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Abstract 
Thermal conversion of fuels can be used to produce heat and power in addition to 
chemicals. In order to be aligned with climate targets, it is necessary that such systems do 
not emit carbon dioxide to the atmosphere. Carbon capture and storage (CCS) can be used 
together with fuel conversion systems to prevent CO2 from entering the atmosphere. If CCS 
is used together with biomass-based fuels, it is possible to achieve a net-flow of carbon 
dioxide out of the atmosphere, so called negative emissions.  

Chemical looping technologies for combustion (CLC) and gasification (CLG) are 
technologies which can be used for heat, power and chemical production with no or low 
penalties for carbon capture. In any chemical looping applications, a functional oxygen 
carrier is essential. The oxygen carrier is normally a metal oxide based material that can 
transport oxygen from one reactor to another. However, when fuel is introduced into the 
system, ash can react with the oxygen carrier and decrease its operational lifespan, 
especially reactive ash from biomass and low-grade fuels. Therefore, there is growing 
interest in low-cost oxygen carriers that can contribute to making the process economically 
feasible. Low-cost oxygen carriers can be obtained from ores or as byproducts of the steel 
industry. Of particular interest is steel converter slag, which is also known as Linz-
Donawitz (LD) slag. LD slag is generated in significant amounts, contains sufficient 
amount of iron oxide (that can act as an oxygen carrier) and available at a low cost.  

This work presents a comprehensive overview of the chemistry and behavior of LD slag 
when it is implemented as an oxygen carrier in chemical-looping applications. The material 
has been investigated in laboratory reactors, in addition to pilot and semi-industrial units, 
and LD slags interactions with different fuel components, ash, alkali salts, sulfur and tars 
have been investigated.  

It is concluded from this work that LD slag can be viable as material for both CLC and 
CLG processes with biomass. In contrast to other bed materials, such as silica sand or the 
commonly investigated iron-based oxygen carrier ilmenite, the slag has limited reactivity 
with reactive alkali components. This results in more alkali being available in the gas phase, 
which is beneficial for tar cracking and for the gasification rate of the solid char. The high 
content of calcium in the LD slag is also favorable in terms of gasification and ash 
interactions. Calcium oxide catalyzes both the water-gas shift reaction and is catalytic 
towards tar cracking. A high level of calcium also increases the melting points of both the 
K-Ca-P and K-Ca-Si matrixes. However, the structural integrity of the material is lower 
compared to, for example, ilmenite, resulting in more fines being generated during the 
process. Overall, LD slag is a potential oxygen carrier that is suitable for chemical-looping 
processes that utilize low-grade fuels.  

Keywords: Steel converter slag, LD slag, Oxygen carrier, Chemical looping, Oxygen 
carrier aided combustion, Biomass 
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“Pollution is nothing but the resources we are not harvesting. 
We allow them to disperse because we’ve been ignorant of their 
value.” - Buckminster Fuller 
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Introduction 

The Glasgow Climate Pact (2021) and Paris Agreement (2015) both address the global 
commitment to limit global warming [1,2]. The goal is to limit global warming to 1.5°C 
above the preindustrial levels, and one of the key measures to achieve this is to limit global 
greenhouse gas emissions (GHGs). Of the GHGs, carbon dioxide (CO2) is the largest 
contributor to global warming, due to the large volume of cumulative emissions, as well as 
the long residence times of such emissions in the atmosphere. CO2 emissions are known to 
be correlated to global warming not by yearly emissions, but by cumulative emissions to 
the atmosphere [3].  

To decrease the levels of CO2 emissions, increased energy and material efficiencies, as well 
as the development of carbon-neutral technologies are essential. However, the shift towards 
a carbon-neutral Society is not something that can be achieved overnight. Emissions of CO2 
are likely to continue for several decades before net-zero emissions are achieved. 
Nevertheless, since it is the global cumulative CO2 emissions that affect global warming, 
it is also possible, and will even be necessary, to extract CO2 from the atmosphere in order 
to restrict the total cumulative emissions to a sustainable level [4]. To address the issue of 
CO2 extraction from the atmosphere, the Intergovernmental Panel on Climate Change 
(IPCC) has published a special report focusing on one of the opportunities for CO2 
reduction: Carbon Capture and Storage (CCS) [5]. CCS entails carbon being captured from 
a source and then stored in a secure way so that the carbon is not released to the atmosphere, 
for example below ground in aquifers or depleted oil/gas wells. Depending on the source 
of the carbon, CCS can reduce the emissions of CO2 from humans to almost zero and may 
even yield net negative emissions. Negative emissions are obtained if CO2 is extracted 
directly or indirectly from the air and is permanently stored in the process. An alternative 
strategy for negative emissions is to capture the CO2 generated from the combustion of 
biofuels for power and/or heat generation. This approach is commonly called Bio-Energy 
with Carbon Capture and Storage (BECCS) [6]. Negative emissions of any kind could have 
great importance in a future in which carbon emissions are limited. Negative emissions can 
also be a way to restore the global CO2 concentration in the atmosphere to a sustainable 
level [5–7]. According to the majority of the scenarios suggested by IPCC to achieve the 
1.5°C target, capturing CO2 via technological inventions is necessary [4].  
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Figure 1. Illustration of the carbon flow in Bio-Energy with Carbon Capture and Storage (BECCS). 

BECCS, as illustrated for electricity production in Figure 1, can be achieved using various 
methods for the thermal conversion of biomass. For power production using biomass, 
fluidized bed boilers are considered favorable because of their fuel flexibility. 
Traditionally, silica sand has been used as a bed material for heat transport. It is also 
possible to change the bed material to an active bed material, which in addition transports 
oxygen, a so-called ‘oxygen carrier’. An oxygen carrier is commonly a metal oxide that 
can be reduced and oxidized under conditions relevant for thermal conversion. If an oxygen 
carrier is applied in a conventional fluidized bed boiler this is called Oxygen Carrier-Aided 
Combustion (OCAC) [8]. However, the conversion of the fuel can also be divided into two 
different reactors, where the oxygen carrier transports oxygen from one reactor to the other. 
This means that the conversion of the fuel to mainly CO2 and H2O can be conducted without 
any dilution with nitrogen, making it suitable for CCS. This two-reactor layout, which aims 
for the full conversion of fuel to CO2 and H2O, is called Chemical-Looping Combustion 
(CLC). Vital to both OCAC and chemical looping applications is the oxygen carrier [9–
11]. The oxygen carrier selected for each of these processes should preferably be durable, 
reactive, sustainable and cheap [12]. Therefore, in the last few years, different ores and 
iron-containing industrial byproducts have studied intensely as potential oxygen carriers 
[13].  
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This thesis investigates the use of steel converter slag in applications designed to provide 
more-efficient thermochemical processes for biomass conversion, which can promote 
efficient carbon capture. This slag, which is also known as Linz-Donawitz (LD) slag, is a 
byproduct of the steel manufacturing process and is available in significant amounts at 
limited cost, due to the low demand for this material for other applications. LD slag was 
investigated in the seven papers included in this thesis. The scope of the work can be 
divided into three areas of investigation, as illustrated in Figure 2: Ash interaction, 
Reactivity, and Operation. Paper I investigates the ash interactions of LD slag particles, 
which have been used in the Chalmers 12-MW Circulating Fluidized Bed (CFB) boiler. 
Paper II delves deeper into the reactivity of LD slag towards solid fuels. Paper III 
investigates the interactions of sulfur with LD slag and how this element affects the 
reactivity of LD slag particles. Paper IV evaluates the behaviors of tar species during pilot 
plant Chemical-Looping Gasification (CLG) operations using LD slag as an oxygen carrier. 
Paper V explores the effects of adding small amounts of reactive elements to the slag, so 
as to increase the reactivity of the material. Paper VI examines the interactions of LD slag 
with the common and problematic ash element potassium, in presence of the other bed 
materials silica sand and ilmenite. Paper VII investigates the effect of outdoor storage of 
pre-treated LD slag particles, as well as how the material weathers and how this affects its 
reactivity.  

Figure 2. Illustration of the main research areas in focus in this work.  

 

LD slag
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OperationReactivity
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Chapter 1 

1. Carbon capture and the roles of 
oxygen carriers  

Capturing CO2 from flue gases in a commercial biofuel power plant to obtain BECCS 
requires a large amount of energy since the CO2 level in the flue gas is relatively low, 
approximately 15%. Several different technologies are available to achieve BECCS from 
power plants and they are normally divided into three categories: i) post-combustion; ii) 
pre-combustion; and iii) oxyfuel combustion [5].  

In post-combustion, CO2 in the flue gas is separated from the other gases through a 
separation step, for example in an amine scrubbing unit. This is an energy-intensive 
operation that requires a large amount of heat to regenerate the amine. However, it is a 
relatively simple and well-established process that can be retrofitted to a power plant [5]. 
SaskPower’s Boundary Dam plant in Canada and NRG’s Petra Nova plant in the US are 
two full-scale power plants for coal combustion that have applied this technology for 
carbon capture [14].  

In pre-combustion with solid fuel, the fuel is first gasified to generate a syngas that contains 
mainly CO and H2. The gas mixture is then converted further in a water-gas shift reactor 
where CO is converted with steam to produce CO2 and more H2. Thereafter, the CO2 is 
separated from the H2 and transported to storage. The H2 can be utilized as a carbon-free 
fuel in, for example, power plants or fuel cells where the only emission is water [5].  
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Oxyfuel combustion utilizes pure oxygen and recirculated flue gas for combustion, 
resulting in the flue gases not being mixed with the nitrogen from the air. Pure oxygen is 
obtained through the use of an air separation unit [5]. This is the technique that was used 
previously by Vattenfall in the oxyfuel test facility at Schwarze Pumpe power station in 
Germany [15]. 

However, all of these technologies require gas-gas separation, which is very energy-
intensive and costly due to the work needed to separate the gases. Another technology for 
power production suitable for carbon sequestration that has emerged in recent decades is 
CLC. CLC avoids energy-intensive gas separation owing to the intelligent layout of the 
combustion system [7,16]. A chemical-looping system normally consists of two 
interconnected fluidized beds: an air reactor, and a fuel reactor. Between these two beds, 
oxygen carrier particles are circulating. This oxygen carrier – a metal oxide – transports 
oxygen and heat from the air reactor, which is fluidized with air, to the fuel reactor where 
the oxygen from the oxygen carrier is used to convert the fuel. In this way, the flue gases 
from the fuel reactor are not diluted with nitrogen from the air. Depending on the amount 
of oxygen transported by the oxygen carrier, full conversion of the fuel to CO2 and H2O 
can be achieved, in CLC. However, limiting the oxygen transport will result in partial 
conversion of the fuel, which can be used in downstream processes; this is called Chemical-
Looping Gasification (CLG) [5,17]. In Figure 3, these two designs are graphically 
described.  

 

 
Figure 3. Schematic overview of CLC, CLG and OCAC 

Besides CLC and CLG, oxygen carriers can be utilized directly in conventional fluidized 
beds. This is called Oxygen Carrier Aided Combustion (OCAC), which is also visualized 
in Figure 3. This is not a method for direct CO2 separation, but rather a method to create an 
oxygen buffer in the fluidized bed, which may confer benefits with respect to combustion 
efficiency and emissions [8].  
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1.1 Chemical-Looping Combustion 

Comparing different separation techniques for fuel conversion, CLC emerges as one of the 
most-energy-efficient tools to sequester CO2. Here, the oxygen carrier provides heat and 
oxidizes the fuel by providing oxygen to generate ideally only CO2 and water, as 
schematically illustrated in Figure 3. Since the flue gas from the CLC fuel reactor 
comprises of almost pure CO2, no energy-consuming gas separation is needed and the 
capture cost of CO2 is lower compared to other methods [5,17].  

The heat of combustion in a CLC unit will be the same as for conventional combustion in 
air. The conversion of the fuel is separated into two steps according to reaction R1 and R2. 
Reaction R1 is always exothermic and occurs in the air reactor, where the oxygen carrier 
is oxidized. Reaction R2 is in most cases endothermic, depending on the fuel and oxygen 
carrier used, and occurs in the fuel reactor, where the fuel is converted into H2O and CO2 
using the oxygen from the oxygen carrier. The metal in the oxygen carrier, M in R1 and 
R2, is not limited to any specific metal, as several different transition metals or metal oxide 
mixtures can be utilized as an oxygen carrier for this process. The combustion or 
conversion of fuel is, therefore, dependent upon both the choices of fuel and oxygen carrier.  

𝑀𝑀𝑥𝑥𝑂𝑂𝑦𝑦−1 +
1
2
𝑂𝑂2 → 𝑀𝑀𝑥𝑥𝑂𝑂𝑦𝑦 {R1} 

(2𝑛𝑛 + 𝑚𝑚)𝑀𝑀𝑥𝑥𝑂𝑂𝑦𝑦 + 𝐶𝐶𝑛𝑛𝐻𝐻2𝑚𝑚 → (2𝑛𝑛 + 𝑚𝑚)𝑀𝑀𝑥𝑥𝑂𝑂𝑦𝑦−1 + 𝑚𝑚𝐻𝐻2𝑂𝑂 +
𝑛𝑛𝐶𝐶𝑂𝑂2  

{R2} 

Applying solid fuel to CLC involves conversion of the fuel in several steps. The volatile 
matter will react with oxygen carriers when released during the pyrolysis of the fuel. The 
remaining char will, thereafter, undergo gasification forming gaseous matter according to 
the endothermic reactions R3 and R4, whose products can in turn react with the oxygen 
carrier [18,19]. Direct solid-solid interactions between oxygen carrier and char are not 
expected to occur to any great extent in a fluidized bed [20]. The gasification of char is 
affected by both temperature and the surrounding atmosphere where, for example, the 
presence of CO2, O2 and steam increases the overall gasification rate [18].  

𝐶𝐶𝑛𝑛𝐻𝐻𝑚𝑚 + 𝑛𝑛𝐻𝐻2𝑂𝑂 → 𝑛𝑛𝐶𝐶𝑂𝑂 + �𝑛𝑛 + 𝑚𝑚
2
�𝐻𝐻2  {R3} 

𝐶𝐶𝑛𝑛𝐻𝐻𝑚𝑚 + 𝑛𝑛𝐶𝐶𝑂𝑂2 → 2𝑛𝑛𝐶𝐶𝑂𝑂 + �𝑚𝑚
2
�𝐻𝐻2  {R4} 

Besides R2, which oxidizes the gaseous matter generated from the volatiles and gasified 
char, some oxygen carriers can also release oxygen as gas-phase O2 (see R5). This 
phenomenon is called Chemical Looping with Oxygen Uncoupling (CLOU) [21]. The 
advantage associated with oxygen carriers having CLOU properties is that the O2 released 
in the fuel reactor can react with the solid fuel according to exothermic R6 [18], thereby 
increasing the gasification rate. However, to have a significant CLOU effect, the oxygen 
release mediated by the oxygen carrier needs to be sufficiently high, and the equilibrium 
partial pressure of oxygen must be high enough to create a driving force towards gaseous 
oxygen. Nevertheless, only a few oxygen carriers have pronounced CLOU 
properties [17,21].  
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𝑀𝑀𝑥𝑥𝑂𝑂𝑦𝑦 → 𝑀𝑀𝑥𝑥𝑂𝑂𝑦𝑦−1 + 1
2
𝑂𝑂2  {R5} 

𝐶𝐶 + ½𝑂𝑂2 → 𝐶𝐶𝑂𝑂 {R6} 

CLC can be used with essentially any fuel, and several studies have investigated CLC with 
gaseous and solid fuels, originating from both fossil sources and biomass [10,17]. 
However, several parameters set the solid fossil fuels and biomass fuels apart. Solid 
biomass fuels, compared for example with coal, have a lower energy density, higher content 
of volatiles, are more-variable in chemical composition, and have a very different ash 
composition [22,23]. Ash consists of the non-combustible and non-volatile elements of the 
fuel and depends on the source of the fuel. This ash can cause agglomeration and 
deactivation, both in conventional boilers with sand and in oxygen carrier applications. 
Some regeneration of the oxygen carrier bed will, therefore, be necessary for thermal solid 
fuel conversion processes. Therefore, it is essential to identify low-cost oxygen carriers that 
can be operated with different fuels in a technically feasible way, and ideally at a low 
cost [24–26].  

1.2 Chemical-Looping Gasification  

Limiting the oxygen provided via the oxygen carrier to the fuel provides the opportunity to 
gasify thermally the solid fuels to gaseous products, as in the CLG process. The general 
layout of the CLG process is depicted in Figure 3.  

CLG using biomass as the fuel has been studied to a lesser extent than biomass CLC, both 
regarding scale and operational hours [27]. Continuous experiments with CLG have been 
performed in reactors using rice husk [28,29], as well as at a semi-industrial scale at the 
Chalmers 2–4-MW Dual Fluidized Bed (DFB) gasifier. In this semi-industrial gasifier, it 
has been shown that a mere bed material composition of12% ilmenite in silica sand 
decreased the tar generation by 50% [30]. CLG has also been achieved using a fuel with a 
high metal content in the same 2–4-MW DFB gasifier, and the effects of oxygen carriage 
have been studied [31]. Even though this was not an autothermal gasification unit, it was 
concluded that the heat balance over the system was strongly affected by the oxygen 
transport.  

Modeling studies have shown that controlling an autothermal, large-scale CLG process is 
a complicated balancing act. This is because the oxygen carrier transports both oxygen and 
heat from the air reactor to the fuel reactor. Decreasing the oxygen transfer by decreasing 
the circulation decreases at the same time the heat transfer. Thus, decoupling these 
mechanisms would be beneficial [32,33]. Using an oxygen carrier with a low oxygen 
transport capacity could, therefore, be an advantage.  

The layout of CLG is similar to that of the DFB gasifier used in the near-commercial-scale 
gasification plant GoBiGas, which had a production capacity of 20 MW of biomethane gas 
[34]. The main difference is that the bed material does not manifest any oxygen carrier 
properties in a DFB gasifier. This results in the need for partial combustion in the air 
reactor [35]. However, compared to the GoBiGas plant, which was designed to produce 
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CH4 [35], a CLG plant would be more-favorable for the production of a syngas that 
contains mainly CO and H2 [11].  

The main principle of CLG with partial oxidation can also be applied to the reforming of 
gases such as methane. In that case, the process is called Chemical-Looping Reforming 
(CLR). CLR is a promising technology from the techno-economic point of view for 
hydrogen production from methane with carbon capture, producing so-called ‘Blue 
Hydrogen’ [36]. The principle of CLR can also be applied for tar removal downstream of 
a gasification process, assuming that a selective oxygen carrier can be identified [27].  

