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INTRODUCTION 

Carbon dioxide (CO2) is a major greenhouse gas (GHG) emitted to the 
atmosphere mainly by human activities, such as burning of fossil fuels, which 
causes the atmospheric CO2 concentrations to increase. Different options have 
been proposed to achieve a sustainable reduction of CO2 emissions, e.g., fuel 
switching to lower C/H ratios, energy generation from non-fossil sources 
(nuclear power and renewables), increases in energy efficiency, direct flue gas 
cleaning, and carbon dioxide capture and storage (CCS). There is no doubt that 
renewables, nuclear power and improvements in energy efficiency are important 
for a low carbon economy, and these options will play an even more significant 
role in the near future. However, the usage of fossil fuels must also be 
considered to obtain a complete solution, especially for developing countries. As 
long as fossil fuels are a major feature of meeting global energy demands (fossil 
fuels will account for around 40% of primary energy use in 2050) [1], long term 
climate goals cannot be reached without their usage.  

According to this global portfolio, power generation by firing fossil fuels with 
low carbon emissions is a key aspect, and CCS is the only technology that 
allows continued use of fossil fuels while also substantially reducing GHG 
emissions. The three main CO2 capture technologies are: pre-combustion, post-
combustion, and oxy-fuel (OF) combustion. Additionally, chemical looping is 
another CO2 capture technology that is competitive and increasingly studied for 
CCS. Although the choice of capture technology depends on several factors, 
capture technologies are more efficient if the concentration of CO2 in the flue 
gases is increased. A possible technology for achieving this is OF combustion 
which enables an increase of the CO2 concentration in exhaust gas. In this 
technology, nitrogen (N2) is separated from air in an air separation unit (ASU), 
and the combustion process is carried out using oxygen (O2) and recycled 
combustion products, which are mainly CO2 and water (H2O) vapor.  

OF combustion can easily be applied to pulverized combustion (PC) and 
fluidized bed (FB) combustion technologies. Over the last few years, laboratory 
studies and pilot-scale experiments have indicated that OF combustion is a 
favorable option for retrofitting conventional coal and coal-biomass firing 
systems. OF combustion with CCS is already part of the CO2 mitigation 
solution, as the first generation of circulating fluidized bed (CFB) boilers with 
OF combustion has been demonstrated (CIUDEN 30 MWth) to be a reliable and 
feasible technology, and full-scale commercialization is expected from several 
projects, such as Compostilla–Spain, FutureGen–USA, and White Rose–UK [2].  

These developments have also been one of the main fields of interests in the 
energy sector of Estonia, and fundamental research has progressed together with 
the pilot-scale study on OF combustion at Tallinn University of Technology.  

Power stations in Estonia use a non-conventional local fossil fuel, Estonian oil 
shale (EOS), to meet thermal power demands and provide over 90% of the 
electricity in Estonia. Both PC and CFB boilers operate in the power stations. 
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Based on operating experience since 2004, CFB boilers appear to be more 
suitable for low-rank, high-sulfur, and high-ash fuels like EOS in terms of 
combustion efficiency and reduced emissions, including CO2 emissions. 
However, owing to the extensive usage of EOS in electricity production, the 
reduction in CO2 emissions remains a great challenge, and future cuts in CO2 
emissions require the application of CCS.  

In this context, OF combustion technology could be a new strategy for 
Estonia, which would reduce the impact of CO2 emissions and give more 
freedom to energy policies by maintaining the usage of local primary energy 
supplies. However, the complicated composition of organic and mineral matter 
in EOS increases the importance of investigating its use under different 
combustion conditions such as OF combustion, on which there is limited 
knowledge and almost no experience.  Thus, obtaining technical knowledge 
about design to progress CFB OF combustion operations, which is the topic of 
this present study, is crucial. The research in this thesis includes experimental 
investigations and process modeling to understand and analyze the complex 
combustion behavior of EOS under various conditions with the aim of 
generating a fundamental knowledge base for OF combustion of EOS that could 
possibly lead to its integration in the electricity infrastructure of Estonia.  
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LIST OF ABBREAVIATIONS  

ASU   Air separation unit 

CFB   Circulating fluidized bed 

CFBC   Circulating fluidized bed combustion 

CCS   Carbon dioxide capture and storage/sequestration 

DTA   Differential thermal analysis (heat effects) 

DTG   Differential/derivative thermogravimetry (mass change rate) 

EGA   Evolved gas analysis 

FB   Fluidized bed 

FGC   Flue gas condensation 

FGD   Flue gas desulfurization 

FTIR   Fourier transform infrared spectroscopy 

GHG   Greenhouse gas 

HHV   Higher heating value 

IGCC      Integrated gasification combined cycle 

MDEA    Methyldiethanolamine 

MEA    Monoethanolamine 

OF   Oxy-fuel 

OS (EOS)      Oil shale (Estonia oil shale) 

PC   Pulverized combustion 

PSD   Particle size distribution 

RFG   Recycled flue gas 

TA   Thermal analysis 

TG   Thermogravimetry (mass change) 

UOS   Utah oil shale 
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1. LITERATURE REVIEW 

In this chapter, a short overview of the three main CO2 capture technologies 
used for CCS is given, with an emphasis on OF combustion. Further, the 
literature review provides insight into the characteristics of solid fuel (coal, 
biomass, and oil shale (OS)) combustion in various atmospheres by discussing 
selected experimental and modeling studies for OF combustion. 

1.1 Overview of CO2 capture 

The text in this section, which is based on Ref. [3-8], summarizes and explains 
the CO2 capture technologies. There are three main types of CO2 capture 
systems: post-combustion, pre-combustion, and OF combustion. In general, the 
concentration of CO2 in the gas stream, the pressure of the gas stream, and the 
fuel type (solid or gas) are important factors in selecting the capture system.  

1.1.1 Post combustion 

Post-combustion capture refers to the removal of CO2 from the flue gas of 
conventional fossil-fuel-fired power plants. This process is typically performed 
via chemical absorption with amine-based chemical solvents, such as 
monoethanolamine (MEA) and methyldiethanolamine (MDEA). This 
technology is attractive owing to the ease of retrofitting and, as the operations 
have reached a commercial stage, it operates in a mature market. The 
configuration of a post-combustion capture system is shown in Fig. 1. 

 

Figure 1. Configuration of post combustion capture 

The low concentration of CO2 in the flue gas (normally <15 vol%), high energy 
requirement for solvent regeneration, and costly absorption process (owing to 
the required equipment and large volume of absorbents) are the main drawbacks 
of this technology, which also cause an efficiency penalty for the overall power 
plant.  
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1.1.2 Pre-combustion 

The pre-combustion process typically involves the conversion of a carbonaceous 
fuel, such as coal, biomass, natural gas, or oil, into a gaseous mixture that 
primarily consists of H2 and CO, called syngas. This process is performed in an 
integrated gasification combined cycle (IGCC) with a shift reactor to convert 
CO to CO2, followed by a CO2 capture process. A simplified diagram of the pre-
combustion process is shown in Fig. 2. 

 

Figure 2. Configuration of pre-combustion capture 

Pre-combustion capture is a promising process in terms of plant efficiency 
characteristics, as high concentrations of CO2 can be obtained and high pressures 
(70–80 bar) are favorable for the separation. However, the pre-combustion 
capture method is more complex and has higher capital costs than the post-
combustion method because it incorporates a greater number of process steps, 
including gasification of the fuel, water-gas shift, and CO2 separation, which 
requires the combustion system to be redesigned for possible retrofitting 
applications. 

1.1.3 OF combustion 

OF combustion is performed using a mixture of almost pure O2 (purity >95%) 
and recycled flue gas (RFG) (60–80% of the total flue gas) instead of air as a 
combustion oxidizer. A simplified configuration for OF combustion is shown in 
Fig. 3. 

 

Figure 3. Configuration of OF combustion process        
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N2 is separated from air in an ASU and the produced O2 is mixed with RFG and 
then fed into the boiler. Thus, combustion occurs in an atmosphere of O2 and 
RFG, with combustion in O2 leading to very high temperatures. The RFG, which 
can be wet or dried, compensates for the reduced volume of gas owing to the 
removal of N2. The N2-free and O2-enriched atmosphere of OF combustion 
increases the content of CO2 (typically between 60 and 85%) in the flue gas 
compared with that obtained using conventional combustion (12–16%). The 
main drawback of this technology is the ASU, which uses cryogenic separation 
technology and causes the most significant efficiency penalty for the plant (7–
9% of overall efficiency), although it is commonly used [6].  

1.2 Overview of OF combustion 

This chapter focuses on a technical overview of the fundamental differences 
between air and OF combustion, combustion characteristics studied by thermal 
analysis (TA) methods, and selected modeling carried out with Aspen Plus 
process simulation software.  

1.2.1 Fundamental differences (Air vs OF) and key aspects 

A number of studies on the OF combustion of coal and biomass have been 
carried out and reviewed in Ref. [6-9], where detailed descriptions of OF 
combustion technology and its current industrial status can be found. More 
specifically, the characteristics of the OF combustion process and its differences 
from air combustion have been elucidated, while the main issues regarding fuel 
ignition, devolatilization and char burnout, flame stability and gas phase 
temperature, heat transfer, handling of flue gas recycle (FGR), gas emissions 
(SOx and NOx), boiler design and gas–solid hydrodynamics, and ash handling 
and formation have been clarified. The different physical properties of CO2 and 
N2 (Table 1), including thermal conductivity, density, specific heat capacity, gas 
emissivity, and O2 diffusivity, are the main cause of differences between 
conventional air and OF combustion.  

Table 1: Physical properties of CO2 and N2 at 1 atm and 1273 K [9] 

Physical Property CO2 N2 

Density, ρ (kg m-3) 
Specific heat capacity, Cp (J kg-1 K-1) 
Thermal conductivity, k (W m-1 K-1) 
Mass diffusivity of O2 in X, ܦ଴ଶ,௑	(m2 s-1) 
Emissivity and absorptivity  
(radiation heat transfer) 
Thermal diffusivity, α (m2 s-1)  

0.4213 
1292 
0.0849 
2.133 x 10-4 

>0 
(participating) 
1.560 x 10-4 

0.2681 
1213 
0.0793 
2.778 x 10-4 

0 (non- 
participating) 
2.440 x 10-4 
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This change in the combustion medium has a significant influence on the flame 
characteristics, as the RFG is used to control the temperature in the boiler and to 
insure that there is enough gas volume for heat transfer. Furthermore, the 
absence of N2 significantly increases the partial pressures of CO2 and H2O in the 
gas, which leads to enhanced radiative heat transfer owing to increased gas 
emissivity [10]. It has been reported that the change of the combustion 
environment from O2/N2 to O2/CO2 results in considerably lower temperatures in 
the flame zone, decreased gas temperatures, and delayed ignition of fuel 
particles. This is caused by the higher specific heat capacity of CO2 and the 
lower diffusivity of O2 in CO2 than in N2 [11-14].  

