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Abstract 

One alternative proposed to reduce greenhouse gas emissions is carbon capture and storage, 

where the carbon dioxide emitted from large point sources is captured, compressed and stored 

in underground geological formations. Many of the largest point sources of carbon dioxide are 

power plants and industries fuelled by fossil fuels or biomass. There are several technologies 

for adapting the combustion process to capture carbon dioxide and chemical-looping 

combustion is one such option. It has the advantage of keeping the fuel and the combustion air 

apart, thus avoiding energy consuming and costly separation of carbon dioxide and nitrogen. 

This is achieved by transferring oxygen from the air to the fuel by a cyclic oxidation and 

reduction of a solid metal oxide. 

The oxygen-carrier material needs to meet several requirements in order to achieve an efficient 

combustion process. Manganese oxides have promising properties as oxygen-carrier material 

and these can be further improved by combining manganese with for example iron, silica and 

calcium. Chemical-looping combustion is mainly developed as a technology for fluidised-bed 

combustion, with the oxygen carrier present as bed material in the form of small particles. To 

perform well in a circulating fluidised bed, the oxygen carrier needs to be mechanically stable 

as well as have good reactivity with the fuel. 

The work presented in this thesis examines the performance of manganese combined oxides as 

oxygen carriers in chemical-looping combustion units and in a conventional circulating 

fluidised bed. The operation has been carried out in two reactor systems with gaseous fuels and 

in a large-scale biomass boiler, in which the properties of the materials have been evaluated. It 

has been shown that full conversion of the fuel can be achieved in chemical-looping 

combustion with calcium manganites as oxygen carrier. Furthermore, combined oxides of iron-

manganese-silica and manganese-silica have been examined. High fuel conversion was 

achieved with both combined oxide systems, but the mechanical stability of these materials 

was poor. It was found that the mechanical stability of combined oxides of manganese-silica 

could be improved by adding titania to the material. Interactions between a manganese ore and 

biomass ash were studied and it was found that ash components accumulated in the particles 

during operation in the biomass boiler. The reactivity of the ore decreased during operation 

which could be an effect of deactivation by the ash elements. 

Keywords: carbon capture, chemical-looping combustion, oxygen carriers, combined oxides, 

manganese oxides, manganese ores 
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1. Introduction 

The continuing increase of greenhouse gases in the atmosphere will cause climate change 

associated with an increased global temperature. [1] The changes in the climate will inevitably 

harm ecosystems as well as living conditions for humans in many parts of the world. [2] There 

is evidence that ecosystems already are affected by the increased global temperature. [3] The 

largest increase in greenhouse gas emissions to date was observed in the decade 2000-2010 

with an average increase of 2.2%/year. A quarter of the total emissions of greenhouse gases 

originates from the production of electricity and heat, a sector which is mainly fuelled by fossil 

fuels. [4] 

Renewable energy sources, like solar and wind power, are often viewed as the solution to the 

energy supply problem. However, even though the implementation of these technologies is 

developing very fast [5], it will take a long time for them to substitute fossil fuels completely. 

Carbon capture and storage (CCS) has been proposed as a bridging technology between the 

current energy production and a future renewable energy system. The CCS concept consists of 

the capture of carbon dioxide from point sources such as power plants, followed by 

compression, transportation and finally deposition at a storage site. [6] Bioenergy with carbon 

capture and storage (BECCS) could even make it possible to achieve negative greenhouse gas 

emissions, which is regarded as necessary if the climate targets are to be reached. [7, 8] The 

theoretical potential of BECCS is substantial, even though there are several practical obstacles 

such as the scale of the forestry and the accessible CCS infrastructure required. [9] However, 

for other strategies for negative emissions, such as afforestation and increased soil carbon 

storage, the main drawbacks are that the degree of carbon dioxide removal is depending on 

desired ecosystem services for e.g. food production and that the sequestration time may not be 

sufficient. [10] BECCS differs from these land-use and management changes in these aspects 

and offers a long-term and large-scale approach for achieving net negative emissions. 

All CCS technologies are associated with a cost related to capture, transport and storage of the 

carbon dioxide. If CCS and/or BECCS are implemented in full scale, a large share of the added 

cost will come from the capturing process of carbon dioxide. Several technologies for carbon 

dioxide capture have been developed and they can be classified in three categories: pre-

combustion, post-combustion and oxy-fuel combustion. In pre-combustion capture, gaseous 

fuels can be converted to carbon monoxide and hydrogen in a water-gas shift reactor. The 

carbon monoxide is then reacted with steam to form carbon dioxide and more hydrogen. A gas 

separation unit is necessary to separate the carbon dioxide from the hydrogen, which can be 

used as a carbon free fuel. Solid fuel would need to be gasified for pre-combustion capture, 

which would require an air separation unit to produce the pure oxygen needed. In post-

combustion capture the carbon dioxide is separated from the flue gases after combustion in a 

gas separation unit. In oxy-fuel combustion the fuel is burnt in oxygen and recycled flue gases. 

Thus, an air separation unit is thus needed. [6] All these technologies would require gas-gas 

separation which thermodynamically requires work input and is thus costly and very energy 

intensive. Another capture technology proposed, named chemical-looping combustion (CLC), 

avoids this separation and may therefore capture carbon dioxide at a much lower cost. [11] 
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1.1. Chemical-Looping Combustion 

The concept of chemical-looping combustion is based on the ability of certain metal oxides to 

change oxidation state depending on surrounding chemical environment and temperature. In 

this way, combustion can be carried out in two separate reactor vessels without gas mixing 

between the two. The metal oxide is oxidised by air in one vessel, the air reactor (AR), and 

reduced by the fuel in the other, the fuel reactor (FR). The fuel is thus oxidised by the oxygen 

carried to the fuel reactor by the metal oxide. A simplified combustion scheme is illustrated in 

Figure 1. 

 
Figure 1. The combustion scheme of chemical-looping combustion. 

The heat of combustion will be identical to normal combustion in air. This can be shown by 

adding up the two reaction steps shown below, where reaction 1 occurs in the air reactor and 

reaction 2 in the fuel reactor: 

𝑀𝑒𝑥𝑂𝑦−1 +
1

2
𝑂2 → 𝑀𝑒𝑥𝑂𝑦    (1) 

(2𝑛 + 𝑚)𝑀𝑒𝑥𝑂𝑦 + 𝐶𝑛𝐻2𝑚 → (2𝑛 + 𝑚)𝑀𝑒𝑥𝑂𝑦−1 + 𝑚𝐻2𝑂 + 𝑛𝐶𝑂2 (2) 

As is seen in the reactions above, the metal oxide is often not reduced fully to the metallic state, 

although this is a possibility and depends on the metal oxide used. The combustion route will 

differ depending on the type of fuel being burnt. In combustion of gaseous fuels, the fuel can 

react directly with the oxygen carrier in a gas-solid reaction. In combustion of a solid fuel, the 

volatiles will first be released in gaseous form and then react directly with the oxygen carrier. 

The remaining char needs to be gasified to react with the oxygen carrier in a gas-solid reaction.  

Char gasification with steam is rather slow compared to the other reactions in the combustion 

scheme and would therefore be the rate limiting factor for the conversion of the char. This 

could be problematic, as a long fuel residence time in the fuel reactor may be needed for 

complete burnout. 
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The choice of oxygen carrier offers a way to get around the gasification step. Some metal 

oxides are capable of releasing oxygen in gaseous form at temperatures relevant for fuel 

combustion according to: 

𝑀𝑒𝑥𝑂𝑦 → 𝑀𝑒𝑥𝑂𝑦−1 +
1

2
𝑂2    (3) 

Some, or all, char can then react directly with the gaseous oxygen released and will not need 

to be gasified. This combustion scheme is referred to as chemical-looping with oxygen 

uncoupling (CLOU). [12] Chemical-looping with oxygen uncoupling can also be advantageous 

in combustion of gaseous fuels as it would enable a gas-gas reaction between oxygen and fuel, 

instead of a gas-solid reaction which requires a good contact. This implies that CLOU can 

facilitate complete combustion even though the mixing between oxygen carrier and fuel is not 

sufficient. 

A common way to realise chemical-looping combustion is by using two interconnected 

fluidised bed reactors. The oxygen carrier then has the form of small particles of a suitable size 

range. By using this method, knowledge and experience of combustion in circulating fluidised 

bed (CFB) boilers can be used. The air reactor is a circulating fluidised bed with high gas 

velocities, which is needed to transport the particles from the bed to the fuel reactor. The fuel 

reactor can either be a bubbling bed with lower gas velocities or a circulating fluidised bed 

with an internal circulation loop. The latter is usually regarded to be more advantageous for 

solid fuels, due to mixing issues and possibilities for scale-up. Most chemical-looping pilot 

units in operation today uses interconnected fluidised beds as combustion method. [13] 

Chemical-looping combustion was first introduced as a technology to produce carbon dioxide 

from coal in a patent application in 1954. [14] Later, the idea of using the process to capture 

carbon dioxide from combustion of fossil fuels was formed. [15] The proof of concept came in 

2004, when Lyngfelt and Thunman [16] constructed and operated a 10 kWth chemical-looping 

combustor for more than 100 h. The development has progressed very fast since the first 

studies. Today more than 700 oxygen-carrier materials have been examined worldwide and the 

total continuous operation now amounts to more than 9 000 h in chemical-looping units ranging 

from 300 Wth to 3 MWth. [17-23] 

1.2. Oxygen Carriers 

The development of oxygen carrier materials is an important part of the progress of chemical-

looping combustion. There are many properties which are desired for oxygen carriers. Suitable 

chemical properties of the metal oxide is usually the first criterion to be fulfilled if an oxygen 

carrier should be regarded as promising. The material should be oxidised and reduced at 

sufficient rate at relevant temperatures and not break down due to chemical stress. The mass 

fraction of oxygen that the oxygen carrier can transfer per cycle, i.e. the oxygen transfer 

capacity, is another important parameter. The material should not be deactivated by ash or other 

fuel components such as sulphur. 
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If the oxygen carrier will be used in chemical-looping with oxygen uncoupling, the rate of 

oxygen release will be a central parameter. For this to be achieved, it is necessary that the 

equilibrium partial pressure of oxygen is high enough for creating a sufficient driving force for 

the oxygen transfer. 

