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Abstract
Chemical Looping Combustion, CLC, is a novel technological combustion process
used to enable Carbon Capture and Storage, CCS. It is enabled by using oxygen
carrier to support the combustion process with oxygen instead of directly feeding air
into the chamber resulting in avoidance of nitrogen in the flue gas, which makes the
separation of carbon dioxide more convenient. In this thesis, biomass is evaluated as
fuel in a CLC experimental process with mainly ilmenite as oxygen carrier. Biomass,
which is used in this study, consist of a high fraction of volatiles compared to other
fuels. Hence, the conversion of these volatiles is the focus in this thesis. More specif-
ically, using a single or double bed setup, the effect of residence time and the ratio
between the amount of fuel and oxygen carrier is analyzed. Finally, another oxygen
carrier, hematite, was used as well to be able to compare the results with ilmenite.
The results are measured in terms of conversion of CO and the total oxygen demand.

The experiments were carried out in a smaller quartz reactor which function as
a batch reactor where the oxidation and reduction phases alternate. The reactor
has two different beds on which the oxygen carrier can be placed. The amount of
oxygen carrier ranged from 20 to 60 g and the amount of biomass ranged from 0.075
to 0.225 g. The temperature of the reactor was kept at around 950 °C and the total
flow rate at around two times the minimum fluidization velocity. The gas introduced
into the system was a mixture of either N2 and CO2 or air depending on if oxidizing
the oxygen carrier or gasifying the fuel.

The first finding was from identifying a particular particle size and pruge flow rate
which suits the system best. This was found to be 1700-2000 µm and 0.9 L/min
respectively. Further, one conclusion of this thesis is that using the bed which is
located up-streams from the fuel inlet is beneficial as the residence time between
the volatiles and the oxygen carrier grows longer. A higher conversion of CO and
lower oxygen demand was observed with a longer residence time, hence a longer
residence time is favorable. It was further found that an increase of amount of fuel
compared to the amount of oxygen carrier in the system showed better results. Fi-
nally, comparing the results to another oxygen carrier, hematite in this case, was
found to show the same trends as for ilmenite. However, the results for hematite
were significantly better as the conversion of CO was higher and the oxygen demand
lower.

Keywords: CLC, Oxygen Carrier, Biomass, Pine sawdust, Ilmenite, Hematite
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1
INTRODUCTION

The introductory chapter aims to introduce the reader into the topic of carbon
capture and storage and chemical looping combustion. It aims to provide a basis of
understanding before focusing on the topic in more detail in chapter 2. Further, this
chapter will explain the challenges of this �eld as well as the aim and delimitations
of this thesis.

1.1 Background

According to the IPCC it is with at least a 95 % certainty that humans are the main
cause of global warming [1]. To limit the risk and impact of climate change the Paris
Agreement was constructed and has been signed by several nations in a united force
to hinder global warming which is one of the agreement's main objectives [2]. More
speci�cally, it is written with the agreement of holding �... the increase in the global
average temperature to well below 2°C above pre-industrial levels ...� [2]. Before
the industrial age the concentration of CO2 in the air was about 280 ppm [3]. Since
then, the concentration has increased dramatically and has today reached levels of
about 406 ppm as measured in October 2018 which corresponds to an increase by
45 % [4]. The concentration of CO2 in the air and the increase of the global average
temperature is connected, however to what degree is a bit unclear [5]. There are
di�erent scenarios of ranges connecting CO2 to the increase in temperature which
was summarized from multiple sources [5]. In some of these scenarios the concentra-
tion of greenhouse gases in the atmosphere need to be decreased as soon as 2060 to
limit the temperature increase and hence uphold the Paris Agreement. To achieve
a decrease in concentration of the greenhouse gases there is reliance on certain tech-
nologies, such as for example biomass energy with carbon capture and storage [5].

Carbon capture and storage (CCS), as well as carbon capture and utilization (CCU)
are two methods to decrease the emissions from both fossil fuels and the usage of
biomass [6]. CCS is based on capturing the CO2 which otherwise would be emitted
into the air and store it deep underground, for example in depleted oil and gas �elds,
to avoid its a�ect on the climate [7]. CCU is a method which instead uses the cap-
tured CO2 to produce products such as for example plastics [8]. However, it should
be noted that CCU's potential is a topic of discussion in terms of how much impact
CCU can have on mitigating the growing concentration of CO2 in the atmosphere,
CCS on the other hand is considered to have a higher potential due to scale and
how far the research has gone [9]. CCS and CCU can produce negative emissions
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1. Introduction

when using biomass as the source of the CO2 captured [6]. The emissions become
negative since the net emissions of CO2, when using biomass as fuel, is zero. The
net emissions are zero since the biomass used has grown through using CO2 from
the atmosphere, hence releasing the CO2 back into the atmosphere which does not
contribute to further emissions [10].

Since the �ue gases in regular combustion has a fraction of 3-15 % CO2 it needs
to be separated from all other gases for e�ective storage, there are a number of
di�erent methods to be able to capture CO2 and hence use CCS or CCU, these
are shown in �gure 1.1 [11] [12]. Firstly, if fuel has gone through combustion, the
CO2 in the �ue gases can be chemically absorbed in order to capture it which is
called �ue gas separation or post-combustion capture. Secondly, in the method of
pre-combustion capture, gasi�cation of the fuel takes place which through a series
of further process steps leads to the CO2 being separated creating a hydrogen-rich
fuel gas to use as fuel instead [12]. Finally, the combustion could instead be carried
out in pure or enriched oxygen, called oxyfuel combustion, which would lead to the
�ue gases primarily existing of only CO2 and H2O from which the steam is easily
removed through condensation [11].

2



1. Introduction

Figure 1.1: The three di�erent possibilities for carbon capture.

One technique for carbon capture within oxyfuel combustion is Chemical Looping
Combustion (CLC) where fuel is burnt in an environment with CO2, steam and
oxygen which is introduced through an oxygen carrier (OC). The OC carries oxygen
from an environment in air, through which the oxygen is brought into the fuel
combustion [13]. The lack of other gases in the environment leads to the exhaust
mainly being composed of steam and CO2, hence a process which works well for CCS
or CCU as the steam can simply be condensed. CLC is shown in �gure 1.2 which
describe how the fuel-reactor is supplied with oxygen through the oxygen carrier
which is transferred between two reactors. The oxygen carrier, when oxidized, is
denoted in this �gure by MeOx in which Me signi�es some metal which carries the
oxygen whilex and y corresponds to the number of oxygen atoms bonded to the
metal in which x is always larger thany. When the oxygen carrier has been oxidized
in the air-reactor, it is moved to the fuel-reactor in which the oxygen is used for fuel
combustion. Part of the �ue-gases can be recirculated into the fuel-reactor to be
used as a �uidizing gas [14].
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1. Introduction

Figure 1.2: An overview of how a CLC process functions.

1.2 Problem Formulation

As described earlier, using biomass as fuel in carbon capture processes, such as
CLC, lead to negative emissions of CO2. However, biomass has not been the main
focus of CLC research within solid fuels, coal has been instead [15]. Compared to
coal, biomass has a signi�cantly higher degree of volatile matter which is released
during the CLC process [16] [17] [18]. Hence, using biomass instead of coal in CLC
leads to di�erent requirements upon the process. To be able to prepare to use CLC
with biomass commercially, more research is needed especially with regards to the
signi�cantly higher amount of volatiles that are released while using biomass.

1.3 Aim

The aim of the thesis is to contribute with additional research within the area of
using biomass as fuel in CLC focusing on the volatiles released. Further, the aim is
to analyze operation parameters for a bench scale reactor.