1.3 Oxygen Carrier Aided Combustion 

Oxygen carriers can also be utilized as bed materials in conventional fluidized bed boilers, 
simply by replacing all or parts of the bed inventory with oxygen-carrying material. This 
is the OCAC process. The principal task of the oxygen carrier in OCAC is the same as in 
CLC: to transport oxygen from oxygen-rich locations to fuel-rich locations. However, in 
OCAC, this is performed within the same bed. This increases the combustion efficiency 
within the bed and smoothens the temperature differences, resulting in lower emissions of 
NOx and CO [8].  

OCAC has been applied at industrial scale and has been proven to reduce CO emissions by 
80% and NOx emissions by 30%. This was achieved using a mixture of 40% ilmenite in a 
bed of silica sand in a 12-MWth bubbling fluidized boiler [8]. OCAC has also been applied 
at larger scale, in a 115-MWth power plant, where it was observed that the oxygen excess 
could be decreased and the boiler load increased to 123 MWth as a result of using the 
oxygen carrier ilmenite as the bed material [37]. In summary, it has been shown that OCAC 
can lead to lower levels of emissions, increased fuel load in existing boilers, and a reduced 
need for excess oxygen. Combined with easy implementation, it is clear that OCAC is a 
highly promising technology for fuel conversion.  

In itself, OCAC is not a technology that facilitates inherent CO2 separation, as is the case 
for CLC and CLG. The flue gases are still a mixture of nitrogen, remaining excess oxygen, 
and combustion products. Nevertheless, OCAC can be favorable for facilities that intend 
to perform post-combustion CO2 capture from a plant with a fluidized bed boiler. 
Considering post-combustion capture with, for example, an amine process [5], OCAC can 
increase the efficiency of the process because lower air-to-fuel ratios can be used, thereby 
increasing the CO2 concentration in the flue gas [8,38]. Higher CO2 concentrations in the 
flue gas decrease the minimum work requirement for gas separation, what makes the 
capture of CO2 less-energy-consuming [39]. From another perspective, oxyfuel 
combustion in a fluidized bed system offers the possibility to retrofit current power plants 
without the energy penalty linked to CO2 separation from the flue gas. Instead, oxygen 
needs to be produced or supplied to the process [40]. OCAC might also offer the possibility 
to reduce the amount of excess oxygen in the oxyfuel process and, thereby, decrease the 
cost of CO2 capture.   
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1.4 Bed materials and oxygen carriers 

Currently, sand is the bed material that is most often used in conventional fluidized bed 
boilers used for heat and power production. For the conversion of the fuel, sand is 
considered to be an inert material that transports heat to the reaction and improves the 
mixing in a boiler [41]. In contrast, oxygen carriers additionally transport oxygen to the 
fuel. Efficient oxygen carriers are key components of chemical-looping processes. The 
oxygen carrier is ideally a material that can be used and operated as a bed material in a 
fluidized bed at combustion temperatures without excessively rapid chemical and 
mechanical decay rates. Consequently, the important criteria for a suitable oxygen 
carrier [19,24,26,42] are as follows: 

• Sufficient oxygen transport capacity to reduce the amount of oxygen carrier needed.  

• High melting temperature to avoid sintering.  

• Not environmentally harmful.  

• Sufficient reactivity with both oxygen and the fuel.  

• Relatively high mechanical strength at high temperatures, to avoid attrition and to 
increase the lifetime of the oxygen carrier.  

• Available at a low cost. The cost for the oxygen carrier is especially important for 
solid fuel CLC due to the unavoidable losses of oxygen carrier in the fuel ash 
separation and the deactivation caused by the ash. 

The most-intensively investigated oxygen carriers are oxides of transition metals for CLC, 
such as nickel, cobalt, copper, iron and manganese [43]. Nickel has been considered due to 
its excellent reactivity. However, besides being expensive and toxic, nickel has a 
thermodynamic constrain converting fuel to CO2 and H2O [42].  

Copper is of interest as an oxygen carrier because it exerts significant oxygen release via 
its CLOU properties, and it has been used in larger continuous reactors [44,45]. However, 
copper-containing oxygen carriers have certain disadvantages, as they have been associated 
with issues related to agglomeration at higher temperatures [24,46] as well as being 
expensive compared to alternative materials [42]. 

Manganese oxide has also attracted interest as an oxygen carrier due to its comparably low 
price and its CLOU properties [17,21]. The thermodynamic properties of pure manganese 
oxide can be altered and improved through the use of mixed oxides that contain manganese 
oxide, together with elements such as iron, silicon, calcium, nickel, magnesium and 
copper [47]. To obtain mixed manganese oxide at a lower price, manganese ore has been 
investigated for solid fuel combustion, in which it is acknowledged that bed regeneration 
is needed to avoid ash accumulation. Manganese ores from different regions have been 
investigated in small-scale reactors [48,49], and have also been tested in Chalmers 
12-MWth CFB boiler [50]. 
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Iron-based oxygen carriers have been studied in the forms of synthesized particles, ores 
and waste products that contain iron oxide. Iron-based oxygen carriers are assumed to be 
environmentally friendly compared to oxygen carriers that contain cobalt or nickel [51].  
In addition, iron-based oxygen carriers have been studied using synthesized particles with 
iron present on several different support materials [24,51–53]. However, when operating 
with solid fuels, there is a need to utilize less-costly oxygen carriers, such as ores or waste 
materials [54]. Since iron is common in the industrial infrastructure, it is also present in 
different waste streams, and such materials, e.g., sewage sludge ash and slag, have been 
examined as oxygen carriers [55,56]. However, these types of materials are not “pure” and 
it needs to be considered what other compounds and elements are introduced into the 
thermal conversion process with the oxygen carrier, as these ‘contaminants’ may affect the 
overall process.  

When utilizing a waste or a slag product as an oxygen carrier the metal content must be 
sufficiently high to enable adequate oxygen transport. However, if considering an oxygen 
transfer of only 1 wt.%, the oxygen transfer is not the limiting factor for thermal stability 
in a CLC unit. Instead, it is the heat transfer from the air reactor to the fuel reactor that is 
the critical factor. This is the case because energy is released in the air reactor  
(where oxidation occurs) and heat has to be transported to the fuel reactor  
(where endothermal reactions predominate) for the conversion of the fuel. Therefore, is it 
essential that a CLC reactor is designed so that enough material can be circulated between 
the two reactors to cover the energy balance [57].  

Over the years, ilmenite has become a benchmark oxygen carrier that has been studied at 
different scales [8,37,54,56,58], and it has been used as a model material for the design of 
a 1,000-MWth CLC plant [59]. Ilmenite is the name of a titanium-iron oxide mineral and 
also the dominant crystalline phase with the formula FeTiO3. It is a relatively common 
mineral and is applied industrially to produce the TiO2 used in e.g. pigments and sunscreen 
[60]. Ilmenite can be oxidized to form pseudobrookite and rutile with the chemical formula 
Fe2TiO5. This oxygen carrier has mainly been investigated for solid fuels, since it is an ore 
that can be obtained at a relatively low cost [61]. Today, it is also industrially used as an 
oxygen carrier in facilities that are implementing OCAC [13,37]. One of its characteristics 
is the binding of alkali into the titanium structure of the particles. Since the formed 
potassium titanate has a high melting point, boilers operated with ilmenite may experience 
less issues with agglomeration of the bed material [8,38,62].  

In this work, ilmenite is used as a reference material in most of the papers, as it is also an 
iron-based oxygen carrier. Ilmenite has previously been evaluated in the same reactors as 
are used in the experimental work of this thesis. In the small laboratory scale batch fluidized 
bed reactor ilmenite was concluded to have a good conversion of CO and H2 and less good 
conversion of CH4 [61]. The same material has also been evaluated in the semi-industrial 
scale 12-MWth CFB boiler at Chalmers with wood chips as fuel [63].  

  



12 

1.4.1 Steel converter slag (LD slag) 

During year 2018, roughly 4.7 Mt of steel were produced in Sweden, and approximately 
1,810 Mt of steel were produced worldwide [64]. Linked to this, several byproducts are 
produced during the conversion of iron ore into steel. The two largest side-streams are: 
blast furnace slag, with 175–300 kg/t of steel; and LD slag, with 85–200 kg/t of steel 
[65,66]. Of these two major byproducts, LD slag is of interest for usage as an oxygen carrier 
due to its higher iron content and good availability.  

LD slag is a mixture of fluxes and contains the remaining impurities from the iron ore that 
was not removed in the blast furnace and which is not intended to be in the final steel 
product. The composition of LD slag is, therefore, dependent upon the origin of the iron 
ore. Some LD slag can be recirculated into the steel process, but due to the risk of 
phosphorus accumulation in the steel process, the potential for recirculation is limited [66]. 
Consequently, more than 300 kt of LD slag are produced annually in Sweden alone [50]. 
Generally, the elemental composition of LD slag is Ca (21%–43%), Fe (8%–27%) and  
Si (4%–9%), together with minor components such as Mg, Mn, Ti, Al, P and V [66–68]. 
These elements are present and stable in various different phases [68]. 

Due to the phosphorus content of LD slag, it can be used as a fertilizer. In Germany, slags 
have been used since 1880 as agricultural fertilizers, and adjustments to the manufacturing 
process have been monitored to meet standards and regulations [69]. However, in Sweden 
and some other regions of the world, the vanadium content of the slag is relatively high. 
Since there are concerns regarding the effects of vanadium on plant life [70], the usage of 
LD slag as a fertilizer has been avoided in the Nordic countries. The high vanadium content 
of LD slag is due to the higher vanadium content of the iron ore in the Nordic region [71]. 
Some efforts have been made to extract vanadium from the LD slag used as an oxygen 
carrier, but with limited success [72].  

Due to its availability, limited industrial demand and iron content, LD slag has been 
considered as an potential oxygen carrier [56,73,74]. Besides the expected low cost of LD 
slag [50], there is also an environmental benefit associated with using a material that is an 
industrial byproduct and that is not utilized to a great extent today. In connection with the 
studies included in this thesis, LD slag has been operated as a bed material in the 12-MWth 
CFB boiler at Chalmers University of Technology under OCAC conditions [50]. The 
findings from this operation, and from previous studies investigating LD slag, can be 
summarized as follows: 

• LD slag can be utilized as an oxygen carrier and has similar reaction properties to 
other iron-based oxygen carriers [56,73].  

• LD slag can be operated as a bed material in a CFB. It can be handled in a similar 
manner to sand, and there are no problems related to agglomeration [50].  

• OCAC operation with only LD slag results in high CO emissions. The addition of 
ammonium sulfate or elementary sulfur decreases the CO emissions, suggesting 
that limited alkali absorption is the cause of the increased emissions [50].  

• LD slag can be operated at full scale in combination with sand, yielding reasonably 
low CO emissions [50].  
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• NOx emissions may increase due to catalytic formation [74] and there are increased 
NOx emissions when using LD slag at a certain air-to-fuel ratio compared to using 
sand [50]. This is similar to other low-cost oxygen carriers such as ilmenite [8] and 
manganese ore [75], which have been used in the same boiler.  

1.5 Ash interactions, agglomeration and corrosion 

Solid fuel always contains inorganic material that forms ash during combustion. The 
compositions and phases of these inorganic materials depend on the origin of the fuel. 
Regardless of whether the fuel is of fossil or biomass origin, some of the inorganics in the 
fuel matrix have high boiling temperatures and will end up as solid ash. In fluidized bed 
combustion systems where a solid bed material is used, there are issues regarding how to 
separate the ash from the bed material. Therefore, regeneration of the bed is a commonly 
used method to avoid the accumulation of ash in the fluidized bed boiler [23].  

The interaction of ash with the bed can result in the formation of products with low melting 
points, so-called ‘melts’. Melts have a tendency to fuse particles to agglomerates in a 
fluidized bed, which can lead to defluidization. There are two main mechanisms for 
agglomeration. The first involves an ash component from the fuel reacting with the bed 
material to form a phase with a low melting temperature. An example of this is potassium 
in a silica sand bed. Thus, potassium reacts with the silica sand to form potassium silicate, 
which has a low melting point and can melt in the boiler. In the second mechanism, the ash 
is inert towards the bed material but forms phases with a low melting temperature. This ash 
melts and adheres to the surfaces of the particles, which leads to agglomeration. This 
second mechanism is, in principle, independent of the bed material. An example of this is 
the ash from rapeseed cake that is rich in potassium-calcium-phosphates with a low melting 
temperature [22,76]. The two mechanisms are illustrated in Figure 4. 

 
Figure 4. Illustration of the first and second agglomeration mechanisms based on [76]. Left: The first 

mechanism – a reactive ash, e.g., reactive potassium reacts with silica sand bed material to form potassium 
silicate with a low melting temperature. Right: The second mechanism – a sticky ash melt, e.g., sticky ash 

from rapeseed that contains potassium–calcium–phosphates that can cause bed particles to adhere to each 
other. 
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Since alkali decreases the melting temperature of silica sand in biomass combustion, 
regeneration of the bed also prevents excessive accumulation of reactive alkali, which can 
result in bed agglomeration. In general, compared to fossil fuels, biomass has higher 
contents of both alkali and phosphorus, both of which can promote agglomeration [76]. 
Moreover, these elements can interact with the bed material in combustion processes. Bed 
ash can also react with oxygen carriers to cause agglomeration or deactivation of the 
oxygen carrier in a chemical-looping application [77]. At the same time, alkali is known to 
increase the reactivity and char conversion rate for certain oxygen carriers [78,79]. The 
well-studied oxygen carrier ilmenite has the ability to react with potassium to form 
potassium titanates [62,80]. Potassium titanate has a comparably high melting temperature, 
resulting in ilmenite having a higher capacity to accumulate potassium than silica sand [81]. 
In other words, a fluidized bed that contains ilmenite is less-sensitive to alkali-mediated 
agglomeration and, therefore, less-prone to bed defluidization as compared to a bed of silica 
sand. 

In addition to alkali and phosphorus, biomass contains large amounts of calcium. Calcium 
has been observed to accumulate on the surfaces of oxygen carriers such as ilmenite [82] 
and bed materials such as olivine [83] and feldspar [84]. In these studies, using different 
bed materials, calcium has been shown to migrate inwards to the particle interior to ion-
exchange elements such as magnesium. Calcium has also been associated with increased 
melting temperature in silica-potassium-calcium mixtures. Potassium and silica are often 
the main contributors to agglomeration in fluidized bed boilers that employ silica sand [76].  

Another important element in the fuel is sulfur. Sulfur is a common element in both biofuels 
and fossil fuels. In a conventional combustion process different forms of sulfur oxides, 
normally grouped as SOx are formed. SOx emissions from power plants contribute to acid 
rain and have negative impacts on human health. Desulfurization has since been performed 
and developed the middle of the last century, and today sulfur emissions regulations are 
well-established [85,86]. In the 1960s and 1970s, one of the most-intensively investigated 
method was the introduction of limestone into the furnace, which was found to be 
especially suitable for conventional fluidized bed boilers [85,87].  

More recently, sulfur has come to be regarded to be more than just an issue for combustion 
processes. Corrosion of the superheaters in bio-fired power plants are related to alkali 
where especially potassium in combination with chlorine have been observed as a problem. 
Sulfur addition, either as an additive to the boiler or as a sulfur-rich fuel such as peat in co-
combustion, represents a way to limit corrosion. An excess of sulfur in relation to potassium 
inhibits the formation of KCl, since the compound K2SO4 is thermodynamically more-
favorable [22]. Sulfur recirculation from flue gas treatment in industrial-scale waste-to-
energy power plants has also shown that the electricity output from a plant can be increased. 
This is also related to the decreased corrosion, which enables a higher surface temperature 
on the superheaters [88]. 

In chemical-looping applications, sulfur is not only oxidized to SO2 or SO3. From both the 
thermodynamic calculations [89,90] and experiments [90–93], it is clear that mainly H2S 
is formed if the oxygen access is subject to under-stoichiometric conditions, as in CLG. 
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When over-stoichiometric conditions are used, as in CLC, mostly SO2 is formed, as is the 
case for conventional combustion. These studies, that used ilmenite and copper-based 
oxygen carriers, it is also suggest that most of the sulfur will be released in the fuel reactor. 
However, a recent study of ilmenite and sulfur interaction under OCAC conditions suggests 
that in combination with biofuel ash, sulfur is also absorbed into the structure of 
ilmenite [94]. This could indicate that more sulfur is transported to the air reactor and 
released there, considering the lower vapor pressure of SO2 and the higher reactor 
temperature in the air reactor.  

1.6 Aim and scope of this thesis 

This thesis aims to investigate the properties and potential of LD slag as an oxygen carrier 
for thermal conversion processes using biomass. LD slag is compared to other bed materials 
that are relevant for solid fuel combustion and gasification. To obtain a comprehensive 
understanding of the viability of LD slag, experiments are conducted at different scales and 
under different conditions. Reactivity tests are made in a small laboratory-scale, batch 
fluidized bed reactor using various fuels. The propensities to react with reactive ash species 
and other important components, such as sulfur and tar precursors, are investigated at small 
scale. Experiments in larger pilots and a semi-industrial unit using LD slag are also 
performed. Various physical and chemical characterization methods are employed 
throughout the experiments. Thus, a much better understanding of the viability of LD slag 
for chemical-looping processes is acquired. It is also expected that the studies will 
contribute to a better understanding of Fe-based oxygen carrier materials in general.  
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Chapter 2 

2. Experimental 
The papers included in this thesis are based on work that extends from laboratory scale to 
semi-industrial scale. Most of the experiments were conducted in a laboratory scale 
fluidized batch reactor. A pilot-scale, 10-kW circulating chemical looping reactor was used 
for testing LD slag under CLG conditions, and the focus of this work included in this thesis 
was on the tar formation. Material interactions were instigated using the bed material from 
the Chalmers semi-industrial, 12-MWth CFB boiler. For all of these experiments, the same 
batch of LD slag has been used.  

2.1 Bed materials 

Although LD slag was the main bed material used in these studies, other bed materials were 
employed for comparison. These materials were chosen because they are commonly used 
in relevant applications [10,34,35]. Ilmenite is often used in CLC and could be considered 
to be a benchmark oxygen carrier. Olivine is used in indirect gasification and is known for 
its activity towards the conversion of tars. It also has some oxygen-carrying 
capacity [58,96]. Currently, silica sand is the standard bed material in fluidized bed boilers. 
The bed materials used in the studies of this thesis are listed in Table 1, together with their 
size distributions and bulk densities. As-received materials were heat-treated at 950°C for 
24 h in a box furnace before being used in the batch fluidized bed reactor. This heat 
treatment was necessary to oxidize the particles, burn off organic components such as oil, 
and remove moisture and crystal-bound water.  
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Table 1. List of the bed materials investigated in this thesis. Bulk density was measured for the heat-treated 
particles.  