The existing extensive studies on OF combustion technology are mainly 
related to PC units, which are also partially valid for CFB combustion, as the 
main phenomena that affect the combustion of solid fuels are similar. Thereby, it 
has been shown that the change from air to OF combustion conditions decreases 
CFB furnace temperatures by about 100°C owing to the higher heat capacity of 
the gas in OF combustion [7]. As a result, researchers have established that by 
increasing the O2 concentration to around 24–32%, depending on the type of 
RFG process, fuel, and combustion technology, it is possible to obtain ignition 
properties, as well as flame and gas phase temperature profiles, that are similar 
to those for air combustion, which allows the required heat transfer profile of an 
air-fired boiler to be maintained [7, 8, 11-14]. In other words, similar heat 
transfer profiles can be achieved for air and OF combustion as long as the gas 
temperatures are similar, which is controlled by the RFG rate and O2 
concentration [10, 14]. This is an important finding for air to OF transition 
processes in flexi-burn systems. Moreover, several small-scale units have proven 
that similar temperature profiles are achievable, and the transition from air to OF 
combustion is feasible and safe [7, 15-18].  

In OF combustion, as fuel combustion with pure O2 results in very high 
combustion temperatures, part of the flue gas is recycled to the combustion 
chamber to act as an inert stream and lower the temperature. Handling of the 
RFG during OF combustion is an important design parameter (considering the 
temperature, burner aerodynamics, residence time, etc.). As conventional air 
combustion has been usually considered as a reference for OF combustion, a 
fraction of the RFG must be set to reach similar temperatures inside the 
combustor to achieve a similar heat flux compared with the air combustion case. 
Several studies have proposed that approximately two-thirds of the boiler exit 
flue gas mass flow should be recirculated, which is typically between 60 and 
80% of the total flue gas [5-8]. Recycling can take place before or after the flue 
gas condenser (FGC), depending on whether wet or dry recycle is required for 
the combustion process. The wet (hot) FGR is thermodynamically favorable 
compared with the dry (cold) FGR. Locating the recycling location further from 
the boiler (after FGC) results in cooler flue gas, and reheating of this gas is an 
energy penalty.  
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Compared with dry recycle, higher RFG temperatures can be achieved with wet 
recycle. However, an additional dry recycle stream would be required if there 
are any restrictions on the level of moisture or SO2 to prevent low- and high-
temperature corrosion. For this reason, primary and secondary streams have 
been considered for the FGR system for the OF combustion process [19, 20]. 
Additionally, as some excess O2 in the flue gas is recycled to the boiler with the 
RFG, this excess O2 level has to be controlled and considered as part of the RFG 
handling process. An excess O2 level in the flue gas of around 3% (<5%) is 
considered desirable [7, 8]. According to heat and mass balance process 
calculations, OF and air combustion show similar furnace radiative heat transfer 
at 3.3–3.5% excess O2 for the OF case and 20% excess air for air combustion 
[20]. In brief, the RFG ratio is a key operational parameter that affects the level 
of excess O2, burner design, combustion efficiency, heat transfer performance, 
gaseous components, and emissions.  

Although CO2 and H2O are the main gaseous components resulting in the 
fundamental differences of OF combustion, other gases such as SOx and NOx 
also have an impact on the design of the boilers, as any problems should be 
prevented and their emissions into the environment controlled. Recycling SOx 
and NOx with the RFG could enrich the concentration of these gases in the 
furnace and SOx/NOx may have higher ppmv concentrations in flue gases owing 
to the reduced volume. These impurities are controlled in various parts of the 
combustion process (in the furnace, in the FGR loop, and during and after CO2 
separation) [19].  

The sulfur chemistry in OF combustion includes the release of sulfur from 
fuel, formation of different sulfur species (SO2, SO3, and H2S), and capture of 
sulfur by the sorbent injected into the furnace via direct and indirect sulfation 
reactions [7]. SO2 emissions in OF combustion are proportional to the sulfur 
content of the fuel, as the SO2 concentration depends on the change of the 
volume of the combustion medium, which is lower at higher O2 concentrations, 
and therefore the SO2 concentration increases [21]. The SO2 concentration can 
be reduced when a sulfur capture process is applied by injecting sorbents, such 
as limestone (CaCO3) or dolomite (CaMg(CO3)2), into the furnace. The furnace 
temperatures in CFB boilers are much lower than those in PC boilers, and the 
partial pressure of CO2 over CaCO3 becomes higher than the equilibrium CO2 
pressure during OF combustion in CFB boilers, which prevents the calcination 
of limestone. As a result, sulfur capture could occur via direct sulfation (Eq. 1) 
[7, 22].  

CaCO3(s) + SO2(g) + 1/2O2(g) → CaSO4(s) + CO2(g)  (1) 

However, considering the general conclusions about sulfur capture in CFB 
boilers and the results from various small- to large-scale tests, it has been 
reported that both direct and indirect sulfation can contribute to sulfur capture, 
depending on the process parameters, including operation temperature and 
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pressure. High sulfur capture efficiencies (>95%) can be achieved with no 
specific difficulties, as confirmed at the CIUDEN power plant [7, 16, 21-25].  

The control of NOx emissions (NO and NO2) is also influenced by changes in 
the OF combustion process, primarily decreased concentrations of N2, RFG, 
residence times, increased concentrations of combustion products, and 
temperature profiles [19]. Most reported experiments have shown that a 
significant reduction of the NOx emission rate can be achieved with OF 
combustion compared with air combustion, as thermal NOx formation is 
eliminated owing to the absence of air-N2. Moreover, fuel-N is the main source 
of NOx formation, which facilitates the reduction of NO into N2 via the reverse 
Zeldovich mechanism [19]. It is expected that the conversion of fuel-N to NOx 
increases with increasing O2 fraction, which also causes higher combustion 
temperatures. However, according to Ref. [16, 17, 23, 26], fuel-N to NO 
conversion during CFB OF combustion is generally lower than that during air 
combustion owing to destruction mechanisms (NOx reburn mechanism in the gas 
phase), which are dominant and enhanced in OF combustion by flue gas 
recirculation [27]. Considering the above mentioned mechanisms, OF 
combustion in CFB boilers usually shows similar or higher concentrations of 
NOx emissions than CFB air combustion when volumetric units are considered. 
NOx concentrations can be given in different units: ppm and mg N-1 m-3 
(volumetric) or in energy-based units: mg NOx (MJ)-1 and fuel-N to NOx. 
However, when the concentration is considered in energy-based units, NOx is 
lower during OF combustion, which is a clear benefit of the OF combustion 
technology [6, 7, 14, 21, 28, 29]. 

1.2.2 Experimental studies based on conventional fuels  

The analysis of the combustion process for OF technology, including different 
solid fuels and their properties, pyrolysis behavior, volatile and char burn out, 
and gasification reactions, has been an elementary and key research area, as this 
knowledge is important for the development of OF combustion systems. The 
main interest of these studies is derived from the need to understand the effect of 
a CO2-rich environment in OF combustion, as the changed gas composition 
influences both heat transfer and combustion kinetics. In studies based on TA 
methods with a specific focus on the pyrolysis behavior [30-35], it has been 
reported that during the pyrolysis tests with coal and biomass samples from 
different regions under N2 and CO2 ambient conditions, the main stages were 
removal of moisture content, volatile release, and char gasification. According to 
these experiments, although the replacement of N2 by CO2 slightly influenced 
the devolatilization process in terms of fuel reactivity, there were no major 
differences observed at low temperatures up to 700°C. The main difference 
detected in all these studies was at high temperatures (above 720°C), where 
CO2–char gasification occurs, which increases char reactivity. Thus, the mass 
loss rate of coal pyrolysis in CO2 was higher than that in N2 owing to the 
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different properties of the bulk gases and char–CO2 gasification, which also 
resulted in a higher total fuel weight loss in CO2 than that in N2.  

Studies on the combustion behavior and reactivity of coal and its char in air 
and OF combustion conditions reveal that high concentrations of CO2 cause a 
delay in volatile and char ignition and reduce the rate of their consumption [13, 
20, 31, 33-37]. Once the concentration of O2 in CO2 is increased to around 30%, 
ignition behavior comparable to that in air was achieved. It was found that the 
lower diffusivity of O2 in CO2 reduces the O2 flux in the combustion medium, 
thus decreasing the burning rate of volatiles and char particles. The higher heat 
capacity and density of CO2 are the main reasons for the delay in fuel 
combustion. The reactivity and kinetic behavior of the different coal chars 
studied in Ref. [38, 39] showed that the chars obtained in CO2 have slightly 
lower reactivity than those obtained in N2 under a typical OF combustion 
atmosphere (30%O2/70%CO2). This difference was attributed to the chars 
obtained in CO2 undergoing gasification by CO2 during the char devolatilization 
process. According to the surface area analysis of high- and low-rank coals, the 
higher concentration of macro pores in low-rank coals leads to a higher 
reactivity compared with that of high-rank coals [39]. In a broader sense, coal, 
lignite, biomass, and their blend samples show slightly higher reactivities under 
air than under OF combustion conditions at the same O2 level, as the higher 
specific heat of CO2 in comparison with that of N2 results in lower gas 
temperatures and therefore reduced fuel particle temperatures during OF 
combustion. The lower diffusivity of O2 in CO2 compared with that in N2 was 
the main influence on the char–CO2 gasification reaction, which becomes 
increasingly important in OF conditions. Therefore, whether a high 
concentration of CO2 increases or decreases the overall rate of char 
consumption, it was concluded that the reactivity is fuel-dependent, as the 
oxidation rate of unburnt carbon decreases owing to gasification reactions 
(Boudouard (Eq. 2) and water-gas shift (Eq. 3)) at high temperatures. The 
combustion rate increases as the O2 concentration and temperature increase and 
the particle size decreases [8, 40, 41].  

C(s) + CO2(g) → 2CO(g) (boudouard reaction)                   (2) 

CO(g) + H2O(g) → CO2(g) + H2(g) (water-gas shift reaction)      (3) 

1.2.3 Modeling studies based on conventional fuels 

Using the Aspen Plus simulation software (one of the comprehensive tools used 
to model combustion and gasification characteristics of coal and biomass and to 
predict the emissions of gaseous components), simulations [42-50] focusing on 
the modeling of the conversion process of solid fuels have been reported starting 
from drying followed by pyrolysis and char combustion. The combustion 
processes of solid fuels have been modeled with several reactors by considering 
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stoichiometric reactions (limited by reactant), chemical equilibrium (output 
described), and kinetic expressions, which consider the residence time in the 
calculation of the combustion products. In the case of combustion modeling in 
FB boilers, several assumptions have been considered for the gas and solid 
hydrodynamics in the bottom and dilute zones, as the reactor models do not treat 
the differences in bottom-zone and freeboard hydrodynamics. The most 
comprehensive model built in the Aspen interface by Sotudeh-Gharebaagh et 
al[42] for the combustion of coal in CFBs has become the basis for other studies. 
Although the model was built for air combustion, it successfully represented the 
important steps of coal combustion in CFB boilers and guided later works 
considering OF combustion (see for example Ref. [45]). Process simulation 
models for PC and FB boilers with kinetic free reaction models were also 
considered and the Gibbs free energy minimization method was used for 
simulations of coal and biomass combustion, as well as syngas production [43, 
46-48, 50]. In the modeling work carried out by Hu et al. [44], different recycle 
options in an oxy-coal system were simulated. The various recycle options 
resulted in different requirements related parameters such as the gas loadings of 
the emission removal units and heat exchanger areas. However, it has also been 
shown that the various recycle options do not affect the FGR ratio and flue gas 
flow rate considerably, and there are only small differences in the boiler and 
electrical efficiencies when the air–coal combustion system is retrofitted with 
the oxy-coal combustion system. The recycle ratio, O2 concentration, air ingress 
(increased mass flow of flue gases owing to the negative draft maintained in the 
boiler), SOx removal method, and recycle position have been discussed for oxy-
combustion of a coal system in comparison with air combustion in a simulation 
by Xiong et al. [50]. It was shown that the CO2 concentration in the flue gas can 
be more than 80%, and without air ingress, can exceed 90%. The CO2 
concentration in the flue gas for a hot recycle case was around 60% and the SOx 
fraction was higher than that for air combustion and for OF combustion with 
cold FGR. Considering corrosion protection and the sulfur dew point in the flue 
gas, the hot recycle option was found to be most suitable for OF combustion.  

