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Introduction 
The increasing global population and improving living standards result in a growing 
demand for energy. The main energy source during the last century has been fossil fuels. 
This results in large emissions of carbon dioxide (CO2), which is believed to be the main 
cause of climate change and global warming. Decreasing the CO2 emission has been set 
on high priority internationally. There are various methods of decreasing the CO2 
emission (Figure 1). According to International Energy Agency predictions of primary 
energy supply for the next century, a combination of different CO2 emission reduction 
methods could be used to limit the global warming to 2 °C by 2050. Increase in efficiency, 
renewables, and carbon capture and storage (CCS) are highlighted as solutions with the 
highest impact.  

 
Figure 1. CCS contributes 14% of total emission reduction through 2050 in decreasing global 
warming pace to 2 °C compared to predicted 6 °C (business as usual scenario) [1]. 

CCS refers to a number of technologies that capture CO2 at some stage from processes 
such as combustion or gasification. There are various CCS solutions proposed. CO2 could 
be removed before or after combustion, but the most energy- and cost-effective CCS 
technology considered is the oxy-fuel technology [2]. The concept of oxy-fuel technology 
involves removing nitrogen (N2) from the combustion process: combustion will occur in 
oxygen (O2) and recycled flue gas. As a result, the formed flue gas mainly consists of CO2 
and water vapour. Oxy-fuel technology avoids the costly CO2 separation from N2; 
however, it entails additional expenditure on O2 production. It is possible to retrofit 
existing combustors to oxy-fuel combustors, which avoids the cost of redesigning and 
building new facilities and allows faster transition to zero carbon emissions.  

Estonia is a part of the European Union and all global trends, including the 
encountered challenges, are also valid here. The main energy provider and as well the 
largest CO2 emitter in Estonia has been the oil shale industry [3]. In the light of climate 
change and decline of old equipment, new solutions for energy supply are required. It is 
even more alarming that not only Estonia, but also the entire Baltic Sea region is facing 
energy deficit: the old power units have been exhausted and new investments are not 
made due to uncertainties in regulatory policies [4], [5]. Despite concentrated research 
on different renewable solutions, none is ready to cover the base load of a developed 
cold and plain country. Appling CCS technology on oil shale combustion would enable a 
CO2 emission-free power production. 
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The main difference of oxy-fuel combustion from regular firing is that the combustion 
occurs in a CO2-based environment instead of N2. This affects combustion of organic 
matter and reactions of mineral matter [6]. The pollutant content in flue gas may 
increase and cause difficulties in further processing the CO2. The changes in properties 
of produced ash, particularly because Estonian oil shale has high content of mineral 
matter, may ease the use of waste. The most altered processes may require different 
designs of equipment to reach a complete burnout of fuel. To estimate the listed 
changes, theoretical calculations and a number of experiments were conducted, 
beginning from thermogravimetric analysis (TGA) using a few milligrams of sample per 
experiment, up to circulating fluidised bed combustion (CFBC) experiments firing 24 kg 
fuel per hour. 

The ultimate goal of this research was to acquire base knowledge for oil shale oxy-fuel 
CFBC, i.e. to find and examine possible technological bottlenecks caused by peculiarities 
of Estonian oil shale. The objective set for this work was to investigate possible changes 
in Estonian oil shale CFBC in oxy-fuel mode compared to conventional CFB firing. To be 
more precise, this work aimed to analyse the following: 

• combustion process of a particle, 
• mineral matter behaviour, 
• produced flue gas pollutant content, and 
• CO2 formation and emission. 

In order to achieve the above goals, extensive experimental work was conducted on 
a thermogravimetric analyser, a batch reactor, and a CFB combustor. 

This dissertation is based on five papers and consists of four chapters. Chapter 1 
includes a literature overview of CCS and oxy-fuel combustion research as well as 
hypothesis applicable for Estonian oil shale utilisation. Chapter 2 describes the materials 
and details of experiments including devices, applied conditions, boundaries, and 
simplifications. Chapter 3 summarises the results of experiments and highlights the most 
important ones: at first, predictions from a theoretical study [Paper I]; then a research of 
reactions in mineral matter and combustion products [Paper II-III]; an investigation of 
ash properties, i.e. experimental work on a batch reactor [Paper III]; and combustion 
experiments on a circulating fluidised bed (CFB) combustor—acquiring data about real 
combustion, ash formation, and potential emissions [Paper IV–V]. Chapter 4 concludes 
the results of this research. The papers presented offered new information about oil 
shale oxy-fuel combustion, and for the first time, the results of oil shale oxy-fuel CFBC 
products. 

Further studies concerning oxy-fuel combustion of oil shale should explore the 
possibilities of increasing O2 content in combustion gas. This may decrease the 
measurements in the combustor and therefore lead to smaller capital cost. Oil shale ash 
and oxy-fuel environment influence sediment formation on heating surfaces and 
corrosion. Another interesting topic is oil shale and biomass co-firing in oxy-fuel CFB. This 
solution can lead to negative CO2 net emissions, because CO2 from biomass is considered 
neutral. 
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Abbreviations 
A Ash content 
ar As-received basis 
CCS Carbon capture and storage 
CFB Circulating fluidised bed 
CFBC Circulating fluidised bed combustion 
CO2 Carbon dioxide 
D Dry basis 
DSC Differential scanning calorimetry 
ELPI+ Electrical low-pressure impactor 
FC Fixed carbon 
LHV Lower heating value 
m/z Mass-to-charge ratio 
N2 Nitrogen 
NOx Nitric oxide and nitrogen dioxide as nitrogen dioxide 
O2 Oxygen 
PC Pulverised combustion 
QMS Quadrupole mass spectrometry 
RFG Recycled flue gas 
SOx Sulfur oxides as sulfur dioxide 
TGA Thermogravimetric analysis 
W Moisture content 
XRD X-ray diffraction 
XRF X-ray fluorescence spectrometer 
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1 LITERATURE REVIEW 

1.1 CO2 emissions 
The world primary energy supply relies on three fossil fuels: oil, coal, and natural gas [7]. 
During the period from 1990 to 2015, the world’s primary energy supply increased by 
60%. Renewable energy sources comprised a considerable part of the total supply, but 
replacing them with fossil fuels requires more time and breakthrough in technology. 

To meet future targets for the reduction of greenhouse gas emissions, a number of 
simultaneous actions are necessary. Arrangements for reducing greenhouse gas 
emissions often reduce co-emitted air pollutants, bringing benefits to air quality and 
human health. Improvements in air quality and health benefits, especially as they are 
mainly local and near-term, provide strong additional motivation for transitioning to a 
low-carbon future [8]. To attain the set objective, fuel and energy efficiency has to be 
increased and new renewable energy sources must be applied. Wind and solar energy 
are periodic and need energy storage solutions to maintain constant power. Fossil fuel 
power stations are able to vary their output in response to changes in demand, and thus, 
CCS reduces the need for large-scale energy storage that are still to be developed [1], [9]. 
CCS is a way of reducing CO2 emissions from existing sources and coping with changing 
power demand. 

According to the International Energy Agency [10], global CO2 emissions reached 
32.3 GtCO2 in 2015, which is 0.1% less than that in 2014. The decrease was achieved by 
changes in fuel mix. In the USA and EU, the share of coal in energy mixture decreased:  
it was replaced by natural gas. Over 40% of the global anthropogenic CO2 emissions were 
caused by power and heat generation. Most of the world’s electricity is produced in 
pulverised coal combustion plants [11]. Coal combustion was responsible for 
approximately 45% of CO2 emissions, with 31% emitted from coal-fired power plants [7]. 
Coal will remain a major energy resource for the next few decades, especially in China 
and India. 

For pulverised combustion (PC), the solid fuel is ground below 70 μm and fired in the 
furnace at temperatures of 1300–1400 °C. Such high temperatures promote formation 
of nitrogen oxides (NOx), and due to ash slagging and fouling, deposits form on heat 
exchangers; hence, active methods are required to maintain heat transmission. For 
pollution control, sulfur oxide (SOx), NOx, and particulate matter removal equipment is 
required. When firing solid fuel in a CFB boiler, the fuel has to be ground to 3–6 mm. 
Circulating solid matter allows reaching burnout at considerably lower temperatures 
(760 to 930 °C) [12]. The lower temperatures and circulating solid matter result in 
decreased pollutant generation, and thus, the investments into pollutant control 
equipment are smaller. Regardless of the combustion technology, CO2 emissions will 
continue to be a major environmental concern. 