Material Provider Bulk density [kg/m3] Size fraction [µm] 

LD slag SSAB Merox AB (Sweden) 1400 150-400 

Ilmenite Titania A/S (Norway) 1800 100-300[26] 

Olivine Sibelco Nordic AB 1600 180-500 

Sand Merck 1300 180-250 

 
The LD slag used in the different papers originates from the same batch of 28 t of LD slag 
that was delivered to Chalmers for use in the experiments carried out in the 12-MWth CFB 
boiler. The material was industrially sieved to a size of 150–400 µm with a yield of 
20%-25% of the desired size, and heat treated prior to transport to Chalmers University of 
Technology [50]. Elemental analyses of the LD slag and the other bed materials are shown 
in Table 2. 

Table 2. Elemental analyses of the studied bed materials, excluding oxygen. LD slag, olivine and sand were 
analyzed with ICP-SFMS, and ilmenite was analyzed with XRF. The balance is mainly oxygen. Values are 
given in wt.%. 

Element LD slag Ilmenite Olivine Sand 

Fe 17 36 5 0.36 

Ti 0.78 28 - 0.04 

Ca 32 0.22 - 0.05 

Si 5.6 0.67 20 45 

Mg 5.9 2.0 30 0.24 

Mn 2.6 0.21 - 0.01 

V 1.5 0.12 - 0 

Al 0.76 0.17 0.24 0.22 

Cr 0.33 0.06 0.21 0 

Ni 0.002 0.03 0.25 0 

 

2.1.1 Impregnation of LD slag 

Wet impregnation, which is a method for adding chemical elements to a particle, is 
commonly used in catalyst production. A controlled amount of an element can be added to 
the structure of a particle by dissolving the active element, then wetting the particle with 
the solution, followed by drying. This allows the active element to precipitate on the surface 
of the particle. Wet impregnation was performed on LD slag to add Ni, Cu, Mn and Ce 
nitrates, which are elements that are known to act as reactive oxygen carriers [27,97–99] 
or that have catalytic properties [100]. Details of the impregnation technique are provided 
in Paper V.   
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2.2 Fuels 

Both gaseous and solid fuels were used in these studies. Gases were provided by Linde 
(formerly AGA). For the oxidation reaction, bottled air was used in the laboratory batch 
reactor and air from the surroundings was used in the larger units. The reducing gases used 
were syngas (50% CO in H2), CH4, CO, N2 saturated with C6H6, H2 diluted in Ar, SO2, 
CO2, and a steam and gasification mixture (14% CH4, 14.9% CO2, 43% CO, 5% C2H4 and 
23.1% H2).  

For the laboratory-scale and semi-industrial-scale experiments involving combustion and 
gasification, different biomass-based solid fuels were used. Wood chips were used in the 
12-MWth CFB boiler for OCAC operation, and pellets of char were used in the fluidized 
bed reactor. The results of the analyses of the fuels used in this thesis are displayed in 
Table 3. Further details regarding the fuel analysis are given in Paper II and Paper III.  
A reference database wood example is provided for comparison.  

Table 3. Analyses of the fuels, given in [wt.%]. Ash, S, C, H and O are given on a dry basis and elemental 
analysis of the ash is given as g/kg dried fuel. The fuels were converted into ash at 550°C.  

Sample Dry basis Elemental composition of the ash 
 A

sh 

S C
 

H
 

O
 

F
e 

C
a 

M
g 

M
n 

A
l 

K
 P 

Si 

Wood-Chips 
Sample 

0.5 <0.02 49.2 6.1 42 0.66 23 3.8 1.5 0.53 12 1.3 1.7 

Wood Pellets 
Sample* 

0.4 <0.02 50.3 6.2 43 0.89 22 3.6 2.7 1.1 9.6 1.4 4.0 

Wood Pellets 
Char Sample 

3.4 0.02 90.4 <0.5 3 3.9 21 4.8 2.9 1.5 5.8 1.3 6.6 

German Wood 
Char 

7.2 0.02 85.3 2.6 4.4 1 12 0.97 0.37 1 4.4 0.35 12 

Wood 
Reference** 

1.4 0.03 49.7 6.0 43 0.01 24 3.6 1.5 0.02 14 2.2 0.13 

*Analysis of wood pellets was not performed on the same batch of pellets as the one used to produce the 
wood pellets char samples but had the same provider.  
**The reference sample analysis is based on a mean calculated for 24 different stem-wood fuels in the 
Chemical Fractionation Fuel database of Åbo Akademi. 
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The solid fuels used in the experimental campaign in Paper IV using the 10-kWth 
continuous chemical looping reactor system were: Black Pellets (BP); Pine Forest Residue 
(PFR); and crushed straw pellets (ST). The results of the analyses of these fuels are shown 
in Table 4. The BP were steam-exploded pellets provided by Arbaflame AS, Norway. This 
was used as a reference fuel with more fixed carbon and low level of alkali. The pellets 
were crushed and sieved to obtain a size in the range of 0.7–2.8 mm. PFR was provided by 
the National Renewable Energy Centre (CENER), Spain. This fuel is more complex than 
BP and contains more volatiles. The PFR was crushed to obtain a size in the range of 
0.7-3.0 mm. Straw pellets were provided by Stohfelder, Austria. Straw is known for having 
high levels of alkali, chloride and silica in the ash, which are problematic for the operation 
of combustion processes [22,76]. The straw pellets were crushed to obtain a size fraction 
in the range of 0.7–3.5 mm. 

Table 4. Analysis of the fuel used in the 10-kWth pilot-scale chemical-looping reactor. Values are given for 
the as-received fuel. LHV stands for Lower Heating Value. 

Component Unit(s) Black pellets (BP) 
Pine forest 

residue (PFR) Straw 

Moisture % 5.7 9.2 8.8 

Ash % 0.3 1.8 7.9 

Volatiles % 74.2 80.0 67.5 

Fixed Carbon % 19.8 9.0 15.8 

C % 49.6 46.9 42.0 

H % 6.5 5.7 6.1 

N % <0.1 0.35 0.7 

O % 43.6 36.0 43.0 

Si mg/kg dry fuel <530 - 19000 

Ca mg/kg dry fuel 820 - 7700 

K mg/kg dry fuel 460 2080 11000 

Na mg/kg dry fuel <53 27 260 

LHV MJ/kg 18.7 18.0 15.1 

2.3 Experimental units 

For this thesis, experiments were performed to evaluate the performance of LD slag as an 
oxygen carrier at different process scales. The laboratory scale batch fluidized bed reactor 
was the main item of equipment for these experiments. Experiments at pilot scale and semi-
industrial scale were used to evaluate the specific abilities of LD slag and to assess the 
batch reactor results. In the following subsections, the different experimental units are 
presented in order of size, starting with the smallest.  
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2.3.1 Horizontal tubular furnace 

For the stationary interaction experiments between oxygen carriers and ash elements, a 
horizontal tubular furnace system was used. A schematic overview of the system is 
presented in Figure 5. Here, mixtures of oxygen carriers and either of four potassium salts 
(K2CO3, KCl, K2SO4 and KH2PO4), totaling 2–5 g, were placed in an alumina crucible in 
the middle of a horizontal tubular furnace. The furnace was heated to 900°C to investigate 
the oxygen carrier-alkali interactions under reducing conditions in presence of steam. The 
potassium salt was crushed in a mortar and pestle before being mixed with the oxygen 
carrier, so that the salt would distribute evenly around the oxygen carrier particles. The 
amount of salt was determined so that the final mixing contained 4 wt.% potassium, which 
is the same amount of potassium that was observed in an ilmenite sample after 3 weeks of 
operation in the 12-MWth CFB boiler [62]. Details regarding the execution of the 
experiments can be seen in Paper VI. 

 
Figure 5. Schematic overview of the horizontal tub furnace setup. 

The advantage of this system is that it is simple to operate and requires only small samples. 
It represents the worst-case scenario for the bed material and ash interactions, as since there 
is constant contact with the particles.  

2.3.2 Laboratory scale batch fluidized bed reactor 

The main equipment that was used to determine the reactivity of the different oxygen 
carriers was a small-scale batch fluidized bed reactor. The reactor in this system comprises 
a quartz tube with an inner diameter of 22 mm, which is equipped with a porous plate where 
the bed material is located (Figure 6). For the experiments presented in this thesis, samples 
weighing 15–40 g were used in this reactor system. 
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Figure 6. Design of the quartz glass reactor with a porous plate where the bed material is mounted for 

exposures. The flow direction for a fluidized bed is from the bottom up. Distances are given in mm.  

The layout of the system where the reactor is located inside a vertical furnace is depicted 
in Figure 7. The system is divided into three different parts: Gas preparation, Furnace, and 
Flue gas analysis. In the Gas preparation section (to the left side in Figure 7), gas mixtures 
are prepared using different gases that contain synthetic air, CO/H2 mixture (syngas), CO, 
CH4, N2, SO2 in N2 etc. All the incoming gaseous flows are measured using mass flow 
controllers. Liquid fuels with relatively low boiling points, such as benzene, can be 
introduced into the system by saturating a carrying stream of nitrogen. Details of the system 
can be found elsewhere [95].  

 
Figure 7. Schematic of the layout of the setup for the laboratory batch fluidized bed reactor. 

The prepared gas mixture selected by the magnetic valves is inserted into the bottom of the 
quartz reactor mounted inside the furnace. This is the second part of the reactor system 
(middle part of Figure 7). The magnetic valves are sequenced so as to expose the bed 
material to the desired conditions. The quartz reactor is equipped with two K-type 
thermocouples protected by a quartz glass mantle.  
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The fluidization of the bed in the reactor is monitored using a pressure sensor that measures 
the pressure difference between the top and bottom of the reactor. The pressure sensor is a 
Honeywell pressure transducer that measures pressure at a frequency of 20 Hz.  

Solid fuel can be introduced at the top of the reactor using a set of sealing valves. Solid fuel 
is inserted together with a span gas of N2, to push the particles into the reactor. The size of 
the solid fuel is dependent upon the density but is normally larger than the denser bed 
material to avoid char blow-out due to reaching the terminal velocity of the solid fuel. For 
these experiments, 40 g of bed material were used and 0.2 g, 0.4 g or 0.6 g of solid char 
was added as fuel. These amounts of char correspond to theoretical bed reductions of 
roughly 1 wt.%, 2 wt.% and 3 wt.%, with the assumption that all the char is converted to 
CO2. The bed was fluidized with a mixture of nitrogen and steam. 

The third part of the reactor system is the flue gas analysis (on the right side in Figure 7). 
Initially, the uncondensed flue gases are assayed continuously using the Thermo-Scientific 
IS50 Fourier Transform Infrared (FTIR) spectrometer to measure CO, CO2, CH4, H2O and 
C6H6. FTIR was mainly used for evaluation of the experiments that used benzene.  

Downstream of the FTIR, the gases are condensed to remove water vapor and introduced 
into a dry gas analyzer. The dry gas analyzer used was a Rosemount NGA 2000 equipped 
with IR/UV sensors for CO, CO2 and CH4, as well as a thermal conductivity sensor for H2 
and a paramagnetic gas sensor for O2. For experiments with sulfur, a different Rosemount 
analyzer was used in which the sensor for H2 was exchanged for an IR/UV sensor to detect 
SO2. After the analysis, the gases are vented or for shorter periods of time bagged into gas-
tight Al-bags. Bagging of the flue gases was used for the sulfur analyses where H2S and 
SO2 were measured using Dräger tubes. More information about the features of this reactor 
system can be found elsewhere [95].  

There are many different procedures that can be utilized in the laboratory fluidized bed 
reactor, more than are described in this thesis. For more alternative procedures, the reader 
is directed elsewhere [95]. In Section 2.4, the methods, calculations and assumptions 
related to the gaseous and solid fuels are explained further. 

2.3.3 The 10-kWth chemical looping reactor 

Chalmers's 10-kWth chemical looping unit for solid fuel was inspired by the previous 
successfully used reactor system for gaseous fuel. However, the fuel reactor was redesigned 
for solid fuels and mounted in an electrically heated furnace to maintain the operational 
temperature [101]. In Year 2019, the fuel reactor was redesigned to operate more 
effectively with biofuels that contained a large fraction of volatiles. A volatile distributor 
was inserted into the bed to ensure better conversion of the volatile fuel. A schematic 
overview of the process is shown in Figure 8, where the volatile distributor is indicated as 
two dashed lines in the fuel reactor. In comparison to the previous version of the reactor 
that lacked a volatile distributor, this unit showed a higher level of gas conversion, 
indicating more-effective contacts between the oxygen carriers and volatiles. A typical bed 
inventory of the system entails 20–30 kg of bed material [102].  
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Figure 8. Schematic of the layout of the 10-kW solid fuel chemical looping reactor system equipped with a 
volatile distributor in the fuel reactor [102].  

The focus of this thesis is related to tars generated from CLG experiments in the 10-kW 
unit. Besides LD slag, ilmenite and sand were used as bed materials for reference. Three 
different solid fuels were used, more about these fuels in Table 4 in section 2.2.  
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For the tar samples, flue gases were extracted from the fuel reactor chimney just above the 
furnace using a Venturi pump system inserted into a heated line. From this heated line,  
a 100-ml gas sample was extracted while passing through a hot filter to remove particles, 
using a pneumatic pump system. The pneumatic pump was connected to the system by a 
syringe through a septum. Tars from the gas sample were collected in a Solid Phase 
Adsorption (SPA) column. See Figure 9 for an overview of the tar sampling system. The 
SPA column was the SupercleanTM Envi-CarbTM/LC-NH2 in 3-ml tubes delivered by 
Supelco. The tar-measuring method using these types of SPA columns has been 
evaluated [103] and used in previous studies [30,96]. For every operational setting of the 
system, two tar samples were collected after the extraction system was pre-heated and filled 
with flue gas.  

 
Figure 9. Illustration of the overall tar sampling system. Left panel: Heated extraction system where the flue 
gas is extracted from the fuel reactor (FR). Middle panel: The sampling system in which a needle pierces a 
septum to extract 100 ml of filtered hot flue gas and in which the tars are absorbed onto the SPA column. 
Right panel: The pneumatic pump system is used to control the syringe, so as to extract at the same suction 
rate for every sample. 

The tar sample captured in the SPA column was directly cooled to prevent the evaporation 
of volatile tar species. At 1–2 days after the experiments, the samples were eluted using a 
standardized elution solution. The samples were analyzed with gas chromatography (GC) 
using the Bruker GC430 GC equipped with a 30-m mid-polar column and connected to an 
flame ionization detector (FID), using hydrogen as the carrier gas. The results of the GC 
analysis were then related to the dry gas composition of the fuel reactor. Further details 
regarding the sampling, elution, calculations and assumptions can be found in Paper IV. 

2.3.4 Chalmers 12-MWth CFB boiler  

LD slag was used as the bed material in the 12-MWth CFB boiler at Chalmers University 
of Technology [50]. For this, 28 metric tonnes of LD slag with particle size of 150–400 µm 
were received from SSAB Merox AB, Sweden. The boiler was originally designed to use 
of coal at a maximum load of 12 MWth. However, with the usage of biomass, the maximum 
load is reduced to roughly 8 MWth, although the boiler is normally operated at 5–6 MWth. 
The boiler is used to produce hot water for district heating during the cold season.  
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The boiler is equipped with an integrated gasifier in the form of a secondary bubbling 
fluidized bed. This gasifier can be included or excluded from operation by activation or 
deactivation of the two fluidized loop seals. Bed materials can be extracted from several 
positions during operation. Bed materials were extracted from the bottom of the boiler and 
fly ash samples were acquired from the secondary cyclone and the textile filter (Figure 10). 

 
Figure 10. Schematic of the process layout of the Chalmers 12-MWth CFB boiler equipped with a 2–4-MWth 

gasifier. Bed material can be extracted from various points in the boiler. The bed material used in the 
experiments of this thesis were extracted from a port located between H2 and H3 [8]. 

During the tests with LD slag as the bed material in the boiler, the boiler was operated for 
1 week under OCAC conditions without any use of the gasifier. During this week, the boiler 
was operated using only LD slag as bed inventory, with no regeneration of the bed and a 
total bed inventory of about 2,000 kg. Some additional LD slag was added during boiler 
operation due to a pressure loss caused by partial loss of bed material mass. The boiler was 
operated at around 860 °C using woodchips as fuel. Fuel feed to the boiler was 1600-1700 
kg/h with a primary air flow set at 1.4-1.5 kg/s. Two samples of roughly 1 kg each of bed 
material were extracted twice a day.   
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2.4 Experimental procedures and evaluation 

The main unit used for investigating the properties of LD slag was the laboratory batch 
fluidized bed reactor as described in section 2.3.2. In this section, the methods, assumptions 
and calculations are explained for the two main experiments.  

2.4.1 Evaluation of gaseous fuels 

Thanks to the flexibility of the laboratory batch fluidized bed reactor, many different fuel 
and conditions could be investigated. In the setup, samples are normally exposed to gases 
in a “cycle” comprised of several sequences using different gases. One such cycle involves 
Inert-Reducing-Inert-Oxidation periods, performed on initially oxidized particles. 
Oxidation is normally performed until consumption of oxygen is no longer observed, i.e., 
the outlet O2 concentration is the same as the inlet O2 concentration, after which the 
particles are considered to be “fully oxidized”. For some experiments, the oxygen carrier 
was pre-reduced to reach a lower oxidation state before the conversion of fuel was 
measured. In these cases, the cycle was designated as: Inert-“Pre-Reduction”-Inert-
Reducing-Inert-Oxidation. The gas volumetric flows, compositions and exposure times are 
displayed in Table 5. 

Table 5. Gas mixtures introduced into the laboratory fluidized bed reactor when using gaseous fuel in the 
different papers.  

Phase Gas mixture 
Gas flow 
[mlN/min] 

Temperature  
[°C] 

Time 
[s] 

 

Oxidizing 5% O2, 95% N2 1000 800-950 300-1200 A
ll papers 

Inert 100% N2 1000 800-950 180 

Reducing – 
Activation 

50% CO, 50% H2 900 850 20 

Reducing – Syngas 
50% Steam, 45% 50/50 CO/H2, 

5% N2 
1000 800-950 20 Papers I &

 V
 

Reducing – CH4 50% Steam, 35% CH4, 15% N2 1000 800-950 20 

Reducing – C6H6 
50% Steam, 50% N2 containing 

1.4% C6H6, 20% N2 
1000 800-950 20-60 

Reducing – Syngas 
Dry 

100% 50/50 CO/H2 900 670-970 20 Papers II 
&

 IV Reducing – CO 
Dry 

50% CO, 50% N2 900 670-970 5-20 

Reducing – SO2 
25% CO, 25% H2, 1% SO2,  

balance is N2 
1000 870 20 Paper III 

Reducing – SO2 
and C6H6 

50% Steam, 1.46% C6H6,  
0.4% SO2, N2 balance 

1000 850 60 

Oxidizing – SO2 5% O2, 1.5% SO2. balance is N2 1000 870 90 min 
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Prior to all the experiments, the bed material was “activated”. This was carried out by 
altering the oxidizing conditions (first row in Table 5) and reducing conditions (third row 
in Table 5) until stable conversion of the syngas was obtained. It is normal in these types 
of experiments that the oxygen carrier shows greater deviations in reactivity during the 
initial cycles, and this is a way to stabilize the behavior. Usually, 7–20 cycles were used to 
activate the samples.  