1.2.4. Experimental and modeling studies based on OS  

OS is defined as a sedimentary rock and a kind of fossil fuel that contains 
combustible organic matter in a mineral matrix. The main difference between 
coal and OS is that the organic components of OS (kerogen) account for less 
than 35% of the total mass, whereas coal usually contains 75% organic matter. 
Thus, OS heating values are far lower than those of coal.  

EOS is a highly heterogeneous fuel with a complicated composition of organic 
and mineral matter. Among shales, EOS is considered a rich-grade (organic 
content) fuel. Moreover, it is characterized by high ash (45–50%), moisture (11–
13%), and sulfur (1.4–1.8%) contents and a low net calorific value (8–12 MJ kg-

1). Detailed descriptions of EOS (composition, structure, formation, etc.) can be 



20 

found in Ref. [51, 52]. In general, more detailed information about OS as a non-
conventional fuel and its utilization by different technologies can be found in 
Ref. [53] and the references cited therein.  

In recent years, owing to the growing interest in alternative fuels, many studies 
have been performed on OS [53-61]. These studies on OS from different regions 
have mostly focused on direct conventional air-firing and OS conversion to 
shale oil (retorting) with investigations of the pyrolysis behavior and combustion 
characteristics. According to the studied pyrolysis and combustion mechanisms 
based on different OS sources, the thermal decomposition of OS in the absence 
of air or O2 occurs in two stages. In the first stage, OS is heated and water is 
removed, while thermobitumen is formed; in the second stage, thermobitumen 
decomposes to form volatiles (shale oil and shale gas) and a solid residue (shale 
char and minerals). Furthermore, OS combustion also has two stages: volatile 
combustion followed by fixed carbon combustion. Additionally, it is understood 
that the different OS sources have different organic and mineral contents, and 
these contents differ, even in the same OS deposit. Thus, the formation of 
bitumen has a specific temperature range depending on the OS and its origin 
[53].  

Although there have been numerous studies on OS pyrolysis and combustion, 
mainly targeting its conventional applications, it is difficult to utilize these 
studies for the development of OF combustion technology, as the pyrolysis 
behavior and oxidation characteristics of OS and its char, reaction kinetics, and 
mineral-related reactions strongly depend on the combustion atmosphere. 
Nevertheless, the effects of the pyrolysis environment and shale char–CO2 
gasification, which are relevant investigations for OF combustion, have been 
reported in several studies [58-60]. It was shown that CO2 as a carrier gas leads 
to a slightly greater mass loss during the devolatilization stage compared with 
N2, and the gasification reaction is more likely to occur at high temperatures. It 
was also reported that the heating rate has an important effect on the non-
isothermal gasification reaction of residual carbon, and the gasification reaction 
follows first-order kinetics with respect to carbon [60]. There have been very 
few studies regarding OF combustion of OS, and the first experiments with OS 
under air and OF conditions (27%O2/73%CO2) were performed by Al-
Makhadmeh et al. with Jordanian OS in a 20 kW electrically heated once-
through furnace without consideration of the FGR [62]. The effect of OF 
conditions on SO2 and NO emissions was investigated. The results showed that 
combustion of Jordanian OS under OF conditions is feasible and 100% OS 
burnout can be achieved. The CO profile during OF combustion was wider than 
that during air-firing, which could be explained by the gasification reactions in a 
CO2-rich media, and a minimum 2% excess O2 concentration in the flue gas was 
found to be optimum when considering the CO emissions. OS-N conversion to 
NO was significantly lower under OF conditions and lower SO2 emissions were 
detected. As a continuation of this study, OF combustion of Jordanian OS was 
performed with NO injection to the furnace to model actual conditions [63]. It 
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was concluded that the simulated recycled NO was efficiently reduced during 
the tests, and OS combustion with lower SO2 and NO emissions can be achieved 
under OF conditions.  

There have been very few studies so far on the modeling of OS combustion 
and its retorting with Aspen Plus simulation software [64-66]. The complicated 
chemistry of OS fuel makes the definition of the fuel challenging in the Aspen 
Plus environment, as the simulation of OS processes requires several different 
types of model components, and OS must be defined as a non-conventional fuel 
under mixed sub-streams, including liquid, gas, and solid components. In the 
most comprehensive example, the composition of Green River OS was 
successfully defined and a steady-state process for retorting of the OS was 
modeled by Sherritt et al. [64]. It was reported that the Aspen Plus process 
simulator is a useful tool for the development of an OS conversion process and 
operations are sufficient for steady-state models.  

1.3 Literature review conclusions and aims of the study 

The works cited in the literature review give valuable insights into the 
differences between air and OF combustion processes. However, most of the 
available data is for coal and biomass combustion, which is not fully suitable for 
the possible implementation of OF combustion of OS, particularly for EOS, as 
the combustion specifics are strongly fuel-dependent. There are knowledge gaps 
in a wide range of research areas necessary for the realization of OF combustion 
of EOS, as the operating conditions found to be optimum for OF combustion of 
coal and biomass vary depending on the characteristic fuel properties.  

Thus, the aim of the current study is to generate a fundamental knowledge 
base for OF combustion of EOS that can lead to its possible integration in large-
scale electricity production systems.  

Accordingly, experiments and process simulation models were conducted for 
OF combustion of EOS. The following objectives describe and constitute the 
specific topics in this work:  

• Comparison of conventional (coal, anthracite) and non-conventional 
(EOS) fuels under  modeled air and OF conditions by means of TA 
methods; 

• Effect of CO2 and various combustion atmospheres on the stages of EOS 
combustion, including both its organic and mineral parts; 

• Oxidation characteristics and kinetic analysis of OS and its char under 
modeled air and OF combustion conditions; 

• Process modeling of OF combustion of EOS with respect to specific CFB 
operating parameters; 

o Applicability of FB reactor block of Aspen Plus Software for CFB 
OF combustion of EOS,  

o Calculation of the flue gas composition for CFB OF combustion 
with different FGR methods.  
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2. EXPERIMENTAL AND MODELING 

2.1 Materials and methods  

Preparation and characterization of samples 

Four different solid fuel samples were selected for the TA experiments: two oil 
shale samples (OS1, OS2) and two coal samples (C1, C2). The OS samples were 
obtained from Narva Power Stations. The OS1 sample is a common energetic 
OS and OS2 is an enriched sample–oil shale concentrate. The coal samples were 
obtained from Russia. The C1 sample is a Russian anthracite coal and C2 is a 
common volatile-rich coal sample that is widely used in boilers for heating. 

OS1 was considered as the main sample and was used for additional tests in 
certain experiments. In the appended papers, the abbreviations EOS and OS 
refer to the OS1 sample. The detailed characteristics of the samples are given in 
Table 2. 

 Table 2. Characterization of samples  

 OS1 OS2 C1 C2 

HHVd, MJ/kg 11.86 13.64 30.39 30.22

Content, % mass 
Ashd 49.30 45.60 8.90 8.10 

Moisture ar - - 14.80 19.20

Moisture ms 0.70 0.70 2.10 2.70 

Nd 0.10 0.10 0.60 2.00 

Cd 30.40 35.00 81.80 73.70

Hd 3.00 3.60 1.50 4.20 

Sd 1.63 1.87 0.24 0.36 

TC 31.50 36.40 87.00 75.80

TIC 4.55 4.35 0.00 0.00 

CO2
Mfrom TIC 16.67 15.94 0.00 0.00 

d Per dry sample, ar as received,  M mineral CO2 ms moisture in the sample 
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Each sample was treated as follows. The obtained sample was crushed with a 
jaw crusher. A mean sample was taken from the crushed material and ground in 
a big ball mill. Then, the sample was dried at 105°C for 4 h and ground further 
in a Retsch PM 100 grinding machine in a four-ball planetary mill (20 min at 
350 rpm, reverse 5 min), until the entire sample passed through a 200 µm sieve.  

Experimental methods 

A Setaram Setsys Evo 1750 thermoanalyzer coupled to a Nicolet 380 Fourier 
transform infrared (FTIR) spectrometer was used for the experiments. Non-
isothermal and isothermal tests were performed to investigate the different 
stages of OF combustion for selected samples. Standard 100 μL Pt crucibles 
were used, and the mass of the sample was 20 ± 0.5 mg in most experiments and 
30 ± 0.5 mg for the tests with gas analysis. Commonly, the non-isothermal tests 
were carried out at a 10 K min-1 heating rate up to 1000–1100°C with a 30 mL 
min-1 gas flow rate using different atmospheres (Ar, CO2, O2/Ar, and O2/CO2). 
In some particular experimental series, different gas concentrations and heating 
rates were used, depending on the calculation and analysis needs.  

TA experiments are most often carried out in Ar instead of N2, as N2 is not 
completely inert at high temperatures and has a somewhat higher heat capacity 
than Ar, which enables heat effects to be measured more precisely in an Ar 
atmosphere. Here, Ar was used instead of N2 in the experimental series 
modeling air combustion conditions (21%O2/79%Ar). However, there could be 
slight differences in the experimental results, as the diffusivity of O2 is higher in 
Ar than in N2. To clarify these differences, comparative experiments were also 
carried out with N2 as the inert gas (Fig. 4).  

 

Figure 4. Comparison of 21%O2/Ar and 21%O2/N2 conditions for OS1 (71…100μm) 
 

As shown in Fig. 4, the difference is small, with somewhat more active 
oxidation in the case of 21%O2/79%Ar, as the mass loss rates are slightly higher. 
This small difference can be accounted for when comparing the air combustion 
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and OF combustion conditions. In conclusion, replacing N2 with Ar does not 
affect the experimental results and related discussions notably; however, if 
necessary, this small shift can be taken into account. 

The controlled experimental conditions (gas concentrations, heating rates etc.) 
during the TA tests are given in Table 3.  

