potential reactions and components in the air and gasification reactors were identified.
Influence of different operating parameters such as the molar ratio of the liquid copper oxide
to feedstock, the molar ratio of steam to feedstock, temperature and pressure of the system on
the chemical and energetic performance of the system was thermodynamically investigated and
discussed. For assessing the chemical performance of the system, the ratio of H2: CO referred
to as “syngas quality” was investigated, while for energetic performance, the enthalpy of
reactions together with the exergy efficiency of the process were assessed. The amount of CO2
and CO production were estimated and the operating regime for the chemical looping
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gasification and chemical looping combustion were thermodynamically determined. The
conversion extent of the feedstock was calculated at various temperatures and thermodynamic
operating conditions. The model was verified using the experimental data available in the
literature. Results of this chapter shows that the chemical looping gasification process is
thermodynamically feasible and determines the plausible operating conditions for the chemical
looping gasification process working with molten copper oxide. This section was published in
the journal of Applied Energy (M. Sarafraz, M. Jafarian, M. Arjomandi, & G. Nathan, 2017).
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Chapter 4 Performance assessment of various oxygen carriers for chemical
looping gasification process
4.1. Chapter overview
In this chapter, an investigation is conducted on the chemical and energetic performance of a
chemical looping gasification process. According to the results discussed in the previous
chapter, liquid chemical looping gasification can have different operating modes including
gasification, mixed gasification with combustion and combustion. The operating mode is
highly dependent on the type of the oxygen carrier. For example, for some oxygen carriers due
to the high oxygen content, system operates as the chemical looping combustion, while for
some oxygen carriers such as antimony oxide, the process is more efficient to operate as
chemical looping gasification. Hence, a thermodynamic assessment was conducted on the
chemical looping process to compare the performance of the process working with various
metal oxides. Results presented in this chapter can contribute to the second objective of the
thesis aiming to identify suitable oxygen carrier for the LCLG process.
To achieve this, a pre-screening analysis was performed on 41 various metal oxides based on
the melting temperature, content of oxygen and the Gibbs free energy of their reduction and
oxidation reactions. To calculate the Gibbs free energy, the Gibbs minimisation method was
employed and the reactions in the gasification and combustion regimes were identified. By
assessing the Gibbs free energy of reaction, some metal oxides were eliminated since their
Gibbs free energy was positive and their reduction-oxidation reactions were unlikely to happen
spontaneously.
For the rest of metal oxides, enthalpy of reaction, the molar ratio of H2: CO and CO2/CO at
different temperatures were analysed and the operating regimes for the gasification and
combustion processes were identified. Methane formation was also investigated which directly
influences the quality of syngas.
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Considering the above selection procedure, metal oxides including copper, lead, antimony and
bismuth were introduced, which are thermodynamically plausible for the LCLG process as the
suitable oxygen carrier. This chapter was published in International Journal of Hydrogen
Energy (M. Sarafraz, M. Jafarian, M. Arjomandi, & G. J. Nathan, 2017).
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Chapter 5 Co-production of syngas and power with liquid chemical looping
gasification process
5.1. Chapter overview
In this chapter, the co-production of power and syngas with a chemical looping gasification
process is thermodynamically modelled. The results and discussion in this chapter contributes
to the second and third objectives of the present work by assessing the thermodynamic potential
of the LCLG for the co-production of power and syngas. From the previous assessments in
chapter 4, lead oxide showed a potential for the gasification and syngas production with H2:
CO ~2 and also it showed that around ~60% of exergy can be partitioned in the syngas while
still 40% of exergy is partitioned in the vitiated air and hot gases that can be used for further
energy production in a power block. Therefore, a thermodynamic assessment was conducted
on the integration of chemical looping gasification with a supercritical steam turbine cycle.
To identify the operating regime, the stability diagram together with phase diagram of the leadoxygen system was studied and plausible thermodynamic region for the process was obtained.
Energy and mass balances were coupled to obtain the total energy required for the system.
Chemical composition of syngas was also determined using the Gibbs minimisation method
via HSC chemistry software package. Aspen plus software package was used to model the
power block.
To control the quality of syngas, two different gasifying agents were blended and employed
namely steam (to drive the water gas shift reaction) and CO2 (to drive the main gasification
reactions including Boudouard). Influence of different operating parameters such as molar
ratios of steam to feedstock, carbon dioxide to feedstock and liquid lead oxide to feedstock on
the thermal energy of the process, quality and yield of syngas was thermodynamically
investigated. Influence of operating parameters on the first law thermodynamic efficiency of
the power block was also investigated and discussed. Results showed that the first law
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process
efficiency of the power block can be as high as 35% which is within the range of the state-ofthe-art power blocks. Moreover, a syngas with H2: CO ratio > 2 at 900°C can be produced. The
process showed a potential to be hybridised with concentrated solar thermal energy. The
detailed assessment of the present work have been published in International Journal of
Hydrogen Energy (Sarafraz, Jafarian, Arjomandi, & Nathan, 2018).