The resulting data were logged every second, and an example of a concentration profile 
acquired over time can be seen in Figure 11.  

 
Figure 11. One entire cycle displaying the dry gas analysis for calcined LD slag  

exposed to syngas (50% CO in H2). “R” stands for reduction. 

The gas yield for gaseous exposures was calculated over the entire cycle for all the gas 
species, and the yield was calculated accordingly to Equation (E1).  

 𝛾𝛾𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹 = �
𝑥𝑥𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹,𝑖𝑖𝑛𝑛 ∗ �̇�𝑛𝑖𝑖𝑛𝑛 − 𝑥𝑥𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹,𝑜𝑜𝐹𝐹𝑜𝑜 ∗ �̇�𝑛𝑜𝑜𝐹𝐹𝑜𝑜

𝑥𝑥𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹,𝑖𝑖𝑛𝑛 ∗ �̇�𝑛𝑖𝑖𝑛𝑛
𝑑𝑑𝑑𝑑

𝑜𝑜𝑟𝑟𝑟𝑟𝑟𝑟=𝐹𝐹𝑛𝑛𝑒𝑒

𝑜𝑜𝑟𝑟𝑟𝑟𝑟𝑟=0
∗ 100% (E1) 

Besides the total conversion over a cycle, the interim CO conversion (γCO) was calculated 
for gaseous exposures that did not involve steam, accordingly to Equation (E2).  

 𝛾𝛾𝐶𝐶𝐶𝐶,𝑖𝑖 =
𝑥𝑥𝐶𝐶𝐶𝐶2,𝑖𝑖

𝑥𝑥𝐶𝐶𝐶𝐶2,𝑖𝑖 + 𝑥𝑥𝐶𝐶𝐶𝐶,𝑖𝑖
 (E2) 

There are a few different ways to calculate the degree of oxidation of the oxygen carrier. 
The level of transferred oxygen can be calculated from the outgoing levels of CO2 and H2. 
The degree of oxidation of the oxygen carrier (ω) can thereby be calculated from Equations 
(E3) and (E4) for a syngas [48]: 

 𝜔𝜔 =
𝑚𝑚
𝑚𝑚𝑜𝑜𝑥𝑥

 (E3) 
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 𝜔𝜔𝑖𝑖 = 𝜔𝜔0 − �
�̇�𝑛𝑜𝑜𝐹𝐹𝑜𝑜𝑀𝑀𝐶𝐶

𝑚𝑚𝑜𝑜𝑥𝑥
(2𝑥𝑥𝐶𝐶𝐶𝐶2 + 𝑥𝑥𝐶𝐶𝐶𝐶 − 𝑥𝑥𝐻𝐻2)

𝑜𝑜𝑖𝑖

𝑜𝑜0
 (E4) 

Limitations associated with this approach using Equations (E3) and (E4) are that the 
equations cannot be used for fuel mixtures that containing a lot of oxygen or when steam 
is used. This is because the mass balance do not include the oxygen from the steam, which 
can oxidize the oxygen carrier or react directly with the gases. In addition, the steam 
measurement is limited by the measurement frequency of the FTIR. This instrument 
requires rather long measurement intervals during which stable steam production must be 
maintained. Since the cycles may be short in duration, it is difficult to obtain a trustworthy 
result from the FTIR. Therefore, other calculation techniques were utilized.  

By comparing the O2 concentrations at the outlet during the oxidation of the oxygen carrier 
to an inert reference material, the difference in O2 signals can be calculated. This difference 
reflects the amount of oxygen absorbed by the oxygen carrier and corresponds to the 
amount of oxygen transferred to the fuel during the entire cycle. This amount of oxygen is 
referred to as ωuptake and is calculated accordingly to Equation (E5):  

 𝜔𝜔𝐹𝐹𝑢𝑢𝑜𝑜𝑢𝑢𝑢𝑢𝐹𝐹 = � �𝑥𝑥𝐶𝐶2,𝑟𝑟𝐹𝐹𝑟𝑟 − 𝑥𝑥𝐶𝐶2,𝑠𝑠𝑢𝑢𝑚𝑚𝑢𝑢𝐹𝐹𝐹𝐹�
𝑜𝑜𝑜𝑜𝑜𝑜=𝐹𝐹𝑛𝑛𝑒𝑒

𝑜𝑜𝑜𝑜𝑜𝑜=0
∗ �̇�𝑛𝑜𝑜𝐹𝐹𝑜𝑜 (E5) 

Equation (E5) can also be used for solid fuel experiment and will, after considering the 
amount of oxygen required to combust the remaining char in the reactor, be equivalent to 
the amount of oxygen transferred from the oxygen carrier to the fuel. The limitation of this 
equation is that the oxygen level can only be measured and calculated at the end of the 
cycle and not as a function of time during the reduction sequence, as is the case for 
Equations (E3) and (E4).  

An example of an experiment layout with pre-reduction is presented in Figure 12. Here, 
LD slag was evaluated when it was reduced to wüstite (Fe1-xAxO). These tests were 
performed to gauge whether LD slag could be oxidized with steam to produce H2 via the 
water-splitting reaction (Reaction R8 in Section 3.1). Further details of the execution of 
this experiment are listed in Paper II. The experimental layout and raw data plot for these 
experiments are shown in Figure 12.  
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Figure 12. One cycle of a water splitting experiment using LD slag at 850°C. The formation of H2 is clearly 

observed when the sample is oxidized using steam. “R” stands for reduction. 

2.4.2 Evaluation of solid fuels 

Solid fuel gasification experiments were performed to evaluate the effects on gasification 
of a fuel in presence of an oxygen carrier or additive. Here, the fuel used was devolatilized 
wood pellets. The production of these pellets is described in Paper II.  

The oxidizing and inert flows were the same as for the gas experiments (see Table 5), and 
the same general experimental layout with oxidizing-inert-reducing-inert cycles back to 
oxidizing was used. Figure 13 displays a cycle of solid fuel gasification.  

 
Figure 13. One cycle of char gasification at 970°C using LD slag as the bed material in the 

laboratory scale batch fluidized bed reactor system 



 

31 

The outgoing amount of gas from these experiments can be calculated according to 
Equation (E6). 

 𝑛𝑛𝑖𝑖,𝑜𝑜𝑜𝑜𝑜𝑜 = � 𝑥𝑥𝑖𝑖,𝑜𝑜𝐹𝐹𝑜𝑜(𝑑𝑑) ∗ �̇�𝑛𝑜𝑜𝐹𝐹𝑜𝑜(𝑑𝑑)𝑑𝑑𝑑𝑑
𝑜𝑜2

𝑜𝑜1
 (E6) 

In Equation (E6), the total molar flow is calculated from the known volumetric flow of N2 
according to Equation (E7) [29].  

 �̇�𝑛𝑜𝑜𝐹𝐹𝑜𝑜 =
𝑃𝑃
𝑅𝑅𝑅𝑅

∗
�̇�𝑉𝑁𝑁2,𝑖𝑖𝑛𝑛

1 − (𝑥𝑥𝐶𝐶𝐶𝐶2 + 𝑥𝑥𝐶𝐶𝐶𝐶 + 𝑥𝑥𝐻𝐻2 + 𝑥𝑥𝐶𝐶𝐻𝐻4)
 (E7) 

Char conversion was calculated as the fraction of gasified carbon, Xc. Xc(t) as defined in 
Equation (E8) where the mass of carbon, mc(t), at time t is defined as the integral from 
tred=0 to tred=t according to Equation (E9). The total amount of carbon was calculated from 
tred=0 to tred=tred,end.  

 𝑋𝑋𝑐𝑐(𝑑𝑑) =
𝑚𝑚𝑐𝑐(𝑑𝑑)
𝑚𝑚𝑐𝑐,𝑜𝑜𝑜𝑜𝑜𝑜

 (E8) 

 𝑚𝑚𝑐𝑐(𝑑𝑑) = 𝑀𝑀𝑐𝑐 � �̇�𝑛𝑜𝑜𝐹𝐹𝑜𝑜(𝑑𝑑) �𝑥𝑥𝐶𝐶𝐶𝐶(𝑑𝑑) + 𝑥𝑥𝐶𝐶𝐶𝐶2(𝑑𝑑) + 𝑥𝑥𝐶𝐶𝐻𝐻4(𝑑𝑑)�
𝑜𝑜2

𝑜𝑜1
𝑑𝑑𝑑𝑑 (E9) 

The gasification rate (rw) was defined and calculated using Equation (E10), as a time 
derivate of fuel conversion of char Xc. Using Equation (E11), the gasification rate was 
normalized to the amount of remaining carbon in the bed. Calculations of the gasification 
rate were performed for 0.3<Xc<0.7. Here, the first and last 30% is not included to avoid 
impacts from the of remaining volatiles and the last part of gasification where the solid fuel 
in the bed is very small, something which was also done in earlier studies [104].  

 𝑟𝑟𝑤𝑤 =
𝑑𝑑𝑋𝑋𝑐𝑐(𝑑𝑑)
𝑑𝑑𝑑𝑑

=
�̇�𝑚𝑐𝑐(𝑑𝑑)
𝑚𝑚𝑐𝑐,𝑜𝑜𝑜𝑜𝑜𝑜

 (E10) 

 𝑟𝑟 =
𝑟𝑟𝑤𝑤

1 − 𝑋𝑋𝑐𝑐(𝑑𝑑)
 (E11) 

For the water-gas-shift reaction, Reaction R9 in Section 3.2, the equilibrium constant Keq 
is defined as in Equation (E12) and the reaction quotient Qi at time i as in Equation (E13). 
The temperature dependence of the equilibrium is empirically defined as Equation (E14) 
[105,106]. 

 𝐾𝐾𝐹𝐹𝑒𝑒 =
𝑥𝑥𝐶𝐶𝐶𝐶2 ∗ 𝑥𝑥𝐻𝐻2
𝑥𝑥𝐶𝐶𝐶𝐶 ∗ 𝑥𝑥𝐻𝐻2𝐶𝐶

 (E12) 

 𝑄𝑄𝑖𝑖 =
𝑥𝑥𝐶𝐶𝐶𝐶2,𝑖𝑖 ∗ 𝑥𝑥𝐻𝐻2,𝑖𝑖

𝑥𝑥𝐶𝐶𝐶𝐶,𝑖𝑖 ∗ 𝑥𝑥𝐻𝐻2𝐶𝐶,𝑖𝑖
 (E13) 

 𝐾𝐾𝐹𝐹𝑒𝑒 = exp �−4.33 +
4577.8
𝑅𝑅

� (E14) 
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2.5 Material characterization 

LD slag is a very complex material that contains many different elements and phases. 
Interactions with ash, potassium salts, sulfur and other bed materials increase the 
complexity further. Therefore, different measurement techniques are used, to understand 
both the bulk properties and the phase interactions.  

2.5.1 SEM-EDS 

SEM-EDS (Scanning Electron Microscopy – Energy-Dispersive x-ray Spectroscopy) was 
one of the main techniques used to determine the interactions between LD slag and the 
other investigated bed materials. SEM-EDS was performed with the FEI Quanta 200 FEG 
ESEM on either whole particles or cross-sections of the particles. Whole particles were 
mounted on carbon tape. The cross-sections of the particles were exposed by stabilizing the 
particles in epoxy and polishing until exposure of the cross-sectional surface. To avoid 
charging of the sample, the epoxy was coated with gold and conducted with copper tape to 
the sample holder in the SEM-EDS.  

The program used for the analysis of the SEM-EDS data was the Aztec software. With this 
program, areas with similar elemental composition were combined into groups for further 
analysis. Carbon from the epoxy and oxygen was excluded from the formulation of these 
compositional groups. This was to simplify the analysis of the remaining components in 
the particles.  

2.5.2 XRD 

Powder X-Ray Diffraction (XRD) was used to identify the crystalline phases of the 
materials. It is important to note that only the crystalline phases are detected by XRD, and 
not the amorphous phases that are also present in LD slag. XRD was performed with the 
Brucker D8 ADVANCE/Brucker D8 DISCOVER equipped with a Cu Kα-radiation source. 
Step sizes of 0.05° for the Advance system and of 0.02° for the Discover system were used 
and the angle was 10°–90° for both machines.  

Due to the complexity of the LD slag, the XRD diffractograms contained many interacting 
peaks and solid solutions in different phases, resulting in broadening of the peaks. For this 
reason, the phases identified in this thesis have been generalized, e.g., Fe1-xAxO (wüstite) 
for phases that contained mainly Fe and having the same crystal structure as wüstite. This 
was regardless of whether “A” in the phase with best fit was, e.g., Mn or Mg with different 
ratios of “x” to Fe.  
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2.5.3 Thermal gravimetric analysis (TGA) 

The TA Instruments thermogravimetric analyzer Q500 was used for the thermal 
gravimetric analysis (TGA). The analyzer was equipped with a gas mixing system similar 
to that used for the laboratory-scale, batch fluidized bed system, albeit without steam or 
liquid fuel. The properties investigated with TGA were: the carbonation/calcination 
temperatures at different partial pressures of CO2; and the total amount CO2 absorbed by 
carbonatization. Also investigated were the reactions related to the heating up of the 
outdoor-stored LD slag samples, as well as some oxygen-reduction cycles, to determine 
how much oxygen could be transported by the material (the so-called ‘oxygen carrier 
potential’). However, a limitation of the TGA experiments is that the oxygen carrier 
potential was evaluated without steam, which limits the reduction potential of the reducing 
gas.  

2.5.4 Free calcium quantification 

To quantify the free calcium, i.e., CaO and Ca(OH)2, in the LD slag, 1.0 g of LD slag was 
ground and leached in 100 ml of 10% sucrose sugar solution for 25 min under constant 
stirring. This time period was deemed sufficient to dissolve all the free calcium components 
in the water solution, so as to form Ca(OH)2(aq). Thereafter, the mixture was filtered and 
rinsed. The filtrate was titrated with 0.075 M H2SO4 using phenolphthalein as a  
pH indicator, until neutral pH was reached. The free calcium content was calculated from 
the acid consumption as CaO-equivalents in the sample [107].  

2.5.5 Elemental analysis 

Elemental analyses of the bed materials were performed externally by ALS using 
ICP-SFMS (Inductively Coupled Plasma – Sector Field Mass Spectrometry) according to 
ISO 17294-2:2016. The particles were melted together with LiBO2 and then dissolved in 
HNO3 before analysis with ICP-SFMS. The results provide the elemental compositions, 
which are normally given as the most thermodynamically favorable metal oxides at that 
temperature, i.e., at roughly 1,000°C. Loss On Ignition (LOI) was also derived as the weight 
loss during heating to 1,000°C in air. A high LOI value can be due to the presence of 
hydrates and carbonates, which are not stable at these high temperatures.  

Besides ICP-SFMS, XRF (X-Ray Fluorescence) was used to analyze the elemental 
compositions of the bed material samples. For the samples analyzed by the provider, the 
sample was dissolved in B4Li2O7 with continuous stirring and cast into a glass bead. This 
glass bead was analyzed by XRF to determine the elemental composition. In addition, XRF 
of powders has been performed using the Panalytical Axios XRF for elemental analysis. In 
these cases, the samples were both ground and analyzed as whole particles, to investigate 
the elements concentrated in the bulk, as compared to those on the surface of the particles 
[108].  

Elemental analysis of fuels was performed using ICP-OES (Inductively Coupled Plasma – 
Optical Emission Spectroscopy). The standard used was ASTM D 3682 and the analysis 
was performed externally by RISE and Eurofins.  
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2.5.6 Bulk density 

Bulk density was evaluated for the particles using the funnel method according to ISO 
2923-1:2008. The test was repeated three times and the mean value was calculated. 
Oversized particles, such as rocks and char from the 12-MWth boiler samples, were 
removed and not measured.  

2.5.7 Size distribution 

The size distribution of the particles was measured by sieving through 6–7 sieves spanning 
from 45 µm to 500 µm, which were stacked together during sieving. A sample of 20–30 g 
was analyzed, and an automatic vibrator was used for 20 min for the sieving process. 

2.5.8 BET surface area 

The specific surface area of the particles was evaluated using Brunauer-Emmett-Teller 
(BET) analysis. The Micromeritics TriStar 3000 surface area and porosity analyzer 
operated with liquid nitrogen was used for these analyses. Prior to the analysis, the samples 
were degassed under a flow of nitrogen, for 1 h at 90°C, followed by 4–16 h at 250°C.  

2.5.9 Attrition 

Mechanical strength was measured using a customized jet cup attrition rig (Figure 14). The 
rate of particle attrition was determined using a sample of 5 g in the size range of 
125-180 µm. The cup at the bottom of the rig where the sample is placed has a conical inner 
diameter of 13/25 mm and a height of 39 mm. A nozzle with an inner diameter of 1.5 mm 
is placed from the side at the bottom of the cup. During operation, air is flushed into the 
nozzle, reaching a velocity of approximately 100 m/s. This creates a vortex that causes the 
particles to swirl upwards towards the settling chamber. In the settling chamber, the 
velocity is decreased to roughly 0.005 m/s, allowing the particles with higher terminal 
velocity to fall back into the cup. Particles that are small enough to exit the settling 
chamber, ideally particles <10 µm, are collected in a filter after the settling chamber. The 
filter is weighed every 10 min during the 1-hour test to determine the attrition rate of the 
particles and their overall attrition trends. Details of the analysis and regarding the 
determination of the attrition rate index and trends can be found elsewhere [109].  
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Figure 14. Schematic representation of the customized jet cup attrition rig [109]. 