If the combustion is carried out in fluidised beds, the mechanical integrity is another decisive 

property as the gas velocities in such reactors are high and the material will follow the gas flow 

through cyclones. When chemical-looping is scaled up to commercial scale, large quantities of 

the oxygen carrier material will need to be handled. Therefore, it is preferable if the material is 

rather cheap and neither toxic nor environmentally harmful. If a solid fuel is to be used, it is 

also questionable how high separation efficiency of ash and oxygen carrier that can be 

achieved. These issues have more recently directed the research to natural materials such as 

ores. [24] 

As described above, there are many desired properties for oxygen carriers. Some of these 

depend on the chemical composition of the oxygen carrier material and some depend on the 

physical structure of the particles. The actual process performance, however, will not only 

depend on the oxygen carrier, but on the process design as well. These different aspects of 

oxygen carrier design and performance are summarised in Figure 2. The connection between 

oxygen carrier design and process performance is not straight forward and will require great 

effort to be optimised. 

The main focus has historically been on the chemical properties of the material, but there are a 

large number of physical properties that will decide the performance as well. The physical 

properties of the material will not only affect the physical performance of the particles, but the 

chemical properties as well. For example, very dense particles with a low internal surface area 

will in most cases give slower reactions with surrounding gases due to the lower internal 

diffusion. The lower reactivity for denser particles has been observed in studies where the 

manufacturing parameters have been varied. [25] 

There will most probably be a trade-off between all the desired oxygen carrier performance 

criteria. There are several different proposed designs of chemical-looping reactors and the 

requirement on the oxygen carrier will differ between these. Depending on residence times, 

gas velocities and temperature range, varying oxygen carrier properties will be most important. 

The possibility to recycle the oxygen carrier will be determined by the fuel depending on ash 

interactions and the possibility to separate oxygen carrier from the ashes. 
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Figure 2. Overview of aspects affecting oxygen carrier performance. 

The oxides of nickel, copper, iron, manganese and cobalt were found feasible for chemical-

looping conditions. [26] For quite some time, nickel was the most used oxygen carrier and 

regarded as state of the art due to its excellent reactivity. [27, 28] However, nickel is both 

expensive and toxic and has a thermodynamic constraint of 99-99.5% fuel conversion to carbon 

dioxide and water, depending on temperature and pressure. The thermodynamic constraint is 

even worse for cobalt, where the maximum fuel conversion is 93% at relevant combustion 

temperatures. [29] Therefore there are very few studies with cobalt oxygen carriers. 

The interest in copper oxide oxygen carriers is high due to the oxygen release properties of this 

material and it has been used in larger continuous reactor units. [30, 31] Copper is reactive, can 

release high amounts of gaseous oxygen and gives good conversion of the fuel, but has the 
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disadvantage of being rather expensive. The mechanical stability of copper based oxygen-

carrier materials is also uncertain. [32-34] 

Iron oxides have frequently been studied as oxygen carriers for chemical-looping combustion. 

The reactivity is usually acceptable and the mechanical stability is regarded as good. Iron ores 

often have a high concentration of iron and can therefore be utilised as oxygen carrier directly. 

The most examined natural material, ilmenite, is an iron and titanium ore. A recent review 

article has summarised the research on iron oxygen carriers. [35] 

Nickel and copper oxides have been regarded as the most advantageous choices for oxygen 

carriers due to their good reactivity. It may, however, be that the disadvantages mentioned 

above will be more decisive and that a non-toxic and cheaper material will be needed. 

Manganese oxides satisfy the requirements of not being toxic and being significantly cheaper 

than nickel and copper. They furthermore have oxygen release properties at combustion 

temperatures. 

The equilibrium oxygen partial pressure is shown as a function of temperature for manganese, 

cobalt and copper oxide in Figure 3. The equilibrium partial pressure of oxygen will not only 

affect the oxygen release in the fuel reactor, but also the driving force for the oxidation in the 

air reactor. The equilibrium partial pressure needs to be low enough for oxidation to occur at a 

reasonable oxygen concentration. A high partial pressure of oxygen out from the air reactor 

means operating with a high air-to-fuel ratio which gives a high heat loss associated with the 

flue gases. Normally employed air-to-fuel ratios correspond to an outlet concentration of 

oxygen at around 5 vol.%. Consequently, the equilibrium partial pressure of oxygen needs to 

be below this level at the air reactor temperature for oxidation to occur throughout the entire 

reactor volume. 

 

 

 

 

𝟔 𝑴𝒏𝟐𝑶𝟑 ↔ 𝟒 𝑴𝒏𝟑𝑶𝟒 + 𝑶𝟐 

 

𝟐 𝑪𝒐𝟑𝑶𝟒 ↔ 𝟔 𝑪𝒐𝑶 + 𝑶𝟐 

 

𝟒 𝑪𝒖𝑶 ↔ 𝟐 𝑪𝒖𝟐𝑶 + 𝑶𝟐 

 

Figure 3. Equilibrium oxygen partial pressure of manganese, cobalt and copper oxide and the 

corresponding phase transition reactions (figure courtesy of Dr. M. Rydén). 
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1.2.1. Manganese Oxygen Carriers 

Manganese oxides can release gaseous oxygen, but the relevant equilibrium concentrations 

discussed above occur below 800°C, see Figure 3, and the reoxidation of the material is slow 

at this low temperature. [12] However, the thermodynamic properties of manganese oxides can 

be altered by combining the manganese with other metals such as iron, silicon, calcium, nickel, 

magnesium and copper. [36] Combined oxides of manganese-iron, manganese-nickel and 

manganese-silica were investigated in a batch fluidised reactor. The combined manganese-iron 

oxygen carrier was shown to have oxygen release properties and high reactivity with methane. 

[37] Later research has focused more on combined oxides of iron and manganese, silicon and 

manganese and combined oxides of iron, manganese and silicon. These systems have the ability 

to release oxygen and have all shown promising results. [38-44] 

The combined oxides of manganese and calcium can form perovskite structures which are very 

interesting for chemical-looping with oxygen uncoupling. The unit cell of the single perovskite 

structure has the general formula ABO3-δ in which A represents a larger cation and B a smaller 

cation. There can be more than one type of A atom or B atom if the radii of the atoms are very 

similar. The δ in the formula expresses the degree of oxygen deficiency in the structure and is 

zero for an ideal perovskite. The oxygen content of the structure can be increased or reduced 

by altering factors in the surroundings such as temperature, pressure or oxygen partial pressure. 

The surroundings in a chemical-looping air reactor are oxidising, while they are reducing in 

the fuel reactor. Therefore, δar will be smaller and δfr will be larger. The amount of oxygen 

available for oxidation of fuel via oxygen release can be written as (δfr - δar): 

CaMnO3-δar ↔ CaMnO3-δfr + ½(δfr-δar) O2   (4) 

The equilibrium oxygen content of calcium manganite perovskite has previously been 

examined outside the chemical-looping research area. [45] Perovskite oxygen carriers based 

on calcium manganite have been examined in a batch reactor [46, 47] as well as in continuous 

operation [48-51] with promising results. The operation with solid fuels has raised the question 

of whether calcium manganites will react with sulphur and loose its oxygen carrying ability. A 

study in a batch fluidised bed showed that the reactivity of calcium manganites decreased in 

the presence of sulphur dioxide, but that the deactivation could be reversed by reduction in the 

absence of sulphur. [52] Continuous operation in a 500 Wth unit confirmed that calcium 

manganites are sensitive to sulphur and that the performance of the oxygen carrier was greatly 

affected. [53] On the other hand, continuous operation with a sulphurous solid fuel verified the 

reversibility of the sulphur deactivation. [54] 

The uncertainty of the suitability of calcium manganites for operation with sulphur containing 

fuels has directed the research to naturally occurring manganese ores. Many of these have a 

high content of manganese and contain fractions of iron and silicon, making them rather similar 

to the combined manganese oxides discussed above. [55] Manganese ores have been examined 

during continuous operation with both gaseous [56, 57] and solid fuels [58-60] with promising 

results. 
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1.2.2. Ash Interactions 

Biomass ashes are known to be highly reactive and if CLC is to be used for BECCS, the 

interactions between the oxygen carriers and the ash components need to be examined. The 

characterisation of the ash components is important for the operation of fluidised bed boilers, 

since ash can cause agglomeration of the bed material and thus establishes the maximum 

possible operation temperature. The agglomeration is usually caused by the reaction of alkali 

with silica forming alkali silicates, which have low melting temperatures and tend to form 

agglomerates. Potassium is most often the main alkali source in biomass ashes. Potassium may 

also react with chlorine, forming gaseous potassium chloride. This compound can cause 

problems such as corrosion and fouling in the convection path of the boiler. The formation of 

alkali chloride compounds also promotes the reaction of alkali with silicates since the mobility 

of alkali increases when present in gaseous form. [61, 62] The alkali balance in the boiler, and 

thus its effects on the operation, is affected by the interaction between these species and the 

bed material. Using bed materials other than the commonly used silica sand may reduce the 

tendency for agglomeration formation. [63] Consequently, it could increase the problems 

related to deposition of alkali on down-stream heat-transfer surfaces as more alkali will leave 

the bed in gaseous form. 