Table 3. Controlled experimental conditions during the thermal analysis tests 

Gas concentrations Heating rates (K min-1) 
21%O

2
/79%Ar (model air) 

21%O
2
/70%CO

2
  

30%O
2
/70%CO

2
 (OF) 

21…35%O
2
/CO

2
 

100%CO
2
, Ar, N

2
, O

2
 

Gas flow rates mL min-1 
30 (For most) 
50 (For gas analysis) 
Crucible type 

100 L Platinum (Pt) 

10 (For most) 
2.5…15 (For kinetic calculations) 
20 (For gas analysis) 
Sample fractions 
<200 μm  (For most) 
71…100 μm 
(For kinetic calculations) 
Mass of samples (mg) 
20 ± 0.5 (For most) 
30 ± 0.5 (For gas analysis) 

For evolved gas analysis (EGA), the thermoanalyzer was coupled to a Nicolet 
380 FTIR spectrometer using a heated transfer line (220°C). A higher heating 
rate (20 K min-1) and higher gas flow rate (50 mL min-1) were used, as well as a 
larger sample mass (30 ± 1 mg), to increase the sensitivity [67]. FTIR 
measurements were recorded in the range of 400–4000 cm-1 with a resolution of 
4 cm-1 and each spectrum was the average of four scans. The evolved gaseous 
compounds and groups were identified using the Thermo-Scientific OMNICTM 
software and the HR Aldrich Vapor Phase Library [68]. The AKTS Advanced 
Thermokinetics software [69] was used to calculate the kinetic parameters for 
the oxidation stage of the OS1, C2, and OS1 char samples. To calculate the 
conversion-dependent activation energies, a model-free approach, based on 
differential isoconversional methods was applied. The changes in activation 
energy E (kJ mol-1) and pre-exponential factor A depending on the reaction 
progress α were determined from non-isothermal experiments with 2.5, 5, 10, 
and 15 K min-1 heating rates under three different atmospheres (21%O2/Ar, 
21%O2/CO2, and 30%O2/CO2). For the calculation method, see the equations 
describing the reaction rate and isoconversional approach [70, 71] in Papers I 
and II.  

To prepare the OS1 char sample, the OS1 sample was heated to 450°C in an 
Ar atmosphere and maintained at this temperature for 1 h until devolatilization 
ceased. This freshly obtained char sample was used in the following tests. The 
char preparation temperature was selected from preliminary pyrolysis 
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experiments according to the highest reaction rate. For isothermal tests, 
oxidation of the obtained OS1 char was performed at three different 
temperatures (450, 500, and 550°C). To perform series of non-isothermal tests 
and kinetic calculations, an additional OS1 char was prepared in an electric tube 
furnace under the same conditions to obtain a greater amount of char with 
uniform properties. 

2.2 Modeling approaches and descriptions 

In this section, some key aspects related to the simulated models are discussed in 
connection with the simulation tool and the considered modeling approaches. 
Detailed descriptions of the simulated models can also be found in Papers III 
and IV and in Ref. [72]. 

Simulation model for CFBC process (Paper III – Ref [72])  

 

Figure 5. Process flowsheet for kerogen combustion and CFB hot loop modeling 

The circulating fluidized bed combustion (CFBC) model simulated in Aspen 
Plus is presented in Fig. 5 (process flowsheet) and 7 (scheme of the overall 
process layout). 

Briefly, the simulated process focuses on the gas and solid hydrodynamics of 
the FB boiler to determine the required elutriated mass flows to maintain the 
heat balance for OF combustion. The air combustion experiments in the 
Chalmers CFB boiler were compared with the simulated air–OS combustion 
case, and later, the model was used to discuss the conversion of an experimental 
air–OS-fired CFB unit to OF–OS combustion. 
The boiler geometry in the model is same as that of the Chalmers 12 MWth CFB 
boiler. The solid properties of the bed material used in the model in terms of 
particle size distribution (PSD) and density are similar to those applied in the 
CFB boiler case, which are used as a reference in the modeling. The input 
parameters of the FB reactor are given in Paper III (Table 3 therein). Silica 
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(SiO2) sand was used as the bed material with the PSD given in Paper III (Fig. 2 
therein). The Colakyan and Levenspiel (Paper III, Eq. 1) and Geldart et al. 
(Paper III, Eq. 2) correlations were tested separately for the elutriation models. 
For more detailed explanations on evaluating the elutriation models, see Ref. 
[72] and the references cited therein. 

The majority of the experimental data was obtained from pressure 
measurements in the CFB boiler. The boiler has a furnace with dimensions of 
13.5 × 1.7 × 1.4 m and is therefore smaller than commercial CFB boilers, but 
large enough to have most of the characteristics of such boilers. The main 
outline of the unit is shown in Fig. 6 [73]. 

 

Figure 6. The main outline of the Chalmers 12 MWth CFB boiler: 1. Furnace, 2. Air 
plenum, 3. Fuel feed, 4. Cyclone, 5. Exit duct, 6. Convection pass, 7. Particle seal, 8. 
Particle cooler 

The simulated model (Fig. 7) was divided into two main parts: addressing the 
combustion of kerogen (organic matter in EOS) and the hydrodynamics, 
including a description of the solids circulation rate. 
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Figure 7. Scheme of the overall process lay out of the CFBC model, circle (1) is the 
combustion model and (2) the CFB model 

The combustion modeling considers moisture evaporation, the decomposition 
stage of kerogen, and the basic combustion reactions. The heat of combustion 
calculated from the combustion of kerogen was added as an input term for the 
FB reactor. Hot flue gases produced from the combustion of kerogen were used 
as a fluidization gas. The amount of oxidizer and the O2 concentration in the flue 
gas (3.6%, excess O2) were kept constant for all cases. The oxidation of 
decomposed kerogen was modeled with the equilibrium reactor at 850°C. The 
following four main reactions were considered: C + O2=CO2, H2 + Cl2 = 2HCl, 
S2 + 2O2 = 2SO2, and H2 + 1/2O2 = H2O.  

Key points of the simulation model based on Gibbs free energy minimization 
(Paper IV) 

 

Figure 8. Process flowsheet for simulation model based on Gibbs free energy 
minimization 

As a main modeling strategy, OF combustion cases have been simulated with 
dry and wet FGR strategies (Fig. 8) by controlling the O2 percentage in the flue 
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gas to maintain temperatures (gas–solid mixture) at the outlet of the combustion 
reactor similar to those during air combustion. The considered modeling strategy 
has been used to estimate the composition of the product gas by calculating the 
mass–energy balance and chemical equilibrium of the process, rather than the 
gas and solid hydrodynamics in the FB reactors. The simulated model 
introduced here can be used to predict the flue gas composition for OF 
combustion of EOS and for fundamental comparisons regarding heat transfer in 
the boiler. The calculated temperatures are key parameters that allow possible 
adjustments that are necessary for retrofitting operations. The energy balance of 
the system is based on the heat generated from the exothermic reactions, which 
is partially consumed by the endothermic reactions, while the rest is converted to 
sensible heat that raises the temperature of the gas–solid mixture. Owing to the 
small amount of char, high amount of volatile matter in EOS, and complexity of 
EOS kinetics, the EOS combustion process has been simulated using the 
assumption that the combustion products form an equilibrium mixture. Based on 
the weight fraction of organic matter of EOS and oxidants (air, O2/FGR), 
equilibrium compositions have been calculated using the Gibbs free energy 
minimization method.  

To compare the obtained results for EOS combustion with the combustion of 
another carbonate-rich OS, Utah White River OS (UOS) was included, and OF 
combustion of UOS with two different FGR strategies has been modeled.  

Considering the main characteristic reactions of the organic and mineral 
components in EOS and UOS (Paper IV, Table 2 and 3 therein), several 
compounds have specifically been taken into account during the simulations 
according to the simplified definition of non-conventional fuels. The defined 
components are presented in Table 4. 

Table 4. Defined components as products in Gibbs reactor   

Gases Solids 
O2, CO2, CO, H2, H2O, S, SO2, 
SO3 ,N2, NO, NO2, NO3, Cl2, HCl 

FeS2, FeSO4, Fe2O3, SiO2, MgCO3, 
MgO, CaCO3, CaO, CaSO4, MgSO4 
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3. RESULTS AND DISCUSSION 

3.1 Thermal analysis (TG-DTG-DTA/FTIR) and kinetics  

TG-DTG-DTA analysis  

A comparison of the thermal behavior of each fuel sample in 30%O2/CO2 and 
21%O2/Ar at a 10 K min-1 heating rate is presented by the TG (mass change, %), 
DTG (mass change rate, % min-1), and DTA (heat effect, μV) curves in Fig. 9.  

 
Figure 9. Comparison of all fuel samples in 21%O2/Ar (a) and 30%O2/CO2 (b), TG/DTA 
(above) and DTG (below) 

The first very weak mass loss step between 0 and 150°C observed for each 
sample is considered as a residual and adsorbed moisture releasing step, which 
includes the beginning of the devolatilization stage. After moisture release, the 
process for each sample continues with devolatilization, volatile combustion, 
and char oxidation stages. Considering the mineral component of OS samples, 
thermal decomposition also occurs at the end of the process. The mass loss of 
the coal samples in the oxidation stage proceeds in one smooth step with a wide 
exotherm from 300°C to 665°C for C2 and 830°C for C1 in 21%O2/Ar (Fig. 9a). 
In the 30%O2/CO2 atmosphere, the characteristic peak temperatures of the coal 
samples are shifted towards higher temperatures compared with the 21%O2/Ar 
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atmosphere. However, oxidation still takes place in one step, and there are no 
big differences in the total mass loss of the samples in either atmosphere. 

The OS samples show two distinctive mass loss steps in 21%O2/Ar and three 
steps in 30%O2/CO2. These distinctive steps are related to the devolatilization 
and oxidation of the organic component, followed by decomposition of the 
mineral component. The third step in 30%O2/CO2 is related to the different 
behavior of carbonates in this atmosphere. In the 21%O2/Ar atmosphere, MgCO3 
and CaCO3, which are the main carbonate compounds in EOS, decompose in the 
same temperature region (700–800°C). On the other hand, the decomposition 
temperatures of MgCO3 and CaCO3 become separated in 30%O2/CO2, 
proceeding with maximum rates at 750ºC (decomposition of MgCO3) and 915ºC 
(decomposition of CaCO3), as determined from the DTG curves (Fig. 9b). In 
both atmospheres, exothermic decomposition (organic component) occurs with 
two peaks, which likely correspond to the devolatilization and 
thermobitumen/char oxidation stages. However, the chemistry is more complex 
owing to the simultaneously occurring reactions and substages. In the 
30%O2/CO2 atmosphere, the exotherms of the OS samples have somewhat lower 
peak temperatures compared with those in 21%O2/Ar, which can be explained 
by the higher O2 concentration (Fig. 9b). The peaks in the exotherm of the 
enriched sample (OS2) are more intense in both atmospheres, and a higher mass 
loss is observed during the oxidation stage compared with that observed for 
OS1, which is in accordance with the higher organics content in OS2.  

The DTG peak maxima of the samples indicate that the reaction rate is slightly 
higher in 21%O2/Ar than in 30%O2/CO2, in spite of the lower O2 concentration, 
and this phenomenon is clearly observed in the case of the OS2 sample. In 30% 
O2/CO2, the reaction rate decreases more slowly during char oxidation (final 
stage of oxidation) and the peak is slightly wider, indicating a slight lowering of 
the reaction rate for this stage of the process in the 30%O2/CO2 atmosphere. For 
general evaluations, the replacement of N2 with Ar (for model air conditions) 
can be taken into account at this stage. In this case, the slight differences 
mentioned above can be disregarded, as similar differences exist between the 
characteristics of N2 and Ar: peaks shifted by approximately 5–10°C towards 
lower temperatures and slightly higher reaction rates in the oxidation stage for 
21%O2/Ar compared with 21%O2/N2 (Fig. 4).  