The actual values from the jet cup attrition rig should not be regarded as an exact predictor 
of attrition in a large-scale unit, although Rydén et al. have shown clear correlations to the 
results obtained in pilot operations [109]. This is due to the accelerated attrition that is 
achieved using the high velocity in the jet cup, as well as to the fact that it is conducted at 
room temperature without any stresses to the particles as altering reducing and oxidizing 
conditions provides. However, the attrition rate index may indicate the attrition trend of 
bed material and the measured attrition rate index can be compared easily to other materials 
evaluated in the same rig. Another common method to estimate the attrition of an oxygen 
carrier is by measuring the crushing strength of single particles and calculate a mean 
value [24,109]. Since the number of tested particles in the attrition rig are much larger 
compared to crushing strength, where only a few single particles are evaluated, the attrition 
rig provides a more trustworthy value for the evaluation of attrition.  
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Chapter 3 

3. Chemical properties of LD slag as an 
oxygen carrier  

3.1 LD slag phases related to oxygen transport and activation 

In Paper I the oxidized LD slag phases for the as-received, heat-treated and LD slag 
operated in the 12-MWth boiler in OCAC mode were investigated, see Table 6. It was 
observed that the XRD diffractograms were very similar for the samples from different 
operational times in the boiler, and that the main difference associated with the heat 
treatment was the decomposition of CaCO3 and Ca(OH)2 when compared to the as received 
sample. It is noteworthy that the detection limit of XRD is a few wt.%, and the 
diffractograms contained a very high number of peaks, which meant that no phases 
containing ash could be identified with certainty. 

Table 6. Identified phases using XRD and free calcium content in LD slag samples given as CaO quantified 
using leaching. “A” in identified phases indicates dopant metals such as Mg and Mn. “B” indicates elements 
such as Mg, Mn, Al and Si.  

Sample Detected phases 
Free CaO + Ca(OH)2 

[wt.%] 

LD slag as received 
“Fresh” 

Mg1-xFexO, Ca2Fe2-xBxO5,  
(CaO)xSiO2, Ca(OH)2, CaCO3, CaO 

6.2±0.3 

LD slag heat treated  
“Ox 24 h” 

Mg1-xFexO, Ca2Fe2-xBxO5, (CaO)xSiO2, CaO 4.0±0.1 

LD slag used in the boiler 
“OCAC 65 h” 

Mg1-xFexO, Fe3-xAxO4, Ca2Fe2-xBxO5,  
(CaO)xSiO2, CaO 

2.6±0.1 
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It should be noted in Table 6 that no magnetite phase (Fe3-xAxO4) was detected in the fresh 
and heat-treated (Ox 24 h) LD slag sample. However, after being used in the laboratory 
fluidized bed reactor, the XRD diffractogram was more similar to the OCAC boiler samples 
in terms of having the magnetite phase. This indicates that magnetite appears as the 
oxidized form in LD slag after the particles have been activated by cyclic oxidation and 
reduction. Note here that the laboratory scale batch fluidized bed reactor tests were 
conducted with distinct reducing/oxidizing conditions, as in CLC, while OCAC has less 
distinct reducing and oxidizing areas in the boiler. Therefore, it is reasonable to assume 
that the LD slag will have similar oxidized/reduced phases in a chemical-looping 
application as in OCAC. 

 
Figure 15. XRD diffractogram of oxidized LD slag and LD slag reduced using syngas and steam. The lines 

indicate phases that are pronounced in only one sample, but not the other. “A” in the given phases 
indicates dopants in the crystal structure, such as Mg and Mn. 

It was found that the oxidized LD slag contained magnetite while the reduced LD slag 
contained a Fe1-xAxO (wüstite-structure) phase, where “A” indicates dopants such as Mg. 
The reduced sample was reduced using a syngas and steam, according to Table 5. The 
results from the XRD analyses of the reduced and oxidized materials in Figure 15 clearly 
indicate that oxygen transport is dominated by the magnetite-wüstite phase transition, as 
illustrated by R7 where an oxygen atom (O*) is available for reaction with a fuel. This is 
likely due to a kinetic limitation associated with oxidation to hematite, as magnetite is 
expected to oxidize to hematite according to thermodynamic calculations made with 5% 
oxygen in nitrogen at temperatures relevant for CLC. This unexpected behavior could be 
due to the inclusion of dopants. In the laboratory batch fluidized bed reactor and in the 
TGA tests, it was concluded that LD slag has an oxygen-carrying capacity of 1.0–1.2 wt.% 
[110]. The latter corresponds to the theoretical maximum oxygen transfer through R7 for a 
material that contains 17% iron, which is the iron content of this sample of LD slag.  
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However, since iron is also present in phases such as the srebrodolskite structure 
(Ca2Fe2-xBxO5), which are not identified as an oxygen-carrying phase, dopants and other 
unidentified phase changes might contribute to the oxygen transport. 

𝐹𝐹𝐹𝐹3−𝑥𝑥𝐴𝐴𝑥𝑥𝑂𝑂4  
𝑅𝑅𝐹𝐹𝑒𝑒
�⎯�

 𝐶𝐶𝑥𝑥 
�� 3𝐹𝐹𝐹𝐹1−𝑥𝑥𝐴𝐴𝑥𝑥𝑂𝑂 + 𝑂𝑂∗  

{R7} 

For oxygen carriers that contain iron, R7 is not the common oxygen transport reaction. 
Normally, it is the hematite-magnetite reaction that provides oxygen to these systems at 
high levels of conversion and partial pressures of oxygen [43]. Since wüstite is formed 
during reduction, even in the presence of steam, a water-splitting reaction can occur, 
according to reaction R8. Here, steam is acting as an oxidant to form magnetite. 
Experimental evaluation of this phenomenon was conducted in Paper II, both during solid 
fuel experiments and in sequence using gaseous fuel. The results from the gaseous fuel 
experiments are shown in Figure 12 in section 2.4.1. During these experiments, it was 
concluded that LD slag could absorb additional oxygen after being oxidized with steam, 
indicating that phases other than magnetite-wüstite can transport oxygen. These phases 
could represent either a minor formation of hematite (Fe2-xAxO3) or other minor phases not 
oxidized with steam. This strengthens the hypothesis that the formation of hematite is 
kinetically hindered. 

3𝐹𝐹𝐹𝐹1−𝑥𝑥𝐴𝐴𝑥𝑥𝑂𝑂 + 𝐻𝐻2𝑂𝑂 → 𝐹𝐹𝐹𝐹3−𝑥𝑥𝐴𝐴𝑥𝑥𝑂𝑂4 + 𝐻𝐻2  {R8} 
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3.2 Free calcium in LD slag 

A significant amount of free calcium, i.e. CaO, Ca(OH)2 and CaCO3, is known to be present 
in LD slag, normally accounting for a few percent [69,107]. For this batch of LD slag, the 
free calcium content was measured using leaching, and was found to be 4 wt.% for the 
heat-treated sample (see Paper I). In the boiler, the free calcium content of the LD slag 
was reduced to stabilize at around 2.5 wt.% after 1 day of operation with minimal 
regeneration.  

The free calcium in the LD slag affects the chemistry of the material in several different 
ways. At temperatures relevant for CLC, CaO is the stable phase of free lime. The presence 
of a significant amount of CaO can affect the ability to use LD slag as an oxygen carrier in 
any technical application, e.g. CLC, CLG or OCAC. CaO has effects on the gas-phase 
composition in chemical-looping applications and is reactive towards elements introduced 
with the fuel. The major features of CaO are: 

• CaO is catalytic towards the water-gas shift (WGS) reaction, R9 [111,112], as 
discussed in Paper II and in Sections 4.1 and 4.3.1. 

• CaO is catalytic towards tars, as discussed in Paper IV and in Section 4.2.2.  
• CaO is reactive, forming stable phases with ash elements such as phosphorus  

(see Paper VI and Section 3.3), as well as with other metals, such as Cu and Mn 
(see Paper V and Section 4.5). CaO can also react with sulfur that are discussed in 
Paper III and Section 3.5.  

• If high partial pressure of CO2 are obtained, CaCO3 can be formed according to the 
equilibrium reaction, R10. When transported to the air reactor CaCO3 can 
decompose, leading to a lower carbon capture efficiency. This is discussed further 
in Paper I and can be dismissed as a phenomenon in CLC and CLG applications. 

• CaO reacts at ambient temperatures with water to form Ca(OH)2 according to R11. 
Ca(OH)2 is leachable, which affects the storage of the material. This is discussed 
further in Paper VII and Section 5.2.  

The effects of the CaO present in LD slag are indeed many and are mediated in many 
different ways. CaO can react under different conditions and is catalytic towards the WGS 
reaction and tars. In the beginning of these studies, there was a concern that carbon could 
be transported from the fuel reactor to the air reactor through the formation of CaCO3 in 
the fuel reactor, which would decompose to CaO and CO2 in the air reactor. This 
carbonation reaction, described by R10, is an equilibrium reaction that is affected both by 
CO2 partial pressure and temperature [113]. However, since the temperature in both CLC 
and CLG is most likely >800°C, the CO2 concentration needs to be in the range of 
50%-80% for the sample to remain as a carbonate. This could be the case with CLC if coal 
(containing almost entirely carbon) is used as fuel and fluidized with CO2. However, since 
the temperature in CLC is estimated to be >900°C [59], especially in the case of CLC with 

𝐶𝐶𝑂𝑂 + 𝐻𝐻2𝑂𝑂 ↔ 𝐶𝐶𝑂𝑂2 + 𝐻𝐻2 {R9} 

𝐶𝐶𝐶𝐶𝑂𝑂 + 𝐶𝐶𝑂𝑂2 ↔ 𝐶𝐶𝐶𝐶𝐶𝐶𝑂𝑂3  {R10} 

𝐶𝐶𝐶𝐶𝑂𝑂 + 𝐻𝐻2𝑂𝑂 → 𝐶𝐶𝐶𝐶(𝑂𝑂𝐻𝐻)2  {R11} 
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coal which can operate at higher temperature, carbonate formation is unlikely to take place 
under normal operating conditions. Still, it is clear that the mechanism is possible with this 
material, and this may be of interest for processes for which a high H2/CO ratio is desired, 
as the carbonation could promote the WGS reaction, R9. 

Besides its chemistry at higher temperatures, CaO will also at ambient temperature absorb 
humidity and water to form Ca(OH)2, according to R11. Ca(OH)2 was also found in the as-
received samples (Table 6). When inserting this material into a combustion process, the 
material will heat up. At higher temperatures, Ca(OH)2 will decompose into CaO and 
steam, and the steam will leave the combustion zone, resulting in decreased bed mass. The 
amount of steam produced from Ca(OH)2 corresponds to a maximum of 13 kg/t of fresh 
material, according to the free calcium content in the heat-treated sample. CaCO3 present 
in the material will also calcine, contributing to the decreased bed mass upon insertion into 
a boiler. 

3.3 Interactions with potassium and synthetic ash 

The inorganic compounds in a fuel are the ash-forming matter remaining after thermal 
conversion of the fuel. The amount and chemical composition of the ash are very different 
for different fuels [22]. For biofuels, the ash depends both on the species and specific 
growth conditions at the location of the fuel. In a combustion process using biofuels, there 
are some common operational issues that originate from the ashes of the fuel, such as 
deposit formation, corrosion of superheaters, and bed agglomeration in fluidized bed 
boilers. Both corrosion and agglomeration have been associated with fuels that contain high 
levels of alkali. Alkali together with chloride has been identified as the most aggressive 
combination in terms of causing corrosion [22]. Furthermore, alkali and silica sand have 
been identified as forming potassium silicates with low melting temperatures, resulting in 
agglomeration of the fluidized bed [22,76].  

To investigate how alkali species present in the biomass ash affect LD slag in large-scale 
boiler operations, synthetic ash components have been used. The alkali components used 
in this work that have been used also in previous studies [81,110,114,115] are: K2CO3, 
KCl, K2SO4 and KH2PO4. Störner and coworkers [110] have investigated how LD slag 
interacts with these ash species in a fixed bed, while Mattisson and colleagues [116] have 
studied how LD slag particles doped with K2CO3 interact when used in a batch fluidized 
bed reactor. Here, it was observed that only a minor amount of the alkali was bound into 
the LD slag, same observation as with the ash interactions in the 12-MWth boiler presented 
in Paper I. This indicates that most of the potassium forms phases that evaporate in the 
humid atmosphere. The Ca from LD slag reacted with KH2PO4, preventing the formation 
of gas-impermeable KPO3 observed in similar experiments with ilmenite [110,114]. 
Furthermore, it was observed that K2CO3 deactivated the LD slag.  
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Based on the different ash interaction mechanisms observed with both LD slag and 
ilmenite, a blend of the two materials could be used, as suggested in Paper VI. Here, it was 
concluded that alkali binds to the ilmenite rather than the LD slag in a mixture of the two 
materials. It was also observed that the Ca from LD slag moderated the agglomeration of 
ilmenite and KH2PO4, when present. In the present study, the effects of blending silica sand 
with either LD slag or ilmenite together with the ash components were also investigated. 
Experiments were performed in a horizontal tubular furnace at 850°C in a reducing 
atmosphere that contained steam; further information about the experimental setup is 
available in Paper VI.  

It was observed that alkali preferentially bound into the structure of the silica sand rather 
than the ilmenite and into the structure of the ilmenite rather than the LD slag. This resulted 
in all the experiments that used sand showing agglomeration due to the melting of the 
formed potassium silicates (see Figure 16 for LD slag together with silica sand and K2CO3). 
From this observation, three aspects must be considered in future studies: i) if high levels 
of silica and potassium are present in the fuel, it may not matter if one has ilmenite to 
remove alkali, as the potassium could bind to the silica sand rather than to the ilmenite;  
ii) dilution of the oxygen carrier with silica sand in a full-scale fluidized bed may not be 
the best way to improve the resistance of the bed to alkali; and iii) experiments conducted 
in quartz tube reactors with alkali and any of the tested oxygen carriers may show that most 
of the alkali is interacting with the tube rather than with the oxygen carrier.  

 
Figure 16. LD slag and silica sand exposed to 4wt.% K in the form of K2CO3. The experiments were performed 
in a horizontal tubular furnace under reducing conditions with H2 and steam at 850°C for 3 hours.  
A: LD slag particle; B: Sand particle; C: Melt of potassium silicate. 

That potassium exhibits only weak interactions with LD slag compared to silica sand was 
also observed in the experiments of Paper I. Here, samples of LD slag that were employed 
for only a few hours under OCAC conditions in the 12-MWth Chalmers boiler were used 
in the laboratory-scale, batch fluidized reactor for conversion experiments. The samples 
were diluted with sand to allow a better comparison of the gas conversion between the 
samples. Once the blend of particles was heated to around 840°C, it defluidized due to the 
formation of potassium silicates (Figure 18). This outcome was the same as that observed 
in the horizontal fixed bed experiments with synthetic ash in Paper VI. 
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Combustion of fuels with high levels of phosphorus is known to experience issues with 
agglomeration [76,117]. It is known that Ca has positive effects in terms of reducing 
agglomeration for these types of fuels [22,117]. Ca available in the LD slag has an 
important effect on the K-P-Ca system as observed by Störner et al. decreasing the 
agglomeration severity and prevents deactivation [110]. Similar effects was also observed 
when LD slag was blended with other bed materials, such as with ilmenite as shown in 
Figure 17. This suggest that LD slag could be a suitable bed material for either OCAC or 
CLC for fuels with high levels of phosphorus.  

 
Figure 17. LD slag and ilmenite exposed to 4wt.% K in the form of KH2PO4. The experiments were performed 
in a horizontal tubular furnace under reducing conditions with H2 and steam at 850°C for 3 hours.  
A: LD slag particle; B: Sand particle; C: Melt of Ca-K-P phase. 

3.4 Interactions with ash in the Chalmers 12-MWth CFB boiler 

When LD slag was first investigated as an oxygen carrier for solid fuel conversion 
technologies, only small-scale reactor experiments were performed. Due to a combination 
of promising initial results, high availability, and low cost, it was decided to use LD slag 
as the bed material in the Chalmers 12-MWth CFB boiler operated under OCAC conditions 
[50]. Bed samples were extracted during operation, and the elemental compositions of these 
samples were analyzed, with the results reported in Paper I. 

The trends show that elements that are commonly found in wood ash, i.e., K, P and S, 
accumulate in the bed during operation. Elements that are commonly found in LD slag, i.e., 
Ca, Fe, Mg, Mn and V, were diluted with these ash elements. It was observed that the 
potassium content of the bed was only 1.6 wt.% after roughly 68 h of operation. This can 
be compared to a potassium content of closer to 4 wt.% in ilmenite bed samples after 72 h 
of operation, with similar fuels and also partial bed regeneration using ilmenite and 
sand [62]. Fly ash, especially the textile filter ash, contains a very high concentration of 
alkali. This indicates that the absorption of potassium by the LD slag is limited. Instead, 
alkali appears to a greater extent in the gas phase during boiler operation, and accumulates 
in the cooler downstream areas. The same observation was made for LD slag used in a 
10-kW chemical-looping reactor operated under CLG conditions [118]. XRD analyses 
indicate that some of the alkali can react with the LD slag to form KAlSiO4 [116]. 
Furthermore, in Paper I, areas that contained K, Si and Al were identified using SEM-EDS 
in the cross-sections of LD slag particles that underwent operation in the 12-MWth CFB 
boiler. 
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The fact that LD slag does not have the same tendency to bind alkali as, for example, sand 
and ilmenite, implies different effects in different applications. For OCAC applications, a 
high vapor pressure of alkali will increase the CO emissions, as observed in the 12-MW 
CFB boiler experiments [50]. In chemical-looping applications such as CLC and CLG, this 
limited reaction between LD slag and alkali will result in most of the alkali being emitted 
from the fuel reactor. This has positive effects on both the char gasification rate and tar 
cracking, as observed in Paper IV.  

A negative consequence of LD slag not binding to alkali is that it can react with, for 
example, sand that originates from the fuel or as dilution of the bed and create melts. As 
was the case with potassium salt, discussed in Paper VI and Section 3.3, when samples 
collected from the 12-MW CFB boiler were diluted with sand agglomeration occurred. This 
happened as soon as the temperature reached 840°C and for all the samples, even for the 
first sample that was collected after only 17 h of operation. In Figure 18, the interactions 
between sand particles and LD slag particles are clear, resulting in the formation of a melt 
between particles that contains K and Si, identified as potassium silicate, which has a low 
melting temperature [76]. Similarly, in the agglomeration tests performed externally, LD 
slag samples without sand did not agglomerate, while LD slag samples that contained 30% 
silica sand agglomerated [50].  

 
Figure 18. LD slag particles operated for 17 h under OCAC conditions in the 12-MWth CFB boiler mixed 

with sand, showing agglomeration in the fluidized bed reactor after reaching ≈840°C.  
The “bridges” between the silica and LD slag particles contain mainly Si and K, in addition to O. 
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3.4.1 Ash layer formation 

To understand in a quantitative way the difference between the ash layer and the bulk of 
the particles, XRF analysis was performed on whole particles compared to ground particles. 
This method was also used in another study of ilmenite particles [108]. XRF analysis was 
performed on OCAC samples collected after 65 h of operation in the 12-MWth CFB boiler 
(see XRF results in Table 7). Comparing the elements associated with the surface and with 
the bulk, higher concentrations of S, K and P were detected on the surface. Lower 
concentrations of Si, Fe, Al and Ca were also observed on the surface, as compared to the 
bulk. From Figure 19, it could be expected that the difference between the surface and bulk 
for the concentration of V would be higher than that shown in Table 7. This discrepancy 
could be due to the fact that the surface layer is still very thin compared to the sampling 
depth of XRF. 

