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Introduction

The EU climate action plan set an interim target of reducing greenhouse gas (GHG)
emissions to at least 55% below 1990 levels by 2030 [1]. Renewables and the
enhancement of energy efficiency are crucial for establishing a low-carbon economy, and
these approaches are expected to play an important role in the future. Despite the rapid
growth of renewable energy is growing, it is not sufficiently fast enough to fulfil the
mounting global electricity demand [2]. Consequently, the combustion of fossil fuels
remains a major means of satisfying the world’s rising energy needs. The fossil fuel
combustion process is associated with the release of GHG and air pollutants (such as CO>,
SO2, NOy, etc.). However, compared to the direct replacement of fossil fuels, strategies
to reduce the emitted CO: are in high demand. This has facilitated the research and
implementation of carbon capture utilisation and storage (CCUS) [3], which is the only
technology that allows the continued use of fossil fuels, while also substantially reducing
GHG emissions. Oxyfuel circulating fluidised bed (CFB) combustion is among the most
promising CO2 abatement technologies for cleaner combustion [4]-[8]. By replacing
air with a mixture of high-purity oxygen and flue gas, the overall process becomes
nitrogen-lean and can generate flue gas that is rich in CO2 and ready for carbon capture
and storage.

Estonia has a long history of using oil shale, and its energy supply is dominated by
domestically produced oil shale, which provides the country a high degree of energy
independence and high carbon intensity.

Estonian oil shale is a low-grade Ca-rich fuel with high volatile organic compound and
ash content, primarily carbonate minerals [9], [10]. Qil shale can be burned to generate
heat and power or used to produce liquid fuel [11]. The combustion of a low-rank fuel
such as oil shale results in considerably higher rate of CO2 combustion. The pyrolysis of
oil shale results in the ex situ process producing a solid organic-containing residue waste
called semicoke. Waste products from the two aforementioned technologies are the core
interests of current research.

Semicoke is a potentially harmful solid material with a low energy content (low
heating value of 1-4 MJ/kg), the value of which depends on the type of technology used,
and this generally limits the possibilities of its further efficient utilisation. Currently, there
no study has presented suitable and efficient semicoke utilisation at the industrial level.
Semicoke is used as a solid heat carrier and burned, and hot ash is formed during the
combustion of semicoke, which serves as a source of energy for the pyrolysis of oil shale
in retorts [12], [13].

The widespread utilisation of Estonian oil shale necessitates the exploration of
techniques to mitigate CO2 emissions. A notable achievement in this regard was the
substantial reduction in CO2 emissions achieved through the decommissioning and
retrofitting of pulverised combustion (PC) boilers with CFB technology [14]. Special
attention was given to the co-combustion of oil shale with CO2-neutral fuel biomass for
further COz reduction. It has been shown that the co-utilisation of biomass with oil shale
enhances the combustion performance and reduces pollutant emissions, solid waste,
and ash formation [15]-[17].

In the context of the European green deal, the outcomes from COP27 and COP28
highlighted discussions on CCS as a crucial tool in the transition to a carbon-neutral
economy [3], [18]. Estonia’s commitment to reach carbon neutrality by 2050, along with
significant reductions in greenhouse gas emissions by 2030, underscores the importance
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of exploring all available avenues for emission reduction, including CCUS, which
announced a government plan of 80% decrease in GHG emissions by that date, including
70% by 2030 [19]. Thus, the reduction of GHGs can be accomplished in several ways as
follows. 1) Improving the efficiency of combustion systems owing to calcite decomposition
reduction, as mentioned earlier, using oil shale in CFB boilers. 2) Utilising alternative
fuels, such as biomass, to achieve negative CO2 emissions, or co-firing blended fuels, such
as biomass with oil shale, for better GHGs emission reduction, and 3) Implementing CO>
capture technologies, such as pre-combustion, post-combustion, and oxyfuel combustion
capture. The efficiency of these capture technologies is dependent on the CO:
concentration in the flue gas stream. Increased concentrations of CO; in the exhaust gas
stream facilitates a capture process that requires less complicated chemical treatments
and energy [20]. Therefore, CO2 capture and sequestration is more convenient and
cost-effective. Overall, it can be expected that among all the available options, oxyfuel
CFB combustion for the Estonian power sector represents the most promising carbon
capture technology in terms of techno-economic feasibility [21], reduction potential of
emissions, energy efficiency, and ease of retrofitting into currently operated power
plants. Consequently, the scope of the ClimMit project [22] facilitated the development
of advanced experimental progress in investigating the combustion of kukersite oil shale
for both air and different oxyfuel combustion regimes in a 60 kWth CFB pilot facility in
the Energy Technology Department at Tallinn University of Technology.