When an oxygen carrier is used as bed material to transport oxygen within the bed or between 

multiple beds, ash interaction could cause additional effects apart from bed agglomeration. Ash 

components attaching to the surface of the particles may either decrease or increase the 

oxidation and reduction rates of the oxygen carrier. The reaction rate can be reduced if gas 

diffusion is hindered by an ash layer on the surface of particles. It is also possible that attaching 

ash components could have a catalysing effect on the reaction or even have oxygen carrier 

properties. Ash components reacting with the oxygen carrier and altering the composition could 

either increase or decrease the oxygen transport capacity depending on the compounds formed. 

There are few publications on interactions between ash and oxygen carriers, and most concern 

coal ash components. [64-68] However, there are some studies on interactions between 

biomass ash and iron based oxygen carriers. [69, 70] 

1.3. Oxygen-Carrier Aided Combustion 

The research on oxygen carriers has gained additional attention during the last years due to 

their ability to improve conventional combustion in fluidised bed boilers. Several advantages 

can be obtained by replacing the inert bed material with an oxygen carrier. The technology is 

referred to as Oxygen-Carrier Aided Combustion (OCAC). [71] 

Fuel mixing is a key aspect affecting the combustion performance in fluidised-bed boilers. 

Insufficient mixing between fuel and oxygen during combustion results in emissions of carbon 

monoxide and unburnt hydrocarbons in the flue gases. To minimise these emissions, 

commercial combustion plants are operated with an excess of air added to the furnace. This 

implies that the physical size of the combustion plants must be oversized to meet a specified 

fuel load. The air excess also increases the heat loss associated with the flue gas and thus 

decreases the overall efficiency of the plant. Common measures to avoid poor mixing are 
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optimisation of the air staging and of the fuel feeding. These issues could be addressed by using 

an oxygen carrier as bed material.  

When the inert bed material commonly used in fluidised bed combustion is replaced with an 

oxygen carrier, the oxidation and reduction of the bed material (reaction 1 and 2) will create 

additional reaction routes for combustion. The fuel can react directly with the oxygen provided 

in the air, with the oxygen released by the oxygen carrier or with the oxygen carrier itself. The 

bed material will be oxidised in parts of the combustion chamber where oxygen is available in 

excess, while it will be reduced in parts where fuel is available in excess. Thus, the availability 

of a given amount of oxygen can be more evenly distributed throughout the combustion 

chamber. The active bed material will also work as an oxygen buffer preventing spikes in 

emissions during uneven fuel feeding and would facilitate conversion of relatively stable fuel 

components such as methane by direct solid-gas reactions inside the bed, where ignition 

otherwise may be hampered by thermal inertia. [72] 

A first study concerning OCAC conducted in the 12 MWth circulating fluidised bed research 

boiler at Chalmers University showed very promising results. [71] By substituting 40 wt.% of 

the inert sand bed with the oxygen carrying mineral ilmenite (consisting of iron and titanium 

oxides), an 80% decrease of carbon monoxide in the flue gases could be achieved. A 

manganese ore was later operated in the same boiler showing that issues related to the alkali 

balance of the boiler must be taken into account in the choice of bed material. [72] Recently, 

ilmenite has been successfully operated for more than 12,000 h as active bed material in full 

industrial scale. [73] Ilmenite used for OCAC has been shown to absorb potassium, which 

binds to titanium in the core of the particles. [70] 

1.4. Aim and Scope of Thesis 

Although there had been some previous efforts on finding suitable combined manganese oxides 

for utilisation in chemical-looping, most work had been conducted in small laboratory units 

with a very limited number of red-ox cycles. This work is the first major effort to investigate 

combined manganese oxides in continuous operation. The objective of this research was to 

evaluate the performance of combined manganese oxides as oxygen carriers in continuous 

chemical-looping operation. 

The study was carried out in research pilots of various scale and thus in more realistic 

conditions than previous studies. The oxygen release, reactivity with fuel and mechanical 

stability were the key performance indicators assessed. The long-term aim is to find viable 

oxygen carrier materials for large-scale operation. The oxygen carrier materials studied had 

been selected based on evaluation in batch reactors and were regarded as promising. 

The papers included in the thesis focus on different aspects on oxygen carrier performance. In 

paper I and II, calcium manganite oxygen carriers have been operated for several days in a  

10 kWth chemical-looping reactor. The focus in these papers were on reaching very high fuel 

conversion and establishing a mass balance to estimate particle lifetime. In paper III - V, 

various combined manganese oxides were operated in a 300 Wth chemical-looping reactor. The 

focus was on examining how the oxygen carrier properties were affected by varying chemical 
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composition of the combined oxides. In paper VI, a manganese ore was operated in a 12 MWth 

biomass CFB boiler and the focus was on studying how the biomass ash interacted with the ore 

as well as on examining how the particles were affected by long-term operation in a large-scale 

boiler.
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2. Experimental 

The papers included in this thesis are based on experimental work carried out in three different 

scales: units designed for thermal powers of 300 Wth, 10 kWth and 12 MWth. The experimental 

procedures, the units used and the oxygen carriers examined are described in this chapter. 

2.1. Oxygen Carriers 

The oxygen-carrier materials used were all manufactured particles, except the manganese ore 

examined in paper VI. The synthesised oxygen-carrier materials were produced by spray drying 

by VITO in Belgium. Spray drying is a commercial particle production method which is used 

for multi-ton production of a wide variety of materials. The oxygen carrier particles were 

produced as follows. The raw materials, most often metal oxides, were mixed with water and 

some organic additives and then sprayed in fine droplets into a hot chamber whereby the liquid 

evaporated and the raw materials formed small particles. The material was then sintered at a 

high temperature with a dwell time of four hours at the top temperature. During this time, the 

raw materials reacted to form the combined oxide structure and the material hardened. Usually 

a higher sintering temperature and a longer sintering time will give particles with higher 

mechanical stability, but with lower reactivity. The oxygen-carrier materials, the sintering 

temperature and particle properties are summarised in Table 1. 

Table 1. Oxygen carrier materials, sintering temperatures and particle properties. 

 Name Sintering 

temperature 

(°C) 

Raw materials 

(wt.%) 

Mean 

size 

(µm) 

Bulk 

density 

(kg/m3) 

Attrition 

index[74] 

(wt.%/h) 

Paper I CaMn0.9Mg0.1O3-δ 1300 46.8% Mn3O4 

50.5% Ca(OH)2 

2.7% MgO 

137 1920 0.6 

Paper II CaMn0.775Ti0.125Mg0.1O3-                                                                                                                                                                                                                                                                             1350 40.1% Mn3O4 

50.3% Ca(OH)2 

2.7% MgO 

6.8% TiO2 

149 1300 8.9 

Paper III 

Fe0.66Mn1.33SiO3 1100 47.3% Mn3O4 

27.9% SiO2 

24.8% Fe2O3 

153 1026 32.3 

FeMnSiO3 1100 35.3% Mn3O4 

27.8% SiO2 

36.9% Fe2O3 

147 1240 1.2 

Paper IV 

F22M44S33 1200 47.3% Mn3O4 

27.9% SiO2 

24.8% Fe2O3 

153 1030 19.3 

F22M55S22 1200 57.7% Mn3O4 

18.1% SiO2 

24.2% Fe2O3 

145 1000 16.3 

F22M66S11 1200 67.5% Mn3O4 

8.9% SiO2 

23.6% Fe2O3 

139 1470 4.6 

Paper V 

MnSi 1150 75% Mn3O4 

25% SiO2 

136 1000 17.4 

MnSiTi 1140 66.7% Mn3O4 

22.2% SiO2 

11.0% TiO2 

126 1688 0.5 
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The bulk density reported was measured as the mass poured into a known volume. The attrition 

index reported was calculated from measurements using a customised jet cup; see the article 

by Rydén et. al. for a description of the jet cup and testing methodology. [74] A high attrition 

index indicates a high production of fines, i.e. poor physical integrity. The results from these 

tests with fresh material are used here as a comparison to the experimental attrition behaviour 

in the hot unit. The oxygen carrier names reported in the table are identical with those used in 

the papers. These materials have all been examined in a laboratory batch reactor previously 

and were selected for continuous operation in larger reactor units based on their good 

characteristics. 

The development of oxygen carriers at Chalmers University of Technology has most often 

followed the seven steps shown in Figure 4. Paper I and II concern results from step 7, as these 

materials had previously been examined in the 300 Wth chemical-looping reactor with 

promising results. [49] Paper III-V concern results from step 5, and those studies involved the 

first continuous operation of these materials. 

 

Figure 4. General scheme for the development of oxygen carriers at Chalmers University of 

Technology. 

As the scale of the operation is increased, the conditions are more realistic and can give a better 

estimation of the performance of the oxygen carrier material. The gas velocities are much 

higher in the larger unit and the operation can be carried out during longer time periods, thus 

exposing the material to many more cycles between oxidising and reducing conditions. 

However, the larger scale requires much larger batches of oxygen carrier, as can be seen in 

Figure 4, and the experimental work becomes much more time consuming. 
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The manganese ore examined in paper VI was supplied by the company Sibelco Nordic AB. 

The raw ore had been calcined to avoid rapid oxygen release at heat-up in the boiler due to 

reduction of MnO2. While the calcination procedures were not disclosed, the manganese was 

present as MnIII+ and MnII+,III+ oxides in the calcined ore. The initial particle size was several 

cm. The ore was crushed, grinded, sieved and fine particles were removed in several stages by 

the research institute UVR-FIA GmbH, to receive particles suitable as bed material in a CFB 

boiler. The chemical composition, particle size and bulk density of the oxygen carrier after pre-

treatment can be seen in Table 2. Over the course of the experiments, more than 10 tons of 

manganese ore was used. 

Table 2. Properties of the manganese ore examined in paper VI. 