More speci�cally the following objectives to be achieved in this thesis are:
ˆ Study which particle size and purge gas �ow which is optimal for usage in the

experimental setup used.
ˆ Analyze the results when using single or double �uidized beds as well as where

it is located relative to where the fuel is fed.
ˆ Analyze how residence time a�ects the results through changing the amount

of oxygen carrier.
ˆ Study the ratio between fuel and oxygen carrier and how it a�ects the results.
ˆ Compare results to another oxygen carrier to analyze if the same trends are

present when studying residence time and how the two compare to each other.

4



1. Introduction

1.4 Delimitations

Due to time limitation, the master thesis will focus only on one biomass fuel and
two oxygen carriers. The biomass fuel used in this research is pine sawdust and the
oxygen carriers are ilmenite and hematite. However, the primary focus will be on
ilmenite. The thesis is restricted to only analysis on a bench scale reactor. Hence,
the �ndings may not be applicable on reactors of di�erent size.

5



2
THEORY

This chapter will focus on the theoretical background to CLC, oxygen carriers, fuel,
how the results were calculated and methods for analysis. It aims to give the reader
a thorough understanding of this �eld of research and the choices that have been
made during this thesis work.

2.1 Chemical Looping Combustion

This section focus on explaining CLC in more detail including conversion processes
that the fuel and oxygen carrier undergoes, how �uidization work and di�erent re-
actor con�gurations used for CLC.

For solid fuels, such as biomass, there are two major types of chemical looping
processes, one is syngas-CLC and the other is direct solid fuel CLC. In this the-
sis, direct solid fuel CLC will be in focus and is further described in the following
section (2.1.1). To give a brief explanation of syngas-CLC, three central steps are
carried out. First, the fuel is pyrolyzed into char and volatile gas. Secondly, the
char is gasi�ed into syngas and �nally both the volatile gas and syngas reacts with
the oxygen carrier to produce CO2 and H2O. Hence, the pyrolysis and gasi�cation
is carried out before the chemical looping process which the volatile gas and syngas
then enters. Further, syngas is de�ned as being a mixture of H2 and CO. [19]

2.1.1 Direct solid fuel conversion processes

In direct solid fuel CLC, the fuel is fed directly into the fuel reactor, a series of
di�erent mechanisms are taking place. The �rst two processes are drying and de-
volitalization. Devolitalization is the process when the fuel is generating volatiles
and char, described by equation 2.1. [19] The volatiles generated by the biomass is
mainly consisting of CO, H2 and CH4 [20].

fuel ) char + volatiles (2.1)

Depending on choice of oxygen carrier and temperature there are mainly two di�er-
ent char conversion processes; iG-CLC (insitu gasi�cation CLC) and CLOU (Chem-
ical Looping with Oxygen Uncoupling) [21]. The solid-solid reaction between the
char particle and the oxygen carrier is not likely to occur at an appreciable rate when
�uidizing the oxygen carrier and fuel together [22]. Hence, these two processes are
two di�erent ways to increase the speed of the reaction.

6



2. Theory

For iG-CLC the remaining char is not directly oxidized by the oxygen carrier, but
involves an intermediate gasi�cation step. The char is gasi�ed by the �uidizing gas
consisting of CO2 and/or H 2O, described by equation 2.2 and 2.3 [19][21]. The
gasi�cation step is slow compared to the oxidization of the syngas and the gaseous
hydrocarbons and is the rate limiting step. [19]

C(char) + CO2 ) 2CO (2.2)

C(char) + H2O ) CO + H2 (2.3)

The volatiles and the produced syngas is then oxidized by the oxygen carrier in
three di�erent ways. The CO is converted into CO2, the H2 to H2O and �nally the
gaseous hydrocarbon content is oxidized according to equation 2.4 [23] [19].

(2n + m � p)M xOy + CnH2mOp ) (2n + m � p)M xOy� 1 + mH 2O + nCO2 (2.4)

In contrary, for CLOU it is the oxygen that is the gaseous phase to enable a reaction
between the oxygen and the char. The oxygen become gaseuous because the oxygen
carriers used, to achieve the CLOU conversion process, spontaneously decompose at
higher temperature into its reduced form and release oxygen gas in the fuel reactor.
The released oxygen is then reacting with the char and the volatiles. The advantage
with this process is that the slow gasi�cation step is not necessary. The drawbacks
are however that the oxygen carrier is relatively expensive compared to the Fe-based
oxygen carriers often used in iG-CLC. Further challenges with oxygen carriers used
in CLOU are that some of them, copper for example, is mechanically in-stable and
has a low melting point. IG-CLC has been chosen in this master thesis due to the
oxygen carriers that can be studied with this method of which more information
will be provided in section 2.2. [24]

2.1.2 Fluidizing beds

A �uidizing bed is when solid particles present on a perforated bed is lifted and
agitated by a rising stream of �uid, the �uid can be both gas or liquid. For the
�uidization to occur the velocity has to be high enough so the friction force acting
on the particles from the rising �uid is higher than the gravitational force of the
particle. The velocity needed to exactly counteract the gravitational force is called
the minimum �uidization velocity, how to calculate it is described in section 2.4.1.
When the velocity in a solid-liquid system increases above the minimum �uidization
velocity it results in a expanding bed and an increased bed height. A solid-gas sys-
tem behaves quite di�erently. Instead of a smooth expansion it result in bubbling,
channeling of the gas and even slugging of particles. [25]

Since the bed is constantly mixing and moving it is good for di�erent combus-
tion processes because it results in rapid heat and mass transfer. It e�ectively evens
out temperature and concentrations in the bed. The pressure drop over a �uidized
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bed is usually very low. A widely spread technology is to use this phenomena in
a CFB-boiler in which CFB is an abbreviation of circulating �uidized bed. The
advantages of using a CFB-boiler is its wide �exibility using di�erent fuels, high
combustion e�ciency and low emissions.

2.1.3 Reactor con�gurations

There are several di�erent types of reactor con�gurations that can be used for a
CLC system. A commonly used reactor con�guration is using two interconnected
�uidizing bed reactors where the oxygen carrier is transported between them, see
�gure 1.2. The advantages with this kind of system is many; high carbon conver-
sion, good contact between gas and solids, even temperature and small pressure
drop. However, the system that circulate the oxygen carrier in the system is both
energy intensive and complex.[26] To address the issue of the slow gasi�cation step
described in section 2.1.1 con�gurations with multiple fuel reactors can be used to in-
crease the total residence time of the char particles in the system resulting in higher
conversion of the fuel. This type of con�gurations consists of multiple �uidizing
beds in series. It comes with a big investment and a complex design so it has mainly
only been evaluated on a modelling scale.[27][28] In this thesis a fuel reactor with
two �uidizing beds at di�erent levels was used in order to increase the conversion of
volatiles by increasing the contact time between the volatiles and the oxygen carrier.

As an alternative to the �uidizing bed reactors di�erent �xed bed con�gurations
have been studied. One �xed bed alternative is to just have a �xed bed of oxygen
carrier and alternate a reductive fuel �ow and an oxidizing air �ow. To have a con-
tinuous process, two or more reactors operating simultaneously but with di�erent
�ows need to be used, one in which oxidizing gas is always used and the other which
is always reduced by fuel. [26] Another �xed bed alternative is to use a rotary re-
actor design. The concept of the process is to rotate a �xed bed of oxygen carrier
continuously through four di�erent sections: fuel, air and two purge sections which
separates the air from the fuel. The �xed bed is rotated above the gas and fuel �ow
streams which move upwards through the bed of oxygen carrier. [29] A drawback
with these �xed bed con�gurations is that the fuel either needs to be gaseous or be
converted into gaseous form (gasi�ed to syngas).