Research Objectives and Novelty

Oil shale plays a significant role in Estonia’s energy landscape, with approximately 40%
of its electricity demand being met by this resource and approximately 2% only of the
generated ash being recovered [19]. This reliance has resulted in increased interest in
and several studies on various aspects for Estonian oil shale oxyfuel combustion. These
include thermogravimetric analysis experiments to investigate the kinetics of oil shale
combustion in a CO; environment [23]-[25], small-scale batch laboratory reactor
experiments [26], process simulator-based modelling of the oxyfuel combustion process
with oil shale [25], [27], [28], and basic pilot scale experiments under 0O2/CO2 combustion
atmosphere of a maximum 30% inlet 02[29], [30]. These studies laid the groundwork for
pilot-scale oxyfuel combustion applications. Prior to full-scale implementation, pilot-scale
projects are crucial for the development and validation of new technologies. Researchers
and engineers can assess feasibility, performance, and potential challenges in real-world
conditions.

This ultimate goal of this study is to provide the first experimental tests of oil shale
oxyfuel combustion in a 60 kWth CFB pilot facility under multiple 02/CO2 combustion
environments and high inlet 0.% with the application of recycled flue gas (RFG).

The first research objective was to focus on the effects of oxyfuel on the combustion
of organic matter and reactions of mineral matter and compare them with air-based
combustion. More precisely, this study aimed to answer the following questions [Paper I]:

= How does the transition from air to oxyfuel combustion under 0,/CO; and
02/RFG with extremely high inlet 0:% affect heat distribution and the
combustion process of particles?
=  What will be the mineral matter behaviour under elevated CO; partial pressure?
What is the chemical and mineral characterisation of oil shale ash under oxyfuel regimes
for further ash handling and utilisation?
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The second research objective was to evaluate the emissions produced under
different 02/CO2 and 02/RFG regimes by understanding the following phenomena
[Papers Il and III]:

= NOx and N20 formation pathways for oil shale oxyfuel CFB combustion and
control measures.

= Direct and indirect sulfation behaviour and sulfur capture efficiency.

=  Specific carbon emission, and the extent of carbonate decomposition on the
total CO2 reduction

The third research objective was to maximise the CO2 capture process through the
partial replacement of oil shale with biomass for negative CO2 emissions, the theoretical
study was conducted using TG—MS analysis under air and different oxy-like conditions.
This study addressed the following questions [Paper IV]:

=  What is the effect of the oil shale biomass ratio on combustion characteristics
and evolved emissions?

= What are the synergistic effects of different fuel ratios under several
combustion regimes and heating rates?

=  What is the kinetics of oil shale, biomass, and their blends under different
oxy-conditions?

The fourth research objective was to integrate oxyfuel combustion into the shale oil
industry for the first time by implementing the following items [Paper V]:
= Use of extremely low-heating-value waste (semicoke) in the oxyfuel combustion
process.
= Performing pilot scale combustion process successfully under different regimes.
=  Evaluation of mineral matter behaviour and the main pollutant emissions.

Ultimately, and for future consideration, the objectives were extended to include a
literature review investigating recent oxygen production technologies and the most
efficient technology with the lowest energy penalty [Paper VI].