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Chapter 6 Syngas production from biomass using liquid chemical looping
gasification
6.1. Chapter overview
Biomass is a renewable source of energy with relatively sufficient lower heat value normally
ranged (but not limited to) between ~8MJ/kg and 22 MJ/kg. Gasification of biomass is CO2
neutral since biomass in principle is a solid formed from solar energy stored in form of water
and hydrocarbon. By combusting a biomass, CO2 is released to environment. The previous
assessments of the liquid chemical looping gasification systems (chapters 3-5) were based on
a pure graphitic carbon as a feedstock. Hence, the LHV of fuel was ~1.5 to 2 times larger than
a typical biomass. Therefore, the performance of the liquid chemical looping gasification needs
to be assessed for gasifying a biomass as well.
The thermodynamic model developed in chapters 3 and 4 was improved in Aspen and HSC
chemistry software packages so that the model can be applied to biomass gasification. Results
represented in this chapter can contributes to the second and third objective of the project
aiming at assessing the thermodynamic potential of liquid chemical looping gasification
process for the biomass gasification.
Based on the previous assessments conducted in chapters 4 and 5, bismuth oxide shows a
plausible thermodynamic potential for the liquid chemical looping gasification process with
similar properties to lead oxide. It also has good heat and mass transfer characteristics in liquid
phase, while it does not have any containment issue with refractory materials such as alumina.
Four types of feedstock were analysed including almond hull, lignite, carbon and natural gas
for the simulations. Thermodynamic operating regime was identified and the chemical
performance of the process for all the fuels were assessed. For bismuth oxide, thermodynamic
calculations showed that steam in values more than the stoichiometric value can fortify the
quality of syngas to more than 4, meaning that the produced syngas can have wide applications

Chapter 6 Plausible application of bismuth oxide liquid chemical looping gasification
towards the production of high-quality syngas
in fuel cells and energy production sector, since a large portion of exergy is partitioned in
syngas. Also, depending on the content of hydrogen and carbon in feedstock, the composition
of the syngas product varies and the net thermal energy demand of the system greatly changes.
Comparing with other gasification systems, despite the excess steam requirements, the LCLG
is thermodynamically plausible to produce syngas at high H2: CO ratios. The economic
viability of the process can be enhanced by using a robust and efficient condenser to recover
the thermal energy from the outlet of the gasifier. The results of the work have been published
in International Journal of Hydrogen Energy as follows:
M. M. Sarafraz, M. Jafarian, M. Arjomandi, G. J. Nathan, The thermo-chemical potential
liquid chemical looping gasification with bismuth oxide, International Journal of Hydrogen
Energy, 44, (2019) 8038-8050 (Sarafraz, Jafarian, Arjomandi, & Nathan, 2019b).
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Chapter 7 Experimental investigation of the reduction of liquid bismuth
oxide with graphite
7.1. Chapter overview
This chapter contributes to the fourth objective of the thesis. An experimental investigation is
conducted on the gasification of graphitic carbon with liquid bismuth oxide. To conduct the
experiments, a thermo-gravimetric analyser (manufactured by Netzsch Co.) was utilised. The
experiments were conducted at different temperatures, different heating rates and different
molar ratios of bismuth oxide to carbon. Reactions occur in an alumina crucible at high
temperatures up to 900°C.
Initially, the reduction and oxidation of bismuth oxide were experimentally demonstrated.
Then, the various molar ratios of bismuth oxide to carbon were tested and mass change over
the time was measured. The activation energy and reaction constant of the reduction reaction
and oxidation reaction were measured using Kissinger method and a Kinetic model was
developed based on the Arrhenius equation. Then, the characterization tests including x ray
diffraction (XRD) and scanning electron microscopy (SEM) tests were conducted to
characterise the samples before and after the gasification reaction. The obtained results with
the experiments were compared to those of calculated with thermodynamic models developed
in the previous objectives. Results of this work showed the potential of bismuth oxide to gasify
the graphitic carbon. Also, the containment of liquid bismuth oxide in a refractory-made
crucible was demonstrated.