2.2 Oxygen Carrier

The oxygen carrier, which supplies the fuel reactor in CLC with oxygen, is an im-
portant part of the system and has to have multiple characteristics to be able to
function well. Firstly, the oxygen carrier needs to have a high reactivity for both
the reduction and oxidation reactions, favourable thermodynamics when it comes to
the fuel conversation and high enough oxygen transport capacity, or in other words
how much oxygen the oxygen carrier is able to absorb and desorb. Further, a good
oxygen carrier has resistance to attrition, has good �uidizing properties and very
low carbon decomposition. At the same time, the oxygen carrier should be cost
e�cient and be environmentally friendly. [23]
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Several elements are able to act as oxygen carriers and have di�erent character-
istics. Some examples that have favourable reductive and oxidative thermodynamic
properties include copper (Cu), iron (Fe), manganese (Mn), and nickel (Ni) [30]
[31]. Copper-based oxygen carriers, as mentioned earlier, has the disadvantage of
being relatively in-stable mechanically and has a low melting point [24]. Further,
manganese-based has the advantage of having high oxygen consumption and hence
e�ective in that aspect. The only oxygen carrier which has a higher oxygen consump-
tion is iron-based ones showing a higher regeneration of active sites where oxygen
can adsorb at oxidation. Further, iron oxides occur naturally which lead to both a
more economically, but also more environmentally, friendly alternative. [32] Finally,
using nickel as an oxygen carrier is advantageous at high temperatures as thermal
stability and reactivity, for reacting with syngas among others, is superior[33]. How-
ever, nickel is instead easily deactivated by sulfur [34] and is toxic.[31]

CLOU and iG-CLC were mentioned as two methods for solid-gas reactions in sec-
tion 2.1. Using the CLOU method, the oxygen carriers need to release oxygen at
certain temperatures. Examples of oxygen carriers that have the ability to release
oxygen at temperatures at around 800 to 1000°C is CuO [35] and manganese oxide
systems with other mixed oxides such as MnFe or MnSi-oxides [36]. For iG-CLC it
is important that the oxygen carrier has high reactivity during both the reduction
and oxidation cycle. Typical oxygen carriers for iG-CLC are for example nickel, iron
and other manganese-based oxides. [37]

Further, oxygen carriers presented in literature are divided into two groups, syn-
thetic materials and natural minerals. The synthetic materials are usually made of
single metal oxides, combined or mixed metal oxides together with an inert support
such as for example aluminum oxide, Al2O3, and silicon dioxide, SiO2. The natural
minerals are materials such as iron ore, ilmenite or waste materials from the steel
industry. The advantage of using synthetic materials is because of the higher reac-
tivity compared to natural minerals, however it is instead more expensive. During
CLC, ash will blend with the oxygen carries decreasing its e�ciency. Since ash and
the oxygen carrier will be di�cult to separate from each other, it is easier to discard
the oxygen carrier together with the ash. Hence, cheaper types of oxygen carriers
are sought after. [19]

The natural mineral ilmenite is an example of a relatively cheap oxygen carrier.
Further, Australia exports 40 % of the world's ilmenite and hence is an important
resource to further study which is why it has been chosen in this thesis [38]. Ilmenite
mineral consist of ilmenite (FeTiO3), hematite (Fe2O3) and impurities. Its oxidizing
reactions is shown in equations 2.5, 2.6 and 2.7. Which of these reaction that occur
depends on the temperature ranges of 500-750°C, 770-890°C and above 900°C
respectively [39].

2FeT iO3(s) +
1
2

O2(g) ! Fe2O3(s) + 2 T iO2(s) (2.5)
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3FeT iO3(s) +
3
4

O2(g) ! Fe2T i3O9(s) +
1
2

Fe2O3(s) (2.6)

2FeT iO3(s) +
1
2

O2(g) ! Fe2T iO5(s) + T iO2(s) (2.7)

The active phases of Ilmenite, when used as an oxygen carrier, contain Fe2TiO 5,
pseudo-brookite, and Fe2O3 [39] [40]. The temperature used for the experiments
in this master thesis will lead to equation 2.7 primarily occurring. Hence, Fe2TiO 5

will be the primary active phase and oxidized form of ilmenite. Ilmenite occurs as
weathered sand or as rock ore depending on where it is mined out.[41] The chemical
properties of the ilmenite can di�er quite much so it is important to evaluate each
sample individually.

Before using an oxygen carrier in the CLC process it is desirable to treat it in some
manner to gain more stable results. For ilmenite, for example, both calcination and
activation should be carried out. Research has been conducted which shows bene�ts
with conducting this procedure on the oxygen carrier. Calcination is a process in
which the oxygen carrier is heated up to high temperatures (for example 950°C)
during a longer period of time [42]. The calcination increase the reaction rate of
the oxygen carrier and oxidizes it to its most oxidized state. Further, activation
of ilmenite has been found to be faster if the ilmenite has been calcinated before
activation. [43]

The activation of ilmenite is reached through continuous alternating reducing and
oxidizing cycles. How many cycles which are needed are, among other, dependent
upon the length of the cycles. Literature has reported the cycles to be between 1-30
minutes while the number of cycles may range between 4-40. The oxygen carrier
can be said to be activated when the conversion during reduction has stabilized
and reaches the same percentage during several cycles. The bene�ts of activation
include increase of conversion through higher reaction rates in both oxidation and
reduction and signi�cantly higher porosity. However, this also lead to the hardness
to be signi�cantly lower in activated ilmenite than fresh. [43]

Another iron-based natural ore used as oxygen carrier in this thesis is hematite.
Hematite is mainly composed of Fe2O3 which is also its active phase and is consid-
ered to have a relatively low price and be environmentally friendly [44]. One reason
for the low price is its large resources, for example in Australia 96 % of the iron
ore export is hematite [45]. Further, hematite is very reactive in the beginning but
quite quickly, over a few cycles, lose it's high reactivity and will afterwards be at
a lower, yet favorable, but more similar reactivity between the cycles. [46] For this
reason hematite needs treatment before using it as well through both calcination
but also through carrying out a couple of cycles to reach similarity in reactivity.
Due to hematite's favorable qualities, relatively good reactivity and similarity to
ilmenite in being iron-based it was chosen as an oxygen carrier to compare results
with ilmenite. The oxidizing reaction of hematite is shown in equation 2.8 [47] in
which Fe3O4 is magnetite, the reduced form of hematite [46] [48].
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2Fe3O4 +
1
2

O2 ! 3Fe2O3 (2.8)

2.3 Fuel

There are several types of fuels which have been tested previously in literature, in-
cluding both gaseous and solid fuels. Examples of gaseous fuels in prior CLC studies
are natural gas and propane [31]. Using solid fuels in CLC has shown several dif-
ferences in the demands on the process compared to using gaseous fuels. Solid fuels
will create ash which will mix with the oxygen carrier and shorten the time available
for usage. Further, the gasi�cation of char is a relatively slow process which there-
fore increases the demands on the process to provide a long enough residence time.
Finally, the fuel needs to be introduced into the CLC system in such a way that
the volatiles released from the solid fuels have good contact with the �uidizing bed
to ease the conversion. [15] The amount of char, volatiles and ash contents depend
further on what type of solid fuel which is used. Examples of solid fuels are coal,
coke and biomass.

Within coal there are several di�erent kinds such as anthracite, bituminous and
lignite which also di�er between each other. For example, anthracite and lignite
have a signi�cantly higher ash content than bituminous at around 25 to 30%. The
amount of volatile matter ranges between around 7 to 30 %, further showing the
large di�erence di�erent types of coals can have. [17]

Similarly, there are many types of biomass fuels with large di�erences between
them. Based on an article analyzing ash content and volatile matter on 13 dif-
ferent biomasses some general aspects can be noted. The ash content is signi�cantly
lower, at most 10 %, and volatile matter, ranging between 70 to 85 %, is signi�-
cantly higher in biomass compared to coal [18]. Due to the higher amount of volatiles
present in biomass, the oxygen demand is higher as well [49]. Oxygen demand is a
ratio between the amount of oxygen lacking to achieve complete combustion com-
pared to the theoretical amount of oxygen needed which will be further presented
in section 2.4.3 [50].