Overall, the temperature profiles (offset, onset, and peak temperatures), 
reaction rates, and heat effect at oxidation of OS and coal samples in 21%O2/Ar 
and 30%O2/CO2 atmospheres do not differ much. There are no significant 
differences in the total mass loss of the samples in these different atmospheres. 
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Effect of O2 concentration on oxidation and thermal decomposition 
characteristics 

 

Figure 10. TG/DTA (above) and DTG (below) curves of OS1 (a) and C2 (b) in different 
O2 concentrations with CO2 

The possible impact of a higher O2 concentration on the oxidation and thermal 
decomposition characteristics of OS1 and C2 has been analyzed, as presented in 
Fig. 10. The results show that the characteristic temperatures (offset, onset, and 
peak temperatures) of the TG-DTG-DTA curves for the OS1 and C2 samples 
move significantly towards lower temperatures as the O2 fraction in the 
combustion atmosphere increases. Moreover, the maximum combustion rate 
(dw/dt)max for each sample increases with the increase in O2 concentration. The 
elevated O2 content increases the rates of devolatilization and oxidation, which 
causes an increase of the particle temperature. Therefore, by increasing the O2 
concentration, the combustion reactivity of solid fuels can be enhanced 
considerably.  

Table 5. Characteristic values obtained from TG-DTG curves for OS1 

Conditions Peak 1 / 
°C 

Peak 2 
/ °C 

Tonset 

/ °C 
Toffset 

/ °C 
Mass loss / % 

oxidation / total 
21%O2/CO2 343 490 236 524 33 / 50 
30%O2/CO2 340 464 246 520 32 / 48 
35%O2/CO2 314 445 242 507 31 / 48 
21%O2/Ar 360 491 242 530 32 / 48 
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The final mass losses are almost the same, with 21% O2 giving a slightly higher 
mass loss for both samples (Table 5). However, it is difficult to associate this 
result with any reaction mechanism, as the heterogeneity of samples could also 
cause such differences. The increased role of gasification (C(s) + CO2(g) → 
2CO(g)) could be one reason for this difference. The characteristic temperatures 
obtained for the decomposition of carbonates in the case of OS1 did not change 
remarkably in different O2 levels. However, owing to the higher partial pressure 
of CO2 in 21%O2/CO2, the decomposition of CaCO3 shifts slightly to higher 
temperatures (Fig. 10a, lower).  

Pyrolysis of OS1 and C2 in Ar and CO2 

 

Figure 11. Pyrolysis TG (above) and DTG (below) curves of OS1 (a), and C2 (b) 

In this section, the effect of CO2 on the chemistry of the overall process and the 
specifics of pyrolysis are discussed, mainly based on the OS1 and C2 samples 
using Ar and CO2. The pyrolysis TG and DTG curves of OS1 and C2 at a 10 K 
min-1 heating rate under 100% Ar and 100% CO2 are shown in Fig. 11. In 
general, two stages can be differentiated for OS1: pyrolysis in the low 
temperature zone (300–520°C) for both CO2 and Ar atmospheres and 
decomposition of mineral carbonates (magnesite, dolomite, calcite, and siderite) 
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at higher temperatures (above 650°C). The characteristic temperatures and mass 
loss of the OS1 sample in Ar and CO2 are very similar, which indicates that CO2 

behaves like an inert gas and has the same influence as Ar on the organic 
component until the end of the devolatilization stage. The main difference for 
OS1 in the CO2 atmosphere is separation of the decomposition temperatures of 
MgCO3 and CaCO3, which proceed with maximum rates at 814 and 920° C, 
respectively (Fig. 10a lower).  

The difference between the Ar and CO2 atmospheres for the pyrolysis of C2 is 
more obvious. Above 400°C, owing to the differences in heat capacities, 
diffusivities, and radiative properties of the gases, reactivity during the 
devolatilization stage is higher in the Ar atmosphere. Unlike OS1, the char 
gasification reaction under a CO2 atmosphere for C2 is easily identified above 
800°C, signifying that the reactivity and mass loss differ. Clearly, the 
gasification reaction becomes important in the case of coal combustion, but it is 
not as evident in the case of OS combustion because of the low carbon content.  

The effect of the char gasification reaction (Paper II, Eq. 1) is not clearly 
distinguished in the TG-DTG curves of OS1 owing to the possible overlap of the 
thermal decomposition of carbonate minerals. According to the CO emission 
profile obtained from gas analysis (Paper II, Fig. 4) in a CO2 atmosphere, the 
role of the gasification reaction increases at temperatures above 650°C, reaching 
its peak level at 800°C. For both the Ar and CO2 atmospheres, it should also be 
mentioned that above 650°C, the thermal decomposition of carbonate minerals 
occurs, which produces large quantities of CO2 (Paper II, Eq. 12 and 13). The 
increased concentration of CO2 in the pores may also favor the gasification 
reaction during pyrolysis with Ar. Further, the reaction products from the 
mineral components, such as CaO and MgO, can participate in the char reactions 
as catalysts to promote further production of CO. However, the combination of 
various possible parallel reactions at higher temperatures and trapped char 
content in the mineral matrix after the devolatilization stage makes identification 
of the char reactions even more complex for low-grade fuels like OS1 compared 
with C2.  

FTIR analysis 

The FTIR spectra of the evolved gases and the emission profiles of some 
characteristic compounds and groups evolved during the oxidation of OS1 in a 
30%O2/CO2 atmosphere are presented in Fig. 12–14. For more detailed results, 
see also Paper I (Fig. 3a–c therein) and Paper II (Fig. 4a–d therein) for relevant 
descriptions. 
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Figure 12. FTIR spectra of evolved gases for OS1 at 30% and 5%O2 in CO2 atmospheres 
taken at 20th min (440°C) 

Analysis of the emission profiles shows that the main peaks in the selected 
emission profiles correspond to the temperature interval of the oxidation stage in 
30%O2/CO2 atmosphere, which is from 250 to 500–600°C. The peaks show a 
steeper shoulder at lower temperatures (beginning of the process) and a 
smoother shoulder at higher temperatures, indicating that complex chemical 
processes occur during the devolatilization stage and initial oxidation. 

 

Figure 13.  Emission profiles of some characteristic compounds and groups evolved 
during OS1 oxidation in 30%O2/CO2 atmosphere  

In 30%O2/CO2, H2O, as the main oxidation product, reaches its maximum 
intensity during the early stages of oxidation. Additionally, C–H bonds show a 
high intensity in the early stages of oxidation, which is related to the emission of 
volatiles during the first stage of oxidation. The presence of C–H bonds 
(saturated organic compounds) is observed until the end of oxidation. Compared 
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with H2O, CH4 reaches a maximum intensity at slightly higher temperatures. The 
emission profile of SO2 shows two peaks, with the maximum intensity observed 
for the second peak. The first peak is related to organic sulfur in OS, whereas the 
second is related to the oxidation of pyrite. 

 

Figure 14. Emission profiles of some selected compounds in the evolved gases for OS1 
in 100% CO2  

To observe the effect of CO2 on the chemistry of the overall process, the 
emission profiles of some selected compounds were obtained in CO2. In 100% 
CO2 (Fig. 14), the peaks are narrower, shifted to higher temperatures, and more 
symmetrical over the decomposition temperature interval (400–550°C). 
Oxidation can also occur in this temperature range, driven by fuel O2. The CO 
emission profile indicates that CO emissions are divided into two parts, with a 
small amount of CO emitted at lower temperatures during the decomposition of 
the organic component of OS at ~500°C and a notable increase in intensity at 
temperatures around 800°C. This increase is related to the gasification reaction, 
and it can be concluded that the role of the gasification reaction becomes 
important at temperatures above 750°C. The emission of SO2 is also divided 
between two temperature regions: the main OS decomposition region and a high 
temperature region above 900°C. The first peak in the emission profile is related 
to organic sulfur, whereas the high temperature emission, which has to be 
studied in more detail, is related to the decomposition of sulfates or sulfides 
formed earlier.  

Kinetic calculations 

To calculate the conversion-dependent activation energies, the oxidation process 
was carried out for the samples under non-isothermal conditions at four different 
heating rates: 2.5, 5, 10, and 15 K min-1. The normalized TG signals and 
respective DTG data were used in the calculations. The calculations were 
conducted using 21%O2/Ar, 21%O2/CO2, and 30%O2/CO2 atmospheres for the 
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oxidation stage (the subsequent carbonate decomposition stages were not 
considered). 

 

Figure 15. DTG curves of OS1 (a), conversion-dependent activation energy E of OS1 
and C2 in three different atmospheres (b,d) and logarithm of pre-exponential factor A 
for the oxidation stage of OS1 in two different atmospheres (c) 

The conversion α was calculated from the mass loss during oxidation stage: 

ߙ ൌ ଴ܹ	 െ 	 ௧ܹ

଴ܹ 	െ 	 ௙ܹ
 

 (4) 

Where W0 is the initial weight of the sample, Wt is the weight of the sample 
instantaneously obtained and Wf is the final mass.  

The apparent activation energy E for the oxidation stage of OS1 in the range 
of α = 0.2–0.9 was 80–100 kJ mol-1 in 21%O2/Ar, 35–45 kJ mol-1 in 
30%O2/CO2, and 40–55 kJ mol-1 in 21%O2/CO2. This parameter is higher at the 
beginning of oxidation, subsequently diminishes, and then increases slightly for 
the final stage (Fig. 15b). A comparison of the three different atmospheres 
shows that the reactivity during the oxidation stage is highest for the 
30%O2/CO2 OF atmosphere (Fig. 15a) and lowest for 21%O2/Ar. As CO2 is a 
reactive gas and Ar is an inert gas, the calculated activation energy values for 
model air conditions are higher than those for OF conditions throughout the 
entire reaction. The increase of the O2 concentration in the OF atmosphere 
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decreases the apparent activation energy for the OS1 sample. However, an 
opposite effect is observed in the case of the C2 sample (Fig. 15d). The 
activation energy calculated for C2 for α = 0.1–0.9 is between 12 and 70 kJ mol-

1 in 30%O2/CO2 and between 8 and 60 kJ mol-1 in 21%O2/CO2, which are quite 
similar but slightly lower values. One explanation for this phenomenon is the 
increased effect of the char gasification reaction (as the offset temperature of the 
oxidation stage reaches 840°C), which maintains similar E values in 21%O2/CO2 

and 30%O2/CO2 atmospheres. This type of opposite effect has also been 
observed in the literature for other type of coals (see examples in Ref. [33]). 

Conversion predictions 

Based on the activation energies obtained, isothermal conversion predictions for 
the process duration were calculated, as given in Fig. 16. 

 

Figure 16. Conversion predictions of OS1(a) and C2(b) samples at 850°C  

It can be seen that full oxidation of C2 takes much longer than that of the OS1 
sample. The char combustion stage of coal should take longer because of the 
much higher carbon content. However, based on the values obtained from the 
DTG curves (Fig. 9), the difference in a real process can be somewhat less. For 
both samples, oxidation in 21%O2/Ar takes notably less time than oxidation in 
21%O2/CO2 and 30%O2/CO2, and higher temperatures are needed to operate OF 
combustion with the same residence times as in air combustion. As the lower 
activation energies in OF atmospheres should favor the process, the differences 
here seem too drastic: almost 5 min is required for oxidation of OS1 in 
30%O2/CO2 and only 0.5 min in 21%O2/Ar.  