1.2 Solid fuel combustion in Estonia 
Power in Estonia is mainly produced from oil shale [3], [13]. Combustion of Estonian oil 
shale is challenging [14], [15]. The combustion technologies applied for Estonian oil shale 
have been following the development of solid fuel combustion systems. Oil shale firing 
in Estonia started with grate firing in the 1920s, when grate firing was the only known 
industrial combustion technology. Large-scale industrial firing of Estonian oil shale in PC 
boilers started in 1959. An advantage of PC is higher heat flux (MW/m2), which leads to 
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reduced dimensions and higher efficiency [16]. The first oil shale power plants with high 
steam parameters were utilising PC technology. The power plants had consistent 
problems with deposits formation. The calcium-rich ash melts at relatively low 
temperatures and forms bound sediments on heating surfaces. High alkali and chlorine 
content of oil shale ash caused significant corrosion and fouling problems in the PC units 
[17]. SO2 and particulate matter emission were high (2100 mg/Nm3 @ 6% O2) [18]. The 
high ash content of the fuel (over 50%) is an environmental and technical challenge [19], 
[20]. Even today, most of the alkali ash is still landfilled, but on the positive side, the ash 
at the landfills sequestrates up to 10% of previously emitted CO2 from the atmosphere 
[21], [22]. 

The introduction of CFB boilers for oil shale combustion has resolved many of the oil 
shale firing problems. No significant fouling or corrosion of convective heat exchangers 
has occurred during the more than ten-year exploitation period. Due to the inherent lime 
content of oil shale and suitable temperature in the CFB furnace, SO2 emission was 
reduced considerably ( the concentration was nearly zero) [23], [24]. Moreover, because 
of the relatively low furnace temperatures and low N2 content in Estonian oil shale, no 
deNOx facilities are required. The improved efficiency, decreased carbonate 
decomposition, and improved steam turbines in CFB power units have decreased the 
specific CO2 emission of power production by nearly 24% [23]. 

For power production from Estonian oil shale, two different combustion technologies 
are still in use: PC and the newer CFBC. In addition, a new 300 MWel CFB unit is under 
commissioning. The new boiler will be fuel flexible by design: it will be capable of burning 
10% of oil shale retort gas, 50% of biomass, and 20% of peat in oil shale blend [25]. In 
addition, there are areas reserved for future installation of CCS solution for the new 
power plant. 

1.3 Carbon capture and storage 
CCS involves three main steps [6], [26]–[28]: CO2 capture; compression and transport by 
pipeline or tankers; and storage or utilisation. Capture is possible either before 
combustion or after combustion using different processes (see Figure 2). 

Pre-combustion capture from coal and gas and CO2 separation by physical absorption 
are options that could be applied to integrated coal gasification combined cycle and 
natural gas combined cycle plants. 

Post-combustion capture options include CO2 chemical absorption from flue gas and 
oxy-fuel combustion. The issues concerning oxy-fuel combustion will be discussed later. 
Other separation methods such as using membranes are being considered as a potential 
longer-term option for both pre-/post-combustion capture, alone or in combination with 
other absorption techniques. 

After capture or separation, CO2 must be compressed and transported by pipeline or 
tankers. CO2 storage, or sequestration, can be accomplished through geologic storage, 
ocean storage, industrial use, or mineral sequestration [29]. The options for storage and 
utilisation of CO2 will be introduced later. Several CCS technologies are likely to co-exist 
in the future, but all the options require further research and development to improve 
efficiency and reduce cost. 
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Figure 2. Fossil decarbonisation strategies: (A) post-combustion, (B) pre-combustion, and (C) oxy-
fuel combustion decarbonisation [28]. 

1.4 Oxy-fuel combustion 
Designs of oxy-fuel CO2 recovery power plants for pulverised coal were already proposed 
by a number of authors in the 80s [30], [31]. It was found that the process is more 
economical than other CO2 recovery techniques [32]. The recovered CO2 can be 
sequestered into deep ocean [33] or underground [34], [35]. More feasible options 
would be using the CO2 for enhanced oil recovery [36] or utilising for other solutions 
explained briefly in section 1.5 on page 17. 

Extensive overviews of oxy-fuel combustion and oxy-fuel CFBC development and 
status are available [6], [26], [27], [37], [38]. The concept of oxy-fuel technology involves 
the removal of N2 from the combustion process. Air is replaced with a mixture of O2 and 
recycled flue gas. The O2 is supplied by a cryogenic air separation process, which is the 
only commercially available mature technology. The general flowsheet of the oxy-fuel 
technology power generation is shown in Figure 3. O2 is produced in an air separation 
unit (ASU). The combustion occurs in a boiler where O2 and recycled flue gas are used for 
combustion. The flue gas is cleaned and part of it is recycled into the boiler. As a result, 
the formed flue gas mainly consists of CO2 and water vapour, and the volume of flue gas 
decreases considerably. This makes it easier to compress and transport CO2 to the 
storage or utilisation site [39], [40]. 
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Figure 3. Schematics of entire oxy-fuel combustion power plant for carbon capture and storage [41]. 

Because the CFBC technology is relatively young and the majority of world power 
plants are using PC, most of research projects in oxy-fuel combustion are associated with 
pulverised coal combustion [6], [27]. Fluidised bed or CFB combustion could be an 
alternate technology to PC, when employing oxy-fuel technology. The synergy of the 
technologies allows controlling combustion temperatures despite relatively low flue gas 
recycle ratios. Fans and blowers consume less power because the draft system handles 
higher molecular weight gas. O2 concentration in the recycled flue gas can be kept to a 
low and safe level, while additional O2 can be introduced through O2 nozzles separate 
from the burner or in the secondary gas inserting points. Transition from air to oxy-fuel 
combustion is potentially easier relative to oxy-fuel PC, because in a CFB, there is a large 
amount of inert bed material that helps to control the bed temperature [38]. 

Although functioning oxy-fuel CFB pilot plant units are still limited in number (see 
Figure 4), studies are being undertaken in many countries. To date, most test works have 
been performed at small scale (in < 100 kW range), and/or using bottled gases to supply 
the suitable combustion gas, instead of recycling flue gas, to achieve the necessary gas 
velocity and solid circulation rate in terms of heat transfer requirement [9]. 

 
Figure 4. Historical progression of scale of oxy-fuel CFB pilot and demonstration plants [6]. 
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1.4.1 Changes in combustion 
The main causes of differences between conventional air and oxy-fuel combustion are 
the different physical properties of CO2 and N2: thermal conductivity, density, specific 
heat capacity, gas emissivity, and O2 diffusivity. The solid fuel in combustion is usually 
investigated at first in small scale (TGA and different batch reactors) and then in 
laboratory scale combustors (10–200 kWth). The results from laboratory experiments 
allows moving on with the industrial design. Oxy-fuel combustion experiments with coal 
have proved that the oxy-fuel atmosphere considerably changes the combustion process 
[42]–[47]. Compared to combustion in air, the particle burnout is reached later and 
ignition is delayed in oxy-fuel mode. Increasing the O2 content decreases the difference. 
Niu et al. [42] suggested higher O2 concentration to reach burnout in sufficient time. O2 
enrichment elevates temperatures and improves combustion efficiency [48], but 
experiments of Czakiert et al. [49] at elevated O2 partial pressure (35%) resulted in 
increased pollutant formation. The N2 and sulfur conversion ratios to oxides increased 
due to the considerably elevated temperature in the furnace. Generally, it is considered 
that the optimum flue gas recycle ratio is 0.7. This results in an oxidant environment that 
typically contains 25 to 30% O2 and leads to similar heat transfer characteristics to those 
of air [9]. This allows obtaining ignition properties and combustor temperatures that are 
similar to those for conventional combustion in air [26], [39], [50]. 

1.4.2 Nitrogen oxides 
Nitrogen oxides are considered to be formed by three pathways [51]: thermal, prompt, 
and fuel nitrogen-caused nitric oxide (NO). Thermal NO formation results from N2 and O2 
reacting at high temperatures (above 1500 °C) to form NO. Prompt NO is formed  
when hydrocarbon radicals in fuel-rich zones attack molecular N2 to form cyanide 
species, which subsequently form NO. Fuel NO is derived from N2 in the fuel. The formed 
NO is later oxidised to NO2; thus, the emissions are expressed as NOx, i.e. nitrogen oxides 
as NO2. 

One advantage of oxy-fuel technology is its potentially lower NOx production. 
Significant reduction in NOx emission rate can be achieved with oxy-fuel combustion 
compared with air PC, as thermal and prompt NOx formations are eliminated owing to 
the absence of air N2 [40]. CFBC already offers low NOx emissions due to low furnace 
temperature, which prevent thermal and prompt NOx formations. Results from different 
oxy-fuel CFB experimental facilities are relatively diverse [52]–[57]. Overall, the results 
indicate that N2 behaviour in oxy-fuel CFB will be similar to that of firing in regular CFB, 
and no drastic changes are expected in fuel N2 conversion to oxides. 

N2 content in the Estonian oil shale is low: below 0.1% in dry fuel. Owing to this and 
the low temperatures in CFB combustor, no problems with excess NOx formation have 
been recorded in utility boilers [23]. Applying oxy-fuel CFBC on Estonian oil shale should 
result in similar pollutant formation as from conventional CFBC. 