Elemental composition 

(wt.%) 

46.2% Mn, 5.2% Fe, 3.7% Si, 3.4% Al, 1.9% Ca, 1.0% K, 

0.3% Mg, 0.2% Ba, 0.2% Ti, 0.1% P (balance O) 

Size range after sieving 100-400 μm 

Mean particle size 200 μm 

Bulk density 2067 kg/m3 

 

2.2. Experimental Units 

The research has been carried out in two continuous chemical-looping reactor systems and in 

a biomass-fired CFB boiler. These three experimental units are described in this section. 

2.2.1. 300 Wth Chemical-Looping Reactor 

The smaller unit is a circulating fluidised bed reactor designed for a thermal power of 300 W. 

The reactor consists of three compartments: the air reactor, the fuel reactor and the downcomer, 

which is also functioning as a loop seal. The reactor is depicted to the left in Figure 5 with the 

air reactor coloured blue, the fuel reactor coloured red and the upper loop seal coloured green. 

The lower loop seal cannot be seen in the figure and is located in the bottom of the system 

between the wind box of the air reactor and the wind box of the fuel reactor. To the right in 

Figure 5 the reactor is shown from a side view with the particle separation box at the gas outlet 

included. 
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Figure 5. Schematic illustration of the smaller fluidised bed reactor: open front view to the left 

and side view including the particle separation box to the right (figure courtesy of Dr. Patrick 

Moldenhauer). 

The air reactor is divided into two parts with a lower bed section in which the cross section (40 

x 25 mm) is larger than in the riser section above the bed (25 x 25 mm). The precondition for 

achieving solids circulation is a gas velocity in the air reactor high enough to carry the particles 

up from the bed surface. When the gas with the suspended particles exits the air reactor it enters 

a separation box where the gas velocity decreases due to an increased cross-sectional area. This 

low-velocity section results in a separation of gas and particles, and the latter will fall down 

towards the air reactor. However, a certain fraction of particles enters the downcomer between 

the air and fuel reactor. The downcomer works as a J-type loop seal (25 x 25 mm) with an 

overflow exit into the fuel reactor. After fluidising in the fuel reactor, the particles eventually 

return to the air reactor through the lower loop seal. 

The air reactor is fluidised with air and the fuel reactor is fluidised with natural gas or syngas 

during fuel operation and with carbon dioxide during oxygen release experiments. Porous 

quartz plates are used as gas distributors in both the air reactor and the fuel reactor. The 

downcomer and the lower loop seal are fluidised with argon which is added through small holes 

in the pipes which can be seen in Figure 5. Since the reactor system has a high area to volume 

ratio, much heat will be lost. Therefore, the reactor system is enclosed in an electric furnace to 

keep the desired temperature. 

The temperature is measured with one thermocouple in the air reactor and one in the fuel 

reactor. The thermocouples are located approximately 1 cm above the distributer plate in each 
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reactor. The pressure drops in the reactor system are measured by pressure transducers in the 

air reactor, fuel reactor and in the downcomer. The pressure drops are measured to be able to 

assess the fluidisation behaviour and the solids inventory in the different parts of the reactor 

system. 

The outlet of the fuel reactor is connected to a water seal with a 1-2 cm column of water giving 

a slightly higher pressure in the fuel reactor than in the air reactor. This is done to minimise the 

risk for air leakage into the fuel reactor from the air reactor. A part of each outlet stream is led 

through a particle filter and a gas conditioning unit before entering the gas analysers.  

2.2.2. 10 kWth Chemical-Looping Reactor 

The larger unit is a 10 kWth chemical-looping pilot plant for gaseous fuels. The reactor system 

consists of two interconnected fluidised beds: the air reactor and the fuel reactor. A schematic 

picture of the experimental setup can be seen in Figure 6. 

 

Figure 6. A schematic picture of the larger experimental setup. 

The air reactor has an inner diameter of 150 mm. A riser is connected to the air reactor and it 

is the gas velocity through the air reactor and the riser which creates the driving force for the 

circulation. The separation of gas and particles is managed by a cyclone after the riser. The 

particles are brought from the cyclone to the fuel reactor through a downcomer and a loop seal. 
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The latter assures that no gas will leak into or out of the fuel reactor. The fuel reactor consists 

of a bubbling fluidised bed which is fluidised by the gaseous fuel. The lower part of the fuel 

reactor has an inner diameter of 150 mm and the higher part has an inner diameter of 260 mm. 

Particles leave the fuel reactor via an overflow exit, and fall down into a second loop seal 

leading back into the air reactor. There is a vertical plate attached inside the fuel reactor which 

prevents particles entering the bed to by-pass the bed to the overflow exit. Thus, the solids flow 

will first go downwards on one side of this plate, turn and go upwards on the other side. The 

height from the bottom of the air reactor to the top of the riser is 2230 mm. 

The air reactor is fluidised by air preheated to 1000°C which is added through nozzles in the 

bottom plate and both loop seals are fluidised by nitrogen added through porous quartz plates. 

The nitrogen used to fluidise the loop seals escapes through both the air reactor and the fuel 

reactor and thus dilutes both exhaust gas streams. To avoid the nitrogen dilution, the particle 

seals can be fluidised by steam instead. This option was not utilised during these experiments. 

The stream of exhaust gas leaving the cyclone is first led through finned pipes for passive 

cooling, then a part of the stream is led to the gas conditioning system and the gas analysers, 

and the remaining gas is led through a bag filter. The exhaust gas stream from the fuel reactor 

is also led through finned pipes before a part of the stream is led to the gas conditioning system 

and the gas analysers, and the remaining gas passes a water seal, where the steam condensate 

is collected and elutriated particles are captured. 

The temperature is measured with thermocouples at eight points in the reactor system, three in 

the air reactor, one in the riser, one in the cyclone, one in the higher loop seal and two in the 

fuel reactor. Pressure drops in the reactor systems are measured by 20 pressure transducers. 

The pressure drops are measured to be able to assess the fluidisation behaviour and the particle 

inventory in different parts of the reactor system.  

A supervision system is used to be able to operate the system during nights. If the temperature 

or gas concentrations are not kept within certain accepted intervals, the supervision system will 

shut off the fuel flow to the fuel reactor and replace it with nitrogen. 

One important difference between the 10 kWth reactor and the 300 Wth reactor is the fluidisation 

velocities. In the 10 kWth unit, the particles are exposed to velocities around 3 m/s in the riser 

and much higher velocities in the cyclone and around the nozzles of the bottom plate in the air 

reactor. These are velocities more similar to those found in commercial circulating fluidised 

bed boilers. The velocities in the 300 Wth unit are considerably smaller, in the order of 0.7 m/s 

and there are no cyclones or nozzles creating harsh conditions for the particles. Another 

advantage with using the larger unit is that the overall mass balance of the particles and the 

attrition behaviour evaluation are more reliable. However, considerably more particles are 

needed to operate the 10 kWth unit, around 10-20 kg, and thus experiments are only possible 

for materials of which large amounts of particles are available. 
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2.2.3. 12 MWth Biomass Boiler 

The operation with manganese ore as bed material was carried out in a CFB boiler located at 

Chalmers University of Technology. The boiler was initially designed for using coal as fuel 

with a maximum load of 12 MWth. Presently, the boiler is fuelled with wood chips and the 

maximum load is around 8 MWth, but is most often operated at the slightly lower load of 

5-6 MWth. The boiler is used to produce hot water for district heating during the cold season. 

The boiler is integrated with a gasifier in form of a secondary, bubbling bed. It can be included 

in the particle circulation by fluidising the loop seals connected to it. The gasifier is fuelled 

with wood pellets. Fuel samples were collected each day of operation and a mix from the entire 

week was sent to SP Technical Research Institute of Sweden for total and ash analysis; one 

wood chip sample and one wood pellet sample. A schematic picture of the boiler system is 

shown in Figure 7. 

 

Figure 7. Schematic picture of the boiler system. Particle extraction points are marked with red 

dots. 

It should be noted that this operation was carried out as conventional combustion and not 

chemical-looping combustion. The interconnected gasifier was in operation during several 

days under the experimental campaign, exposing the bed material to more reducing conditions 

than in the boiler. In this way the gasifier acted similar to a fuel reactor and the boiler acted 

similar to an air reactor, even though combustion occurred there as well. This campaign 

provided a unique opportunity to examine manganese oxygen-carrier particles which had been 

http://www.sciencedirect.com/science/article/pii/S0016236113004857#gr2
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subjected to long-term operation in a circulating fluidised bed at high temperature and with 

combustion reactions. So even though no complete chemical-looping operation was conducted, 

the conditions could be regarded as highly relevant for evaluation of oxygen carrier 

performance. 

Bed samples were extracted during operation using a cooled collection probe at three locations: 

in the bottom bed in the boiler and in the loops seals before (seal 1) and after (seal 2) the 

gasifier. These collection points are marked with red dots in Figure 7. Bottom bed samples 

were taken each day and samples from the loop seals were taken each day the gasifier was in 

operation. The boiler was operated with only manganese ore as bed material for a little more 

than a week without regeneration of the bed. Four of the bed samples from this period were 

chosen for analysis to study how the operation affected the particles. 

Fly ash samples were also taken each day, both from the secondary cyclone and from the textile 

filter, see Figure 7. The boiler was operated at around 850-870°C, except for a short period 

when the temperature was decreased to 800°C. The air-to-fuel ratio was varied between 

1.07-1.17 during the experiments to study the oxygen-carrying ability of the bed material. The 

operation of the boiler and the combustion performance achieved are further described by 

Rydén et. al. [72] The operational performance of the gasifier has been reported by Berdugo 

Vilches et. al. [75] 

2.3. Analysis Methods 

The oxygen carriers examined in paper III-V were operated in the 300 Wth unit during 

fluidisation in inert atmosphere as well as during operation with fuel, both syngas (50% CO 

and 50% H2) and natural gas or pure methane. The reactivity with the syngas components, 

hydrogen and carbon monoxide, is important to evaluate, as these are the main products from 

steam gasification of char and are also present as significant fractions in the volatile part of 

solid fuels. The oxygen release behaviour of the material can be studied during fluidisation in 

inert atmosphere. Temperature, air flow and fuel flow have been varied during the experiments 

to evaluate their effect on the performance of the oxygen carriers. All experiments have been 

conducted during continuous operation for several hours. 