In this thesis pine sawdust will be used as biomass. The interest of pine and choice
of it for this thesis is due to its presence in both Australia and Sweden. Australia's
commercial forests comprises of 1 million acres of softwood trees of which most are
pine trees [51]. In Sweden 39 % of the forest is pine [52], hence research of using
pine as biomass in both these countries are of interest as there is plenty of it.

2.4 Calculation of Results

In this section it is presented how the results are calculated of which the analysis is
based on. This includes calculations of minimum �uidization velocity, conversion of
CO and the oxygen demand.
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2.4.1 Minimum �udization velocity

To predict the minimum �uidization velocity, which was described in section 2.1.2,
there are more than a hundered di�erent correlations. Most, on the other hand, are
functions of Reynolds (Remf ) and Archimedes (Ar ) dimensionless numbers. Equa-
tion 2.9 shows howUmf is connected toRemf . [53]

Umf =
Remf �

�d p
(2.9)

In which � is the viscosity of air,� is the density of air anddp is the particle size of
the oxygen carrier. Further,Remf and Ar can be calculated through using equation
2.10 and 2.11 respectively [54] [53].

Remf = (33:72 + 0:0408Ar )0:5 � 33:7 (2.10)

Ar =
g� (� p � � )d3

p

� 2
(2.11)

In equation 2.11g is 9.82 m/s2, or in other words the gravity constant, and� p is
the density of the oxygen carrier.

2.4.2 Conversion of CO

The volatiles, based on results presented in section 4.1 comprises to a high degree of
carbon monoxide (CO). Further, ilmenite reacts quite ine�ectively with CO which is
why this thesis focuses more speci�cally on the conversion of CO [24]. The conversion
of CO is a measurement of how much of the CO from the fuel which is converted in
the process into CO2. The conversion of CO indicates how e�ciently the system work
as one of the goals is to analyze how the system can be as e�cient as possible with
regards to the low reactivity that ilmenite has with CO. To calculate the conversion
of CO, the mass of CO after the reactor,mCO;out , is divided by the mass of CO which
is produced through devolatalization of the fuel,mCO;tot as shown in equation 2.12.
Further, mCO;out is calculated by equation 2.13 whilemCO;tot is calculated using the
same equation but through the procedure described in section 3.3.3, without the
presence of oxygen carrier.

X CO = 1 �
mCO;out

mCO;tot
(2.12)

mCO;out =
pMC

RT

Z t

0

_Vout (xCO;out )dt (2.13)

In equation 2.13,p is the pressure,MC is the molar mass of carbon,R is the ideal
gas constant,T is the temperature, _V is the volumetric �ow rate and xCO;out is the
fraction of CO in the outlet gas.
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2.4.3 Oxygen demand

The oxygen demand,
 OD , is described in terms of a ratio between the amount of
oxygen lacking to achieve complete combustion against the theoretical amount of
the oxygen needed [50]. Equation 2.14 is based upon an equation from literature
and represents the oxygen demand as the ratio described [55].


 OD =
Fout (4xCH 4 ;out + xCO;out + xH 2 ;out )

1000
M O

mfuel 
 fuel
(2.14)

In equation 2.14,Fout is the molar �ow rate in the outlet, x i;out is the fraction of
each speciesi in the outlet gas,mfuel is the amount of biomass in kg andMO is the
molar mass of oxygen. Finally,
 fuel is a constant which represents the amount of
oxygen needed to burn the fuel. The value of this constant is based on �ndings in
the literature for pine sawdust and is set to 1.5 [55].
 OD is given in a value of the
ratio of the oxygen demand per second, hence an integration of this equation with
respect to time results in the total oxygen demand,
 T for the system as represented
in equation 2.15.


 T =
Z t

0

 OD dt (2.15)

2.5 Analysis

Several di�erent methods of analysis has been used to analyze fuel and the gases in
the outlet as well as methods for further studies.

2.5.1 Thermogravimetric analysis

Thermogravimetric analysis, TGA, is a technique which studies the changes in phys-
ical and chemical properties of a sample. TGA measurements can be conducted
through a temperature rise with a continuous heating rate, hence measurement as
a function of temperature. It can also be performed as a function of time at which
the temperature is held constant [56]. Furthermore, the TGA continuously measure
the weight of the sample which creates a mass change pro�le as a function of either
time or temperature. This curve is called the TG curve of which its derivative curve
can also be produced [57]. The two curves provide the information necessary for
the possibility of studying di�erent physical and chemical phenomena. For phys-
ical phenomena these are for example vaporization and desorption while chemical
phenomena include decomposition and dehydration. [56]

2.5.2 Infrared spectroscopy

Infrared (IR) spectroscopy emits IR radiation through a sample to analyze how much
of the emitted radiation is absorbed into the sample at a particular wavelength. It
is based upon the vibrations or rotations of atoms in a molecule which will vibrate
at di�erent energies. The energy absorbed corresponds to a certain frequency of
vibration which can be analyzed. However, to be able to use this technique, the
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electric dipole moment of the molecule must change when when the IR radiation is
absorbed. The frequencies recorded through using the IR spectroscopy can be used
to identify di�erent parts of or the entire molecule. By comparing the frequency
to a register of what the di�erent frequencies corresponds to, the composition of
the sample can be determined. Some species which can be detected by IR are for
example CO, CO2, CH4 and O2 which are also the species analyzed in this thesis.
[58]

2.5.3 Thermal conductivity

The thermal conductivity gas analysis is a method which is able to measure the
concentration of gas by measuring the di�erence in thermal conductivity between the
analyzed gas and a sample gas. The di�erence in thermal conductivity is measured
through placing one platinum wire in contact with each gas and comparing the
outcome. The process is able to measure the concentration continuously since the
thermal conductivity simply changes when the concentration changes in the gas
analyzed. The analysis method is able to detect species such as He, Ar and CH4

but is in this thesis used for detecting H2. [59]

2.5.4 Temperature programmed reduction

The method of temperature programmed reduction, TPR, is usually carried out to
study how a metal oxide, typically a catalyst, is reduced at di�erent temperatures
[60]. The temperature in a TPR is increased linearly, usually 5-20°C per minute
[61], which allows the study of how the temperature a�ects the reduction. Most
commonly, hydrogen gas is used to reduce a catalyst to be able to gain knowledge
into the behaviour of the catalyst. A thermal conductivity detector, described in
section 2.5.3, is most commonly used in combination with a TPR to analyze the
H2 consumption during reduction. The results are presented as a plot between the
consumption of H2 and temperature. The peaks in these graphs are either di�erent
species or successive reduction of a particular species. However, in this thesis TPR
will be used in a quite uncommon way which will be described in section 3.4.2. [60]
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3
METHODOLOGY

In this chapter, �rstly the reactor set up will be explained, followed by how the
experiments were prepared with focus on the fuel and oxygen carrier. Finally, the
conduction of the di�erent experiments are described.

3.1 Experimental Setup

The reactor used in the experiments is made of quartz and is shown in �gure 3.1.
The reactor chamber is 200 mm high with a diameter of 36 mm while the gas inlet
is 220 mm long. The distance between the two beds is 110 mm and from the top
bed to the outlet 140 mm. The long gas inlet is used to allow for the gases to have
time to be heated before reaching the �rst bed.

The entire experimental setup can be seen in �gure 3.2 and begin with three gas
cylinders with CO2, air and N2. The inlet gas is a mixture of N2 and either air or
CO2. Depending on if the N2 is mixed with air or CO2 it either oxidizes the oxygen
carrier or gasi�es the fuel respectively. To choose if air or CO2 is going through the
system with N2, a 3-way valve was used to easily change gases. The concentration
and volumetric �ows of N2, air and CO2 is decided through the valves and �ow
controllers seen in �gure 3.2. Further, to combine and mix the gases after the 3-way
valve, a T-connection and bomb is used. A bomb is an object shaped similar to a
cylinder which mixes the gases.