1.4.3 Sulfur oxides  
SOx is an important pollutant generated by combustion including oxy-fuel combustion. 
The flue gas of oxy-fuel combustion is meant for storage or utilisation, but SOx in the flue 
gas causes problems in its further use [58, p. 2]. One of the advantages of CFBC is its in 
situ sulfur capture ability [59]. The SO2 concentration can be reduced by injecting 
sorbents, such as limestone or dolomite, into the furnace. The calcination process 
depends on the CO2 partial pressure and temperature (Figure 5). If the CO2 partial 
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pressure is lower than the equilibrium pressure, limestone decomposes and forms CaO 
and CO2 (Eq. 1). CaO then reacts with SO2 (Eq. 2). This process is called indirect sulfation. 

𝐶𝐶𝐶𝐶𝐶𝐶𝑂𝑂3(𝑠𝑠) ↔ 𝐶𝐶𝐶𝐶𝑂𝑂(𝑠𝑠) + 𝐶𝐶𝑂𝑂2(𝑔𝑔) (Eq. 1) 
𝐶𝐶𝐶𝐶𝑂𝑂(𝑠𝑠) + 𝑆𝑆𝑂𝑂2(𝑔𝑔) + 0.5𝑂𝑂2 ↔ 𝐶𝐶𝐶𝐶𝑆𝑆𝑂𝑂4(𝑠𝑠) (Eq. 2) 

If the calcination process does not take place, then SO2 may react directly with CaCO3 
(Eq. 3). 

𝐶𝐶𝐶𝐶𝐶𝐶𝑂𝑂3(𝑠𝑠) + 𝑆𝑆𝑂𝑂2(𝑔𝑔) + 0.5𝑂𝑂2 ↔ 𝐶𝐶𝐶𝐶𝑆𝑆𝑂𝑂4(𝑠𝑠) + 𝐶𝐶𝑂𝑂2(𝑔𝑔) (Eq. 3) 
 

 
Figure 5. Equilibrium CO2 pressure over limestone [60]. 

Estonian oil shale has a high content of carbonate minerals (mostly calcite and 
dolomite). In air-fired atmospheric units, sulfur capture occurs via relatively rapid 
calcination and much slower sulfation reactions. In oxy-fuel CFB combustors, sulfation 
can occur directly without the calcination step [61]. Theoretical calculations [38], [62]–
[64] and experiments [65], [66] suggest that carbonate minerals do not fully decompose 
under oxy-fuel combustion environment and the sulfur binding rate decreases. On the 
contrary, some other experiments [52], [61], [67] show a decrease in sulfur emissions or 
increased sulfur capture efficiency when applying oxy-combustion. If the sulfur binding 
rate decreases, then an additional deSOx facility may be necessary. 

1.4.4 Behaviour of mineral matter 
When solid fuel is fired in a combustor, the mineral matter in the fuel forms ash, which 
separates into different ash flows with different particle size distributions and chemical-
mineralogical compositions. The mineral matter in fuel is influenced by the temperature 
and gas composition in the furnace. In a CFB combustor, the temperatures are relatively 
low (< 900 °C) compared to PC furnaces, where temperatures may extend to 1400 °C. 
Due to lower temperatures, fewer reactions involving mineral matter occur. In a CFB 
combustor, absorbed and crystal water is released from minerals; carbonate minerals 
and marcasite decompose and sulfur is bound into anhydrite [16], [68]. When firing fuel 
in a PC boiler, the mineral matter is subjected to various reactions: thermal 
decomposition, volatilisation, and formation of novel minerals [69]–[71]. Estonian oil 
shale has a high ash content, and thus, the processes occurring in mineral matter become 
even more important. 

As mentioned before, carbonate minerals (dolomite and limestone) have an 
important part in SO2 binding from flue gas. Rahiala et al. [63] modelled the limestone 
particle behaviour in an oxy-fuel CFBC process. Limestone and dolomite calcination 
reaction in oxy-fuel atmosphere has been studied widely [72]–[76], but usually in 
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contents of additive/sorbent for SO2 binding. Estonian oil shale already contains a 
considerable amount of calcite and dolomite; thus, no additive is necessary. 

In general, it has been noted that there are no major changes in ash composition, 
although the relative amount of mineral phases changes [77]–[79]. The results of 
different drop tube experiments indicate that the furnace temperature and fuel mineral 
part are the major factors affecting formation of gaseous compounds and ash rather than 
the main gas, which still seems to affect the fine ash (submicron) composition and the 
ash deposition mechanisms [80]. Mapping the ash produced is important in finding 
solutions to turn ash or part of it into products [81]. 

1.5 Carbon storage and utilisation 
Carbon capture solutions are only one side of CCS: CO2 needs to be utilised or stored 
safely and stably. Oxy-fuel combustion simplifies CO2 transportation and utilisation by 
already creating a concentrated CO2 flow. 

CO2 can be stored into depleted oil/gas reservoirs and coal seams, but the largest 
capacities and most widespread locations are offered by deep saline aquifers [35]. 
Storage of CO2 with enhanced industrial production has great potential to enable  
large-scale CO2 storage at reasonable cost. The solution can help in storing CO2 and 
enhancing industrial production at the same time. CO2 injection can enhance oil [82], 
natural gas [83], coal bed methane [84], and shale gas recovery [35]. Injecting CO2 into 
the ground could also be used for improving geothermal power generation [85] and even 
for in situ uranium leaching [86]. Most of the technologies are still in the phase of 
research, except for enhanced oil recovery. This solution has been successfully used 
already for decades [87]. 

The goal of CO2 mineralisation and industrial utilisation is to trap CO2 permanently in 
stable minerals. CO2 can be used as a feedstock for chemical engineering and various 
innovative construction materials can be manufactured. For example, concentrated CO2 
flow could be used for precipitated calcium carbonate production [88]–[90]. Overall, the 
carbonisation industry is still in a demonstration phase. 
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2 EXPERIMENTAL METHODS 
This dissertation is based on five papers. The materials and methods used are described 
in detail in the papers, but an overview of the materials, experimental devices, and 
methods applied is presented here. First is a short description of the material used—the 
Estonian oil shale. This is followed by an overview of the methods and experiments 
conducted to investigate the oxy-fuel combustion: the theoretical study [Paper I], 
research on oil shale oxy-fuel combustion in TGA [Paper II], batch reactor experiments 
[Paper III], description of real combustion experiments in a CFB combustor [Paper IV–IV], 
and accelerated calcination experiments [Paper V]. 

2.1 Materials 
2.1.1 Oil shale 
Oil shale is generally rich in bituminous organic matter that is processed worldwide in 
few countries including China, Brazil, Jordan, and Estonia as an energy resource, although 
the large reserves are known also in the U.S.A., Australia, Russia, and elsewhere [91]. 
However, the increasing need for energy, depletion of easily accessible oil reserves, and 
concurrently increasing oil prices have significantly raised the interest in oil shale mining 
and processing in the last decades.  

In this research, Estonian kukersite oil shale from Estonia and Ojamaa underground 
mines were used. The oil shale is a solid fuel and its organic matter has a relatively high 
H/C molecular ratio resulting in smaller CO2 emission compared to coals. The oil shales 
worldwide are as diverse as coals. Estonian oil shale has a high content of mineral matter, 
which consists of carbonaceous, sandy-clay-carbonaceous, and sandy-clay parts [16]. The 
molar ratio of Ca/S is 7–10 in oil shale; this exceeds by over 2–3 times the ratio of Ca/S 
sufficient to complete the capture of SO2 [24]. The thermal decomposition of 
carbonaceous minerals liberates CO2. A higher CO2 concentration during combustion 
may change the decomposition reactions of carbonates and decrease the CO2 emission 
[76]. Therefore, implementation of oxy-fuel technology offers many benefits. 

Estonian oil shale for the oxy-fuel experiments [Paper II and III] was sampled from 
crushed oil shale mined in Estonia underground mine. The sample was collected from 
fuel flow to utility power plants. The oil shale was dried and crushed by passing through 
a 2 mm sieve opening. The median size of the oil shale was 0.25 mm. In CFB experiments 
[Paper IV–V], oil shale from Ojamaa underground mine was used. The fuel was sieved to 
pass through 3 mm openings. 

Table 1. Proximate and ultimate analysis of the underground mine Ojamaa oil shale. 

LHV, 
MJ/kg Proximate analysis, wt. %  Ultimate analysis, wt. % 

Qarnet War *VMar FCar Aar  Cd Nd Sd Hd TOCd (CO2) dmineral 
8.56 0.5 47.5 1.3 50.7  27.4 0.1 1.6 2.7 21.8 20.6 

* VMar includes mineral CO2 from decomposition of carbonate minerals 

The CFBC experiments [Paper IV–V] were carried out with typical Estonian oil shale 
from Ojamaa underground mine. The fuel was dried, crushed, and sieved through 3 mm 
openings. The fuel ultimate and proximate analyses are listed in Table 1. The laboratory 
ash composition is presented in Table 2. The Ca/S molar ratio in the oil shale was 8.0. 
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Table 2. Chemical composition of oil shale laboratory ash, wt. %. 