The calcium manganites examined in paper I and II were operated in the 10 kWth unit. In this 

case, the oxygen release was studied during heat up when the fuel reactor was fluidised with 

nitrogen. The fuel operation was then conducted with natural gas as fuel. The fuel and air flows 

were varied to change the power load and the circulation rate. In this unit, it was also possible 

to follow the attrition rate of the oxygen carrier originating from the high gas velocities in the 

reactor unit. This was done by weighing the bag filters each day of operation and sieving a 

sample of the particles found. 

The 300 Wth and the 10 kWth reactor units were connected to identical gas conditioning systems 

and gas analysers. The gas analysers measured the concentration of carbon dioxide, carbon 

monoxide, methane and oxygen from the fuel reactor and the concentrations of oxygen and 

carbon dioxide from the air reactor. Methane, carbon monoxide and carbon dioxide were 
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measured with IR-sensors while oxygen was measured with a paramagnetic sensor. Gas 

concentrations, temperatures and pressure drops were logged every ten seconds. 

The manganese ore operated in the CFB boiler was thoroughly analysed after operation to study 

the effect of the biomass ash on the oxygen carrier. Each extracted bed sample consisted of 

300-900 g of particles and a sample divider was used to obtain representative amounts for each 

analysis. The particle size distribution was determined by sieving a sample of approximately 

50 g. The attrition resistance was measured for particles in the size range of 125-180 μm in a 

customised jet-cup rig. [74] The bed and fly ash samples were sent to ALS Scandinavia for 

elemental composition analysis. The physical shape of the particles was examined using 

scanning electron microscopy (SEM), which was coupled to an energy dispersive X-ray 

spectroscopy (EDX) used to study the distribution of the elements within the particles. The 

samples were mounted in epoxy resin and polished to get a through-cut of the particles for the 

SEM/EDX analysis. 

The reactivity of the oxygen carriers in paper V and VI were examined in a batch fluidised bed 

reactor made of quartz glass. The experimental setup has been thoroughly described in paper 

V and is shown in Figure 8. 

 

Figure 8. Experimental setup for batch reactivity experiments. TI indicates the two temperature 

measurements and PDI indicates the measurement of the pressure drop over the bed. 

To determine the conversion of methane and syngas, 15 g of particles were used. For the batch 

experiments, the oxygen carriers were exposed alternatingly to oxidising (5 vol.% O2 in N2) 

and reducing conditions. The sequence of a reduction period followed by an oxidation period 

is referred to as one cycle. To ensure stable redox behaviour, at least two cycles were 

performed. As mixing of fuel and added gaseous oxygen would enable conventional 

combustion, the reactor was purged with nitrogen for 60 s in-between oxidation and reduction. 

The gas flows and exposure times are summarised in Table 3. The data was logged every two 

seconds during experiments and included gas concentrations measured on a dry basis, 

temperatures and pressure drops. 

5% O2 in N2

N2

CH4 / Syngas

Ventilation

TI

TI

PDI

Gas
analyzer

Ventilation

H2O
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Table 3. Exposure times and gas flows used in batch fluidised-bed experiments. 

 Exposure time [s] Gas flow [ml/min] 

N2 360 600 

5 vol.% O2 in N2 until oxidation is complete 900 

Syngas 80 450 

CH4 20 450 

Charcoal + N2 until no more oxygen is released 600 

 

2.4. Data Analysis 

From the gas concentration measurements, the CO2 yield was calculated to evaluate the 

combustion performance. The CO2 yield is defined as the amount of carbon dioxide formed 

divided by the total amount of carbon species in the outlet flow according to: 

𝛾𝐶𝑂2
=

𝑥𝐶𝑂2

𝑥𝐶𝑂2+𝑥𝐶𝑂+𝑥𝐶𝐻4

     (5) 

During the experiments in the smaller reactor unit, the outlet from the fuel reactor was also 

analysed with a gas chromatograph which measures hydrogen and nitrogen, as well as the 

previously mentioned gases. The hydrogen measurements give additional information of the 

fuel conversion and are especially interesting for the conversion of syngas. The nitrogen 

measurements are used to measure the amount of air leakage from the air reactor to the fuel 

reactor. 

The circulation rate in the 10 kWth unit has been assessed to evaluate the operating conditions 

in the system. The following expression, previously used by Linderholm et. al. [76] for this 

unit, has been used to calculate the net solid flux: 

𝐺𝑠 = 𝜌𝑒𝑥𝑖𝑡(𝑢 − 𝑢𝑡) = −
1

𝑔

𝑑𝑝

𝑑ℎ
(𝑢 − 𝑢𝑡)    (6) 

The net solids flux calculated by this expression overestimates the actual circulation, but it is 

still a useful measure for comparing particle circulations. The net solid flux multiplied with the 

cross-sectional area of the riser is referred to as circulation index (CI) and is expressed in 

kg/min. 

The gas concentration measurements from the batch reactor had to be evaluated differently as 

the operation is divided into separate cycles. The mass-based oxygen carrier conversion  

enables a comparison of oxygen carriers containing different amounts of oxygen. It is 

calculated as the ratio of the current mass of the oxygen carrier and the mass of the oxygen 

carrier in its fully oxidised form according to equation (7). 

𝜔 =
𝑚

𝑚𝑜𝑥
 

(7) 
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The oxygen carrier conversion as a function of time is calculated according to equation (8) for 

syngas conversion and according to equation (9) for methane conversion. 

𝜔𝑡 = 𝜔𝑡−1 − ∫
𝑛̇ 𝑀𝑂

𝑚𝑜𝑥
(2𝑥𝐶𝑂2

+ 𝑥𝐶𝑂 − 𝑥𝐻2
)

𝑡

𝑡−1

𝑑𝑡 (8) 

𝜔𝑡 = 𝜔𝑡−1 − ∫
𝑛̇ 𝑀𝑂

𝑚𝑜𝑥
(4𝑥𝐶𝑂2

+ 3𝑥𝐶𝑂 − 𝑥𝐻2
)

𝑡

𝑡−1

𝑑𝑡 (9) 

The reported CO2 yields are averages calculated for the periods when 1 >  > 0.99, also in the 

cases when  continued to decrease below 0.99. As the hydrogen concentration in the outlet 

stream was not measured, it was calculated with the assumption that the water shift reaction 

was at equilibrium. 
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3. Results and Discussion 

In this section, some of the results from the included papers are presented. The results are 

chosen to highlight the main findings in relation to the objectives presented in section 1.4. For 

detailed information the reader is referred to the attached papers. 

3.1. Is it possible to reach complete fuel conversion?                        

(Paper I and II) 

When the investigations with calcium manganite were performed in this work, only a limited 

amount of experiments had been carried out in smaller batch and continuous units. Two of the 

most promising materials were chosen for further operation in a larger reactor unit. In 

Figure 9, the gas concentrations at the outlet of the fuel reactor are shown during operation 

with CaMn0.9Mg0.1O3-δ in the 10 kWth unit. The air flow and temperature were kept stable and 

the changes in gas concentrations were due to changes of the fuel flow only. The fuel power 

for the respective periods are shown in the figure. A fuel flow corresponding to 6.6 kWth 

resulted in complete fuel conversion and oxygen release in the fuel reactor, while higher fuel 

flows did not give a surplus of oxygen in the fuel reactor. When no gaseous oxygen was 

measured in the outlet stream, carbon monoxide and methane were present. The changes in 

fuel flow also changed the air-to-fuel ratio, as the air flow was kept constant, which was done 

to keep the circulation rate constant. 

 
Figure 9. The gas concentrations at the outlet of the fuel reactor as a function of time with 

Far = 200 LN/min, Ffr = 9-12 LN/min (6.6-8.8 kWth) and Tfr = 935-955ºC. Note that the 

concentration of CO2 has a separate y-axis. 

The air flow decided both the air-to-fuel ratio and the circulation rate in the unit and thus greatly 

affected the fuel conversion. The circulation rate’s effect on the fuel conversion is illustrated 

in Figure 10, which shows an operational period with constant air and fuel flows. The 
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circulation was continuously decreasing during this period as particles were elutriated to the 

filters due to insufficient gas-particle separation in the cyclone. 

 
Figure 10. CO2 yield as a function of circulation index with Far = 170 LN/min and Ffr = 9 LN/min 

at a fuel rector temperature of 930-950°C. 

The fuel conversion for the materials investigated in the 10 kWth, CaMn0.9Mg0.1O3-δ and 

CaMn0.775Ti0.125Mg0.1O3-, are shown in Figure 11. As the fuel reactor has an overflow exit, the 

volume of oxygen carrier in the reactor is fixed and the mass of particles will thus depend on 

the bulk density of the material. The comparison between the materials is therefore done based 

on fuel reactor inventory per fuel power. CaMn0.775Ti0.125Mg0.1O3- showed higher fuel 

conversion than CaMn0.9Mg0.1O3-δ did for equal operating conditions. 

 
Figure 11. CO2 yield depending on fuel reactor inventory for CaMn0.9Mg0.1O3-δ and 

CaMn0.775Ti0.125Mg0.1O3- during operation in the 10 kWth unit. Far = 160 LN/min and the fuel 

reactor temperature varied between 930-950°C. 
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The ability to convert the fuel is a main criterion for the evaluation of oxygen carrier materials. 