When adding fuel to the reactor a purge �ow is introduced to make sure that the
fuel, as well as the volatiles created by the fuel, is pushed down towards the bottom
bed. This purge �ow has the same fractions as the �uidizing gas (inlet gas) has
from below the reactor. The �uidizing gas and purge �ow is split after the bomb,
how high the �ow rate is for each of these two �ows is decided through one �ow
controller for each �ow as shown in �gure 3.2. The purge �ow is introduced on top
of the fuel chamber from where the fuel is fed into the reactor. How this system
function during experiments will be described further in section 3.3.1.

The outlet gas leaves the reactor at the top. The gases are led into a condenser
and particle �lter after which it continues to two analyzers, one IR-analyzer (type
ZRE) and one thermal conductivity detector (type ZAF) of which both are from
Fuji Electric. The analyzers are able to present the data through logging one data
point per second measuring the concentration of CH4, CO, CO2, H2 and O2. Finally,
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there is one additional opening at the top of the reactor, unmarked in the �gure,
which has been closed throughout all experiments.

Figure 3.1: The quartz reactor in the experimental setup.
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Figure 3.2: The entire setup of the process.

3.2 Preparation of Experiments

Both the fuel and the oxygen carriers needed to be prepared before being able to be
used in the experiments.

3.2.1 Fuel

The fuel used is sawdust from pine which was milled and sieved to three di�erent
ranges of particle size which were 500-1000, 1000-1700 and 1700-2000µm. These
ranges are based on literature which recommend the particle size of pine sawdust
fuel of between 500-2000µm [62] [55] [63] [64]. The biomass pine sawdust used was
previously analyzed through a proximate and ultimate analysis by another mem-
ber of the Chemical Engineering department at Monash University. The proximate
analysis was conducted through using Thermogravimetric analysis (TGA) which
was described in section 2.5.1. This analysis provides knowledge of what the fuel
consist of in percentage of how much volatiles, char and ash which will be produced
when running the experiments. The analysis reported that the volatile matter of
the fuel is around 60 %, the char 23 % and ash 17 %, as can be seen in �gure A.1
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in appendix A. Compared to literature, the amount of ash is slightly higher and
amount of volatiles slightly lower.

The ultimate analysis provides an elemental composition of the fuel in terms of
sulfur (S), carbon (C), hydrogen (H), nitrogen (N) and oxygen (O). The percentage
of di�erent constituents is presented in table 3.1 in which the percentage is on dry
basis since the fuel in this thesis was dried prior to introducing it into the system.
As the sum of the constituents is only 89.4 %dry there is 10.6 %dry left. These are
mostly constituents of the ash such as calcium, magnesium and iron.

Table 3.1: Dry basis percentage of constituents in solid fuel.

%dry

S 0.03
C 50
H 7
N 0.18
O 32.2
Sum 89.4

3.2.2 Oxygen carrier

Ilmenite and hematite were the oxygen carriers used which both had a particle size
of between 150-250µm. The ilmenite used in this thesis is an Australian sand il-
menite mainly composed of Fe2O3 (46.0 wt%) and TiO2 (51.2 wt%). The hematite
was obtained from Western Australia and is composed of mainly Fe2O3 (91.1 wt
%). Ilmenite both has to be calcinated and activated before it is possible to use
it for the best capacity possible, however this is not necessary for hematite. In-
stead hematite needs to be calcinated and deactivated. The hematite had already
been calcinated by another member at Monash University before it was provided
for these experiments. The deactivation was carried out to stabilize its reactivity
through conducting a couple of reduction and oxidation cycles.

Ilmenite was calcinated through introducing it into the quartz reactor setup, previ-
ously described in section 3.1, and heating the system to 950°C. Air and N2 was the
�uidizing gases for which the mixture had a percentage of O2 of around 5-7 %. The
system was kept like this for about 4 hours. Activation of ilmenite was conducted
through a series of reduction and oxidation cycles. The number of cycles was about
15 for which 40 g of oxygen carrier was activated at a time. The conditions were sim-
ilar to those used during calcination for oxidation. During reduction, approximately
0.2 g of fuel was fed and around 50 vol % of CO2 was in the gas inlet.

3.3 Conduction of Experiments

A range of di�erent experiments were carried out in the experimental setup pre-
viously explained. In this section, a description of an experimental cycle is given,
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the values of parameters which are held constant are presented and the conducted
experiments are described.

3.3.1 Description of an experimental cycle

Firstly, observe that these experiments are carried out in a batch procedure. The
design of a cycle in this setup is to resemble a cycle of an oxygen carrier particle
in a continuous interconnected reactor setup. One cycle of experiments include two
parts; oxidation and reduction. Firstly, the oxidation is carried out in which N2 and
air is �own through the reactor at 950°C with enough �ow rate to �uidize the oxygen
carrier which is present on either both or one of the bottom or top bed. After about
10 minutes, all of the oxygen carrier should be oxidized and the system is ready to
begin the reduction part. The 3-way valve is turned which leads to N2 and CO2

�owing through the system instead. Biomass is dried and the amount needed for
the experiment is weighted. The biomass is placed above the closed screw-down
valve which can be seen in �gure 3.2 through removing the plug. As the purge gas
is �own into the chamber, in which the biomass is kept, it pushes out the oxygen
from the chamber by opening the plug slightly over the course of a minute. When
no oxygen is present, the plug is kept closed and the screw-down valve is opened
which causes the biomass to slide down into the reactor with the help of the purge
gas. The volatiles generated by the biomass reacts with the oxygen in the oxygen
carrier. When the vol% of CH4 and CO is back at zero according to the analyzer
and CO2 is at it's former inlet volumetric fraction, the reduction is completed. A
second cycle can begin by turning the 3-way valve and introducing oxygen into the
system to oxidize the oxygen carrier again as well as burning o� any unconverted
char.

3.3.2 Values of constant parameters

Throughout the experiments the temperature, concentration of CO2, total �ow rate,
concentration of O2, particle size and purge �ow rate were kept around the same
value which is presented in table 3.2. The temperature recommended by literature
is by several articles exempli�ed to 950°C to run a CLC process on [63] [65] [43],
which is why this temperature was chosen for all experiments. The temperature
could not be continuously measured throughout the cycles. Instead, the tempera-
ture was measured as the reactor was heated up. When the reactor was heated up,
the system was closed and after a number of cycles the system was opened again
to control the temperature. The temperature inside the reactor was operated by
manually change the temperature target of the oven. As the system was well insu-
lated the temperature in the reactor was contained within a span of 10°C from 950.
The concentration of CO2 in the gas inlet mixed with nitrogen gas has not been
thoroughly studied by literature before. The concentration ranges from 39 vol%,
in an article which introduces oxygen as well, to 75 vol% with a CLOU conversion
process [66] [67]. The concentration in this thesis was decided to be between 45
vol% and 50%.
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Further, all experiments have had approximately the same total �ow rate of 2.7
L/min, give or take 0.3 L/min, which was based upon the minimum �uidization
velocity and what �ow rates the experimental setup could work in. 2.7 L/min cor-
responds to a velocity of 1.99Umf which means that the �ow rate is about 2 times
higher than the minimum �uidization velocity Umf which was calculated to 0.022
m/s. During re-oxidization of the oxygen carrier, the same percentage of O2 as
during activation was used which was 5-7 %. The percentage of oxygen is kept rela-
tively low as heat is produced during reaction with the oxygen carrier. As the heat
is produced, the temperature rises and if it becomes too high it may damage the
oxygen carrier. Further, the particle size of the pine sawdust was kept at 1700-2000
µm after qualitative testing. Similar qualitative testing was conducted for deciding
upon a purge �ow which was after those experiments decided to 0.9 L/min. Observe
that the purge �ow is a part of the total �ow of 2.7 L/min, hence the �ow when the
purge �ow is closed to put biomass into the chamber from where it is fed, the total
�ow rate decreases to 1.8 L/min which corresponds to a velocity which is still above
the minimum �uidization velocity. Hence, there are three parts of one experimen-
tal cycle which uses the constant parameters, mentioned in this section, di�erently.
During re-oxidation for example there is no CO2 present and as just mentioned, an
open or closed purge lead to a di�erent total �ow rate. The three parts of the cycle
are concluded in table 3.2 and consist of the re-oxidation of the oxygen carrier, the
reduction phase without purge �ow into the system (when loading the fuel) and
�nally the reduction phase with the purge �ow (when feeding the fuel).