CaO SiO2 Al2O3 SO3 MgO Fe2O3 K2O Cl Na2O Others 
43.9 27.5 8.6 5.5 4.9 4.8 3.3 0.4 0.1 1.0 

 

2.2 Equipment and methods 
2.2.1 Calculation model for oil shale oxy-fuel CFBC 
The calculations of the flue gas volumes in oxy-fuel CFBC of oil shale were performed 
under a steady-state regime, implementing a process for which the schematic is shown 
in Figure 6. The flue gas was recycled after a water vapour condenser [Paper I]. 

 
Figure 6. Schematic of the proposed oxy-fuel combustion process [Paper I]. 

The temperature in the CFB boiler furnace was presumed to be in the range of  
750–850 °C. This ensures sufficient sulfur binding. The bed temperature in the CFB boiler 
was mainly controlled by adjusting the ash recirculating ratio and temperature. This 
feature can be used to reduce the recycled flue gas (RFG) ratio in the CFB when 
retrofitting to oxy-fuel combustion [92]. 

Based on an overview article [40], the O2 content after the ASU was assumed to be 
95%vol with 5%vol of N2. The oil shale calculations were performed for an excess O2 
constant value of 5%vol at the boiler outlet. In the steady-state regime, the CO2 content 
per kg fuel at the boiler outlet for different RFG ratios was calculated. The gas volume 
calculations for oil shale oxy-fuel CFBC for different oil shale LHVs and different recycled 
flue gas ratios were performed. 

2.2.2 TGA, DSC, and QMS analyses 
TGA, differential scanning calorimetry (DSC), and quadrupole mass spectrometry (QMS) 
were used to obtain data with high precision from different processes that occur in the 
oil shale during the thermal treatment [Paper II]. TGA is a common technique to rapidly 
investigate and compare thermal events and kinetics during the combustion and 
pyrolysis of a material. The gas environment in TGA was well controlled and even water 
vapour could be added to the gas mixture in the analyser. TGA measured the mass loss 
of the sample as a function of time and temperature. QMS improved the analyses of the 
processes by adding information about the evolving gases. The temperatures at which 
the mass changes occurred were viewed using TGA. DSC added thermal information 
about the processes that took place during the measurement. 

The thermal analyses were performed on Netzsch STA 449 F3 Jupiter Simultaneous 
Thermal Analyser (TG-DSC/DTA Apparatus) coupled with a Netzsch QMS 403D Aeolos 
(mass 1–300 amu). The samples were analysed in Pt/Rh crucibles with lid and removable 
liner of thin walled Al2O3 in the gas. A standard sample mass of 20±1 mg was used.  
The total gas flow during all the measurements was 60 ml/min. Different gas mixtures  
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(see Figure 7) were used to simulate oxy-fuel and conventional combustion conditions in 
TGA. The samples were equilibrated at 40 °C for 45 min, and then heated at 10 °C/min 
up to 1240 °C. The temperature and enthalpy measurements were calibrated with In, Sn, 
Zn, Al, and Au standards. The evolved gas was analysed using QMS. Mass/charge (m/z) 
values from 8 to 150 were collected with a sampling rate of 0.2 s. All measurements were 
performed at least twice for sufficient reproducibility. 

 
Figure 7. Gas mixtures used in TGA experiments [Paper II]. 

2.2.3 Batch reactor experiments 
Experiments in simulated oxy and regular CFB furnace conditions were conducted in a 
batch reactor to investigate the produced ash [Paper III]. The batch reactor (Figure 8) was 
designed to burn up a portion of solid fuel in a controlled environment. The experimental 
facility consists of a reactor-heater, temperature control system, gas mixing-control 
system, steam generator-insertion system, flue gas analyser, and data acquisition and 
control system. The gas mixing-control system consisted of mass flow controllers, 
calibrated according to the gas to be used, with check valves. Water vapour of up to 25% 
was added to the gas mixture with the steam generator. To prevent water vapour 
condensation in the gas pipes, a heated supply channel was used. The batch reactor was 
designed to meet working temperatures of up to 950 °C. 

 
Figure 8. Schematic of batch reactor and a sample holder. 
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Combustion experiments were performed at temperatures of 800 °C, 850 °C, and  

900 °C while varying N2, O2, and CO2 ratios. In addition to different temperatures and air 
composition variation, the furnace was injected with water vapour to determine the 
moisture influence on formation of solid combustion products. 

Approximately 5 g of oil shale was loaded to the sample holder (Figure 8) for each 
experiment. A stainless steel bound net sample holder was used. In each run, the sample 
holder with sample was loaded together into the balance chamber. The balance chamber 
was filled with gas mixture used in the experiment. Then the sample holder was  
dropped into the reactor. Because the combustion and reactions with oil shale mineral 
part and coke takes some time, the sample was removed from the reactor after 1.5 h. 
The holding time was selected according to earlier studies on the behaviour of oil shale 
carbonates [93]. 

The mineral composition of crystalline phases in ash and raw oil shale was determined 
using powder X-ray diffraction (XRD) method with a Bruker D8 diffractometer. The 
micromorphology of ash was investigated using scanning electron microscopy (SEM) 
imaging, and analysis of samples was performed on a variable pressure Zeiss EVO MA15 
SEM equipped with Oxford X-MAX energy dispersive detector system and AZTEC 
software for element analysis. 

2.2.4 Experimental oxy-fuel circulating fluidised bed (CFB) combustor 
The combustion experiments [Paper IV] were conducted on a 60 kWth CFB combustor, 
which was designed and constructed for fuels with high (up to 60 wt. %) ash content. The 
main components of the test facility are shown in Figure 9. The height of the riser was 
4.90 m and the inner diameter was 0.12 m. The combustion chamber was isolated with 
ceramics and a high-temperature thermal isolation material. To minimise leaks, the 
combustor was enclosed by a stainless steel shell. The fuel was fed using a screw 
conveyer at a height of 0.49 m and the recirculated solids were fed back at a height of 
0.86 m. The secondary and tertiary air inlet ports were located at heights of 0.49 m and 
0.86 m respectively. 

The combustion air was supplied by a compressor. The simulation of RFG was 
performed using bottled CO2 and O2. All gas lines, i.e. O2, CO2, and compressed air, were 
equipped with mass flow controllers for exact control of the mass flow rates and the ratio 
of O2/CO2. The oxidiser lines were equipped with electrical heaters to maintain the 
required gas temperature. 
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Figure 9. The circulating fluidised bed combustion test facility [Paper IV–V]. 

The test facility was equipped with three independent fuel/bed material feed silos and 
a gas burner. The main fuel silo was mounted on load cells, which enabled the 
determination of mass flow rates for solid materials and the calibration of fuel main 
screw feeder. The control and data acquisition of the test facility was fully automated 
and operated with a LabVIEW system. 

The flue gas composition was simultaneously analysed using a Fourier transform 
infrared (FTIR) spectrometer. Ash samples were collected from five points: bottom ash 
(BA), cyclone ash (CA), cooler 1 ash (C1), cooler 2 ash (C2), and fabric filter ash (FA). The 
ash split of the CFB combustor used in the calculations is presented in Table 3. The 
chemical compositions of the ashes and fuel were measured using an X-ray fluorescence 
spectrometer (XRF) and elemental analyser. The particle size distributions in the flue gas 
[94] were measured using an electrical low-pressure impactor (ELPI+). It electrically 
charged the incoming particles and then classified them by aerodynamic size into 14 
impactor stages. 

Table 3. Ash split of CFB combustor. 

Ash flow BA CA C1 C2 FA 
Wt. % 37 7 2 47 7 

 
The oil shale combustion experiments were conducted using three different oxidiser 

mixtures: air (21% O2 and 79% N2), OXY21 (21% O2 and 79% CO2), and OXY30 (30% O2 
and 70% CO2). The purpose of OXY21 was to highlight the differences caused by 
substituting N2 with CO2. Previous experiments [Paper II] had shown that combustion 
would be slower in a CO2-based atmosphere; therefore, OXY30, with increased O2 
content, was chosen to ensure a similar temperature field in the furnace. During the 
experiments, the thermal load of the combustor was 24 ± 3 kW. The OXY30 experiment 
was conducted on a lower thermal load (12 kW) due to fuel feeder problems. The primary 
and secondary air ratio was 4:6, because the fuel has high volatile matter content. 
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2.2.5 Accelerated calcination experiments 
In order to simulate natural carbonisation of calcium-rich ash on an ash field, accelerated 
carbonation experiments of oil shale ashes was conducted in the laboratory [Paper V]. 
Oil shale oxy-fuel CFBC ashes (OXY21) were mixed with distilled water with a solid to 
liquid ratio of 1:10. The solution pH increased rapidly to 12. To accelerate the natural 
carbonisation process, CO2 was bubbled through the mixture. The mineral CO2 amount 
was measured in the samples with an elemental analyser using the total inorganic carbon 
module. Based on the results, the extent of carbonate decomposition, specific emission 
of CO2 from oil shale oxy-fuel combustion, and power production were estimated. The 
results of the experiments and calculations were compared with previous knowledge of 
oil shale PC [17] and CFBC [95], [96], and ash behaviour in natural conditions [21], [22]. 