Table 7. Comparison of the XRF results for whole particles (surface analysis) and ground particles (bulk 
analysis) that were operated under OCAC conditions in the 12-MW CFB boiler for 65 h. A heat-treated 
sample is presented as a reference for comparison.  

Sample  Fe Ca Mg Mn Al V K P Si S Ti 

LD slag heat treated 14.7 29.3 1.9 2.2 0.6 1.8 0.0 0.2 4.6 0.1 0.6 

OCAC 65 h bulk 14.5 26.0 2.7 2.3 0.7 1.5 1.7 0.4 4.3 0.5 0.7 

OCAC 65 h surface 12.0 23.0 2.7 2.2 0.3 1.6 2.0 0.7 1.8 1.1 0.4 

 

To elucidate the surfaces of the LD slag particles in more detail, compositional phase 
analysis was performed on the cross-sections of bed particles following operation for 65 h 
in the 12-MW CFB boiler (Figure 19). On the surfaces of the particles, elements such as 
K, S and P were present, as was V. Since there are only very low amounts of vanadium in 
the fuel, this element must have migrated towards the surface from the slag. In the surface 
layer, there was also a relatively high level of Ca. The total amounts of K and S increased 
towards the outer surface. The molar ratio of K to S was roughly 2:1, suggesting the 
presence of K2SO4. Similar analysis of the same material after operation in the laboratory 
batch fluidized bed reactor did not show the same K:S ratio in an outer shell. Neither in the 
samples mixed with sand for syngas/benzene exposures nor in the samples without sand 
that have been exposed with methane. This suggests that sulfur has been re-emitted, most 
likely already during activation, where CO can react with sulfates and produce SO2 [120].  

 

 



 

 
Figure 19. Compositional mapping using SEM-EDS data for a cross-section of an LD slag particle extracted from the 12-MWth CFB boiler after 65 h of OCAC operation with 

wood chips. The detected groups are correlated to phases detected using XRD. The shares in the pie diagrams are based on mol%.  
A) The group likely dominated by (CaO)xSiO2.  

B) The group most likely dominated by Ca2Fe2-xBxO5. This latter group has been indicated to be the continuous phase with dispersed groups of “A” and “D”. 
C) The group similar to that in B but with more magnesium, maybe containing the Fe3-xAxO4 phases that are associated with oxygen transport.  

D) The group dominated by Mg1-xFexO.  
E) Transition group between D and C, indicating concentration gradients in the material.  

F–H) Groups present in the outer crust that contain elements related to ash, such as P, K and S, as well as migrated V.  
F is the innermost group, followed by G and H, which contain more ash elements. It should be noted that the atomic ratio of K to S is 2:1, as in K2SO4. 
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3.5 Interaction with sulfur  

LD slag has two abilities that are highly relevant for the sulfur chemistry in both OCAC 
and chemical-looping applications: i) LD slag contains high concentrations of calcium, 
which can form CaSO4 in the presence of sulfur; and ii) there is no stable phase with alkali 
in LD slag, resulting in a high vapor pressure of K in the boiler, which in turn suggests an 
increased need for excess sulfur to prevent corrosion of the superheaters. Both of these 
aspects were observed for LD slag operation in the 12-MW boiler during OCAC operation. 
Elementary sulfur was added as a way to reduce the high emissions of CO that were 
believed to be associated with a high vapor pressure for the alkali. The addition of sulfur 
had some impact, although the effect was not long-lasting, suggesting that the sulfur was 
bound into the calcium structure of the LD slag [50]. When the bed material from Paper I 
was investigated it could be concluded that sulfur was bound into the structure of the 
particle. As shown in Figure 19, the sulfur was mostly associated with calcium and 
potassium on the surfaces of the particles.  

To investigate further the sulfur interactions, batch experiments with both solid and gaseous 
fuels were carried out, the results of which are given in Paper III. Here, it was observed 
that high levels of sulfur could indeed be integrated into the structure of the LD slag, 
forming CaSO4. Under reducing conditions, it will form both CaSO4 and CaS. These can 
react and form SO2 under inert conditions, eventually being released in the loop seals and 
in the air reactor. Even small amounts of sulfur affected the reactivity towards both CO and 
char. In Paper III, the effect of sulfur was observed to increase the overall reactivities of 
both LD slag and ilmenite, and also shown was how sulfur is affecting the oxygen carriers 
in different ways. Sulfur has been previously observed to increase the gasification rate of 
char due to improved oxygen transport to the char particle [20]. A summary of the 
interactions of LD slag, sulfur and solid char particles of fuel is provided in Figure 17.  

 
Figure 20. Graphical description of how sulfur interacts with LD slag. Three main reactions are described: 
i) the formation of CaSO4 with oxygen-carrying potential; ii) surface-active sulfur increasing the reaction 
rate; and iii) gaseous sulfur acting as an intermediate increasing oxygen transport rate to char from the 

oxygen carrier. 
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It was also clear that sulfur bound into the LD slag particles had a lasting effect on the 
reactivity. In subsequent experiments without gaseous sulfur addition, it became clear that 
sulfur was both released in the gas phase and increased the reactivities towards both solid 
and gaseous fuels. The increased reactivity towards gaseous fuels was partly associated 
with CaSO4/CaS, although it might also be attributable to surface-active sulfur on the 
particle.  

The CaSO4/CaS that formed in the LD slag in the presence of sulfur in the ingoing gas 
might exert effects in chemical-looping applications. These phases can contribute oxygen-
carrying ability but the will also react to form SO2 under inert conditions. As mentioned 
above, this suggests that SO2 could be released in the loop seals and also partly in the air 
reactor. This is not a favorable event since this requires further flue gas treatment of the 
gases out from the air reactor. If significant formation of CaSO4/CaS are formed in LD slag 
also in the presence of ashes needs to be investigated further. In OCAC, with ongoing 
oxidizing conditions, the formation of CaSO4/CaS should only mean that co-combustion 
or the addition of sulfur in the bed is less-efficient than is the case with other oxygen 
carriers, as indicated by the experiments conducted in the 12-MW CFB boiler [50].  
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Chapter 4 

4. Reactivity of LD towards fuels  
In the previous chapter, it was discussed how LD slag transport of oxygen and its other 
material characteristics might affect the usability and reactivity of the material in an applied 
process. In this chapter, the effects of utilizing LD slag as an oxygen carrier are studied 
with respect to fuel conversion at different scales, using different fuels and setups.  

4.1 Reactivity toward gaseous fuels 

The reaction kinetics of a chemical looping process are dependent upon several factors. 
The choice of metal in the oxygen carrier is one parameter that needs to be considered 
carefully. Ni and Cu are known to have high reaction rates compared to Mn, while Mn in 
turn has a higher reaction rate than Fe [17]. Even though the metal itself may be identical 
in two different materials, the overall reactivity of the material may not be the same due to 
the accompanying elements. This becomes obvious when comparing different ores and 
waste products for oxygen carrier applications [56,121]. The conversion of CO as a 
function of the oxidation level of the oxygen carrier can be a useful tool to describe the 
kinetics of a reaction.  
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Figure 21. The conversion of CO (γCO) for LD slag and ilmenite at two different  

reduction levels (ω values) using 50% CO in N2 and 50% CO in H2 (syngas). 

In Figure 21, the conversion rates of CO (γCO) are displayed at two different oxidation 
levels (ω-values), using LD slag and ilmenite. Here, it is apparent that the conversion of 
CO using LD slag is highly dependent upon the presence of H2. This study was conducted 
for CLG, as described further in Paper II. Two different fuels were used, either 50% CO 
in N2 or 50% CO in H2. Here, it is evident that the level of CO conversion is high for LD 
slag when no H2 is present. However, in the presence of H2, the level of CO conversion is 
lower. In contrast to ilmenite, where the CO conversion decreased by only about 10% in 
the presence of H2, the decrease in CO conversion for LD slag was 40%–50%. At the 
highest temperature used in these experiments, 970 °C, the equilibrium constant, Keq, for 
the WGS reaction was 0.65 [105]. This means that the reaction is shifted more towards CO 
at higher temperatures than at lower temperatures, see Equations (E12) and (E14). If the 
reaction is shifted towards CO, the CO conversion (γCO) will be lower. It has been shown 
in earlier studies that CaO in the presence of the oxygen carrier ilmenite catalyzes the WGS 
reaction [122]. Therefore, it has been suggested that the decreased CO conversion seen in 
this work is related to the presence of free calcium in the LD slag. Free calcium in the form 
of CaO catalyzes the WGS reaction, shifting the reaction more towards CO when H2 is 
present, as compared to when only CO is converted to CO2 and the WGS reaction is not 
possible. Since CO2 and H2O are the main components in the flue gas from the fuel reactor 
in a CLC unit and LD slag contains CaO, LD slag may affect the outgoing gas composition 
due to the WGS reaction.  
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Methane is a common gaseous fuel, and it has been observed previously that iron-based 
oxygen carriers have low reactivities towards methane [12,49]. The same has been 
observed with LD slag and ilmenite, as shown in Figure 29 in Section 4.4. In Paper V, 
experiments were conducted to evaluate whether additions of reactive elements would 
increase the rate of methane conversion. It was concluded that addition of the reactive 
element Ni, Cu, Mn or Ce could indeed increase the level of reactivity towards methane, 
see Figure 31 in Section 4.5.  

4.2 Reactivity toward tars 

Tars are condensable hydrocarbons that may be formed during the conversion of fuels. 
Issues related to tars are mainly relevant to gasification processes where there is an under-
stoichiometric oxygen supply, which results in incomplete combustion and a reducing 
atmosphere. Condensing tar is an issue owing to the need for increased maintenance in 
downstream processes. Tar may also contain a significant amount of the fuel energy, 
leading to decreased efficiency of the overall process if the tar is not utilized. Using oxygen 
carriers is one way to decrease the tar yield in a gasification process [30,123]. In CLG, 
where oxygen carriers are used for oxygen transport to the gasifier, the conditions in the 
gasifier are reducing and only a part of the fuel is combusted [27]. Thus, tar is able to form 
due to the incomplete combustion [124].  

4.2.1 Benzene as tar surrogate 

In the laboratory batch fluidized bed experiments, C6H6 was used as a surrogate tar to 
simulate tar conversion with oxygen carrier particles. Benzene is relatively easy to measure 
and feed into the laboratory batch fluidized bed system, and it has been used in earlier 
studies with similar scopes [125]. Benzene is also a common component of tar and it has 
been found to contribute to a significant amount of the tars produced in gasification systems 
[103,124]. It has also been observed that if the amounts of other condensable tars decrease, 
so does the level of benzene [126]. Thus, benzene is a very useful indicator molecule for 
general tar conversion, and it is probably the most stable and difficult-to-convert 
hydrocarbon species. 

The rates of conversion of benzene for both heat-treated LD slag and ilmenite were similar, 
and relatively high compared to what has been seen in other studies [125]. When ash was 
present with the LD slag particles, the conversion of benzene tended to decrease the longer 
the particles had been used in the 12-MWth boiler (see Figure 29 from Paper I). Therefore, 
it can be expected that tar removal over time will decrease for LD slag that ages inside a 
boiler. Sulfur was added at the end of the experimental campaign and bed samples were 
extracted as described in Paper I. For the bed samples to which sulfur had been added, 
increased conversion of the surrogate tar (benzene) was observed, indicating a decrease in 
the impact of LD slag aging. Regeneration of the bed with fresh material might increase 
the rate of tar removal. Unfortunately, there is high variability in the measurements 
regarding C6H6 conversion shown in Figure 29. As a consequence, only general trends can 
be discussed. In subsequent experiments with benzene, the variability was improved by 
changing the duration of reduction in the cycles. With the improved stability of benzene 
conversion, it could be concluded that sulfur dioxide addition did not alter the conversion 
of benzene, as mentioned in Paper III when no ashes were present.  
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It is noteworthy that tar conversion is catalyzed by alkali [35]. This limits the usability of 
the laboratory fluidized batch bed reactor since this is made of quartz. This means that 
alkali species from the fuel or ash, which should be available for catalytic tar cracking, can 
react with the quartz reactor walls rather than acting as catalysts.  

4.2.2 Catalytic properties towards tar in the 10-kW chemical looping unit 

LD slag contains high levels of calcium, which are known to affect tar cracking [127,128]. 
Alkali metals are also known to be catalytic towards tar [35]. LD slag contains phases with 
weak capabilities to form stable phases that contain alkali metals such as K, as discussed 
in Section 3.3. This results in a high vapor pressure of K in the fuel reactor, which is 
available for catalytic cracking of tars [118,127,128]. Both of these properties suggest that 
LD slag is a good oxygen carrier for CLG applications with possibilities of low levels of 
tars.  

To investigate the potential catalytic properties of LD slag, a pilot-scale study was 
conducted in a 10-kW chemical-looping unit. Here, different operational parameters and 
three different fuels were investigated with respect to tar yield, comparing LD slag to both 
ilmenite and sand. Paper IV describes in detail the findings from this study.  

It was found that LD slag indeed generated lower total amounts of tars compared to both 
sand but also ilmenite. More importantly for LD slag was that the tar composition had a 
lower ratio of heavy 3-ring to 4-ring tar components. This is the opposite to ilmenite, which 
in Paper IV and in previous studies [30] has been shown to generate relatively high levels 
of 4-ring tar components. In Figure 22, the tar yields for sand, ilmenite and LD slag are 
compared at two different temperatures, with the same load and fuel for all the points. 

 
Figure 22. Measured and identified tar levels for Sand, LD slag and Ilmenite used as bed materials for CLG 
operation in the 10-kW chemical-looping reactor operated with PFR fuel with a load of 8 kW and at different 
temperatures. The ratios of identified 3-ring and 4-ring tar components in relation to BTX are indicated in 
the figure. 
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It was noted that the fuel load had a minimal effect on the obtained tar ratio. When using a 
fuel that contained a high level of alkali, in this case straw, the generated tar amount was 
lower and was even less affected by the fuel load. The most significant finding was that a 
higher temperature generated lower levels of heavy tar components when using LD slag, 
as shown in Figure 22. This contrasts with what has generally been observed for tar 
cracking, where higher temperatures favor the polymerization reaction that forms the 
heavier tars [124]. This increased formation of heavy tars was also observed during the 
operation of the 10-kW chemical-looping reactor with sand. However, when operated with 
LD slag, both the total amount of tar and the heavy tar ratio decreased when the temperature 
was increased.  

To control the oxygen flow from the air reactor to the fuel reactor, the circulation of the 
oxygen carrier needs to be controlled. In the studies described in Paper IV, it was found 
that oxygen carrier circulation had limited effects on the tar yield and heavy tar ratio; even 
though the oxygen transport was observed to increase three-fold, the tar yield remained 
more or less the same.  

Ageing of the LD slag bed material was also observed to have an effect on the tar yield. 
The same bed material was used for several days in a row, with only minimal addition of 
fresh material to compensate for losses of elutriated material. When repeating the same 
experiments with 2 operational days in between, it was observed that the total amount of 
tars and the ratio of heavy tars were higher for the aged sample. This was the case even if 
the same experimental conditions, same fuel, and similar cold gas efficiency of the 
outgoing gas were applied. However, the tar yield was still lower than those obtained for 
ilmenite and sand as the bed materials.  

Comparing these results to previous results obtained in the 2–4-MWth semi-industrial-scale 
gasifier operated with wood pellets, it was found that LD slag decreased the levels of 
formed tars [129]. Decreased tar formation for gasification at the semi-industrial scale was 
also noted in previous experiments using other oxygen carriers, such as ilmenite [30]. 
When the LD slag was reduced further, by using a lower circulation rate and increased fuel 
flow, the conversion rate of tar increased [129]. The same difference in tar yield was not 
detected when ilmenite was reduced further in a similar manner.  
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4.3 Reactivity towards solid fuels  

When a solid fuel is converted in a combustion process the fuel undergoes three stages: 
drying, pyrolysis and gasification. First, the fuel is dried and water is evaporated. Second, 
the fuel is pyrolyzed, which converts the fuel to combustible volatiles and solid char 
composed mainly of carbon. Finally, char is converted via gasification to CO2 and the 
combustible gases CO and H2. The gasification step is normally the slowest, and is 
therefore the rate-determining step [130] when designing a reaction vessel for the fuel 
reactor. For systems with two interconnected fluidized beds, such as CLC and CLG, CO2 
and H2O are suggested gasification agents. If the oxygen carrier has CLOU properties, O2 
is also released and it can convert the solid char [17].  

LD slag was compared with ilmenite, sand and olivine. Olivine is a commonly available 
material that has been used in gasification systems with fluidized beds due to its tar cracking 
properties and ability to avoid agglomeration [131]. In these experiments, it was observed 
that both oxygen carriers had significantly higher reaction rates at high temperatures 
compared to the materials that had no oxygen-carrying capacities (Figure 23).  

 
Figure 23. Left panel: Average gasification rates (r) of char in the interval of 0.3<Xc<0.7 for the 

investigated bed materials. Right panel: Time required to convert 80% of the carbon in the biochar to CO, 
CO2 and CH4. Here, the two oxygen carriers show a clear difference to the sand and olivine.  

It is important to note that in Figure 23 the bed materials are only heat-treated and activated 
through several redox cycles prior to use. The materials are not affected by either alkali or 
ash products to any great extent; only very small amounts of ash are included with the fuel 
during the experiments. In particular, potassium has been observed to both catalyze the 
char conversion and affect the properties of different bed materials and oxygen 
carriers [18,96,132,133].  

In Figure 24, the gasification rate and flue gas concentrations are plotted against the char 
conversion degree (Xc) for one representative cycle at 870°C using 0.2 g char as fuel. The 
most-significant difference between the LD slag and the other evaluated bed materials is 
that the gasification rate of LD slag decreases around a conversion degree of Xc=0.5 
compared to the other particles, which show increases in the gasification rate as the value 
of Xc increases. This is most likely coupled to the hydrogen generation with LD slag that 
occurs due to the formation of a wüstite structure, which leads to water-splitting 
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(Reaction R8). However, the H2 generated from the gasification reacts at a lower rate at 
lower degrees of oxidation. The increased hydrogen generation results in hydrogen 
inhibition of the carbon [134,135]. However, the decreased gasification rate is still within 
the same range as the rates for the other evaluated bed materials.  

 
Figure 24. Gasification rates (r) and the concentrations of outgoing H2, CO and CO2 as a function of the 

char conversion degree (Xc) for the four different investigated bed materials at 870°C. Devolatilized pellets 
of char (0.2 g) were used for the bed of 40 g, corresponding to a theoretical bed weight reduction of 

approximately 1 wt.%. 