Table 3.2: Values of the parameters kept constant throughout all experiments
during di�erent parts of the experimental cycle.

Re-oxidation Loading fuel Feeding fuel
Temperature [°C] 950 950 950

Concentration of CO2 [vol%] 0 45-50 45-50
Total �ow rate [L/min] 2.7 1.8 2.7

Concentration of O2 [vol%] 5-7 0 0
Particle size [µm] 1700-2000 1700-2000 1700-2000

Purge �ow rate [L/min] 0.9 0 0.9

3.3.3 Gas composition

To know how much of the constituents from the devolatalization process that have
reacted, an experiment without any oxygen carrier was conducted. The experiment
was carried out at the same conditions as described in section 3.3.2. The amount of
biomass that was introduced into the system for this experiment was 0.15 g. The
particle size was 1700-2000µm and the purge �ow was 0.9 L/min.

3.3.4 Optimization of experimental parameters

There were four di�erent parameters which were tested in the optimization of the
experimental parameters, these were particle size, dual or single bed, residence time
and the fuel/OC ratio. To the extent possible, all parameters except the one studied
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were kept constant. Hence, only the parameter studied in the particular experiment
was varied.

3.3.4.1 Particle size and purge �ow rate

Firstly, the particle size of the fuel was optimized by testing three di�erent ranges of
size mentioned in 3.2.1. These were 500-1000, 1000-1700 and 1700-2000µm. Feeding
the fuel of di�erent particle sizes were conducted on a qualitative basis where several
cycles with di�erent amount of purge gas was used to observe which particle size was
best for this particular setup. The purge �ow needed to be high enough to help push
the biomass into the reactor, but wanted to be kept low to keep a high residence
time between the gas and the oxygen carrier. The amount of purge �ow ranged
from 0-1.25 L/min. The results from these experiments will be used for all other
experiments in the following sections which is why they were presented in section
3.3.2.

3.3.4.2 Dual or single �uidizing bed

As shown in �gure 3.1, the bottom bed is located just below where the fuel is fed
while the top bed is located above the fuel inlet. Three di�erent con�gurations have
been carried out to analyze whether or not there is a di�erence in results when more
oxygen carrier is present in the top bed. The same fuel/OC ratio, at 0.00375, was
kept throughout the experiments corresponding to 0.15 g of biomass which was fed
every cycle with a total of 40 g of ilmenite being present in the system. The three
di�erent con�gurations which were tested are presented in table 3.3 showing the
amount of ilmenite added to each bed.

Table 3.3: The di�erent con�gurations for analyzing dual or single bed options.

Con�guration Top bed Bottom bed
All top 40 g 0 g
75/25 30 g 10 g
50/50 20 g 20 g

3.3.4.3 Residence time

The residence time that the gas from the fuel is in contact with the oxygen carrier
is dependent upon the �owrate and the height of the bed. Due to results from the
previous experiments in this thesis, only the top bed was used since it performs the
best. Approximately the same �owrate at around 2.7 L/min was kept throughout
the experiments and hence the only way that the residence time was increased was
through increasing the amount of ilmenite in the top bed. The more the oxygen
carrier, the higher the bed height and hence the longer residence time. The maxi-
mum bed height possible in the setup corresponds to using 60 g of oxygen carrier.
A higher amount would lead to too high loss of oxygen carrier as when the oxygen
carrier �uidizes it has the risk of leaving the system with the gases. The experi-
mental con�gurations is presented in table 3.4 which uses 20, 40 and 60 grams of
ilmenite to vary residence time but keeps the fuel/OC ratio the same at 0.00375.
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Table 3.4: The di�erent con�gurations for analyzing residence time.

Amount of oxygen carrier Amount of biomass
20 g 0.075 g
40 g 0.15 g
60 g 0.225 g

3.3.4.4 Fuel/OC ratio

The ratio between the amount of fuel and the amount of oxygen carrier was studied.
In literature the ratio 0.005 has been found between fuel and oxygen carrier. In
which their process had other types of fuel than biomass though but used ilmenite
as oxygen carrier [65]. Due to limitations in how much fuel that can be fed to the
system, the upper limit has had to be 0.01. Therefore, the chosen range to test the
ratio was decided to be 0.00375 to 0.01. In table 3.5, the four di�erent fuel/OC ratios
tested can be seen with corresponding amount of fuel where all of the experiments
were carried out with 20 g of ilmenite placed in the top bed.

Table 3.5: The di�erent fuel/OC ratios with corresponding amount of fuel.

Fuel/OC ratio Fuel
0.00375 0.075 g
0.005 0.1 g

0.00625 0.125 g
0.01 0.2 g

3.3.5 Residence time using hematite

To be able to compare the results with a second oxygen carrier, hematite was used
as well. The experiments focuses on how the residence time in�uences the results for
hematite and need to be able to be compared to the results from ilmenite. Hence,
exactly the same procedure as was presented in in section 3.3.4.3 was used.

3.4 Other Setups and Methods used

During the master thesis work, two other experimental setups has been used, one
metallic reactor and the analysis method temperature programmed reduction.

3.4.1 Metallic reactor

A larger reactor made of high-temperature stainless steel was used in the beginning
to perform experiments which is shown in �gure 3.3. The reactor had an inner
diameter of 50 mm and was 970 mm tall. There were several problems which arose
when trying to use this reactor. The bed was attached to a metallic cylinder, shown
in �gure 3.4 with high temperature cement. However, the cement was, after drying,
quite brittle which led to it easily breaking when introducing it into the rest of the
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reactor. The cylinder was exactly the right dimensions to slide it with some force
into the reactor, using a form of lube. As force had to be used there was a high risk
for the cement to break and hence the bed could become loose, creating pathways
for the gas to pass beside the bed instead of through it. Further, two di�erent beds
were tested. First, a sintered plate with 40µm pores made out of brass. It was said
that as it was sintered it could withstand higher temperatures than brass otherwise
could. This turned out to be false as the brass sintered plate fell apart after a number
of tries to calcinate the oxygen carrier. A new sintered plate was tested, made from
stainless steel with 20µm pores. The new sintered plate worked better, as it could
withstand the heat, however the solution of attaching the bed with cement was not
reliable and after many failed attempt the metallic reactor was �nally changed into
using the smaller quartz reactor described in section 3.1 instead.

Figure 3.3: The metallic reactor which
was used in initial experiments.

Figure 3.4: The smaller cylinder which
slides into the larger part of the reactor
with a bed attached to it through cement.

3.4.2 Temperature programmed reduction

The TPR was used in a quite unconventional way to take the studies of the e�ect
of increased residence time one step further. The TPR is made up from a U-shaped
quartz tube with a bed which is inside an oven. Although the TPR is commonly used
with successive heating and analysis, in these experiments it was kept isothermal
at 950 °C. Before the quartz tube, a helium and air cylinder is present. In between
these, there is a possibility to inject gas through a syringe to introduce other types
of gas into the system. Finally, after the quartz tube, the gas continues into an
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analyzer. The setup is shown in �gure 3.5

Figure 3.5: The setup in the TPR experiments.