24 

3 RESULTS AND DISCUSSION 

3.1 Predictions of CO2 formation 
Oxy-fuel combustion means that the fuel is fired in a mixture of O2 and recycled flue gas. 
This alters the combustion environment and reactions occurring with mineral matter. 
The processes occurring in the mineral matter significantly affect the ash production and 
heat released in combustion. The main thermal effects in the oil shale ash are related to 
the decomposition of calcite and dolomite, pyrite oxidation, and sulfation. The extent of 
these reactions affects the amount of heat released, amount of ash and combustion 
products formed, and ultimately, the flue gas composition. 

It was found that for Estonian oil shale combustion in CFB, the recycled flue gas ratio 
should be maintained higher than 70% to minimise the decomposition of carbonate 
minerals. This increases the partial pressure of CO2 over the equilibrium state line of the 
calcite decomposition reaction at the bed temperature. The decrease in decomposition 
of carbonate minerals decreases CO2 emissions (Figure 10) and leads to an additional 
increase in heat released during oil shale combustion. The effect depends on the 
carbonate content of the Estonian oil shale. The positive heat effect could be as high as 
0.34 MJ/kg [Paper I]. 

 
Figure 10. Theoretical oxy-fuel CFBC emissions compared to PC and regular CFBC. Extent of 
carbonate mineral decomposition in the model was 0.28 (minimum possible) for OXY-CFB, 0.7 for 
CFB, and 0.97 for PC [Paper I]. 

A comparison with bituminous and anthracite coals indicated that the specific 
emission of CO2 per input fuel energy for oil shale could be expected to be even smaller 
than that of the considered coals [Paper I]. This is a strong positive impact that increases 
the competitiveness of Estonian oil shale compared to coals.  
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3.2 Oil shale combustion process  
In order to investigate oil shale and its mineral matter behaviour in combustion, a 
number of TGA experiments were conducted. Data from the TGA, DSC, and QMS 
measurements are shown in Figure 11 and Figure 12. A more thorough description and 
analysis of the measurements are found in Paper II. During oil shale combustion in TGA, 
the following major reaction st0065ps occurred: water removal, decomposition of 
kerogen, dissociation of volatile matter into bitumen and gases, oxidation of volatile 
matter and fixed carbon (FC), and decomposition of carbonate minerals. 

 
Figure 11. Oil shale combustion measurements in (A) oxy-fuel and (B) air atmospheres [Paper III]; 
the gas mixtures contained 10, 20, and 30% O2 and were explained in Figure 7. 

The first combustion step was the separation of water vapour. In addition to moisture, 
the oil shale contains crystal water (clay minerals, such as illite, chlorite, and kaolinite, 
which separate in the temperature range of 120–140 °C [16]). In the conducted 
measurements, only a minimal mass loss was observed in the water evaporation zone. 
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The kerogen volatilisation and char combustion (mass loss 31–33%) occurred in the 
temperature range of 300 to 715 °C. As visible in all the curves, two outstanding reaction 
rate peaks are recognised: the first one in the range of 340 to 440 °C and the second one 
between 500 and 660 °C. The QMS measurements indicate the separation of H2O, CO, 
CO2, and HCl at the first peak of combustion. The second peak of combustion matches 
the CO2 and SO2 peaks (see Figure 12). In this case, the H2O reading was lower than that 
during the first phase of combustion, which indicated that hydrocarbons had already 
burned, and the combustion of aliphatic and aromatic compounds and char occurred 
during the second phase. The low readings of SO2 during the first phase of combustion 
were caused by the combustion of organic sulfur. At 500 °C, marcasite (FeS2) 
decomposes; thus, sulfur dioxide was formed, which causes the strong reading of SO2 
during the second combustion phase. This phase consists of the conversion of organic 
matter into volatiles and FC, oxidation of the formed volatiles, and finally, the 
combustion of carbon.  

 
Figure 12. Evolved gas QMS measurements of SO2 (m/z = 48 and 64) and CO2 (m/z = 44 and 46) 
[Paper II]. 

Above 650 °C, all of the succeeding reactions were endothermic, which suggests that 
the organic compounds were already burned. The mass loss step(s) between 670 and 
940 °C indicated the decomposition of carbonate minerals. The results improve the 
previous knowledge of Estonian oil shale combustion [16] and parallel researches done 
using TGA coupled with FTIR spectroscopy [47], [97]. 
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3.3 Oil shale oxy-fuel combustion 
The significant temperatures of oil shale combustion in TGA are plotted in Figure 13, 
based on Paper II findings. During all the experiments, the oil shale ignition temperature 
was similar, but the burnout temperature depended on the O2 content and carrier gas. 
A lower O2 content with CO2 as a carrier gas leads to a slower burnout of the oil shale. 
When the O2 content was increased to 30%, the burnout temperatures in N2 and CO2-
based mixtures were identical. This indicates that increasing the O2 content enables a 
similar combustion process in oxy-fuel mode as in conventional combustor. 

 
Figure 13. Oil shale combustion parameters measured using TGA. The solid lines represent 
measurements in air atmospheres whereas the dashed lines represent measurements in oxy-fuel 
atmospheres [Paper III]. 

The carbonate decomposition reactions occurred in similar temperature ranges in all 
air atmospheres (see Figure 11). The dolomite breakdown was merged into the larger 
calcite decomposition peak in the air atmosphere. In oxy-fuel combustion atmospheres, 
the start of decarbonisation shifts to higher temperatures (Figure 13) and the reactions 
occur in two separate parts: decomposition of dolomite (CaMg(CO3)2) and then 
decomposition of calcite (CaCO3) [5], [10]. 

The experiments conducted at the batch reactor [Paper III] showed that the 
decomposition of Ca-Mg carbonate phase (dolomite) was completed in all temperature 
regimes in various combustion atmospheres. However, the decomposition of CaCO3 
phase (calcite) is significantly delayed at elevated CO2 levels. It was noticed that Ca-Mg 
silicate phase formation was proportional to the firing temperature. The results in Paper 
III suggest that the elevated CO2 levels and the inhibited calcite decomposition may have 
a noticeable effect on the SO2 binding, and consequently, on the stable anhydrite 
formation in oil shale ash. 
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3.4 Oil shale oxy-fuel CFBC 
After the small-scale laboratory experiments, considerably larger real combustion 
experiments were conducted in the CFB combustor. The CFBC experiments and results 
were described in Paper IV. The temperatures in the riser during air operation (Figure 14) 
were similar to the values used in the oil shale industrial CFB boilers (800 °C) [23]. During 
the OXY21 operation, the temperature in the riser dropped up to 100 °C, but the 
temperature in the cyclone exit remained similar. The reason behind the decreased 
temperatures in the riser might be the slight drop in primary air temperature from 284 
to 250 °C together with decreased fuel reactivity [Paper II] and increased heat capacity 
of the CO2 atmosphere [98]. When the O2 concentration was increased to 30%, the 
temperature distribution in the CFB was similar to that of air mode. The observation 
confirmed that in order to achieve a similar temperature field in oxy-fuel mode, the O2 
concentration has to be increased [99]. 

Based on the unburnt carbon content of the ashes and on the flue gas analysis, the 
combustion efficiency was estimated [94]. Combustion efficiency considered losses due 
to incomplete combustion. The combustion efficiency of the oil shale fired CFB in air 
mode was 96.1% and 94.8% in OXY30 mode. Similar combustion efficiency values have 
been demonstrated by other CFBC test rigs [52]. Most of the losses in the oil shale 
combustion were attributed to unburnt carbon in ash. The average unburnt carbon 
content in regular CFBC ash was 1.5%. In the OXY30 mode, the unburnt carbon content 
in ash slightly increased to 2.2%. The oil shale had a high ash content of over 50% (Table 
1). Thus, a slight increase in ash carbon content has a strong influence on the total 
combustion efficiency. The difference of unburnt carbon content in ash from different 
experiments was relatively small. During all the CFBC experiments, the unburnt carbon 
content in the bottom and cyclone ash was below 0.5%, but the fly ash contained almost 
5% unburnt carbon. This indicates that the unburnt volatiles condensed and settled in 
the ash. This was caused by the design of the CFBC test rig. The flue gas was rapidly 
cooled down directly after the cyclone, and thus, the hot zone for combustion of volatiles 
was extremely short. 
 