As shown in Figure 9, it was possible to achieve full conversion of the fuel during the operation 

with CaMn0.9Mg0.1O3-δ in the 10 kWth unit. The operation with CaMn0.775Ti0.125Mg0.1O3- in the 

same reactor unit also showed a very high conversion of the fuel, as shown in Figure 11. The 

high capability of calcium manganites to convert the fuel can partly be explained by their 

oxygen release behaviour. Calcium manganites have a perovskite structure and can thus release 

oxygen without changing their crystal structure, as explained in section 1.2.1. The perovskite 

structure has shown to be advantageous in chemical-looping combustion and high 

concentrations of released oxygen have been reported, see for example Fig. 3 in paper II. The 

importance of a high rate of circulation, i.e. constantly supplying highly oxidised oxygen-

carrier particles, was shown in Figure 10. 

Another precondition for a high fuel conversion, as in all kinds of combustion, is a good mixing 

of oxygen and fuel. In this case, the operation was carried out with gaseous fuel fluidising the 

fuel reactor and the mixing between the fuel and the released oxygen could be hindered by 

formation of large bubbles. In Figure 9, it can be seen that either oxygen or combustible gases 

were measured in the fuel reactor outlet during the entire period. Excess oxygen would not 

desirable if the exhaust carbon dioxide should be compressed for storage since oxygen can 

cause corrosion problems. The presence of oxygen would thus mean that a separation unit 

would be needed downstream, which would be highly desirable to avoid. However, periods 

with very low levels of both combustibles and oxygen were achieved. An example is the short 

time period after 140 min seen in Figure 12, where the concentrations of methane and oxygen 

are zero and the concentration of carbon monoxide is below 0.5 vol.%. 

 

Figure 12. The gas concentrations at the outlet of the fuel reactor with Far = 200 LN/min and 

Ffr = 9 LN/min (6.6 kW) during a peak in circulation index. 
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The bag filter in the outlet from the air reactor was emptied regularly and the particles were 

sieved to establish the amount of fines formed. The fines formation stabilised at a very low 

level after only a few days of operation for both calcium manganites. The measured rate of 

attrition corresponded to a particle lifetime of 12 000 h for CaMn0.9Mg0.1O3-δ and 9 000 h for 

CaMn0.775Ti0.125Mg0.1O3-. 

In general, calcium manganites have proven to work very well in operation with gaseous fuels 

and complete fuel conversion has been achieved. However, it is uncertain how this material 

would perform in long-term operation with sulphur containing fuels. Calcium manganites may 

be deactivated by the sulphur present in most solid fuels and some gaseous fuels. [52] The 

formation and decomposition of solid sulphur compounds in conditions varying between 

oxidising and reducing are difficult to predict. Operational experience with solid fuels indicates 

that sulphur compounds are formed but the results are not conclusive. [54] This would need to 

be investigated more before calcium manganites are further developed for sulphur containing 

fuels. 

3.2. What can be achieved by changing the chemical composition? 

(Paper III, IV and V) 

During the screening of non-toxic oxygen carriers, combined oxides of manganese, iron and 

silicon were identified as an interesting system. In paper III, two combined oxides of iron, 

manganese and silicon were operated in the 300 Wth unit. A phase diagram calculated with the 

software FactSage 6.3 using the FToxid database for these materials is shown in Figure 13. It 

can be seen that FeMnSiO3 can release oxygen by the transition from bixbyite to spinel at 

around 940-960°C in an atmosphere of 5 vol.% oxygen. For Fe0.66Mn1.33SiO3, this phase 

transition is occurring at a slightly lower temperature and further oxygen could be released at 

higher temperatures by the transition from braunite to rhodonite. See Table 4 for the reaction 

formula of these phase transitions. 

Table 4. Relevant phase transitions for the combined oxides of iron, manganese and silicon. 

Transition Reaction 

Bixbyite - Spinel 6 (𝑀𝑛, 𝐹𝑒)2𝑂3 ↔ 4 (𝑀𝑛, 𝐹𝑒)3𝑂4 + 𝑂2 

Braunite - Rhodonite 2
3⁄ 𝑀𝑛7𝑆𝑖𝑂12 + 4 𝑆𝑖𝑂2 ↔ 14

3⁄ 𝑀𝑛𝑆𝑖𝑂3 + 𝑂2 

Spinel+Rhodonite -Tephroite (𝑀𝑛, 𝐹𝑒)3𝑂4 + 3 𝑀𝑛𝑆𝑖𝑂3 ↔ 3 𝑀𝑛2𝑆𝑖𝑂4 + 1
2⁄ 𝑂2 
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Figure 13. Phase diagram of MnO-FeO-SiO in an oxygen partial pressure of 5 vol.%. The molar 

fraction of silica was fixed at 33%. Silica is also present as various forms of SiO2, but these are 

not marked in the phase diagram. The dashed lines in the phase diagram represent the main 

effect of the presence of silica as it marks the transition to braunite. The vertical bold lines 

denote the composition of the oxygen carriers studied in paper III. 

In paper IV, a similar phase diagram, seen in Figure 14, was calculated for the investigated 

materials, but in this case the temperature was fixed and the oxygen partial pressure was varied. 

The top of the diagram is representative of the conditions in the air reactor and the bottom of 

the diagram is representative for the conditions in the fuel reactor. It should be noted that 

Fe0.66Mn1.33SiO3 and F22M44S33 have the same chemical composition and are thus 

interchangeable in these phase diagrams. The phase transitions which could be relevant for 

chemical-looping conditions are bixbyite – spinel, braunite – rhodonite and possibly also 

spinel+rhodonite – tephroite for the materials with higher fractions of manganese, see Table 4. 

Bi : Bixbyite, (MnxFe1-x)2O3 

Br : Braunite, Mn7SiO12 

H : Hematite, (FexMn1-x)2O3 

R : Rhodonite, MnSiO3 

S : Spinel, (MnxFe1-x)3O4 
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Figure 14. Phase diagram of MnO-FeO-SiO at 900°C and atmospheric pressure. The molar 

fraction of iron is fixed at 22%. The vertical bold lines denote the composition of the oxygen 

carriers studied in paper IV. 

The oxygen release in inert atmosphere was studied in the 300 Wth unit while fluidising the air 

reactor with air. The measured oxygen concentration in the outlet from the fuel reactor for all 

the combined oxides of iron, manganese and silicon can be seen in Figure 15. All the materials 

showed very similar levels of oxygen release, reaching several percent oxygen above 900°C. 

 
Figure 15. Measured oxygen concentration at the outlet of the fuel reactor as a function of 

temperature for the iron-manganese-silicon combined oxygen carriers. Each data point 

represents an average value for 20-30 min with constant temperature.  
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The oxygen carriers were all operated with natural gas as fuel. The air flow was kept at 

7 LN/min and the fuel flow was varied between 0.3-0.36 LN/min which corresponds to a thermal 

power of 220-260 W. Some of the results from the fuel operation are summarised in Figure 16, 

where CO2 yields are shown versus temperature. Fuel conversion generally increased with 

temperature, but it varied greatly between the oxygen carriers. For example, complete fuel 

conversion was reached at 960°C with Fe0.66Mn1.33SiO3, while only 70% of the fuel was 

converted at this temperature with F22M44S33. 

 
Figure 16. CO2 yield as a function of fuel reactor temperature during natural gas operation for 

the iron-manganese-silicon combined oxygen carriers. 

The materials examined in paper III and paper IV showed very different ability to convert the 

fuel even though they have quite similar chemical composition and released an almost equal 

amount of oxygen in inert atmosphere. One explanation for this is that these compositions have 

different possible phase changes of the oxides during combustion conditions, but not in inert 

atmosphere.  

The phase transitions can be induced either by a change in temperature or a change in oxygen 

partial pressure. The phase change between bixbyite and spinel is the only one which should 

be occurring during oxygen release experiments for all oxygen carriers, which can be seen in 

the phase diagram in Figure 14. There is no reducing gas present during these experiments and 

the oxygen concentration thus stayed above the equilibrium concentration for the other phase 

transitions, for example braunite-rhodonite. The oxygen concentration was well below the 

equilibrium concentration for the transition between bixbyite and spinel during most of the 

oxygen release experiments. During operation with fuel, however, the oxygen concentration is 

kept very low by the consumption in the combustion and further phase changes can occur. The 

transition from braunite to rhodonite can occur when the oxygen concentration is below 

0.6 vol.% at 900°C according to the phase diagram in Figure 14. The oxygen carriers with 

higher fraction of manganese can undergo one further phase change, braunite/rhodonite-

tephroite, when the oxygen concentration is very low. 
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For the two materials MnSi and MnSiTi, which were examined in paper V, there are three 

possible phase changes for each material during chemical-looping operation. These phase 

transitions are summarised in Table 5. The equilibrium oxygen partial pressures for these phase 

changes are higher at higher temperatures, as can be seen in Table 6. 

Table 5. The phase transitions and the corresponding reaction formula possible at chemical-

looping conditions for MnSi and MnSiTi. 