1 gram active ilmenite was placed on the bed inside the quartz tube. While �owing
pure helium a small volume (0.4 ml - 2 ml) of pure CO was injected using a syringe.
Hence using the low �ow rate in the TPR, the residence time between the CO and
the oxygen carrier can be signi�cantly higher than in the quartz rector. To evaluate
the increased residence time, the plan was to change the total �ow rate and �nd
a correlation between the residence time and the conversion of the injected CO.
After the CO was injected, the �owing gas was changed from helium to air in order
to re-oxidize the oxygen carrier. After that, the oxygen carrier was fully oxidized
the cycle was repeated. Some trials to re-oxidize the ilmenite by injecting the air
instead of changing the inlet gas from He was conducted. This method was tried in
order to calculate how much air it was needed to re-oxidize the ilmenite and use it
to determine the amount of oxygen consumed in one cycle. The consumed oxygen
corresponds directly to the conversion of CO. However, some problems arose while
using these methods and no conclusive results could be gained, the problems are
described in section 4.4.2.
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RESULTS AND DISCUSSION

This chapter include the results and discussion regarding gas composition, the op-
timization of process parameters and �nally the residence and comparison using
hematite.

4.1 Gas Composition

Figure 4.1 shows a graph over time for the procedure described in section 3.3.3. A
high peak of CO can be observed and is noted that a signi�cant part of the volatiles
in the biomass is from CO. Smaller peaks of CH4, H2 and CO2 are also present which
is consistent with literature specifying the volatiles of biomass to be CO, CH4, H2

and CO2. The experiment which was carried out for the results showed in �gure 4.1
was conducted at the beginning of the experimental procedures. Relatively quickly
afterwards experiments with oxygen carrier present were carried out in which no H2

was detected by the analyzer. These results led to the conclusion that the reaction
between H2 and the oxygen carrier was quick enough for all of the H2 to react,
especially since H2 had been observed in the gas composition experiments. However,
new gas composition experiments, without oxygen or oxygen carrier in the system,
were run in the end of the master thesis for some additional results when it was
noted that no H2 was observed by the analyzer. After several more experiments and
further attempts at problem solving no reason could be found other than that there
might be a problem with the gas analyzer. Hence, there is little knowledge of when
this problem arose during the experiments carried out for this master thesis. Due to
the fact that no H2 was observed in experiments that were conducted shortly after
the �rst gas composition experiment, it is with con�dence that it is believed that
all H2 in all the following experiments (except the gas composition experiment) did
indeed react and is the reason why it is not present in any of the analysis. Hence,
there is very little reason to not trust the results expressed in conversion of CO.
However, the results of the total oxygen demand is a function of the fraction of H2

in the outlet which is zero in all of our results. Hence, these speci�c results should
be able to be trusted as well, especially the trends that the results show of the total
oxygen demand.
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Figure 4.1: A graph of the gas composition over time for biomass.

Further, from the later experiments concerning the gas composition the amount of
CO, which is generated by the biomass fuel, was calculated. The amount of CO per
gram of biomass is 0.5203 g, hence about 52 wt%.

4.2 Optimization of Experimental Parameters

The results of the four di�erent optimization procedures that were presented in
section 3.3.4 are presented in this section along with some discussion. The results
presented are focused on the conversion of CO and the total oxygen demand. To
show examples of the data which the calculations are based upon, two graphs, �gure
4.2 and 4.3, are given as an example. Figure 4.2 show how the composition in vol%
changes over time during a reduction cycle which is the basis for both the calculation
of conversion of CO and the total oxygen demand. Notice that the vol% of CO2
decreases, this is due to that it is consumed during gasi�cation of the char but mainly
because other gases are produced which decreases its vol%. Figure 4.3 show how the
oxygen demand changes over time and is integrated to calculate the total oxygen
demand. As can be expected, the oxygen demand is at it's largest by the same time
as the uncombusted volatiles are detected by the analyzer. The two graphs shown
are based upon two di�erent cycles.
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Figure 4.2: The composition of the di�erent gases in the outlet during a reduction
cycle.

Figure 4.3: The oxygen demand over time for a reduction cycle.

4.2.1 Particle size and purge �ow rate

As described in section 3.3.4.1 the choice of particle size and purge �ow rate was
based upon a qualitative assessment on how well the biomass could be fed in the
reactor setup. The drawback with the larger particle sizes are that they potentially

27



4. Results and Discussion

get stuck in the laboratory equipment which guides the fuel down into the reactor.
The drawback on the other hand with the smaller particle sizes is that it weighs less
and hence does not fall down towards the reactor as easily. Problems were identi�ed
with all particle sizes but 1700-2000µm was decided upon being the best to feed
through the system. It was chosen because it was the most reliable to be able to
gain a rather constant �ow of biomass fed into the system in a similar way so it does
not di�er too much in between the di�erent cycles.

Further, the purge �ow need to be high enough to push down the biomass and
the volatiles released. If it is too high however, a too low �ow rate might be present
when the purge �ow is cut o�. Hence, there must be a balance of how high the �ow
rate can be in the �ow rate. After testing di�erent �ow rates it could be noted that
about 0.9 L/min would be preferable as this is high enough to push the biomass
downwards but leaves the total �ow rate high enough to be able to �uidize the oxy-
gen carrier when the purge is shut o�. In another set up, it would be interesting to
study if the particle size and �ow of purge gas would in�uence the results in terms
of conversion of CO and oxygen demand rather than qualitatively. In this set up, it
was not possible as the cycles carried out with smaller particle size and less purge
gas �ow were hard to carry out and the biomass did not enter the reactor smoothly.

4.2.2 Dual or single �uidizing bed

The conversion of CO and total oxygen demand for each of the three con�gurations
are presented in �gures 4.4 and 4.5 in which each circle represents the results from
one cycle. A clear trend can be seen in which higher conversion can be seen the more
of the oxygen carrier that is present in the top bed. Since biomass has a high degree
of volatiles, the results can be explained by that the volatiles are released so fast
from the biomass that they do not come in contact with the oxygen carriers in the
bottom bed to the same degree as it does in the top bed. Although the conversion
is relatively low for all con�gurations, keeping all the oxygen carrier in the top bed
leads to almost twice as high conversion as compared to the con�guration with 50 %
in the top bed. Further, the total oxygen demand decreases the more of the oxygen
carrier which is present in the top bed which also implies that more oxygen needs
to be present in the system. As more oxygen, through the oxygen carrier, is present
in the top bed, the total oxygen demand decreases. Hence the measurements of
conversion of CO and the total oxygen demand show clear bene�ts with placing all
oxygen carrier in the top bed of the reactor.
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Figure 4.4: The conversion of CO with increasing amount of oxygen carrier in top
bed.

Figure 4.5: The total oxygen demand with increasing amount of oxygen carrier in
top bed.

4.2.3 Residence time

By increasing the time of which the volatiles from the fuel can be in contact with the
oxygen carrier, a higher conversion of CO is possible which can be seen in �gure 4.6.
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Further, as more of the volatiles are converted, less oxygen is demanded and hence
the total oxygen demand for the cycle decreases with increasing residence time as
seen in �gure 4.7. As explained in section 3.3.4.3, the residence time is increased
through increasing the bed height by changing the amount of oxygen carrier. Hence,
these results also support the �ndings in section 4.2.2 since a similar situation arise
in those experiments. A higher percentage of the oxygen carrier which is present in
the top bed leads to a longer residence time for the volatiles to pass through the
oxygen carrier as little seems to pass the bottom bed. Although, the total oxygen
demand does not di�er as much percentage-wise it still shows a clear trend that
it is decreasing with increasing residence time. Therefore, it is clear that a higher
residence time creates bene�cial conditions for the volatiles generated by the biomass
to react.

Figure 4.6: The conversion of CO with increasing residence time.
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Figure 4.7: The total oxygen demand with increasing residence time.