 
(a) 

 
(b) 

Figure 14. (a) Temperature distribution along the CFB combustor riser and in the cyclone. 
(b) Temperatures in the CFB combustor riser and thermal load during steady-state operation 
when using air [Paper IV]. 
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3.4.1 Emissions of oil shale oxy-fuel CFBC 
The average pollutant concentrations during the CFBC experiments are presented in 
Table 4 and analysed in Paper IV. During all the CFBC experiments, the sulfur 
concentration in flue gas was at very low level (below 25 mg/Nm3 @ 6% O2). As noted 
before, during the OXY21 experiment, the temperature in the riser decreased up to  
100 °C (Figure 14). Despite the temperature drop, the SO2 concentration in flue gas 
remained similar. Even if the higher CO2 partial pressure and lower temperature in the 
system inhibited the decomposition of CaCO3 [Paper III], the calcium content in the oil 
shale was high enough to achieve an almost complete sulfur binding.  

During the CFBC in air, sulfation reaction is indirect. The calcite and dolomite 
(carbonate minerals) decompose and form lime, which binds sulfur from flue gas and 
forms anhydrite. Because the regular CFBC ash [Paper IV and V] did not contain 
considerable amounts of carbonate (Figure 15), it indicates that the sulfur binding 
occurred via indirect reaction. However, during oxy-fuel CFB experiments, the sulfation 
occurred probably via direct reaction, because the ashes contained considerable 
amounts of carbonate, indicating decreased decomposition of carbonate minerals. At 
the same time, the SO2 concentration in the flue gas remained at ultra-low levels. Our 
results suggest that the elevated CO2 levels and the inhibited carbonate decomposition 
extent in the ashes do not have a noticeable effect on the SO2 binding, when oxy-firing 
Estonian oil shale in CFB. 

Table 4. Average emissions of oil shale firing in CFB combustor [Paper IV]. 

Item Unit Air-
mode OXY21 OXY30 

O2 %dry 10.0 8.5 13 
NOx mg/Nm3 @ 6% O2 141 156 130 
SO2 mg/Nm3 @ 6% O2 < 15 23 < 15 
CO mg/Nm3 @ 6% O2 943 2361 337 

Desulfurisation efficiency % 99 99 99 
SO2 emission mg/MJ <8 9 <4 
NOx emission mg/MJ 34 40 33 

Fuel N2 conversion ratio % 20 24 20 
 

The other acidic pollutant content that was measured in the flue gas was NOx. The NOx 
concentration in flue gas was below 160 mg/Nm3 during all the CFBC experiments  
(Table 4). The N2 conversion ratio into NOx was up to 24%. A similar value (20–25%) was 
measured by Jankowska et al. [56] in experiments with bituminous coal. However, 
Pikkarainen et al. [57] measured higher N2 conversion ratios (28–50%). Higher N2 
conversion ratios to oxides (> 25%) are expected when firing fuels with low N2 content. 
From our experiments [Paper IV and V] and the literature [51], [56], [100], it seems that 
switching to oxy-fuel combustion did not alter the NOx formation, but it is still possible 
to alter the pollutant formation by secondary air injection and load of a combustor. 

Particle matter is a mixture of extremely small particles and droplets that may have 
harmful health effects. The emissions of such fine matter are under strict control. To 
evaluate oxy-fuel combustion influence on the formation of such particulates, short 
measurements were conducted using an ELPI+ [94]. The results showed that the flue gas 
contained nanoparticles. The median diameter of the particulates increased from 20 to 
40 nm, when the combustion mode was changed from regular air to OXY30. At the same 
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time, the particle count decreased from 13 600 in air mode to 11 100 particles/cm3 in 
OXY30 mode. This indicates that the particles were present during both experiments in 
Aitken mode (10–50 nm). These type of particles were probably freshly formed during 
the condensation of volatiles. The lifetime of such particles is short (minutes to an hour). 
During the CFBC experiments, the particle concentration in flue gas was stable. It seems 
that the shift to oxy-fuel mode did not have a considerable effect on particle emissions. 

3.4.2 Oil shale oxy-fuel CFBC ash and carbonation 
During the experiments, samples were collected from all the ash flows (Figure 9). The 
results of chemical analysis of the ashes are displayed and analysed in Paper IV. The 
unburnt carbon content of BA and CA was below 0.7% and was 0.3–4.7% for the fly ashes 
(Figure 15). Typically, for oil shale, the ash had a high calcium content, followed by silica, 
magnesium, and alumina. The chemical compositions of the ashes were similar during all 
the CFBC experiments. 

The mineral CO2 content of the oxy-fuel CFBC ashes was considerably higher than in 
the ashes obtained in air mode (Figure 15). The composition and percentage of ash flows 
depend on the type of boiler, load, and fuel. From the total carbon in the fuel, 20% was 
inorganic (see Table 1). It is theoretically possible to reduce the extent of decomposition 
of carbonate minerals to 28% in an oxy-CFB combustor firing Estonian oil shale [Paper I]. 
The minimum is defined by dolomite and sulfur content in the fuel [101]. A limited 
decomposition of the carbonate minerals during oxy-fuel combustion would decrease 
CO2 formation from oil shale combustion.  

  
Figure 15. Mineral CO2 ([CO2]mineral) and unburnt carbon content in CFBC ashes [Paper IV]. 

The Estonian oil shale combustion ash has considerable CO2 sequestration potential 
[21]. The realised sequestration depends on many factors: oil shale ash properties, 
combustion mode, ash flow and ash removal, treatment, and stowing. For a first 
assessment of oil shale oxy-fuel combustion ashes CO2 sequestration potential, fast 
calcination experiments were conducted [Paper V]. The results of experiments are 
presented in Table 5. The CO2 content in all the ashes increased, but in the BA, CA, and 
C1 ashes, the change was small. The finest ashes (C2 and FA) sequestrated considerable 
amounts of CO2. 
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Table 5. CO2 sequestrated during simulated hydraulic transportation and landfilling [Paper V]. 
 BA CA C1 C2 FA AVERAGE 
CO2 (%) 29.0 23.8 12.3 5.9 8.7 16.1 
CO2 after wet treatment (%) 31.3 26.3 15.6 18.8 11.7 23.4 
CO2 absorbed from the 
atmosphere, ΔCO2 (t CO2/t ash) 0.024 0.026 0.034 0.148 0.031 0.079 

 
When oxy-fuel combustion of oil shale would be applied at utility scale, large amounts 

of CO2 would be produced. To estimate the quantities, at first, CO2 formation from 
combustion was estimated in Paper V. Based on the oxy-fuel CFBC ash analysis and 
assumed ash split (Table 3), the extent of carbonate decomposition and specific emission 
of CO2 from oil shale oxy-fuel CFBC were estimated and compared with PC [17] and CFB 
[95] combustion (see Table 6). The CO2 output from combustion decreases by 20% and 
5%, respectively. The reason behind the decreased CO2 formation was the decreased 
extent of decomposition of carbonate minerals. The flue gas from CFBC and PC contains 
up to 20% CO2, but the oxy-fuel combustion residue contained up to 95% CO2. This eases 
the reuse and/or transportation of the greenhouse gas. 

Table 6. Laboratory oxy-fuel CFBC emissions compared to large scale CFBC [95] and PC [17]. 

  OXY21 CFBC PC 
Extent of carbonate decomposition (-) 𝑘𝑘𝐶𝐶𝐶𝐶2  0.46 0.69 0.95 
CO2 absorbed from the atmosphere (t/TJ) ΔCO2 5.5 7.8 4.7 
Specific emission of CO2 for oil shale combustion 
(t/TJ) qCO2 100.0 106.7 122.4 

Specific emission of CO2 for oil shale combustion 
+ landfilling (t/TJ)  94.6 98.9 117.7 

Specific emission of CO2 for oil shale combustion 
+ landfilling compared to PC (%)  80 84 100 

 
The CO2 formation from combustion is only half the truth, because compared to 

regular CFBC, the oxy-fuel combustion has some extra energy consumption: O2 is 
required, part of the flue gas has to be recycled, and the flue gas requires compression 
for further processing. According to a study by Escudero et al. [102], the net power 
production efficiency of a new CFB power unit is assumed as 43% and for a new 
corresponding oxy-fuel CFB power unit, the efficiency is 36%. This efficiency loss includes 
all the previously listed extras. If such efficiency would be reached for oil shale 
combustion (the designed efficiency of Auvere CFB power plant is 42% [25]), the specific 
emissions of CO2 would be 819 kg/MWhe; when oxy-fuel firing would be applied,  
942 kg CO2/MWhe would be produced. It is more than that from CFB power production, 
but is still considerably less than that from PC (974 kg/MWhe [17]). The results of Paper 
V suggest that despite the decreased decomposition of carbonates, the power 
production using new oxy-fuel CFB would produce more CO2 than that by applying 
regular CFBC. Nevertheless, oxy-fuel combustion would decrease further CO2 treatment 
cost and enable utilisation or storage of CO2. 
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4 CONCLUSIONS 
This thesis evaluated the suitability of oxy-fuel CFBC technology for Estonian oil shale. 
Theoretical analyses and different experiments were conducted on TGA, batch reactor, 
and CFB combustor. The conventional CFBC technology has been proved to be suitable 
for Estonian oil shale. The influence of oxy-fuel environment, substitution of N2 with CO2, 
and changes in O2 concentration on the oil shale combustion were investigated. To 
simulate wet oil shale oxy-fuel CFBC ash landfilling, a short experiment was conducted. 
The oil shale oxy-fuel CFBC process, produced gases, and ash were analysed and the most 
important results are summarised here:  

• The decomposition of calcite is inhibited when the CO2 concentration in the 
combustor increases. The minimum extent of carbonate mineral decomposition 
when oxy-fuel CFBC is applied is 0.28. This leads to an additional increase in heat 
released and decreased CO2 formation during oil shale CFBC. Depending on the 
carbonate content, the mean LHV value could be as high as 0.34 MJ/kg. 