In addition to the H2 generation for LD slag, the CO curve proportionally follows the H2 
curve. This may be a result of the WGS reaction, which shifts the carbon towards CO with 
increased H2 and high CO2 contents in the gas, as indicated also in Figure 21 and Figure 
26.  

Another clear difference between the oxygen carriers compared to sand and olivine is the 
increased generation of CO2. Partial combustion of the gasification products is one of the 
reasons for the increased CO2 generation, which is especially pronounced during the initial 
mixing of char and oxygen carrier (see the initial period in the curve for LD slag and 
ilmenite in Figure 24). Although this is a well-known phenomenon, it indicates that there 
could be optimization issues with respect to limiting oxidation in the fuel reactor in a real 
CLG system. 
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4.3.1 Effects on raw gas composition using LD slag 

In a system such as the laboratory batch fluidized bed reactor, it is not surprising to find 
that the levels of CO and H2 generation for both LD slag and ilmenite are lower than those 
for quartz sand and olivine. This is due to the available oxygen in the oxygen carriers, 
resulting in partial combustion of the gasified fuel. In a continuous system, both the heat 
balance and mass balance need to be adjusted so as to be autothermal. Since this partial 
oxidation is necessary for CLG to solve the energy balance for an autothermal process [27], 
it is instead the H2/CO ratio that is of interest for these experiments. It should be noted that 
sand and olivine, which are used for indirect gasification in a conventional DFB gasifier, 
are not supposed to transport oxygen to achieve an autothermal process. Here, partial 
combustion of the char in the combustor is necessary to achieve an autothermal process, 
and this results in a diluted CO2 stream exiting the combustor.  

The H2/CO ratio obtained for LD slag was significantly higher at low temperatures, making 
it more relevant for CLG, as compared to the other tested materials (Figure 25). It was 
found that the water-splitting reaction (R8) contributes significantly to this effect, as 
described in Paper II. The effect of hydrogen generation through water-splitting can also 
be observed in Figure 24.  

 
Figure 25. CO/Ct ratios (left panel) and H2/CO ratios (right panel) for the outlet gases when gasifying char 

from wood pellets in the laboratory-scale, fluidized bed reactor at different temperatures. Ct is the total 
amount of carbon emitted from the reactor in the forms of CO, CO2 and CH4. The calculations are 

performed for char conversion degree in the interval of 0.3<Xc<0.7.  

The relative CO generation in comparison to the total carbon emissions is higher at higher 
temperatures for all the bed materials, as shown in Figure 25. LD slag and ilmenite have 
lower CO to total carbon (CO/Ct) ratios compared to olivine and sand. This is a result of 
the partial combustion of the gasification gases. At higher temperatures, more CO is 
converted to CO2 and, therefore, the difference between the oxygen carriers and the “inert” 
bed materials is larger at 970°C than it is at 820°C.  
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From the gasification experiments, it is clear that LD slag is active towards the WGS 
reaction. LD slag, the Qi value (the ratio of the gases related to the WGS reaction), as 
defined in Equation (E13), is much closer to the WGS equilibrium Keq compared to the 
other tested bed materials [105,106], as shown in Figure 26. This is most likely related to 
the CaO content of the material, as discussed in Sections 3.2 and 4.1.  

 
Figure 26. The reaction quotient Qi for LD slag plotted against the char conversion degree (Xc) compared 
to other bed materials and the equilibrium constant Keq for the same cycles at 870°C as in Figure 24. Since 

the steam concentrations in the outgoing gases were not measured, it was assumed that the outgoing 
concentration was roughly the same as the ingoing concentration, e.g., 50%. 
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4.3.2 Effects of an increased fuel-to-bed ratio 

In a continuously operated CLC or CLG plant, oxygen transport to the fuel is regulated by 
the circulation rate, dilution of the oxygen carrier or by controlling the oxidation degree of 
the oxygen carrier in the air reactor. In CLG, the oxygen transport is very important for 
achieving an autothermal and efficient gasification process [27,32,33]. In a batch fluidized 
bed, the oxygen transport from the oxygen carrier can be adjusted by changing the fuel-to-
bed ratio. Increasing the amount of fuel to achieve a higher fuel-to-bed ratio results in an 
increased degree of reduction. The average values for these cycles and the reduction rate at 
the end of the cycle are listed in Figure 27. Here, a clear difference between the LD slag 
and ilmenite is evident. By increasing the amount of fuel, the levels of H2 and CO 
generation are increased while the level of oxygen transport remains more or less the same 
for LD slag. This is not the case for ilmenite, whereby the levels of H2 and CO generation 
remain roughly the same as the oxygen transport increases. This indicates that ilmenite 
requires a higher fuel-to-bed ratio for the gasification processes with regulated oxygen 
transport, as compared to LD slag. Indications that hydrogen generation is increased by 
increases in the fuel-to-bed ratio were also observed at the semi-industrial scale in the 
2-4-MWth gasifier [129].  

 
Figure 27. Molar gas production per gram of fuel with LD slag and ilmenite as bed materials at 870°C and 
using three different fuel-to-bed ratios. These ratios correspond to fuel additions of 0.2, 0.4 and 0.6 g to a 

bed that contains 40 g of oxygen carrier. Calculations of the gases are made for average at the char 
conversion degree in the interval of 0.3<Xc<0.7, to avoid the effects of volatiles. On the right axis is the ω-

value at the end of the cycle, calculated from the amount of oxygen absorbed during oxidation. 
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It is important to note that the ω-value is calculated at the end of the cycle. LD slag is, 
therefore, affected to some extent by the water-splitting reaction, where the material is 
oxidized with steam. Nevertheless, the trend of increased levels of desired gasification 
products and decreased CO2 concentrations is an important observation even at these fuel-
to-bed ratios. However, higher concentrations of H2 also affect the gasification rate through 
H2-inhibition. Thus, an increased H2 concentration results in a decreased relative 
gasification rate, as shown in Figure 28. Here, it can be seen that the gasification rate for 
LD slag is lower than that for ilmenite at higher fuel-to-bed ratios.  

 
Figure 28. The mean gasification rates for LD slag and ilmenite with different fuel-to-bed ratios. These 

ratios correspond to the addition of 0.2, 0.4 and 0.6 g of char to a bed that contains 40 g of oxygen carrier. 

Since the gasification rate is affected by the fuel-to-bed ratio, which in turn affects the 
syngas composition, it seems likely that a balance between these parameters will be struck 
in an industrial process. This will then affect the general design of the process equipment.  
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4.4 Effects of ash and non-carbon species from the fuel on the reactivity of LD slag 

Elements such as potassium are known to increase the levels of reactivity of active bed 
materials such as olivine [126,136] and ilmenite [80,137,138]. In this section, the results 
for interactions between the LD slag and non-carbon species are used to define the expected 
reaction properties of LD slag towards fuels.  

The ways in which the conversion rates of gases are affected by the presence of ash were 
evaluated in a laboratory batch fluidized bed reactor that was operated with LD slag 
samples extracted from the 12-MWth boiler, and exposed to different gases. The tested 
gases, CO/H2, CH4 and C6H6, were introduced into the laboratory scale batch fluidized bed 
reactor, with or without steam. Fuel mixtures were used according to Table 5. LD slag and 
ilmenite that were only heat-treated were compared to the LD slag extracted from the 
12-MWth boiler. The results of these exposures are shown in Figure 29. All the samples 
were activated through oxidizing-reducing cycles until a stable conversion rate for CO was 
attained [139].  

 
Figure 29. Average conversion of four different common fuel gases mixed with steam using LD slag 

operated for different numbers of hours in the 12-MWth OCAC CFB boiler, as compared with a heat-
treated ilmenite sample. It is well-known that ilmenite increases in reactivity in the presence of alkali and 

ash components. 
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Compared to ilmenite, LD slag performed similarly or slightly better for the conversion of 
H2 and CO, as well as for the conversion of CH4. The sample of LD slag that had not been 
used in the boiler showed a significantly lower H2 conversion rate. This might be due to 
the high content of CaO in this sample, which would catalyze the WGS reaction.  

The ageing effect on the samples in respect to operational over time in the boiler could be 
observed to decrease the reactivity of LD slag slightly towards CO, CH4 and C6H6. The 
addition of elemental sulfur (the sample noted “LD slag OCAC 68 h+S” in Figure 29), 
suggests that the aging of LD slag could to some level restore some of its reactivity. It was 
only towards H2 that the conversion rate increased over time. However, the overall 
conversion of especially H2 is dependent upon three parallel reactions: i) the WGS reaction; 
ii) the water-splitting reaction; and iii) the oxidation of CO and H2. These reactions are 
present simultaneously in system. Of these reactions, both water-splitting and the oxidation 
of CO and H2 correlate with the oxidation level of the oxygen carrier. 

Ash has a significant effect on the gasification rate of a solid fuel. Figure 30 shows a 
comparison of the gasification rates seen in the laboratory batch fluidized bed reactor 
between heat-treated slag and activated LD slag (as a reference) with bed samples extracted 
from the 12-MWth boiler after 65 h of operation in OCAC mode. It is clear that the 
gasification rate for the OCAC slag sample is several times higher than that for the 
reference LD slag. Similar experiments have been conducted with heat-treated olivine 
compared to samples extracted from the 12-MWth [140]. In those cases, it was observed 
that the gasification was initially higher, but after a few cycles was similar to that of the 
reference. However, the difference was not as significant as when the LD slag was used. 
Furthermore, for LD slag, the gasification rate started to decline after four cycles, albeit 
slowly. This indicates that the oxygen transfer to the solid fuel is strongly affected by 
potassium and sulfur present in the ash with the aged samples from the boiler. 

 
Figure 30. Mean gasification rates calculated for char conversion degrees in the interval of 0.3<Xc<0.7 for 
heat-treated LD slag (reference) and the first eight cycles using LD slag samples collected from the 12-MW 
CFB boiler operated under OCAC conditions for 65 h.  
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Alkali metals are known to have catalytic properties for char conversion [18] and have been 
observed to increase significantly the gasification rate, also with other oxygen 
carriers [141]. However, a previous study conducted with LD slag at Åbo akademi in 
Finland indicated that an anion with a potassium ion had a significant effect on the 
reactivity of LD slag. Thus, is was found the K2SO4 increased the reactivity of LD slag 
towards CO in the presence of steam, whereas K2CO3 decreased this reactivity [110]. 

In experiments carried out with sulfur and solid fuels (see Paper III), it was observed that 
sulfur exerted a positive effect on the gasification rate when used together with LD slag. 
Without sulfur, the reaction rates for LD slag and ilmenite are more or less the same. When 
sulfur is added, the intermediate transport of oxygen from the oxygen carrier to the char 
particle via SO2-H2S/S/COS can occur, as illustrated in Figure 20. This contributes to 
increasing the reaction rate for both LD slag and ilmenite, but not for sand, which has no 
oxygen to transport. An indication of an increased gasification rate in the presence of sulfur 
has also been seen in previous studies [20]. This may indicate that sulfur recirculation in 
both CLC and CLG is highly favorable for increasing the rate of char gasification.  

From the studies performed with sulfur in Paper III, it is apparent that the reduced phase 
of LD slag also has an important effect on the sulfur. Reduced LD slag forms H2 due to 
water-splitting in the presence of steam (further discussed in Section 4.3.1). H2 reduces SO2 
to form H2S, which is the reason why the SO2 level drops when LD slag is reduced further 
in the gasification experiments with LD slag and SO2. This might influence different 
technical applications. In CLG, it is already estimated that H2S is the dominating sulfur-
containing gas species, while in CLC, with over-stoichiometric oxygen, SO2 is 
dominating [89–93]. When there is close-to-stoichiometric conversion in CLC, more H2 
might be present, resulting in H2S becoming the dominant sulfur-containing gas species 
when using LD slag. However, since heat transport rather than oxygen transport is 
estimated to be limiting in CLC [57], the conditions should always be over-stoichiometric 
and SO2 should be the dominant sulfur-containing gas species. 

In summary, LD slag experiences increases reactivity towards both gaseous and solid fuels 
when ashes and sulfur are present. This could be related to the increased oxygen transfer 
seen with sulfur and the catalytic properties of alkali, both of which properties are favorable 
for CLC and CLG. This means that LD slag allows both sulfur and alkali to be available in 
the gas phase to interact with the fuel. However, the reactivities of LD slag towards gaseous 
fuels, such as methane, are low.  
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4.5 Increasing reactivity by impregnation 

A general issue associated with iron based-oxygen carriers is that they have lower reactivity 
towards hydrocarbons than other well studied transition metals such as Ni, Cu, Co and 
Mn [142]. It is however known that the reactivity of oxygen carriers can be improved by 
cyclic reduction and oxidation (activation) [121,139] or by the addition of alkali metals to 
improve the reactivity, at least in the case of ilmenite [80,138]. Activation of LD slag can 
be achieved with both multiple redox cycles and ash (see the experiments related to 
Paper I, as shown in Figure 29). This activation was observed as increased reactivity for 
the LD slag that was initially utilized at the semi-industrial scale, as compared to the 
reference sample that was only heat-treated and activated through several redox cycles. 
This activation by the ash may not be associated specifically with potassium, as has been 
observed for ilmenite with K2CO3 [137]. K2CO3 has been shown to instead deactivate 
LD slag, removing the possibility for it to be reduced by CO [110].  

To achieve increased reactivity, doping of an inexpensive oxygen carrier has been tested in 
different studies. Examples of doped materials are Cu doped onto iron ore [97] and red 
mud [143], and Ce doped onto iron particles [144], all of which exhibited increased 
reactivity. In Paper V, LD slag was doped with small amounts of four different elements 
(Ni, Cu, Mn and Ce) that are known to have high reactivities towards gaseous fuels. 
Increased reactivities were observed for all these dopants, even with the addition of only 
2% dopant. Figure 31 displays the degrees of conversion for methane for the reference 
sample and for the samples that were doped with the different elements.  

 
Figure 31. Conversion of methane for LD slag reference compared with LD slag doped with 2% or 5% of 

either Ni, Cu, Mn or Ce. 

In this study, it was observed that Mn and Cu both formed phases in the LD slag together 
with either Ca or Fe, resulting in CLOU properties. While both Ni and Ce showed increased 
reactivity, they did not interact to the same extents with the slag itself. This suggests also 
how these elements might interact if present in the fuel ash. 
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Chapter 5 

5. Physical properties identified for LD 
slag used as an oxygen carrier 

The oxygen carrier needs to have sufficient mechanical strength to allow it to be fluidized 
in thermal conversion applications. The particles need to retain their fluidization properties 
over many cycles with acceptable levels of attrition and must also be able to undergo 
storage without changing their properties. In this section, some of these properties are 
discussed for LD slag.  

5.1 Bulk density, attrition and the effect of fines 

During operation of the 12-MWth CFB boiler with LD slag under OCAC conditions, the 
development of the physical appearance of the material could be observed. A summary of 
the physical data related to bulk density, BET surface area and attrition is presented in 
Table 8. During heat treatment of the material, it was observed that the bulk density of the 
LD slag decreased. This was mainly due to the decomposition of Ca(OH)2 and carbonates. 
At the same time, the BET surface area decreased, most likely due to sintering of the pores. 
The attrition rate was not affected by the heat treatment.  
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Table 8. Basic properties of the as-received, heat-treated (HT) LD slag operated in the 12-MWth CFB boiler 
under OCAC conditions for 65 h, as compared with the benchmark material ilmenite. 

Sample Bulk density [kg/m3] BET surface area [m2/g] Attrition [wt.%/h] 

LD slag  
as-received 

1560 4.4 2.2 

LD slag HT 
oxidized for 24 h 

1410 1.0 2.2 

LD slag Used 
OCAC 65 h 

1640 0.41 0.43 

Ilmenite HT  
oxidized 24 h 

1831 0.21 0.53 

For the slag samples that were used in the CFB boiler under OCAC conditions, the bulk 
density was higher and the surface area and attrition rate were lower compared to the heat-
treated samples. This combination indicates that loose fines adherent to the particles are 
easily removed by attrition. In the SEM investigations of fresh and heat-treated samples 
(Figure 32), slag particles that had agglomerated fines or were composed of agglomerated 
fines were detected. These types of particles could not be found in the LD slag samples 
taken from the boiler, the OCAC samples. Furthermore, during the operation of the boiler 
with LD slag, there was a high level of consumption of the bed material, together with high 
levels of generation of fines in the secondary cyclone and textile filter. Compared to 
operation with sand, the level of fines generated during a comparative 24-h period with 
LD slag was 3-fold higher [50]. The material from the secondary cyclone and textile filter 
had an elemental composition similar to that of the original material, as shown in Paper 1. 
When operated under CLG conditions in the 10-kW unit, the lifetimes of the oxygen 
carriers were estimated from the fines obtained in the air reactor filter and fuel reactor 
chimney. Here, the lifetime of the LD slag was estimated to be 800 h, which was very 
similar to the 850 h lifetime of ilmenite [145].  

Fines contribute to a large surface area in relation to weight, which is why the surface area 
decreased when the fines were eroded and elutriated in the boiler. This was also clear from 
the high attrition rate, which was attributed to the fact that the agglomerated fines were 
removed early in the test, resulting in a logarithmic decay in the attrition profile. The OCAC 
samples showed a more linear attrition pattern with a relatively low attrition rate, 
comparable to those of ilmenite [109] and manganese ores [48]. This suggests that while 
LD slag has sufficient strength, longer exposures in the boiler are needed to be able to 
define the lifetime of the particles. However, the production of the material needs to be 
monitored to avoid fines that will contribute to increased fly ash generation. This is because 
fly ash, depending on the fuel source, is expensive to dispose of in an environmentally safe 
way [146].  
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Figure 32. SEM images of cross-sections of the as-received fresh LD slag (left) and a sample of LD slag 

that had been operated in the boiler under OCAC conditions for approximately 17 h (right). The blue area 
on one of the fresh LD slag particles indicates an area of fines that is associated with the surfaces of the 
fresh LD slag particles. These fines are not seen in any of the LD slag samples extracted from the boiler.  

The remaining fines in the material or the formation of these agglomerates of fines on the 
particles could result from insufficient sieving and drying of the particles. To investigate 
the optimal production of the particles within a desired size range, further studies using 
different pre-treatment techniques, such as crushing, sieving and drying, are needed. In 
addition, the aspect of weathering is interesting from the perspective of the fines generated. 
The yield of the material produced in the desired size range for this work was 
20%-25% [50]. This can be compared to the yield of roughly 50% obtained for the 
generation of other crushed oxygen carrier material in a previous study [75], suggesting 
that there is room for improvements.  