Results showed that the reduction and oxidation of bismuth oxide in an alumina crucible at
temperatures around 900ºC was technically feasible for over five operating cycles. The
activation energy for the reduction was larger than that of measured for the oxidation, which
was in accordance with the nature of endothermic and exothermic reactions and is in-line with
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the findings reported in the literature. It was identified that the chemical conversion of carbon
in the presence of bismuth oxide can reach ~85%, while can also drive the combustion reaction
to the completion. Results of the present work was published in Fuel Processing Technology
as follows:
M. M. Sarafraz, M. Jafarian, M. Arjomandi, G. J. Nathan, Experimental investigation of the
reduction of liquid bismuth oxide with graphite, Fuel Processing Technology, 188, (2019) 110117 (Sarafraz, Jafarian, Arjomandi, & Nathan, 2019a).
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Chapter 8 Conclusion and future work
In the research conducted for this thesis, a thermodynamic assessment was conducted on the
potential application of liquid metal oxides in a chemical looping gasification process for the
syngas production. A series of experiments were conducted not only to produce some novel
experimental data on the reduction and oxidation of bismuth oxide with carbon and air
respectively, but also to validate the thermodynamic models developed in the thesis
experimentally. The following sections show the significance of the study and make some
suggestions for future research.

8.1. Significance of the present study
In this study, a new configuration for chemical looping gasification of carbonaceous feedstock
was introduced, which employs a liquid oxygen carrier between the reactors. The first
important contribution of this project is the feasibility study of the chemical looping
gasification system, which offers a clean syngas with exergy efficiency ~68% from a graphitic
carbon as a surrogate for more realistic fuels. The second significance of the project is that the
proposed system can address the challenges associated with the utilisation of solid oxygen
carriers in chemical looping systems, which include sintering, agglomeration, particle
deactivation and deposition of carbon on the particles (for CLG systems). Likewise, the
identification of various metal oxides, which are thermodynamically plausible for a chemical
looping gasification system is another significance of the project. Hence, the following
conclusions were drawn from different objectives of this research:
1) The results of the thermochemical equilibrium analysis showed that the molar ratio of
the liquid oxygen carrier to the feedstock and the molar ratio of the gasifying agent (e.g.
steam, CO2 or a blended agent) to the feedstock are key parameters, which can control
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the operation of the liquid chemical looping system. If the quantity of the liquid oxygen
carrier is sufficient to supply stoichiometric oxygen to the reactor, the system operates
as liquid chemical looping combustion, however, if the oxygen is in sub-stoichiometric
value, the partial oxidation of the fuel results in gasification of the feedstock, since
Boudouard and gasification reactions proceed.
2) The presence of steam in the reactor has several benefits: (1) it enriches the hydrogen
content in the syngas resulting in the enhancement of the H2: CO ratio. Since the
application of syngas strongly depends on the syngas quality, CLG can produce syngas
with wide applications such as for Fischer-Tropsch processes, fuel cells and combustion
applications. (2) Steam enhances the mixing in the reactor and, as a result, high heat
and mass transfer is seen in the gasifier, resulting in high rates of conversion of the
feedstock to syngas. (3) The presence of steam can maintain the required temperature
inside the gasification reactor. Importantly, it adds more control to the water-gas shift
reactor in the gasifier, resulting in a better quality of syngas. Hence, for the CLG
process, a water-gas shift unit is not required, which reduces the costs and the energy
associated with this reactor.
3) The chemical looping gasification system prevents direct contact between the feedstock
and the air. By separating the air from the feedstock, nitrogen does not appear at the
outlet syngas product. Therefore, the produced syngas has higher ratios of H2: CO and
nitrogen dilution is also addressed.
4) Energetic analysis revealed that the amount of exergy partitioned in the syngas varies
with the change in the molar ratio of the liquid oxygen carrier to the feedstock and the
steam to the feedstock. The higher the ratio of liquid oxygen carrier to feedstock, the
less the chemical exergy is partitioned in syngas. However, vitiated air, together with
exhaust gases, carry a large portion of exergy as thermal energy. Likewise, the higher,
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the molar ratio of steam to feedstock, the larger the portion of exergy partitioned in the
syngas. For example, with copper oxide as the liquid oxygen carrier, ~68% of the total
exergy is partitioned in syngas, however, for lead, bismuth and antimony oxides, the
exergy transported in the syngas was 60.5%, 58% and 49%, respectively.
5) The liquid oxygen carrier with the most plausible thermochemical potential for a liquid
chemical looping gasification system was antimony oxide. This selection was based on
the highest quality of syngas that can be achieved with graphitic carbon as a feedstock.
Interestingly, antimony oxide can operate at temperatures around ~600°C, which offers
a potential for hybridisation with solar thermal energy.