• The characteristic temperatures of the oil shale combustion in TGA differ in air 
and oxy-fuel environments: combustion was delayed in the oxy-fuel environment. 
A higher O2 content decreases the differences of the air and oxy-fuel combustion 
parameters. 

• When firing in air, the decomposition of carbonaceous minerals occurs in one 
step, but in the oxy-fuel atmosphere, the process occurs in two reaction steps: 
decomposition of dolomite (CaMg(CO3)2) and then decomposition of calcite 
(CaCO3). 

• The batch reactor experiment results suggest that the elevated CO2 levels and the 
inhibited calcite decomposition extent have a noticeable effect on the SO2 
binding, and consequently, on the stable anhydrite formation in oil shale ash. 

• When Estonian oil shale was oxy-fired in a CFB combustor using a gas mixture 
containing 21% O2 and 79% CO2, the temperatures in riser decreased as predicted 
by the TGA study. Increasing the oxidiser O2 content to 30% ensured a similar 
temperature as in the air fired CFB combustor. 

• Oil shale oxy-fuel CFBC flue gas and pollutant concentration remained at the same 
level in the regular and oxy-fuel combustion modes. No additional deSOx or deNOx 
is required before CO2 compression for utilisation or transport. 

• The chemical compositions of the oxy-fuel CFBC ashes were similar to the ashes 
produced in air mode, except for the carbonate content. When oxy-fuel CFBC was 
applied, the extent of carbonate mineral decomposition decreased considerably. 

• Aqueous carbonisation experiments showed that oxy-fuel CFB ash still 
sequestrates some CO2 even more than the Estonian oil shale ash from PC. 

• When applying oxy-fuel combustion, some additional power is required for O2 
production, flue gas recirculation, and CO2 compression. Calculations showed 
that when applying oxy-fuel CFBC, the specific CO2 formation from combustion 
decreases, but the total specific CO2 formation from oil shale CFB power 
production increases. 

In oxy-fuel furnace carbonate mineral decomposition is inhibited, but direct sulfation 
of limestone will occur due the high partial pressure of CO2 and the suitable conditions 
for sulfur capture. This ensures sulfur binding and reduces CO2 formation. Combining 
CFBC and oxy-fuel technology would be most beneficial CCS technology for Estonian oil 
shale combustion. 
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Abstract 
Experimental Analysis of Combustion Characteristics of 
Estonian Oil Shale in Regular and Oxy-Fuel Atmospheres 
Global energy consumption is increasing, but fossil fuels are still the main source of 
energy. Firing fossil fuels adds carbon dioxide (CO2) to the atmosphere, which is believed 
to be the main cause of global warming. There are different ways of reducing CO2 
emissions from energy production, but this dissertation focuses on investigating oil shale 
CFB oxy-fuel combustion. The main difference of oxy-fuel combustion from conventional 
firing is the combustion of fuel in a mixture of oxygen (O2) and recirculated flue gas 
instead of air. Combustion occurs in a CO2-based mixture instead of an N2 atmosphere. 
This affects the combustion of organic matter and chemical reactions of the minerals. 
Instead of the conventional N2-based flue gas, oxy-fuel combustion generates a 
concentrated CO2 stream, which facilitates the future use or storage of CO2. 

Oil shale is the main source of energy and CO2 emissions in Estonia. It is used for the 
production of electricity and shale oil itself. Oil shale is a solid fuel containing an organic 
substance, kerogen, which contains a significant amount of hydrogen. The percentage of 
Estonian oil shale ash and volatile matter is high. Mineral matter in oil shale contains a 
significant amount of carbonates, which decompose depending on CO2 partial pressures. 
Thus, the application of oxy-fuel technology can reduce the amount of CO2 produced by 
the combustion of oil shale. 

In this dissertation, the oxy-firing of Estonian oil shale was analysed in a CFB and a 
series of experiments were performed using a thermogravimetric analyser, a batch-
reactor, and a 60 kW circulating fluidised bed combustion (CFBC) test rig. The effect of 
substitution of nitrogen (N2) with CO2 on the combustion of oil shale at various O2 
contents was investigated. During the tests, process progress, emissions, and ash were 
monitored. The carbon capture ability of ash was investigated and the amount of 
concentrated CO2 produced during oxy-fuel combustion was predicted. 

The oil shale oxy-fuel ash chemical composition was similar to that of conventional 
fluidised bed technology ash, with the exception of a significantly higher content of 
carbonate minerals. The results of the study indicate that because of the increased CO2 
content in the combustion chamber, calcite decomposes at elevated temperatures. 
Thermogravimetric analyses (TGA) and batch experiments showed that carbonaceous 
minerals were degraded in one stage during the combustion of oil shale in air, but by two 
separate reaction steps in the oxy-fuel mode: decomposition of dolomite (CaMg(CO3)2) 
and then decomposition of calcite (CaCO3). 

Tests in the batch reactor showed that higher CO2 levels in the combustion chamber 
and only partial calcite degradation could affect sulfur binding and formation of 
anhydride. This may result in an increase in sulfur dioxide content of the flue gas, which 
may give rise to difficulties in the further treatment of CO2. 

The TGA of oil shale oxy-fuel combustion showed that the combustion of oil shale was 
slower. When the O2 content in the oxidising mixture was increased, the differences 
between the normal and oxy-fuel combustion decreased. Experiments on a CFB 
combustor showed that when firing Estonian oil shale in a gas mixture where N2 was 
replaced by CO2, the temperature in the furnace decreased, as previous studies 
predicted. Increasing the O2 content of the oxidant to 30% results in a furnace with a 
temperature field similar to that in the test using air as an oxidiser. 
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The concentration of pollutant measured in the combustion of oil shale in CFB in flue 
gas remained at the level as in ordinary oil shale combustion. Therefore, no additional 
sulfur or NOx removal equipment is required before CO2 utilisation. Rapid tests of ash 
wet landfilling have shown that oil shale oxy-fuel combustion ashes bind CO2. Ash from 
oxy-fuel combustion sequestrated 5.5 t CO2/TJ of fuel. This is a little more than the ash 
generated in PC, but less than the conventional CFB ash. The degradation of 
decomposition of carbonates should inhibit the ability of ash CO2 binding, but previous 
studies have shown that the capability of carbon capture of ash depends strongly on the 
properties of the ash surface, which is determined by the combustion environment. 

There are some additional costs for oxy-fuel combustion: O2 production, flue gas 
recirculation, and formed CO2 compression for transportation or other use. The 
calculations performed based on experiments showed that oxy-fuel firing the same 
amount of oil shale would produce less CO2 than conventional fluidised bed combustion. 
However, because of the aforementioned additional costs, the same amount of 
electricity generated by oxy-fuel combustion generates a little more CO2 than that in 
conventional CFBC. 

The oxy-fuel combustion of Estonian oil shale was previously studied only by models 
and TGA. This dissertation is based on five high-level scientific articles describing and 
analysing the oil shale oxy-burning nuance. For the first time, real oxy-fuel combustion 
experiments were carried out in a CFB using Estonian oil shale and enough ashes were 
produced to assess the impact of the new technology. Future studies should investigate 
the effect of increasing the O2 content in oxidiser. It can accelerate combustion whereas 
the circulating ash can maintain an optimum combustion environment and increase the 
capacity of the combustion plant of the same size. Another nuance that needs to be 
investigated is the effect of oil shale ash and oxy-fuel combustion on corrosion and 
formation of deposits on heat exchange surfaces. The formation of deposits and 
corrosion can greatly increase the operation cost of the combustion plant. Another 
interesting topic is oil shale and biomass co-firing in oxy-fuel CFB. This solution can lead 
to negative CO2 net emissions, because CO2 from biomass is considered neutral. 
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Lühikokkuvõte 

Eesti põlevkivi põlemiskarakteristikute eksperimentaalne 
analüüs tavalises ja oxy-fuel keskkonnas 
Globaalne energiatarbimine kasvab ja kogu maailmas on fossiilsed kütused olnud 
peamiseks energiaallikaks. Fossiilkütuste põletamise tõttu lisandub atmosfääri 
süsinikdioksiid, mis peetakse peamiseks globaalse soojenemise põhjustajaks. 
Energiatootmise CO2 heitkoguste vähendamiseks on erinevaid võimalusi, ent käesolev 
väitekiri keskendub põlevkivi oxy-fuel põletamise uurimisele. Peamine oxy-põletamise 
erinevus konventsionaalsest põletamistehnoloogiast on kütuse põletamine õhu asemel 
hapniku ja retsirkuleeritud suitsugaasi segus, mis tähendab, et põlemine toimub 
lämmastiku keskkonna asemel süsihappegaasis.  See mõjutab orgaanilise aine põlemist 
ja keemilisi reaktsioone mineraalses osas. Tavapärase lämmastikupõhise suitsugaasi 
asemel tekib oxy-põletamisel kontsentreeritud süsihappegaasi voog, mis hõlbustab CO2 
edaspidist kasutamist või ladestamist. 