 Transition Reaction MnSi MnSiTi 

I 𝐵𝑟 + 𝑇𝑖𝑂2

→ 𝐴 + 𝑆𝑖𝑂2 
1 7⁄ 𝑀𝑛7𝑆𝑖𝑂12 + 𝑇𝑖𝑂2

→ 𝑀𝑛𝑇𝑖𝑂3 + 1 7⁄ 𝑆𝑖𝑂2+ 3 14⁄ 𝑂2 

 X 

II 𝐵𝑟 + 𝑆𝑖𝑂2 → 𝑅 2 3⁄ 𝑀𝑛7𝑆𝑖𝑂12 + 4 𝑆𝑖𝑂2 → 14 3⁄ 𝑀𝑛𝑆𝑖𝑂3 + 𝑂2 X X 

III 𝐵𝑟 + 𝑅 → 𝑇 2 3⁄ 𝑀𝑛7𝑆𝑖𝑂12 + 10 3⁄ 𝑀𝑛𝑆𝑖𝑂3

→ 4 𝑀𝑛2𝑆𝑖𝑂4 + 𝑂2 

X X 

IV 𝐵𝑟 → 𝑆 + 𝑇 𝑀𝑛7𝑆𝑖𝑂12 → 5 3⁄ 𝑀𝑛3𝑂4 + 𝑀𝑛2𝑆𝑖𝑂4 + 2 3⁄ 𝑂2 X  

 

Table 6. Equilibrium concentrations of oxygen in vol.% for the four phase transitions and for 

pure manganese oxide at the temperature levels investigated. It is also shown which phase 

transition that is valid for each oxygen carrier. 

Temperature/ 

Phase transition 

 

800ºC 

 

850ºC 

 

900ºC 

 

950ºC 

 

1000ºC 

 

1050ºC 

I (MnSiTi) 0.06 0.25 1.00 3.16 7.94 >21 

II (Both) 0.04 0.16 0.63 2.51 6.31 >21 

III (Both) <0.001 0.005 0.02 0.10 0.32 1.00 

IV (MnSi) <0.001 0.003 0.01 0.06 0.25 1.00 

Mn2O3/Mn3O4 5.52 13.25 >21 >21 >21 >21 

 

Oxygen release experiments with these materials were carried out in the 300 Wth unit. The 

concentration of oxygen released was measured at the outlet of the fuel reactor during periods 

of constant temperature and with air as fluidising gas in the air reactor. The results from this 

operation are shown in Figure 17. MnSiTi clearly released higher concentrations of oxygen 

than MnSi did for all temperatures investigated. It should however be noted that a higher solids 

inventory was used for MnSiTi. The highest concentrations were observed at 850°C for both 

materials. The oxygen concentration initially peaked and then continued to decrease during 

some of the periods with constant temperature. The irregular peaks occurring at 800°C for 

MnSiTi were likely caused by irregularities in the circulation. 
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Figure 17. Concentration of oxygen released for both oxygen carrier materials during periods 

with constant temperature. 

It should be noted that both materials released oxygen concentrations above equilibrium at 

800°C and at 850°C, see Table 6. This indicates that an additional phase transition other than 

those shown in Table 5 could have occurred. One possible oxide is pure Mn2O3 which could 

release oxygen by being reduced to Mn3O4 in the fuel reactor. As can be seen in Table 6, this 

phase transition has a much higher equilibrium oxygen partial pressure at these temperatures 

than the phase changes discussed above. Pure manganese oxide may be present if not all Mn3O4 

reacted with the silica and titania during the sintering. This Mn3O4 could have been oxidised 

during the oxygen release experiment at 800°C as the oxygen concentration in the air reactor 

is high, typically up to 18 vol.%. The reoxidation of Mn3O4 is possible but likely slow at 850ºC 

because of the high equilibrium partial pressure. This could explain the continuous decrease in 

oxygen concentration released at the higher temperatures indicating that the oxygen carriers 

had not reached steady state. 

The oxygen carrier materials were examined with methane as fuel in the batch reactor and with 

natural gas in the 300 Wth unit. The CO2 yield during these experiments is shown in Figure 18 

for the temperatures investigated. The average values for the batch experiments are calculated 

for 1 > ω > 0.99 and the average values for the continuous operation are calculated for the 

periods with constant temperature. The solids inventory was higher in the circulating reactor 

than during the batch experiments; 56 kg/MWth was used in the batch reactor and the solids 

inventory in the fuel reactor in the circulating reactor unit was 239 kg/MWth for MnSi and 

355 kg/MWth for MnSiTi. The difference in solids inventory is likely to be the main reason 

why the fuel conversion was higher during the continuous operation. Anyhow, both 

experimental setups revealed the same trends with respect to temperature dependence and 

reactivity of the oxygen carriers. 

  

MnSiTi 

MnSi 
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Figure 18. Average CO2 yield as a function of bed temperature for batch reactor (left) and 

continuous operation (right). Note that the temperature scales differ between the graphs. 

The operation with MnSi and MnSiTi did not show the same trends as the 

iron/manganese/silicon oxygen carriers did. In this case, MnSiTi released higher 

concentrations than MnSi did, but the fuel conversion was clearly higher with MnSi. This 

indicates that there are more parameters which greatly affect the oxygen carrier properties than 

the chemical composition and thus corresponding possible phase changes. This could for 

example be the bulk density which was almost double as high for MnSiTi than for MnSi. This 

implies that the circulation rate will be much lower for MnSiTi at the same air flows. However, 

a higher bulk density will also give a higher solids inventory per fuel power as the volume of 

the reactor is fixed. It should also be noted that the internal surface area was much larger for 

MnSi than for MnSiTi, which can affect the mass transport within the particles. 

For MnSi only one phase change, braunite-rhodonite (II), occurs at oxygen concentrations 

relevant for CLOU, for example an oxygen equilibrium partial pressure of 0.025 atm at 950ºC. 

For MnSiTi two of these phase changes, braunite-A-ilmenite (I) and braunite-rhodonite (II), 

occur at relevant oxygen concentrations. It is these phase changes which should occur during 

oxygen release experiments and which could be assumed to contribute substantially to the 

CLOU mechanism. The equilibrium oxygen partial pressures of these phase changes are thus 

the theoretical maximum which would be possible to achieve in the gas phase. During fuel 

operation, oxygen is consumed and lower oxygen concentrations could be reached in the fuel 

reactor meaning that the driving force for oxygen release reactions increases. At low oxygen 

partial pressures (below 0.01 atm), one additional phase change can occur for both oxygen 

carriers, i.e. braunite/rhodonite-tephroite (III). In addition to the phase change 

braunite/rhodonite-tephroite (III), the reaction between braunite-spinel/tephroite (IV) may also 

be possible for the MnSi particles at lower oxygen partial pressures. 
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The chemical composition of the oxygen carrier will affect the phases formed and consequently 

the phase transitions that may occur during operation. Different proportions of the included 

elements may also affect the equilibrium temperature for the phase change. By including other 

elements, new phases can be included in the system allowing for additional phase changes as 

could be seen in Table 5 for the case when titanium was included in the manganese/silicon 

oxygen carrier. 

3.3. What affects the particle lifetime? (Paper V) 

The oxygen carriers examined in paper V did not only show very different ability to convert 

the fuel as described above, but the difference in the attrition resistance of the particles was 

also significant. The operation with MnSi showed very high fuel conversion, but the 

experiments had to be aborted after only seven hours with fuel addition. The reason was a high 

attrition rate which resulted in a disruption of the solids circulation because of a too high 

fraction of fine particles in the bed. Most of the fines were elutriated from the system and ended 

up in the filters, but also the material left in the reactor system had a high fraction of fines, 

resulting in reduced ability to flow and fluidise properly. Scanning electron microscope (SEM) 

images of MnSi in fresh and used state are given in the upper part of Figure 19. It can be seen 

that almost no particles retained their original shape and most of them were destroyed. For the 

MnSiTi particles, both fresh particles and used particles which had been subjected to 24 h of 

operation in the continuous reactor unit were examined with SEM. The SEM pictures are 

shown in the lower part of Figure 19, with the fresh particles to the left and the used particles 

to the right. It is clear from the pictures that the particles have been greatly affected by the 

operation both in form of increased porosity and in form of breakage of the particles. However, 

it is clear that the attrition was much less severe for MnSiTi than for MnSi. 
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Figure 19. SEM images of MnSi (above) and MnSiTi (below) in fresh and used state. 

The physical properties of MnSi and MnSiTi reported in Table 1 were measured again after 

operation in the batch reactor as well as after the continuous operation, see Table 7. However, 

it was not possible to measure the properties of MnSi operated in the continuous unit as almost 

all particles had turned into fines at the end of the operation. This is not really surprising as the 

attrition index measured for the fresh material was very high. The attrition index of MnSiTi 

was low for the fresh particles, but increased significantly during the continuous operation. 

This could be connected to the decrease in bulk density and increase in internal surface area. 

The particles appear to have swelled and have become more porous during operation. The 

crushing strength of MnSiTi, however, had increased after operation in the continuous unit. 

  

fresh used 

fresh used 
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Table 7. Physical properties for fresh and used particles of MnSi and MnSiTi. 

 Bulk density [g/cm3] Specific surface area 

(BET) [m2/g] 

Crushing 

strength [N] 

Attrition 

index [wt.%/h] 

fresh used 

batch 

used 

cont. 

fresh used 

batch 

used 

cont. 

fresh used 

cont. 

fresh used 

cont. 

MnSi 1.10 1.04 - 1.1 1.4 - 0.5 - 17.35 - 

MnSiTi 1.90 1.85 1.60 0.2 0.4 0.8 1.8 2.1 0.49 5.25 

 

The combination of high reactivity with fuel and good mechanical stability is highly desirable. 

From the current investigation, it is quite clear that the mechanical stability can be improved.  

For example, an addition of a small amount of titania to an oxygen carrier of manganese and 

silica showed very positive effects on mechanical stability. Also, the production process could 

likely be optimised to improve performance. Sintering temperature and time, milling method 

and raw powder particle size are some parameters which could be adjusted. 

The production settings can also affect the ability to convert the fuel. Looking at Figure 16 and 

knowing that Fe0.66Mn1.33SiO3 and F22M44S33 have the same chemical composition, it may 

seem very contra intuitive that the CO2 yield differs greatly for these two oxygen carriers. The 

difference between them is the sintering temperature, see Table 1. The higher sintering 

temperature produces particles with lower fuel reactivity, higher bulk density, lower porosity 

and a lower attrition index. This is an example of the common trade-off between fuel 

conversion and particle lifetime for synthesised oxygen-carrier particles. 