6) The liquid chemical looping gasification process minimised the production of methane
during the process. For example, methane production for gasification with lead and
antimony oxides was less than 1%. This results in a higher yield of hydrogen and syngas
quality in comparison with other gasification methods, in which the production of
methane is ~5% to ~10%.
7) For the chemical looping gasification process, the total enthalpy of the process can be
positive (the CLG process is endothermic), zero (the CLG process is auto-thermal) and
negative (the CLG process is exothermic). This strongly depends on the molar ratios of
the liquid oxygen carrier to the feedstock and the steam to the feedstock. Hence, the
process is self-sustaining if the circulation rate of the oxygen carrier between the
reactors is sufficient. For example, for lead oxide, at a molar ratio of liquid oxygen
carrier to feedstock of 0.7 and steam to feedstock of 2.5, the process is fully selfsustained if heat loss from the system is neglected.
8) The analysis of the energetic performance of the chemical looping gasification showed
that the exergy of feedstock can be partitioned either in the syngas or via vitiated air
through sensible heat. The CLG process offers potential for the generation of power

159

that is either mechanical or electrical. A thermodynamic assessment of the potential of
co-production of syngas, heat and power, with the LCLG working with liquid lead
oxide showed that the maximum first law efficiency and chemical exergy efficiency of
the power cycle was 33.8% and 41%, respectively at 1250°C and for a liquid oxygen
carrier to feedstock of 1.5 and steam to feedstock of 2.
9) Blending various gasifying agents increased control over the operation of LCLG and
enhanced the molar ratio of H2: CO and the amount of lower heating value of the syngas
product. For example, for LCLG working with liquid lead oxide, further control of the
syngas quality was obtained through the blending of a secondary gasifying agent such
as carbon dioxide with steam, which not only enhanced the hydrogen content but
increased the level of hydrogen production through the water-gas shift reaction.
However, there is some exergy loss due to the sensible heat loss through excess steam
and CO2. Although some of it can be recovered using a robust recovery system, thermal
energy recovery from CO2 and excess steam using current technologies has low
efficiency.
10) The results of the modelling for the gasification of natural gas and biomass feedstock
showed that the low values of the liquid oxygen carrier to the feedstock ratio and high
values of the steam to the feedstock ratio are thermodynamically plausible to yield highquality syngas. However, achieving the syngas with a ratio of H2: CO ~3 is
thermodynamically possible at the cost of excess steam consumption (~600%-800%).
Thus, for the gasification of biomass, the ratio of the liquid oxygen carrier the feedstock
must be between 0.4 and 1.23, and also the ratio of the steam to the feedstock must be
between 1 and 4.
11) The effect of the content of feedstock on the quality of syngas was investigated for
various types of feedstock and it was found that natural gas has potential for the
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production of high-quality syngas when the ration of H2: CO is~10, followed by almond
hull, lignite and graphite with molar ratios of H2: CO is ~9.2, 8.7, 6.08, respectively.
Importantly, the conversion extent of feedstock can be as high as 90% at T > 850°C. It
was also found that there is a trade-off between the extent of the carbon conversion and
both the exergy partitioned in the syngas product and the net thermal energy
requirement for the LCLG. Thus, to reach complete conversion of the feedstock, the
operating mode must necessarily change from a gasification to a combustion mode.
12) The results of the experimental study on the reduction and oxidation of liquid bismuth
with graphite and air showed that chemical looping gasification is technically feasible
in a refractory-made crucible at a temperature of ~900°C. Kinetic models for the
reduction and oxidation reactions were developed using the Kissinger method and the
activation energy and the reaction constant were experimentally estimated for both
reactions. Characterization of the liquid phase with an x-ray diffraction test (before and
after the reduction) experiments showed that there is no reaction between bismuth and
the container. Also, the equilibrium models supported the experimental data reasonably
well.

8.2. Recommendations for future work
In this thesis, a new system for the production of syngas via liquid metal oxides was developed
thermodynamically. Thermodynamic assessments were completed, and the feasibility of the
process was assessed thermodynamically and experimentally. Suitable metal oxides for the
process were identified and the reactions in the gasifier were analysed experimentally.