5.2 Storage and weathering of LD slag 

LD slag has been considered for use as a construction material in both the cement industry 
and in road construction; however, there are issues related to this. For example, in Korea, 
the use of LD slag aggregates in common cement has been prohibited, due to the danger 
that expansion of unaged material would weaken the cured cement [147]. The expansion 
of LD slag aggregates is related to the presence of free lime in the structure. The free lime 
reacts with water to form Ca(OH)2, which if in contact with air will over time form CaCO3. 
A feature that has been suggested to be accounted for to decrease, at least on paper, the 
CO2 emissions from steel manufacturing since the present CaO removes CO2 from the 
atmosphere [148]. CaO is also leachable from the structure and will be released from the 
slag over time if exposed to water. The use of LD slag in road construction in Germany has 
shown that up to 7% and 4% free lime content can be integrated into unbound representative 
asphaltic layers without any serious issues. However, in these studies, the MgO 
concentration was also low [69].  
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To increase the stability of LD slag, it can be weathered, i.e., exposed to water over time. 
This requires that the slag yards are expanded and that the material is spread so that rain 
can leach and stabilize the material over time. The weathering can be enhanced by the 
addition of water, which decreases the duration of weathering [69]. If collected in an 
appropriate way, the leached liquid can be used to manufacture lime [149], which can be 
reused in the steel manufacturing process.  

In Paper VII, a sample of heat-treated and sieved LD slag particles was exposed outdoors 
to weathering for about 1.5 years. The material was exposed to rain and weather in a 
drainage container in which some of the leached fluids could be collected. It was clear that 
the material had leached CaO, forming a white powder at the bottom of the leach collector. 
The bulk of the material was still in powder form, while the upper part of the material had 
agglomerated to form a thick crust (Figure 33). This agglomerate was bound together by 
reacted CaO forming CaCO3.  

 
Figure 33. SEM-EDS analysis of the particles in the upper part of the weathered LD slag particles, the 
“crust”, which had undergone agglomeration as a result of the formation of CaCO3 from the leached CaO.  

When comparing the particles' physical properties, there was significant degradation of 
these properties after weathering. The bulk density of the particles had decreased due to the 
leaching. Furthermore, the attrition rate had increased. The attrition of LD slag was already 
determined to be very high for fresh particles, as evidenced by the large amounts of fines 
emitted from the cyclone when it was used in the 12-MWth boiler [50].  

The difference in reactivity between the weathered and fresh LD slag was minimal when 
tested in the laboratory batch fluidized bed reactor. The CaO content of the material was 
almost unchanged after weathering and it was still active towards, for example, the WGS 
reaction. Similar reaction conversion rates for both solid fuel and gaseous CO were 
observed for the weathered and fresh materials.  

Overall, it can be concluded that weathering should be avoided when LD slag particles of 
the desired size have been achieved and heat-treated. This is not because of changes in the 
reactivity of the material but is instead attributed to the degraded physical integrity of the 
LD slag particles, resulting in higher levels of attrition and agglomeration due to the 
formation of CaCO3. Therefore, it is recommended that LD slag particles be stored in a dry 
silo and not outdoors.   
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Chapter 6 

6. Discussion 
In the previous chapters, different aspects of LD slag have been discussed separately and 
in detail. In this chapter the usability and needed studies of LD slag as an oxygen carrier 
for chemical looping applications will be discussed.  

6.1 Understanding LD slag 

When this work was initiated only a limited number of small-scale studies had been 
conducted on LD slag in the application of bed material for thermal conversion of fuels. In 
2004, the first reports of LD slag as a bed material for OCAC were published [74]. 
Subsequently, LD slag was investigated in 2014 and 2017 as a bed material at 
Chalmers [56,73]. The first report [74] described the issues with the catalytic properties, 
increasing the formation of NOx. Nonetheless, with the new approach of adding 
ammonium sulfate to reduce NOx formation [150], NOx emissions can now be handled 
more easily in conventional combustion processes and OCAC. The later publications 
indicated the possibilities of LD-slag in the forms of good reactivity and low cost. 

LD slag was utilized as a bed material during the winter season of 2017–2018 in the 
Chalmers 12-MWth boiler. This initiated the work of this thesis and provided the material 
for Paper I. The boiler operation confirmed that NOx formation increased compared to 
silica sand [50] and showed that LD slag generates a significant level of fines. These 
investigations also provided understanding on ash interaction, specifically regarding how 
LD slag interacts with alkali, and the resulting high levels of CO emissions. Alkali 
interactions were then investigated in greater depth in Paper VI using synthetic ash, to 
examine the issues related to mixing sand with LD slag in presence of alkali. Elemental 
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sulfur and ammonium sulfate were tested in the boiler experiments for their abilities to 
handle CO emissions. [50]. The interaction of sulfur with LD slag was further investigated 
in Paper III with the results suggesting that some sulfur can be bound into the structure of 
LD slag. In the same study it was identified how sulfur can act as an intermediate 
transporter of oxygen from an oxygen carrier to a solid fuel. A very interesting and 
important aspect of sulfur since it increases the gasification rate. This finding suggests that 
sulfur recirculation and fuel with high sulfur content could be favorable for chemical 
looping applications while using LD slag. 

The reactivity of LD slag with fuel is, of course, of great importance. The main equipment 
used in this work has been the laboratory batch fluidized bed reactor. This reactor is highly 
suitable for gaseous fuel experiments and for comparative experiments involving 
gasification. In the same reactor, the catalytic effects on the WGS reaction were 
investigated, as well as how the gasification rate of the fuel can be affected by, for example, 
the oxidation state of the oxygen carrier and hydrogen inhibition (Paper II). Moreover, the 
addition of reactive elements to increase the rate of gas conversion could easily be 
evaluated in this setup (Paper V).  

Some of the limits of the small quartz reactor, such as low reactivity with volatiles and the 
alkali-quartz reactor interaction, can be avoided when advancing to the pilot scale reactor 
made of steel. In the larger scale, the alkali interaction with quartz is avoided and 
continuous circulation between the two reactors can be achieved. This enables one to study 
the effects of alkali and the catalytic properties of LD slag during continuous gasification 
and combustion under chemical-looping conditions. Alkali emissions [118] and operational 
performance [145] besides the tar yield (Paper IV) could be investigated for LD slag and 
compared with other oxygen carriers using different fuels. From this, it is evident that 
LD slag are a suitable oxygen carrier for CLG. 

It is apparent that LD slag is affected by alkali and other ash components. This was clear 
when the LD slag used in the 12-MWth boiler was evaluated in the gasification experiments 
(Figure 30). Here, the gasification rate was an order of magnitude greater for the used 
particles from the boiler than for the particles that have only been heat-treated and activated 
through several redox cycles without ash-containing fuel. This suggests that alkali and 
other elements on the surfaces of the particles originating from the ash are very important 
for fuel gasification in the presence of LD slag. This aspect of how used materials that have 
interacted with ash deviates in reactivity towards gasification from fresh material needs to 
be considered in future studies. 

The physical properties of LD slag represent perhaps the most pressing issue of LD slag 
implementation as an oxygen carrier, regardless of the intended application. The production 
of the LD slag particles gave a low yield and despite heat treatment, the LD-slag particles 
had a relatively low mechanical strength. This results in the generation of a lot of waste 
material, both at the production site and when it is used in a boiler. The rate of recovery 
during particle production was only 20%–25% of particles with the desired size, and a large 
amount of fly ash was observed due to the remaining fines generated during operation in 
the 12-MWth boiler. Also, it was the physical properties that hindered the use of LD slag in 
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the Sävenäs HP2 95-MWth BFB boiler; here, issues with the pneumatic transport limited 
the addition to roughly 7% of the slag in the bed before the operation had to be shut 
down [13]. However, in the much-smaller 10-kW unit, the lifetime was estimated to be 
800 h, similar to that of ilmenite [145]. Taking this to consideration, if LD slag can be 
crushed and treated in such a way that a high percentage of the right-size fraction is 
recovered without attached fines, then LD slag might become favorable. Also, as 
investigated in Paper VII, it is important to store the particles in an appropriate manner to 
maintain the integrity of the particles.  

One of the characteristic properties of LD slag is its interaction with alkali metals. LD slag 
and alkali do not form products with low melting points, as happens with silica sand and 
alkali. Neither does LD slag absorb the alkali to form high-melting-point structures to the 
same degree as ilmenite. Instead, more of the alkali will be in the gas phase and available 
for reactions. This is favorable for both CLC and CLG, in which a high level of gas-phase 
alkali contributes to increasing the gasification rate of char and cracking of tars as 
investigated and reported in Paper IV. A higher level of alkali is, however, not favorable 
for OCAC, since this results in higher emissions of CO, which need to be handled with the 
addition of, for example, ammonium sulfate. Ammonium sulfate is also required to manage 
the higher levels of NOx emissions linked to the use of LD slag in OCAC [50,150].  

CLG is an application for which LD slag could be an attractive choice for CO and 
H2 production. In addition to the higher concentrations of alkali, which have positive 
effects on the char conversion and tar cracking, CaO catalyzes the tar cracking, as shown 
in Paper VI, which is advantageous for downstream processes. Another effect of the high 
calcium content of the slag is that CaO is catalytic for the WGS reaction, as shown in 
Paper II. This, together with the possibility for water-splitting of the reduced oxygen 
carrier, as observed in Paper II, can be used to adjust the H2/CO ratio to more H2 and less 
CO which is advantageous for Fischer-Tropsch synthesis. This could reduce the demand 
and energy-consuming downstream processes that would otherwise be needed for adjusting 
the H2/CO ratio. A techno-economic study carried out on the subject of LD slag as an 
oxygen carrier for CLG has concluded that, for example, the catalysis of the WGS reaction 
has positive effects [151]. 

Another application in which the water-splitting ability of LD slag can potentially be 
exploited is Chemical Looping with Water Splitting (CLWS). Here, the reduced oxygen 
carrier from the fuel reactor is exposed to steam, to produce hydrogen before the oxygen 
carrier is circulated to the air reactor [152]. Producing hydrogen through CLWS could be 
an efficient method to extract more than heat and power from a CLC process. Given the 
active phases of LD slag and the evident hydrogen produced when reduced LD slag was 
exposed to steam, as shown in Figure 12, LD slag could be suitable for CLWS. Also, as 
high-level reduction of oxygen carriers is utilized in CLWS [153], LD slag has a weaker 
tendency to agglomerate compared with other iron-based oxygen carriers when highly 
reduced [154]. This means that LD slag can be less problematic than other iron-based 
oxygen carriers at high-level reduction.   
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Furthermore, due to its high content of calcium, LD slag could be used in favorable thermal 
processes with fuels that contain high levels of phosphorus, such as agriculture residues or 
waste; this is valid for all technical applications, such as OCAC, CLC and CLG. Given the 
higher levels of phosphorus in such fuels, the agglomeration occurs through the second 
mechanism, as described in Section . Higher levels of calcium are favorable because they 
induce higher melting temperatures in the Ca-P-K system [155] and the Ca-Si-K system 
[76]. This suggests that LD slag could be used as an additive in a conventional fluidized 
bed boiler, based on both its OCAC properties and interactions with the ash. However, 
since the phosphorus system is very complex and LD slag itself contains phosphorus, the 
interactions with phosphorus-containing ash need to be further investigated, and compared 
with the results obtained with synthetic ashes in Paper VI and in the paper of Störner 
et al. [156]. All in all, the chemistry of LD slag is very complex and can influence the 
performance differently both in respect to fuel and application. Further, the composition of 
LD slag differs depending on the origin and may vary in e.g. iron, calcium, magnesium and 
vanadium content. 

6.2 Future access of and demand for LD slag as an oxygen carrier 

The future availability of LD slag is dependent upon the dominant process for steelmaking. 
The steel industry is currently facing one of the greatest transitions since the start of the 
industrial revolution: producing steel using hydrogen instead of coal. Producing steel with 
hydrogen does not entail producing a better product, and it is neither safer nor easier than 
using conventional methods. The transition is related to the goals of rendering the steel 
industry in Europe carbon-neutral and producing steel from renewable energy 
sources [157]. Thus, using hydrogen is the most convenient and efficient method to use 
renewable energy sources and to minimize carbon emissions from the industry. However, 
the production of carbon-neutral hydrogen is associated with high demands for renewable 
and low-cost electricity [158].  

This transition will affect the usability of LD slag as an oxygen carrier in two major ways. 
First, in a steel manufacturing process that uses hydrogen, no LD slag is formed. The reason 
for this is that the sponge iron formed in the hydrogen-based ironmaking process is 
converted to steel in an electric arc furnace rather than in an LD converter [157]. This 
suggests that the amount of LD slag produced during steelmaking would decline in the 
future and will only be produced by the older coal-based plants. Second, the hydrogen 
produced on a large scale for these processes will probably come from electrolysis using 
renewable energy. The production of large amounts of hydrogen by electrolysis will 
generate pure oxygen as a byproduct. Given the large amounts of hydrogen needed in steel 
manufacturing, oxygen may become a bulk product in the future that is locally available at 
a comparatively low price. Low-price, high-purity oxygen would dramatically reduce the 
cost of oxyfuel combustion, since one of the most expensive components of the process 
(the air separation unit) would be unnecessary [159]. Retrofitting a conventional boiler to 
an oxyfuel boiler is also possible and is not too difficult [5], which is an advantage of the 
oxyfuel technology compared to, for example, CLC. Suggestions have been made 
regarding the retrofitting of a conventional fluidized bed boiler with a fuel reactor to form 
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a CLC plant [10]. However, potential issues with heat transport and ensuring sufficient 
circulation suggest that larger units should be designed for CLC from the beginning. 
Examples of full-scale designs also emphasize the need for designed units to achieve 
sufficient circulation [57].  

Access to LD slag is dependent upon technological developments and energy costs, as is 
the demand for LD slag. The shortest path to implementation of an oxygen carrier at 
conventional scale is OCAC. It is, however, debatable whether LD slag is favorable for 
OCAC applications, as discussed in Section 6.1. Today, the commercialization of chemical 
looping, either CLC or CLG, on an industrial scale in which large amounts of LD slag 
would be consumed, is not imminent. Should LD slag become the preferred oxygen carrier 
for, e.g., CLG, it would most likely be because it offers a combination of benefits regarding 
decreased levels of tars and effects on the raw gas composition. These benefits would need 
to be balanced against the cost of handling the waste streams containing the additional dust 
in the fly ash from LD slag. As such, a comprehensive economic study of concerning this 
is required.  
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Chapter 7 

7. Conclusion  
In this thesis, LD slag, which is a byproduct of steelmaking, was investigated for usage as 
bed material in thermal conversion processes based on fluidized beds. More specifically, 
the main objective of the evaluation of LD slag was to understand whether LD slag is a 
suitable oxygen carrier for OCAC, CLC and/or CLG. Reactors ranging in size from 
laboratory scale to semi-industrial scale and several characterization methods were used to 
acquire a better understanding of the chemical and physical properties of the LD slag. For 
comparison, a range of other well-known materials was also investigated.  

From these studies it can be concluded that LD slag has several beneficial properties for 
usage in a thermal conversion process of solid fuels. To summarize, LD slag possesses the 
following properties:  

• Sufficient oxygen carrying capacity.  
• The oxygen carrying phases is mainly magnetite-wüstite, thereby enables hydrogen 

formation of steam via the water splitting reaction. 
• Reactivities towards gaseous and solid fuels that are similar to those of the 

benchmark, iron-based oxygen carrier ilmenite.  
• Initially high amounts of fines, however, gradually decreased attrition to acceptable 

levels.  
• A lower tendency to agglomerate compared to sand in the presence of alkali.  
• A lack of ability to bind alkali in a stable phase, resulting in higher amounts of alkali 

in the gas phase being available for other reactions. This results in: 
o Potentially increased CO emissions during OCAC operation; 
o Higher level of tar conversion; 
o Increased gasification rate;  
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o When alkali is available or LD slag that contains ash is mixed with silica, 
the silica can react with the available alkali rather than the LD slag, thereby 
generating potassium silicate with a low melting point, leading to 
agglomeration. 

• Contains free calcium oxide, resulting in: 
o Catalytic properties towards the WGS reaction; 
o Catalytic towards conversion of tars; 
o Can react with sulfur forming CaSO4 and CaS;  
o Can interact with phosphorus containing ash resulting in a higher melting 

temperature, decreasing the risk of agglomeration;  
o Affects the storage properties of LD slag since it can react with humidity. 

 
Given these properties, it can be concluded that LD slag could be a suitable oxygen carrier 
for both chemical looping applications as well as OCAC. In particular, it may be applicable 
for processes that should avoid the use of a virgin bed material, such as waste combustion. 
For any application purposes, it needs to be considered that the high amounts of alkali will 
be present in the gas phase where the fuel is added. This suggests that LD slag is most 
suitable for CLG, where alkali is available for the gasification and tar cracking and the 
material is at the same time catalytic towards the WGS reaction. LD slag also has a low 
oxygen-carrying potential, which makes it suitable for a process like CLG that encounters 
problems associated with a strong relationship between oxygen transfer and heat transfer. 

Should LD slag be considered as an oxygen carrier in a full-scale process, the entire supply 
chain needs to be considered, from the future availability of the slag and the process of 
extracting the appropriate size fraction to recycling and waste management. Given the 
transition currently occurring in the steel manufacturing industry, the supply of LD slag 
may dwindle. Nevertheless, LD slag will continue to be produced for the upcoming years 
and are already stored for extensive use.  
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Abbreviations and Nomenclature 
BECCS Bio-Energy with Carbon Capture and Storage 

CLC  Chemical Looping Combustion 

CLG  Chemical Looping Gasification 

CLOU  Chemical Looping with Oxygen Uncoupling 

CLWS Chemical Looping with Water Splitting  

DFB  Dual Fluidized Bed 

OCAC  Oxygen Carrier Aided Combustion 

WGS  Water-Gas-Shift 

SEM-EDS Scanning Electron Microscopy – Energy Dispersive X-ray Spectroscopy 

XRD  X-Ray Diffraction 

CO/Ct  Ratio of carbon monoxide to total carbon (CO, CO2, CH4) 

H2/CO  Ratio of hydrogen to carbon monoxide 

ni  Amount of substance i [mol] 

mi  Mass of substance i [g] 

xi  Fraction of substance i in gas [mol/m3] 

Keq  Equilibrium constant for the WGS reaction 

Qi  The reaction quotient at the time i 

P  Pressure [Pa] 

V  Volume [m3] 

R  Gas constant in Ideal Gas Law 

T  Temperature [K] 

t  Time [s] 

r  Char conversion rate as a function of time [(g/s)/g] 

γCO  CO2 yield from the conversion of CO 

ω  Mass conversion on oxygen carrier, with a valued between 0 and 1 

Xc  Conversion degree of char, with a value between 0 and 1 

̇   Indicates a flow
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