Põlevkivi on peamine energia- ja CO2 heitmete allikas Eestis. Seda kasutatakse elektri 
ja põlevkiviõli tootmiseks. Põlevkivi on tahke kütus, mis sisaldab orgaanilist ainet, 
kerogeeni. Eesti põlevkivi lendosade ja tuha sisaldus on suur. Põlevkivi mineraalne osa 
sisaldab märkimisväärses koguses karbonaatseid mineraale, mille lagunemise 
temperatuur sõltub süsihappegaasi osarõhust. Kuna oxy-põletamisel on koldes oluliselt 
suurem süsihappegaasi kontsentratsioon, võib selle tehnoloogia rakendamine 
vähendada põlevkivi põletamisel moodustuva CO2 kogust. 

Käesoleva dissertatsiooni raames analüüsiti Eesti põlevkivi oxy-põletamist 
tsirkuleerivas keevkihis ja viidi läbi katseid, kasutades termogravimeetrilist analüsaatorit, 
portsjon-reaktorit ja 60 kW tsirkuleeriva keevkihiga põletusseadet. Uuriti lämmastiku 
süsinikdioksiidiga asendamise mõju põlevkivi põlemisele erinevate hapnikusisalduste 
juures. Katsete käigus jälgiti protsessi kulgu, tekkinud gaasilisi heitmeid ja tuhkasid. Uuriti 
tekkinud tuha süsihappegaasi sidumise võimet ja ennustati oxy-tehnoloogia 
rakendamisel tekkiva kontsentreeritud süsihappegaasi kogust. 

Põlevkivi oxy-põletamisel tekkinud tuha keemiline koostis sarnanes tavalise keevkiht 
tehnoloogia tuhaga, välja arvatud oluliselt kõrgem karbonaatsete mineraalide sisaldus. 
Uuringu tulemused näitasid, et suurenenenud süsihappegaasi sisalduse tõttu 
põlemiskambris laguneb kaltsiit kõrgemal temperatuuril. Termogravimeetrilised 
analüüsid ja portsjon-eksperimendid näitasid, et põlevkivi põletamisel õhus lagunesid 
karbonaatsed mineraalid ühes etapis, kuid oxy-põletamisel toimus protsess kahe 
eraldiseisva reaktsioonina: kõigepealt dolomiidi (CaMg(CO3)2) lagunemine ja seejärel 
kaltsiidi (CaCO3) lagunemine. 

Põlevkivi oxy-põlemise termogravimeetriline analüüs näitas, et põlemise protsess 
aeglustus. Kui hapnikusisaldust oksüdeerivas segus tõsteti, siis erinevused tavalise ja oxy-
põletuse vahel kahanesid. Katsed tsirkuleerivas keevkiht põletusseadmes näitasid, et 
Eesti põlevkivi oxy-põletamisel gaasisegus, kus lämmastik oli asendatud 
süsihappegaasiga, langes temperatuur koldes, nii nagu eelnevad uuringud 
termogravimeetrilise analüsaatoriga ennustasid. Oksüdandi hapnikusisalduse 
suurendamine 30% tekitas tsirkuleeriva keevkiht katseseadme koldes samasuguse 
temperatuurivälja nagu katsetel, kus kasutati oksüdeerijana õhku. 

Katsed portsjon-reaktoril näitasid, et kõrgem süsinikdioksiidi sisaldus põlemiskambris 
ja vaid osaline kaltsiidi lagunemine võivad mõjutada väävli sidumist ja anhüdriidi 
moodustumist. Kuid põlevkivi tsirkuleerivas keevkihis põletamisel mõõdetud 
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saasteainete kontsentratsioon suitsugaasis jäi põlevkivi tavapärase põletamise tasemele. 
Seega ei ole enne CO2 kasutamist või transportimist tarvis täiendavaid väävli või 
lämmastiku oksiidide eemaldamise seadmeid. 

Tuha märgladustamise kiirkatsed näitasid, et põlevkivi oxy-põletamise tuhk seob 
süsihappegaasi. Oxy-põletamisel tekkinud tuhk sidus 5,5 t CO2/TJ kütuse kohta. See on 
veidi rohkem kui põlevkivi tolmpõletusel tekkinud tuhad, kuid vähem kui tavalise 
tsirkuleeriva keevkiht põletamise tuhad. Vähenenud karbonaatide lagunemine peaks 
pärssima tuha süsihappegaasi sidumise võimet, kuid juba varasemad uuringud on 
näidanud, et see sõltub tugevalt tuha välispinna omadustest, mis on defineeritud 
põlemiskeskkonnaga. 

Oxy-põletamisel on mõningad lisakulud: hapniku tootmine, suitsugaaside 
retsirkulatsioon ja moodustunud süsinikdioksiidi komprimeerimine transportimiseks või 
muuks kasutamiseks. Katsete põhjal teostatud arvutused näitasid, et sama koguse 
põlevkivi oxy-põletamisel moodustub vähem süsihappegaasi kui tavalisel 
keevkihtpõletamisel. Kuid eelnevalt loetletud lisakulude tõttu tekib oxy-põletamisel 
sama koguse elektri tootmisel veidi rohkem süsihappegaasi kui tavalist ringlevat 
keevkihtpõletamist ekspluateerides. Sellegi poolest tekib kontsentreeritud 
süsihappegaasi voog, mille edaspidine kasutamine on juba oluliselt lihtsam kui tavalise 
suitsugaasi käitlemine. 

Eesti põlevkivi oxy-põletamist oli eelnevalt uuritud vaid mudelite ja 
termogravimeetrilise analüüsi abil. See dissertatsioon põhineb viiel kõrgetasemelisel 
teadusartiklil, mis kirjeldasid ja analüüsisid Eesti põlevkivi oxy-põletamise nüansse. 
Esmakordselt teostati reaalsed oxy-põletamise katsed tsirkuleerivas keevkihis kasutades 
Eesti põlevkivi, ja toodeti piisavalt tuhka, et hinnata uudse tehnoloogia mõju. 

Edaspidistes uuringutes võiks uurida kuidas mõjub hapniku sisalduse suurendamine 
oxy-põlemisele. See võib kiirendada põlemist, kui samal ajal reguleerida ringleva tuha 
temperatuuri võib säilitada optimaalse temperatuuri ja suurendada samade 
mõõtmetega põletusseadme võimsust. Teine uurimist vajav nüanss on põlevkivituha ja 
oxy-põlemiskeskkonna mõju korrosioonile ja sadestiste moodustumisele 
soojusvahetuspindadele. Sadestiste teke ja korrosioon võivad oluliselt raskendada 
põletusseadme opereerimist. Maaimas tuntakse huvi biokütuste oxy-tehnoloogia abil 
koospõletamise vastu, selline lahendus võib viia negatiivse süsinikdioksiidi heitkoguseni, 
kuna biomassist pärinevat süsinikdioksiidi loetakse neutraalseks. 
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Analysis of the Combustion Characteristics of Estonian Oil Shale in Air and Oxy-Fuel 
Atmospheres.” Fuel Processing Technology 134 (June 2015): 317–324. 
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Paper III 
Alar Konist, Aleksandr Valtsev, Lauri Loo, Tõnu Pihu, Martin Liira, and Kalle Kirsimäe. 
“Influence of Oxy-Fuel Combustion of Ca-Rich Oil Shale Fuel on Carbonate Stability and 
Ash Composition.” Fuel 139 (January 1, 2015): 671–677. doi:10.1016/j.fuel.2014.09.050. 
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Paper IV 
Lauri Loo, Alar Konist, Dmitri Neshumayev, Tõnu Pihu, Birgit Maaten, Andres Siirde. "Ash 
and Flue Gas from Oil Shale Oxy-Fuel Circulating Fluidized Bed Combustion" Energies 11, 
no. 5 (May 10, 2018): 1218. https://doi.org/10.3390/en11051218. 
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