4.2.4 Fuel/OC ratio

The results from increasing the fuel/OC ratio are shown in �gures 4.8 and 4.9. The
amount of fuel in each con�guration increases with increasing fuel/OC ratio. With a
higher fuel/OC ratio, the conversion of CO increases while the total oxygen demand
decreases. The conversion of CO increases signi�cantly, especially if comparing the
ratio 0.00375 with 0.01, with an amount similar to the change in conversion of CO
when increasing the residence time from using 20 to 60 g of oxygen carrier. Mean-
while, the total oxygen demand show a clear trend of decreasing with higher fuel/OC
ratio although the di�erence in percentage is relatively low similar to the case of
increasing residence time. Since the maximum fuel/OC ratio that was possible to
use was 0.01 it is not known what happens at higher ratios. As can be seen by
these results the conversion of CO and oxygen demand might increase and decrease
respectively when increasing the ratio a bit more. However, at a certain point these
results should instead start to decrease and increase respectively as there will be a
limit to the amount of fuel that the oxygen carrier can take care of. Using a high as
possible fuel/OC ratio would be of great importance in a larger scale system as it
would both increase the conversion of CO but also the amount of fuel which could
be combusted per cycle.
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Figure 4.8: The conversion of CO with increasing fuel/OC ratio.

Figure 4.9: The total oxygen demand with increasing fuel/OC ratio.

As can be noted, there are results missing at the fuel/OC ratios of 0.0075 and
0.00875. The plan was to carry out these experiments as well, however there was
both a lack of time and problems with the experimental setup which hindered con-
duction of these experiments. Although there are missing values, there is still a
clear trend which can be observed in these two graphs. It is suspected that the two
missing fuel/OC ratios would lie along the same trend if it would have been possible
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to perform them.

4.3 Residence Time using Hematite

The results of the experiments when working with hematite and an increasing resi-
dence time show a similar trend to the results of ilmenite. An increasing amount of
oxygen carrier, hence increasing the residence time, increases the conversion of CO
and decreases the total oxygen demand as can be seen in �gures 4.10 and 4.11.

Figure 4.10: The conversion of CO for hematite with increasing residence time.

33



4. Results and Discussion

Figure 4.11: The total oxygen demand for hematite with increasing residence time.

Compared to ilmenite, hematite shows signi�cantly better results for both the con-
version of CO and the oxygen demand which is shown in �gures 4.12 and 4.13.
While the conversion of CO for ilmenite increases from about 15 to 38 % with in-
creasing residence time, the conversion of CO for hematite increased from around 22
up to around 60 % instead. Further, the total oxygen demand for both ilmenite and
hematite start at around 55 to 60 %, but the total oxygen demand for hematite de-
creases more signi�cantly with higher amounts of oxygen carrier and reaches around
35 % while the same amount of ilmenite only reaches 50 %. Notably, the di�erence
in percentages from the lowest to highest for both conversion of CO and the total
oxygen demand is signi�cantly bigger for hematite. Hence, hematite seem to act as
a signi�cantly better oxygen carrier when it comes to these two measurements of
results.
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Figure 4.12: The conversion of CO for both ilmenite and hematite with increasing
residence time.

Figure 4.13: The total oxygen demand for both ilmenite and hematite with in-
creasing residence time.

4.4 Other Setups and Methods used

The results from the other setups used through this thesis will be presented including
the metallic reactor and TPR setup described in section 3.4.
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4.4.1 Metallic reactor

Unfortunately no results were able to be gained from using the setup with the larger
metallic reactor. As described in section 3.4.1, the cement holding the bed in place
broke multiple time. Also, the bed which was used in the beginning had a too low
melting point, these were the two main reasons for why no results could be obtained
using this setup. It was at one point possible to calcinate the oxygen carrier in this
setup but particles from cement which broke mixed in with the calcinated oxygen
carrier. This led to that the oxygen carrier was discarded. No activation or other
experiments were carried out in this reactor, which also mean that no data logging
by analyzers were carried out. Hence, there are no quantitative results which can
be shown.

4.4.2 Temperature programmed reduction

To analyze the increased residence time between the ilmenite and CO a small vol-
ume of CO was injected to the TPR. A problem which arose was that the thermal
conductivity analyzer used could not detect the di�erence between CO and CO2 in
the outlet gas. In the generated data from the experiments there was just one peak
which corresponds to both CO and CO2. Meaning that the conversion of CO could
not be calculated. The results from these experiments could therefore not be used.

Further, the plan of changing the analyzer could unfortunately not be carried out be-
cause of software problems. Another way to solve this problem was through trials of
oxidizing the oxygen carrier by injecting pulses of air. Since it would then be known
how much of the oxygen which is oxidizing the oxygen carrier. With those results,
the corresponding amount of CO or CO2 could be calculated. The result from this
method however was not considered to be reliable enough for further studies due to
big variations in the generated data.
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The aim of this thesis had multiple objectives focusing on the usage of biomass in a
CLC system and how the large amount of volatiles could be handled. Furthermore,
it also included studies on how the experimental setup should be used for the most
optimal results.

Firstly, the particle size together with the purge gas �ow rate was qualitatively
studied. In these particular experiments a particle size of 1700-2000µm was found
the most optimal in combination with a purge gas �ow of about 0.9 L/min. Notice
however that this is particular for the system used in this thesis and may not be
applicable for other experimental setups.

Secondly, using both the bottom and top bed or only the top bed was studied.
It was shown that using only the top bed led to signi�cantly higher conversion of
CO and a lower oxygen demand due to the high amount of volatiles quickly released
from the biomass. As more oxygen carrier is present in the top bed, it increases the
residence time of the volatiles in contact with the oxygen carrier, which was further
studied.

Thirdly, it was shown with con�dence that the higher the residence time, the higher
the conversion of CO and the lower the oxygen demand. Hence, it is important to
keep the residence time in a CLC system as long as possible to create bene�cial
conditions for the volatiles to react, especially when using biomass or another fuel
with a high fraction of volatiles.

Fourthly, when the ratio between the amount of fuel and the amount of oxygen
carrier increases the results improve as well. That is, the conversion of CO increases
and the oxygen demand decreases. This trend cannot continue for long and hence
further studies to optimize this parameter should be carried out which will be de-
scribed in section 5.1. A high as possible fuel/OC ratio would be bene�cial in a
process due to the higher e�ciency which it creates.

Finally, hematite was used to study both its trends with regards to residence time
as well as being able to compare it to ilmenite. Hematite showed the same trend
compared to ilmenite but had signi�cantly better values. A much higher conversion
of CO as well as a lower oxygen demand.
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5.1 Future Work

There is a lot of research which can be carried out within this �eld in the future.
Some of the potential research subjects which were identi�ed through analysis of
the results will be presented in this section.

As the particle size was only studied through qualitative measures it would be of
interest to study if the di�erence in particle size would in�uence the results quan-
titatively as well. A smaller particle size could lead to faster generation of volatiles
from the fuel for example which could in�uence the results.

Since the results improve with an increased residence time it would be of inter-
est to conduct a more speci�c study within this area. There are multiple other
ways to increase residence time apart from increasing the amount of fuel which was
used in this thesis. For example, decreasing the �ow rate through the system and
using di�erent reactor designs in�uences the residence time. Further, even longer
residence times should be studied to analyze when the residence time becomes un-
necessarily long. To create an e�cient system, there must be a balance between how
long residence time is used against for example cost of the system. This is especially
important for commercial processes which it should be studied for as well. This type
of study could most likely be performed through the used of a TPR as described in
section 3.4.2. Hence, it is recommended to conduct further research into using this
method.

Finally, as the results in this thesis have improved with increasing fuel/OC ratio, it
is of interest to conduct further research within this area. In the setup used in this
thesis there was a limit of how high fuel/OC ratios that were possible, therefore it
would be of interest to increase the ratio further. At some point there should be an
optimal ratio which would be bene�cial to �nd to be able to use the CLC system as
e�ciently as possible.
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