Analysis of conversion predictions 

From theory, it is known that the diffusivity of O2 in CO2 is ~17% lower than 
that in N2 and Ar. This difference can result in longer process durations under 
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real combustion conditions. A comparison of the mass loss rates of the oxidation 
stage under dynamic heating conditions in the TA experiments also shows that 
differences exist (Fig. 15a), but the differences are small. The mass loss rate of 
OS1 corresponding to the two peaks in the DTG curves is almost the same, but 
slightly higher in 30%O2/CO2. Thus, a remarkable difference in residence times 
is not expected in the real process, as there are few differences observed in the 
TG-DTG-DTA curves of the samples tested in different atmospheres in terms of 
characteristic temperatures and mass losses. 

It has been noted in the literature that in this kind of kinetic analysis based on 
an isoconversional approach, a specific factor, the kinetic compensation effect 
(KCE), can affect the prediction calculations [74, 75]. It can be seen that the plot 
of the pre-exponential factor function (Fig. 15c) follows the shape of the E plot. 
E and A have opposite effects on the value of the rate constant at some fixed 
temperature, with lower E values corresponding to higher rates and lower A 
values corresponding to lower the rates. In Fig. 15c, the A function is plotted on 
a logarithmic scale, while the values of E are plotted on a linear scale; therefore, 
the small changes in E correspond to changes in the magnitude of A. This can 
affect the results of conversion calculations based on non-isothermal TA 
experiments. 

Based on our previous research experience and literature data on combustion 
kinetics [76], the D3 reaction model (Eq. 5) was chosen as the most appropriate 
reaction model to calculate the values of the pre-exponential factor A. However, 
the simple first-order reaction model F1 (Eq. 6) is also widely used and is 
included for calculations of the kinetic parameters and model gas–solid 
processes based on the Arrhenius equation. 
 
Jander equation; three-dimensional diffusion: 

D3: ݂ሺߙሻ ൌ
ଷ

ଶ
	ሺ1 െ ሻߙ

మ
యሺ1 െ ሺ1 െ  ሻଵ/ଷሻିଵ               (5)ߙ

Avrami-Erofeev equation; random nucleation; first order reaction: 

F1: ݂ሺߙሻ ൌ 	1 െ  (6)                                      ߙ

As seen in Table 6, the average value of the pre-exponential factor A for the 
21%O2/Ar atmosphere is ~25 000 (even if the first extremely high value in the 
table is excluded), but only 0.57 for 30%O2/CO2. The constant values of the 
activation energy calculated by the standardized method (based on Ozawa) are 
145 kJ mol-1 for 21%O2/Ar, 78 kJ mol-1 for 30%O2/CO2, and 81 kJ mol-1 for 
21%O2/CO2.  
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Table 6. Average values for activation energy and pre-exponential coefficient   

Conditions Eavg ln{A(α) ∙ f(α)} Aavg 
 (kJ mol-1) A(s-1) (s-1) 
30%O2/CO2 78 0.246 0.573 

21%O2/CO2 81 1.67 2.16 

21%O2/Ar 145 10.525 24900 
 
This information enabled us to conclude that the remarkable difference in 
residence times is related to the computerized methods in TA (KCE) and is 
probably not followed in a real process. However, there can be a slowdown in 
the oxidation process under OF conditions owing to differences in the 
diffusivities of O2, and therefore, slightly higher temperatures or longer 
residence times are needed when compared with air combustion.  

Pyrolysis kinetics 

The calculated apparent activation energy E values in the range of the 
conversion extent for the devolatilization stage (the decomposition of carbonates 
is not included) for OS1 under 100%CO2 and 100%Ar atmospheres are 
presented in Fig. 17.  

 

Figure 17. (OS1)Conversion-dependent activation energy E (a) and conversion 
prediction at 500°C (b) under 100%CO2 and 100%Ar atmospheres 

There are no notable changes in the E values (190–230 kJ mol-1) throughout the 
devolatilization stage in both 100% CO2 and 100% Ar, as the reaction rates were 
also quite similar in these atmospheres. This indicates that there is no 
considerable difference in reactivity at low temperatures (until 500°C) (Fig. 11a, 
lower).  
As the E values are slightly lower in the 100% CO2 atmosphere compared with 
those in 100% Ar, it can be concluded that the CO2 char gasification reaction 
does not occur at these low temperatures. Nevertheless, as there are many 
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parallel reactions, it is difficult to characterize the specific reasons for these 
slight differences, as they could also be attributed to differences in the sample 
properties and experimental conditions. However, higher activation energy 
values are expected above 650°C owing to the delay in the decomposition of 
carbonates and the occurrence of the CO2 char gasification reaction above 
750°C. According to the conversion prediction calculations for the 
devolatilization stage of OS1 in 100% CO2 and 100% Ar atmospheres, 
devolatilization takes slightly longer in 100% CO2 owing to the different 
diffusivities of volatiles in these two media and the different thermal properties 
of these gases.  
 
Char oxidation  
 

 

Figure 18. TG, DTA (a) and DTG (b) curves of OS1 char in 21%O2/Ar, 21%O2 /CO2 and 
30%O2/CO2 mixtures 

The thermal behavior of OS1 char and its oxidation kinetics were studied in 
three different atmospheres with non-isothermal analysis methods (Fig. 18) and 
in two different atmospheres with isothermal analysis methods (Fig. 19). The 
first mass loss step in the TG curves (approximately 7%) is related to the 
oxidation of residual carbon and some residual heavier organic compounds 
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(thermobitumen). The DTA curves of OS char in the three different atmospheres 
(Fig. 18a) show a single distinctive exothermic maximum, which is lowest for 
30%O2/CO2 and highest for 21%O2/CO2. The small peaks between 480 and 
550°C are related to char oxidation and reactions with pyrite and organic sulfur, 
as EGA (Paper II, Fig. 4b therein) showed increased emission of SO2 in this 
temperature interval. During direct combustion, the mass loss of sample OS1 
typically has two exothermic peaks in the DTA curves (Paper III, Fig. 4a and b 
therein). The first peak corresponds to devolatilization and the release of lighter 
hydrocarbons and the second corresponds to oxidation of heavier hydrocarbons 
(thermobitumen) and char.  

After char combustion, reactions with pyrite in the temperature range of 480–
550°C are observed, which were not distinguishable in direct OS1 oxidation 
tests. This indicates that char combustion is followed by processes in the mineral 
component of the fuel that involve a complex set of competitive endothermic 
and exothermic reactions that depend on temperature, oxidative/reductive 
properties of the gas phase, and CO2 partial pressure inside the char particles. 
For a detailed description of these reactions, see Paper II (Eq. 2–25).  

 

Figure 19. TG and DTG curves of isothermal oxidation of OS1 char in 21%O2/Ar (a) 
and 30%O2/CO2 (b) at different temperatures 

Experiments were carried out with OS1 char in two different atmospheres under 
isothermal conditions at three different temperatures (Fig. 19). The specific 
shape of the DTG curves illustrates that the char oxidation process is limited at 
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low temperatures. A possible explanation for the slow oxidation of char is the 
continued diffusion of heavier pyrolysis products during the isothermal tests.  

Although the basic oxidation reactions (Eq. 7–10) for coal char (high carbon 
concentration) are as follows: 

C(s) + ½ O2 → CO                 (7) 

C(s) + O2 → CO2                 (8) 

C(s) + CO2 → 2CO                 (9) 

CO + ½ O2 → CO2               (10) 

In addition to the common features, the combustion rate of OS1 char (low 
carbon concentration) is affected by the chemical kinetics of these reactions, as 
well as internal gas diffusion (mainly O2) in the voluminous mineral matter, 
external mass transfer, trapped volatiles that depend on the char preparation 
process, thermal decomposition reactions of carbonates, reactions of MgO and 
CaO with quartz and silicates, CO2 and H2O partial pressures, changes in sulfur 
compounds, and changes in porosity and other physical properties.  

Char oxidation kinetics 

To calculate the conversion-dependent activation energies, the oxidation process 
of OS1 char was carried out under non-isothermal conditions applying three 
different heating rates: 5, 10, and 15 K min-1 (Fig. 20). 

 
Figure 20. Conversion-dependent activation energy E and logarithm of pre-exponential 
factor A for OS1 char in three different atmospheres 
 
Kinetic calculations showed that the conversion-dependent activation energy of 
OS char is 110–200 kJ mol-1 in 21%O2/Ar, 90–125 kJ mol-1 in 30%O2/CO2, and 
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125–160 kJ mol-1 in 21%O2/CO2 in the range of α = 0.1–0.9. In comparison, the 
activation energies for the oxidation of OS char are higher than those for OS 
itself, as they were in the range of 120–100 kJ mol-1 in 21%O2/Ar and 35–45 kJ 
mol-1 in 30%O2/CO2. Moreover, the values were higher at the beginning, 
subsequently decreased, and then increased slightly during the final stage of 
oxidation. However, the activation energy of OS char is lower at the beginning 
of oxidation, indicating most likely related to diffusion limitation. Thereafter, 
the activation energy increases until a conversion of almost half is reached. 
Subsequently, a slight decrease and increase is observed in the final stages. The 
initial and final stage activation energies are lower in 30%O2/CO2 than in 
21%O2/Ar. For the final stage, the higher activation energies for oxidation in 
21%O2/Ar are related to the increased role of the reactions of the mineral 
component with increasing temperature. 

Kinetic modeling of char oxidation was also carried out based on isothermal 
data. Several well-known mechanism models were tested to find the best fit, and 
the obtained results (rate constants) are presented in Paper II (Table 2 therein). 
However, char oxidation between 450 and 550°C was found to show non-
Arrhenius behavior.  

3.2 Modeling results 

CFB hot loop modeling 

Comparisons were carried out between the vertical distribution of the solids by 
analyzing the solids concentration profiles obtained from the simulation and real 
boiler pressure-drop measurements. 

 

Figure 21. Solids concentration curves obtained from the simulation and the 
experimental measurements for conventional combustion. (Conditions: superficial gas 
velocity (4.7 m/s), fluidized bed pressure drop (7 kPa), particle size (0.32 mm), and bed 
material (SiO2)) 
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According to the results, the bottom bed of the modeled CFB boiler has the 
characteristics of a bubbling bed, like the 12 MWth CFB boiler. However, there 
are differences in the solids concentration levels of the bottom, splash, and 
transport zones.  

Three different zones can be specified in the vertical distribution of solids by 
means of pressure-drop measurements in the 12 MWth CFB boiler [73]: 

- A bottom zone with constant solid concentration (approximately 1000kg 
m-3),  

- A splash zone with an exponential decay in particle concentration with 
height, 

- A transport zone also with lower exponential decay in solids 
concentration with solid back-mixing mainly at the furnace walls.  