However, despite the significant knowledge developed in the field, there are some gaps, which
need further research, and this is highly recommended since they would pave the way for
commercialization of the process. Some suggestions are as follows:
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8.2.1. Experimental analysis of the outlet gases
Although in the present research a set of experiments were conducted to assess the activation
energy and reaction rate of the reduction and oxidation reactions of liquid bismuth, the main
focus was only on the reactions in the liquid phase and the evolved gases were not measured
experimentally. Therefore, simultaneous measurements in the liquid and gas phases are still
required not only to measure the quality of the syngas, but also to measure the oxygen content
in the liquid phase experimentally. The results of these experiments can be compared with the
models developed for the liquid and gas phases. Moreover, in the experiments conducted in
this research, 45 cc and 70 cc alumina crucibles with ceramic liners were employed in a thermogravimetric analyser. Therefore, it was not possible to measure the outlet gases online. Notably,
the duration of the experiments was limited to 250 minutes, for five successive cycles;
therefore, the lifetime of such crucibles over the long period of operation at high temperatures
is unknown. In addition, materials such as alumina are quite expensive to be used for the
fabrication of a reactor; therefore, a study should be conducted on the containment of liquid
metal oxides at various temperatures to identify other plausible materials for the fabrication of
the reactor. In addition, whilst the catalytic effect of liquid metals in gasification reactions with
blast furnace slags has already been reported in the literature, this effect has not yet been fully
understood for pure liquid metal oxides. Hence, one potential gap for future work is to study
the catalytic effect of liquid metal oxides in the gasification of renewable energy resources such
as biomass.

8.2.2. Plausible application of concentrated solar thermal energy
With the advancements in concentrated solar thermal energy, its application broadens to
different industrial sectors. The liquid chemical looping gasification system offers potential to
be hybridised with solar thermal energy. This is because the reactions in the gasifier are
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endothermic for some of the liquid metals such as lead, antimony and bismuth oxides, as
identified in this project. Therefore, the energy required to drive the reactions can be met with
concentrated solar thermal energy. To achieve this, a thermodynamic assessment should be
conducted on the process to obtain the fraction of solar thermal energy contribution; exergetic
and energetic performance of the system, together with the fuel upgrade parameter. Likewise,
a hybrid system has the potential to be connected to a power cycle, since it has two hightemperature streams of syngas (from the gasification reactor) and hot vitiated air (from the air
reactor). Thus, the first law thermodynamic efficiency, together with an exergy analysis, needs
to be conducted for different configurations of power cycles including steam turbine, gas
turbine and supercritical steam power to identify the most suitable configuration for the coproduction of heat, power and syngas.

8.2.3. Heat and mass transfer within a bubbling regime
A chemical looping gasification system employs two bubble columns as the air and the fuel
reactors. The gaseous feedstock and the gasifying agent bubble within the bed of the liquid
metal. Thus, the behaviour of the bubbles, their size and the frequency of generation of bubbles
in the liquid metal are some key parameters influencing the rate of heat and mass transfer.
Moreover, both the pressure drop and hold up can influence the residence time of the bubbles
in the bed, the gas-liquid, gas-gas, gas-solid contacts and mixing performance of the reactors.
Hence, a systematic study is highly recommended to understand the behaviour of bubbles in
different liquid metals, at various temperatures and for different injection characteristics,
including the nozzle diameter, injection angle and gas superficial velocity (Chisti & Moo‐
Young, 1989; Kantarci, Borak, & Ulgen, 2005).
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8.2.4. Development of an ash separator
Reaction of biomass feedstock, natural gas and coal with liquid metal creates a massive amount
of ash, including unreacted carbon. For biomass, the ash content can be as high as 10% of the
total content of the reactor. Therefore, due to the considerable differences between the density
of ash and liquid metal, ash can be accumulated on top of the liquid metal in the form of a
porous layer, which needs to be removed. Over several successive cycles of operation, the ash
content increases and creates some challenges, including agglomeration and a reduction in the
rate of mixing in the reactor. Therefore, there is a need to develop a robust and efficient ash
separator to separate ash contents from the liquid metal oxide. Although some ash separators
have already been developed in the literature, none of them has been tested for liquid metals
(Kinto, 1996; Weniger, 1947).

8.2.5. Fabrication of a small-scale reactor and LCLG plant
By undertaking the above recommendations, the main steps will be taken towards the
fabrication of a small-scale chemical looping gasification plant. To achieve this, a robust
system must be developed for the injection of steam into liquid metal. In addition, the
containment of liquid metal and material constraint challenges must be addressed for the pipes,
reactors and injection system before the small-scale plant is fabricated. Importantly, a highfidelity system for the circulation of liquid metal oxides must be developed. The University of
Adelaide has already developed a cold prototype for the circulation of a viscous liquid between
two bubble column reactors. However, it needs further development for high temperature
applications. Additionally, using the equilibrium models developed in the present research and
the kinetics information, a molten metal reactor should be designed and optimised. To do so, a
material selection is recommended to be performed to identify the plausible fabrication
materials for the reactor, which can tolerate thermal expansion, creep and thermal stress.
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