3.4. Does biomass ash affect the oxygen carrier? (Paper VI) 

The SEM/EDX analysis of the fresh manganese ore used in paper VI showed that most particles 

had a heterogeneous distribution of elements with larger “grains” with manganese and iron. 

Potassium, calcium and silicon occurred in between these grains. There were also more 

homogeneous particles with manganese and iron evenly distributed throughout the particle and 

almost no other elements present. High concentration of aluminium was found in a few 

particles, but was rather low in most. The distribution of key elements in the fresh sample can 

be seen in Figure 20. 

The reason for the difference in element distribution among the particles is not immediately 

clear. It may be that the ore vein is not homogeneous and that material from different parts of 

the mine have been mixed in the production. It is also possible that ores of different origins or 

production batches may have been deliberately mixed by a mineral trading company to obtain 

a desired product specification, for example with respect to elemental composition or price. 

This remains unconfirmed for the batch of material used here, but it is reportedly common 

practice and thus seen as the most likely explanation. 
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Figure 20. Elemental distribution of manganese, iron, aluminium, potassium, calcium and 

silicon in the fresh manganese ore. 

The bed samples taken each day of operation in the 12 MWth boiler were sent for elemental 

analysis to study to what extent ash components remained in the bed. The fresh manganese ore 

contained rather high fractions of common ash components such as silicon, calcium, potassium 

and magnesium, see Table 2. The elemental analysis showed that the concentration of these 

elements increased during operation, which can be seen in Figure 21. It is also observed that 

sulphur, which was not present in the fresh ore, has accumulated in the bed. 

 

Figure 21. Concentration of common ash components in the bed particles as a function of 

operational time. 

The elemental distribution of the sample taken after 52 h of operation is shown in Figure 22. 

Potassium, calcium and sulphur have accumulated at the surface of the particles, but potassium 

and sulphur have only attached to some particles. The particle without aluminium has the most 
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distinct surface layer of all these elements. Only calcium can be seen clearly as a surface layer 

on the other particles. Silicon, calcium and potassium were also present throughout the entire 

particles, but in lower concentrations. It is however not possible to tell from these analyses if 

any of these elements have diffused into the particles during operation since all these elements 

were already present in the fresh ore. The fact that sulphur was found, indicates that some form 

of interaction between the ash and bed material occurred during combustion. 

   

   
Figure 22. Elemental distribution of manganese, aluminium, potassium, calcium, silicon and 

sulphur in the sample taken after 52 h of operation. 

It is likely that silicon has accumulated by diffusing into the particles as the concentration of 

silicon in the bed increased during operation while no distinct surface layers of silicon could 

be detected. It should however be noted that the boiler was operated with a mix of silica sand 

and manganese ore prior to this operation and the accumulation of silicon could possibly also 

arise from old silica sand remaining in the boiler system. 

The formation of a surface layer consisting of calcium, potassium and sulphur seemed in some 

cases to coincide with an absence of aluminium in the particle, which can clearly be seen in 

Figure 22. The presence of aluminium has been shown to increase the ash fusion temperature. 

[62] Vuthaluru et.al. have shown that pre-treatment of brown coal with aluminium reduced the 

formation of fouling ash components and the stickiness of sodium silicates. [77] When the 

aluminium ore bauxite was operated as bed material in the same boiler as this study was carried 

out in, it could be seen that the particles with the highest aluminium concentrations 

accumulated less potassium and sulphur. [78] 

Reactivity tests were carried out for the fresh bed material, as well as for a sample taken from 

seal 2 after 69 h of operation and for a bed sample taken after 172 h of operation. The 

CO2 yields calculated from the measured gas concentrations are shown in Table 8. The fresh 

sample showed rather high reactivity towards syngas, but a poor reactivity towards methane. 

The CO2 yields were higher at the higher temperature as could be expected. The reactivity of 

the particles had been affected by the operation in the boiler and all CO2 yields were lower for 
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the used samples. The CO2 yields were lower after 172 h than after 69 h, indicating a continuous 

decrease in reactivity. It is, however, not clear if this decrease in reactivity is an effect of ash 

interactions with the oxygen carrier. 

Table 8. CO2 yields for reactivity batch tests performed with syngas and methane. 

𝜸𝑪𝑶𝟐
 [%] Syngas Methane 

 850°C 950°C 850°C 950°C 

Fresh ore 86.8 97.8 0.8 4.3 

Seal 2 69 h 72.9 94.9 0.1 2.2 

Bed 172 h 68.7 91.9 0.2 1.8 

 

The use of a mineral ore as oxygen carrier for operation with solid fuels is motivated by the 

estimated cost. The presumed lifetime will likely be shortened due to fuel impurities and losses 

in separation of ash and oxygen carrier. At present, it is not clear whether the added cost of 

manufacturing materials will be compensated for by longer lifetime and better performance. It 

is therefore relevant to investigate naturally occurring materials such as manganese ores. Iron 

and silica are common constituents of manganese ores, which also means that they may be 

similar to the synthesised oxygen carriers investigated in this study, so the results from 

paper III-V are also relevant for a better understanding of the behaviour of manganese ores in 

chemical-looping combustion. 
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3.5. Outlook 

The work presented in this thesis was mostly carried out in chemical-looping reactor units with 

gaseous fuels. Many of the oxygen carriers examined could of course be used for combustion 

of solid fuels as well. However, it is not obvious that an oxygen carrier which work well with 

gaseous fuels will perform as good with solid fuels. Two of the spray-dried oxygen carriers 

from this work, CaMn0.9Mg0.1O3-δ and MnSiTi, have been operated with solid fuels in a 

10 kWth chemical-looping reactor unit. Both materials provided higher gas conversion than for 

example ilmenite operated in the same unit. [50, 79]  A manganese ore operated in a 100 kWth 

chemical-looping reactor unit have also shown  performance superior to ilmenite in the same 

unit. [60] Even a rather small addition of manganese ore, up to 8 wt.%, during operation of 

ilmenite in this unit improved the fuel conversion. [59] 

The results presented in this thesis together with the results for solid fuels mentioned above, 

show that manganese-based oxygen carriers are strong candidates for further development and 

up-scaling of chemical-looping combustion. Combined manganese oxides have numerous 

possibilities to achieve high performance, both in form of reactivity and mechanical stability, 

by adjusting chemical composition and synthesis parameters. However, it is a great challenge 

to find the best, or good enough, options without getting slowed down by an endless 

optimisation process. 

For the use of natural materials, such as manganese ores, the possibilities and challenges are 

different. The great advantage is that the raw material itself can be utilised, which will lower 

the cost of the oxygen carrier compared to synthesised materials. The challenge lies in that this 

advantage will be lost if extensive pre-treatments of the material are necessary. This means that 

the many optimisation options available for synthesised materials, are not available. 
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4. Conclusions 

Manganese combined oxides have been shown to have interesting properties for chemical-

looping with oxygen uncoupling (CLOU). At the start of this work, only a limited number of 

experiments had been performed with these types of materials in continuous operation.  In this 

work, ten oxygen carrier materials consisting of manganese oxides have been examined; seven 

synthesised materials in a 300 Wth unit, two synthesised materials in a 10 kWth unit and one 

manganese ore in a 12 MWth CFB boiler. 

The main conclusions to draw from this operation are: 

• The manganese perovskite materials work very well in continuous operation with a low 

rate of attrition. The materials released high concentrations of oxygen and were able to 

fully convert the fuel at relevant temperature levels. 

• Combined oxides of iron, manganese and silica showed high fuel conversion and 

among those materials investigated, the material with the highest content of manganese 

had the highest fuel conversion. However, the mechanical stability of the particles was 

unsatisfactory. 

• Combined oxides of manganese and silica showed good performance. It was possible 

to reach full fuel conversion and it was possible to produce particles with significantly 

improved mechanical stability by adding titanium to the material. The addition of 

titania, however, lowered the gas conversion. The possibility to get good mechanical 

stability without compromising with the reactivity of the material needs to be further 

investigated. 

• Silicon, calcium, potassium, and sulphur accumulated in the bed during biomass 

combustion with a manganese ore as bed material. These elements could be found both 

inside the bed particles and in surface layers formed. The fresh ore particles varied in 

composition and it could be seen that particles comprising of a large amount of 

aluminium contained less ash elements at the surface than the particles with a low 

concentration of aluminium. The reactivity of the particles was continuously decreasing 

during operation in the boiler. However, the reactivity towards syngas was still high 

after more than seven days of continuous operation in the boiler. 
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Nomenclature 

AR air reactor 

BECCS bioenergy with carbon capture and storage 

CCS carbon capture and storage 

CFB circulating fluidised bed 

CI circulation index (kg/min) 

CLC chemical-looping combustion 

CLOU chemical-looping combustion with oxygen uncoupling 

EDX energy dispersive X-ray spectroscopy 

Far air reactor gas flow (LN/min) 

Ffr fuel reactor gas flow (LN/min) 

FR fuel reactor 

g gravitational acceleration (m/s²) 

Gs net solid flux (kg/(m²min)) 

mox mass of fully oxidised oxygen carrier (g) 

MO molar mass of oxygen (g/mol) 

ṅ molar flow rate at the reactor outlet (mol/s) 

OCAC oxygen carrier aided combustion 

SEM scanning electron microscopy 

xi gas concentration of species i (vol.%) 

u superficial velocity (m/s) 

ut terminal velocity of an average sized particle (m/s) 

𝛾𝐶𝑂2
 CO2 yield (-) 

δ degree of oxygen deficiency in a perovskite structure (-) 

ρexit solids concentration at the riser exit (kg/m3) 

ω mass-based oxygen carrier conversion (-)  
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