However, in the modeling results, there is an exponential decay (only for the 
splash zone), in which the solids concentration decreases with height until it 
becomes constant. In the upper dilute zone, there is no consideration of solids 
back-mixing (Fig. 21). Therefore, the concept of solids back-mixing cannot be 
explained by the flow and solids mixing behavior in a modeled CFB furnace. 
Thus, this is a drawback of Aspen simulations, which makes the upper dilute 
zone calculations problematic for CFB-related simulations. Principally, solids 
back-mixing is a process causes solids to remain for a certain time in the 
furnace, even though the superficial velocity exceeds the terminal (free fall) 
velocity of the individual particles. Thus, the process simulation model for the 
FB reactor does not include the full complexity of the behavior of CFB boilers. 
Considering the modeling strategy and the behavior of solids, to model CFB 
boilers in Aspen Plus, the solid particles entering the boiler have to be almost 
elutriated, with a very small discharge flow. For inspection of this behavior, it 
should be verified that elutriated and entering particles have similar PSDs. 
Essentially, such an approach is quite controversial, especially when higher gas 
velocities are required to recirculate the particles, as the superficial gas velocities 
are strongly dependent on the net solid flux (see Fig. 4 in Ref. [72] and Fig. 5b 
in Paper III). Nevertheless, to obtain a first insight into the overall heat and mass 
balances of the CFB furnace under different OF cases, the obtained modeling 
data is valuable. As expected, the bottom bed behaviors can be simulated with 
the FB reactor of Aspen Plus, which has the characteristics of a bubbling bed. 
Additionally, for specific thermodynamic boundaries of the CFB boiler, heat 
balance calculations can be performed to determine approximate values for heat 
losses and credits. 
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Modeling based on Gibbs free energy minimization 

In this modeling approach, the composition of the product gas was estimated by 
calculating the mass–energy balance and chemical equilibrium of the process, 
rather than the gas and solid hydrodynamics in FB reactors. For OF combustion 
cases, two different FGR strategies were applied by controlling the O2 
percentage in the flue gas to maintain similar temperatures at the outlet of the 
combustion reactor to those obtained with air combustion. 

The applied modeling approach demonstrated that it is possible to achieve 
similar temperatures in the simulated OF cases to those in air combustion case 
by increasing the O2 concentration in the oxidant. After condensation and the 
FGR processes, ∼87% less flue gas requires treatment in the wet and dry FGR 
cases of EOS for flue gas cleaning and CO2 capture compared with the air 
combustion case, and ∼80% for UOS (UOS for comparison) (Table 7). 
However, there is a notably higher ash flow rate in OF combustion cases, which 
changes the heat and mass balance of the system during the system transition 
from air to OF combustion.  
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Table 7. Selected simulation results for air and OF combustion of EOS 

                                               Air 
EOS/UOS     

OF 
EOS 

OF 
UOS 

Fuel flow rate, kg/s 
FGR option 
Temperature, °C 
FGR1 ratio, % 
O2 concentration, %Vol 
Flue gas flow rate, kmol/s 

100 
 

1556/1384 
 

21%/N2 
14.9/10.8 

100 
Wet 
1558 
67.3 
26.7 
11.6 

100 
Dry 
1560 
64.1 
28.2 
10.7 

100 
 Wet 
1387 
66.5 
28.8 
7.5 

100 
Dry 
1383 
65.6 
30.6 
7.3 

Flue gas composition at 810°C, %Vol 
CO2 
H2O 
O2 
N2 
NO (ppmv) 
NO2 (ppmv) 
SO3 (ppmv) 
SO2 (ppmv) 
CO (ppmv) 
Ash flow rate, kg/s 

14.4/14.6 
12.8/10.2 

3.4/3.1 
69.3/71.9 
2604/2875 
26.9/34.5 
0.01/0.01 
0.12/0.1 

0.07/0.068 
47.9/65.5 

65.6 
30.1 
3.09 
1.01 
355 
4.1 

0.02 
0.16 
0.3 

61.7 

77.8 
17.5 
3.01 
1.1 
381 
4.3 

0.024 
0.195 
0.37 
61.7 

67.6 
28.1 
3.03 
0.94 
345 
3.95 
0.021 
0.156 
0.31 
76.9 

80.1 
14.9 
3.08 
1.15 
393 
4.2 

0.016 
0.19 
0.4 

76.9 
Ash Composition, %mass 
CaCO3 
CaO 
CaSO4 
FeSO4 

0/0 
36.8/22.1 

11/8.1 
7.8/7.2 

50.5 
0 

8.5 
6.1 

50.5 
0 

8.5 
6.1 

33.8 
0 

6.9 
5.8 

33.8 
0 

6.9 
5.8 

Recycled Flue gas composition, %Vol   
CO2 
H2O 
O2 
N2 
SO2 (ppmv) 

 74.6 
20.33 
3.51 
1.15 
0.12 

94.57 
0 

3.65 
1.45 
0.23 

76.1 
18.8 
3.58 
0.89 
0.23 

95.1 
0 

3.54 
0.95 
0.21 

ܴܩܨ¹ ൌ
௠௢௟	௢௙	௥௘௖௬௖௟௘ௗ	௙௟௨௘	௚௔௦	

௧௢௧௔௟	௠௢௟	௢௙	௚௔௦	௜௡	௕௢௜௟௘௥	௢௨௧௟௘௧
 

Comparison of modeling results with experimental results 

In both the OF combustion cases for EOS, ∼88% of CaCO3 is not decomposed 
in the ash. By increasing the boiler temperatures with sensitivity analysis, the 
decomposition temperatures are shifted to above 834°C for the wet FGR case 
and 855°C for the dry FGR case owing to the higher partial pressure of CO2 in 
the dry FGR case compared with the wet FGR case. However, the 
decomposition temperatures were expected to be above 900°C according to the 
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TA results discussed throughout the thesis (Fig. 9, 10, and 18). In accordance 
with the TG tests in 21%O2/Ar, although the amount of decomposed carbonates 
and ash values are similar for both fuels, there are considerable differences in the 
ash flow rates and ash composition between the air and OF cases, including 
different concentrations of CaCO3, CaO, CaSO4, and FeSO4. The high level of 
CaCO3 decomposition for the air combustion simulation arises from the assumed 
general reaction model in the RGibbs reactor and the simplified definition of 
mineral component of the fuel, which does not reflect the complete physical 
properties of the fuel. Thus, it should be remembered that the results are also 
strongly dependent on the kinetics and residence time of fuel particles in the 
CFB boiler. Additionally, in the case of solids (combustion of carbon and 
decomposition of carbonates), the obtained results should be taken into account 
carefully, with the awareness that carbon to CO2 conversion, which is more 
limited than in the obtained results, also influences CO emissions. In this sense, 
for further studies including char combustion and detailed reactions in the 
mineral component of the EOS, the simulated model may be extended for 
specific solid processes by means of chemical kinetics, although possible 
difference would be small, as there is not much carbon-rich residue in OS1.  
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4. CONCLUSIONS 

The main outcomes of this PhD work are listed below: 

Experimental 

• According to the amounts of oxidized organic matter and products 
formed during the combustion and pyrolysis tests, it is clear that there 
are no principle differences for the fuel samples at the devolatilization 
and oxidation stages until 500°C.  

• Comparing 21%O2/Ar and 30%O2/CO2 atmospheres; the amounts of 
oxidized organic matter and the products formed do not differ 
significantly. Although the characteristic temperatures (onset, offset and 
peak temperatures) are shifted towards lower values due to the higher O2 
content in OF, there are no principle differences for the fuel samples in 
the oxidation stage. The combustion reactivity of OS and coal can be 
notably affected by changing the O2 concentration. 

• The pyrolysis behavior is very similar in Ar and CO₂ until 500°C and 
there is no visible char carbon and CO₂ reaction under OF conditions up 
to this temperature. However, the decomposition of carbonates in the 
mineral part of OS is notably influenced by the CO2 partial pressure. 

• Under OF combustion conditions, the decomposition of calcite takes 
place at higher temperatures (above 900°C), enabling a reduction of CO2 
emissions from the mineral part of OS and a decreased influence of the 
endothermic effect of CaCO3 decomposition at lower combustion 
temperatures. 

• Compared with 21%O2/Ar atmosphere, the oxidation processes of OS 
and coal proceed with lower activation energies in O2/CO2. 

• Char oxidation under OF conditions occurs with lower activation 
energies than under 21%O2/Ar, especially at higher conversion levels. 
Thus, applying OF combustion to OS should enhance the process when 
compared with air combustion. 

• The gas analysis results show that the release of CO from OS in a 100% 
CO2 atmosphere increases notably at temperatures above 650–700°C, 
indicating the occurrence of the char carbon–CO2 reaction. However, the 
various possible reactions in this temperature region, which include 
reactions of the mineral component, makes identifying the role of the 
char carbon and CO2 reaction complicated. 

• Combined TG–FTIR analyses enable determination of a number of 
important (in regards to emissions) gaseous compounds produced in the 
process. 

• Isothermal conversion predictions calculated from non-isothermal data 
showed that despite a lower activation energy, oxidation in O2/CO2 takes 
more time than that in an 21%O2/Ar atmosphere. One reason for this is 
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related to the KCE, which is specific to the isoconversional model used. 
Therefore, these predictions should be taken with some caution.  

Modeling 

• The FB model used in the OF CFBC simulation using Aspen Plus can 
predict the solids density of the bottom bed and splash zone. However, it 
does not allow the prediction of the solids concentration in the transport 
zone owing to the single entrainment correlation, which can be 
considered as a limitation of the current Aspen FB modeling block.  

• To minimize NOx and, especially, SOx emissions from OF combustion 
of EOS, high temperatures (above 840°C) should be avoided. 

• FGR options have no effect on the ash flow rates and ash composition 
owing to the simplified set of conditions for OF cases; however, for the 
air combustion case, there is a notably lower ash flow rate with higher 
CaO content because of the almost complete decomposition of 
carbonates. 

• For operational adaptability (during system transitions or retrofitting 
applications), to compensate for the additional heat transfer area 
required in OF combustion, external heat exchangers could be a 
necessary technical upgrade. 

• Compared with air combustion, the heat duty in the combustion reactor 
and heat capacity of the flue gases are higher for the OF combustion 
cases, which indicates that the amount of heat output and boiler 
efficiency can be increased when the system is converted to OF 
combustion. 

Concluding remarks 

The studies described in this thesis cover some of the fundamental aspects with 
respect to OF combustion of EOS with a focus on the oxidation characteristics, 
the effect of CO2 on the chemistry of the overall processes, and the specifics of 
the different stages of OF combustion.  

Together with the developed models, the obtained data in this PhD work 
constitute a well-documented first step and guide for the intermediate stages 
through to the operation of pilot- and demonstration-scale units, which are the 
next steps towards commercialization of OF combustion technology.  

The developed models can easily be modified, if necessary, and can be used to 
evaluate the effect of the main operating parameters of OF combustion 
processes.  

As a consequence, for further reduction of CO2 emissions from the Estonian 
energy sector, the results of these first experiments and modeling studies 
indicate that despite several differences discussed in the current study, there 
should be no fundamental difficulties in applying OF combustion to EOS.  
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ABSTRACT 

Circulating fluidized bed combustion (CFBC), in operation since 2004, has been 
an impetus in the energy sector of Estonia by providing a reliable technology for 
combustion of Estonia oil shale (EOS) in terms of combustion efficiency, fuel 
flexibility, and reduced emissions, including SO2 and CO2. However, control of 
CO2 emissions is still challenging, owing to international climate conventions 
and the continuously increasing demand for electricity. Therefore, future 
decreases require application of CO2 capture because of the widespread usage of 
EOS in heat and power production.  

CO2 capture and storage (CCS) technologies have the potential for application 
to large sources of CO2. Research on CCS, especially on oxy-fuel (OF) 
combustion technology, which is the topic of the current study, is still highly 
active. Notably, OF combustion has potential advantages compared with other 
CO2 capture technologies, as laboratory studies and pilot-scale experiments on 
OF combustion of coal and biomass have shown that this method can be applied 
to pulverized combustion and CFBC technologies. The analysis of combustion 
processes for OF combustion technology including different solid fuels and their 
properties, devolatilization, char burn out, and gasification reactions have been 
key research areas, as this knowledge is important for the development of OF 
combustion systems. The earliest challenges for OF combustion technology have 
now successfully been met, and the first generation of full-chain OF combustion 
technology has already been demonstrated as a feasible technology in different 
countries. Currently, expectations are growing for commercial units. 

For the implementations of OF combustion for unconventional fuels like EOS, 
the available data for coal and biomass combustion is not completely suitable, as 
the combustion specifics are strongly fuel-dependent. There are also knowledge 
gaps in a wide range of research areas required for the realization of OF 
combustion of EOS, as the optimal operating conditions for OF combustion of 
coal and biomass vary depending on the characteristic fuel properties.  

The research in this thesis is aimed at generating a fundamental knowledge 
base using experimental investigations (focusing on the oxidation 
characteristics, effect of CO2 on the overall process, and the specifics of the 
different stages of OF combustion) and process modeling (with respect to the 
specific CFB operating parameters) to understand and analyze the complex 
combustion behavior of EOS under OF combustion conditions, which could 
support the development of its possible integration.  

The thermal analysis experimental results presented in this thesis showed that 
the emission of CO2 from the mineral component of EOS can be decreased, as 
the decomposition of calcite occurs at higher temperatures in OF combustion. 
Additionally, CO2 did not have a notable effect on the devolatilization stage of 
EOS. Although identification of the role of the char carbon–CO2 reaction was 
complex owing to the various possible reactions, the emission profiles showed 
that the gasification reaction is accelerated above 750–800°C. The conversion-
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dependent activation energies were calculated for different process stages. These 
values were notably lower for the oxidation of EOS and its char in O2/CO2 than 
those calculated for a model air (21%O2/Ar) atmosphere. Therefore, compared 
with air combustion, the application of OF combustion to oil shale should 
enhance the process.  

The OF cases simulated using the Aspen Plus software showed that it is 
possible to achieve temperatures similar to those in the air combustion case by 
increasing the O2 concentration in the gaseous phase. Heat transfer profiles 
similar to those in the air combustion case can be maintained with the calculated 
O2 concentrations; however, owing to the lower mass flow in the convective 
pass, a slightly higher O₂ concentration in the gaseous phase and a slightly 
higher flue gas recycle ratio would be more suitable for retrofitting applications. 
To decrease emissions of CO, SO2, and mineral CO2, high temperatures should 
be avoided (above 840°C) during OF combustion, especially in the zones with 
lower O2 concentrations. There was a higher ash flow rate during the simulated 
OF combustion case with a higher CaCO3 content because of the decreased 
decomposition of carbonates. For operational adaptability (during system 
transitions), to compensate for the additional heat transfer area required for OF 
combustion, external heat exchangers could be a necessary technical upgrade. 
The heat duty in the combustion reactor and heat capacity of the flue gases were 
higher for the OF combustion cases, indicating that the heat output and boiler 
efficiency can be increased.  

The thesis concludes that despite several characteristic differences observed 
under O2/CO2 and 21%O2/Ar atmospheres, there should be no fundamental 
difficulties in applying OF combustion to EOS. Additionally, the EOS 
combustion process can be enhanced in comparison with air combustion, and 
achieve the prerequisites for effective CCS. 
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KOKKUVÕTE 

Tsirkuleerivas keevkihis põletamine, mida rakendatakse alates aastast 2004, on 
edendanud Eesti energiasektorit, kindlustades usaldusväärse tehnoloogia Eesti 
põlevkivi põletamiseks, mis väljendub kasvanud kasuteguris, kütuste 
varieeritavuses ja vähenenud emissioonides nii SO2 kui CO2 osas. CO2 
emissioonide edasine vähendamine on siiski väljakutset esitav, tulenedes 
rahvusvahelistest kliimat puudutavatest konventsioonidest ja kasvavast 
energiavajadusest. Seetõttu on põlevkivi jätkuva massiivse kasutuse korral 
elektri ja soojuse tootmisel vajalik rakendada CO2 püüdmist.  

Mitmed süsiniku püüdmis- ja ladustamistehnoloogiad (CCS) omavad 
rakenduspotentsiaali seal, kus tekivad suured CO2 vood. Nende tehnoloogiate 
arendamine, eriti kütuste hapnikus-põletamise (täpsemalt hapnikuga rikastatud 
suitsugaasides põletamise) uurimine, mis on ka käesoleva töö teema, on 
jätkuvalt aktuaalne. Seejuures omab hapnikus-põletamine mitmeid 
potentsiaalseid eeliseid võrreldes teiste CCS tehnoloogiatega nagu näitavad ka 
mitmed laboratoorsed ja pilootseadmete tasemel tehtud uuringud söe ja biomassi 
põletamise osas, kinnitades selle rakendatavust nii tolm- kui keevkihtpõletuse 
puhul. Hapnikus-põletamise protsessi analüüs, mis hõlmab erinevaid tahkeid 
kütuseid ning nende omadusi, lendainete eraldumist, koksi väljapõlemist ja  
gaasistamisreaktsiooni mõju, on oluliseks uurimisvaldkonnaks, andes 
väärtuslikke alusteadmisi hapnikus-põletamise süsteemide arendamiseks. Teatud 
edu selle tehnoloogia osas on praeguseks saavutatud ja esimese generatsiooni 
pilootseadmed mitmetes riikides näidanud edukalt protsessi teostatavust. Nüüd 
kasvavad ootused hapnikus-põletamise tööstuslikuks realiseerimiseks.  

Hapnikus-põletamise kasutuselevõtuks mittetraditsiooniliste kütuste puhul 
nagu seda on põlevkivi, pole olemasolevad andmed, mis on saadud peamiselt 
kivisöe ja biomassi põletamisel, sobivad, sest  protsess sõltub oluliselt kütuse 
omadustest. Nii on teadmised, mis puudutavad Eesti põlevkivi võimalikku 
hapnikus-põletamist, suuresti puudulikud, kuna optimaalsed tingimused võivad 
põlevkivi spetsiifiliste omaduste tõttu oluliselt erineda võrreldes söe või 
biomassi põletamisega. 

Sellest lähtuvalt on antud uurimistöö eesmärgiks tekitada alusteadmised, mis 
aitaksid arendada ja toetada Eesti põlevkivi  hapnikus-põletamise protsessi 
kasutuselevõttu. Et mõista ja analüüsida Eesti põlevkivi põlemisel toimuvaid 
keerukaid protsesse hapnikus-põletamise tüüpilistes tingimustes, viidi läbi rida 
eksperimendiseeriaid fookusega oksüdatsiooni eripärale ning CO2 mõjule nii 
tervikprotsessile kui selle üksikstaadiumidele. Lisaks rakendati modelleerimist, 
mis võimaldas uurida spetsiifiliste keevkihtprotsessi parameetrite varieerimise 
mõju.  

Termilise analüüsi tulemused näitasid, et CO2 emissioon põlevkivi 
mineraalosast väheneb, sest kaltsiidi lagunemine nihkub hapnikus-põletamise 
tingimustel kõrgemale temperatuurile. CO2 ei omanud nähtavat mõju lendainete 
eraldumise staadiumile. Kuigi kütuse süsiniku ja CO2 vahelise reaktsiooni 
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osakaalu kogu protsessis on raske hinnata paljude paralleelselt toimuvate 
reaktsioonide tõttu, saab CO emissiooniprofiilide põhjal väita, et selle 
gaasistamisreaktsiooni kiirus kasvab temperatuuridel üle 750 – 800°C. 
Erinevatele protsessi staadiumidele arvutati konversioonsõltuvate 
aktivatsioonienergiate väärtused. Need olid nii põlevkivi kui tema koksi 
oksüdatsioonile märgatavalt madalamad O2/CO2 keskkonnas võrreldes 
21% O2/Ar keskkonnaga, mida kasutati õhus põletamise mudelina. Seega peaks 
Eesti põlevkivi hapnikus-põletamine olema efektiivsem võrreldes õhus 
põletamisega. 

Modelleerimine Aspen Plus keskkonnas näitas, et õhus põletamisega 
sarnastele temperatuuridele on võimalik jõuda suurendades gaasifaasis hapniku 
kontsentratsiooni. Samasugune soojusülekande profiil nagu õhus põletamisel 
saavutatakse selle töö arvutustes näidatud hapniku sisaldustel, samas oleks 
soovitav moderniseeritavate boilerite puhul suurendada mõnevõrra nii hapniku 
sisaldust oksüdeerivas gaasis kui tsirkuleerivate suitsugaaside suhtarvu 
vähenenud konvektiivsete massivoogude tõttu. Vähendamaks CO, SO2 ja 
karbonaatse CO2 emissioone, tuleks hapnikus-põletamisel vältida kõrgeid 
temperatuure (üle 840°C), seda eriti madalama hapniku sisaldusega tsoonide 
olemasolul boileris. Tuha massivoog hapnikus-põletamisel on suurem ja selle 
CaCO3 sisaldus kõrgem karbonaatide madalama lagunemisastme tõttu. 
Süsteemide kohandamisel hapnikus-põletamisele võivad tehnilise poole pealt 
vajalikuks osutuda välised soojusvahetid, et tekitada lisasoojusvahetuspinda. 
Soojuskoormus põlemisreaktoris ning suitsugaaside soojusmahtuvus on 
hapnikus-põletamisel kõrgem, näidates eralduva soojuse ning boileri 
efektiivsuse kasvu.   

Töös jõutakse järeldusele, et sõltumata mitmetest spetsiifilistest erinevustest, 
mis tehti kindlaks võrreldes protsesse O2/CO2 ja 21%O2/Ar keskkonnas, ei 
tohiks olla fundamentaalseid takistusi hapnikus-põletamise kasutuselevõtuks 
Eesti põlevkivi põletamisel. Seejuures peaks protsess muutuma efektiivsemaks 
võrreldes õhus põletamisega ning luuakse eeldused nõutavaks CO2 püüdmiseks.  
 

 

 

 

 

 

 

 



61 

 

 

 

 

 

 

 

 

 

 

 

APENDIX A. PUBLICATIONS 

 

 

 

 

 

 

 

 

 

 

 



 

  



63 

 

 

 

 

 

 

 

 

 

 

PAPER I 

Meriste, T.; Yörük, C.R.; Trikkel, A.; Kaljuvee T.; Kuusik, R. TG–FTIR 
Analysis of Oxidation Kinetics of Some Solid Fuels Under Oxy-fuel Conditions. 
Journal of Thermal Analysis and Calorimetry 2013, 114(2), 483-489. 
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PAPER II 

Yörük, C.R.; Meriste, T.; Trikkel, A.; Kuusik, R. Thermo-oxidation 
Characteristics of Oil Shale and Oil Shale Char Under Oxy-fuel Combustion 
Conditions. Journal of Thermal Analysis and Calorimetry 2015, 121(1), 509-
516. 
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PAPER III 

Yörük, C.R.; Trikkel, A.; Kuusik, R. Oxy-fuel Combustion of Estonian Oil 
Shale: Kinetics and Modeling. Energy Procedia 2016, 86, 124–33. 
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PAPER IV 

Yörük, C.R.; Trikkel, A.; Kuusik, R. Prediction of Flue Gas Composition and 
Comparative Overall Process Evaluation for Air and Oxy-fuel Combustion of 
Estonian Oil Shale using Aspen Plus Process Simulation. Energy&Fuels 2016. 
(available online) 
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