Consequently, this thesis classifies the removal of atmospheric CO2 produced by the
oil shale industry employing the oxyfuel process among other competitive technologies.
A process evaluation was achieved through an extensive experimental investigation of
an oxyfuel combustion series in a 60 kWth pilot facility utilising oil shale fuel.

The novelty of the present research is based on a detailed experimental investigation,
which served as a technical reference model for the industrial application of oxyfuel
combustion technology in oil shale power plants for the first time.

The primary focus of this dissertation was the characterisation of the ash produced by
the oxyfuel combustion of oil shale. The chemical and mineral compositions of the
produced ash were comprehensively investigated, with particular emphasis on Ca-Mg
silicates, clay minerals, free lime, and anhydrite. These compounds have significant
implications for the potential utilisation routes of ash and for understanding their
formation mechanisms under a broader range of oxyfuel conditions. These are expected
to facilitate appropriate strategies for ash management and utilisation.

To the best of our knowledge, this study is the first to report NOx and N0 emissions
during oil shale combustion under 02/CO2 and O2/RFG environments under the influence
of various factors, including the effects of different combustion atmospheres, excess
oxygen volumetric ratios in the primary oxidiser, and dense bed temperatures on total
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NOx and N20 formation. The identification of these optimal operating conditions during
oil shale oxyfuel CFB combustion can aid in lowering the cost of CO, impurity removal.

The co-combustion study of oil shale and spruce biomass illustrates a novelty in the
research on the synergistic effects of oil shale and biomass under air and oxyfuel
combustion for different fuel ratios and multiple combustion heating rates.

In the course of providing the first experimental study on the potential transition to
cleaner and more sustainable energy generation in the shale oil industry, the novelty of
the research work was reiterated by understanding the semicoke oxy-combustion
behaviour, temperature control and distribution along the riser, evolved emissions, and
carbonate decomposition.

Research Methodology

The methodology employed in this thesis was based on earlier research questions and
objectives as follows:

Experimental tests at the 60 kWth CFB pilot facility:

= A comprehensive literature review was conducted to understand coal and oil
shale CFB and oxyfuel combustion processes. The literature was divided based
on solid fuel, experiment scale, combustion regime, addressed related issues
(ash, particle distribution, NOyx, N20, SOx, oxy-combustion process, etc.), and the
primary study findings were defined.

= Data analysis began by identifying the steady-state regime under each
combustion experiment, filtering the data, collecting main process
measurements, analysing solid and ash samples, collecting emission
measurement data, and heat and mass calculations. The interpretation of the
results was mainly based on an in-depth understanding and evaluation of the
obtained outcome and research correlation with other literature that helped
validate the results and provide context for understanding the significance of
the findings.

Instrumental tests using TG-MS

=  The co-combustion of oil shale and biomass tests were established based on a
thorough literature review that filled the critical gaps required to conduct
this research. The co-combustion ratios, heating rates, and combustion
atmospheres were defined based on the literature. Following the experiments,
the characteristics of co-combustion were identified with the evolved emissions
at different heating rates, and theoretical and experimental results were
calculated to identify the synergistic effects. Finally, the kinetic parameters
were calculated and verified by employing multiple methods using free code
available in the literature.

Research contribution and dissemination
The contributions presented in this thesis comprised three main parts:
1. Technical feasibility of oil shale oxyfuel combustion process: This section
evaluates the viability of implementing oxyfuel combustion technology in oil shale

industrial power plants. This study investigated the compatibility of oil shale with
oxyfuel combustion, assessed the performance under extremely high inlet 0:%
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with flue gas recirculation, analysed solid fuel combustion and ash formation,
evaluated emissions and with total CO: in the flue gas stream (CO2 purity), and
addressed nitrogen oxide process control mechanisms. These findings contribute
to the understanding of the technical feasibility and potential hurdles of adopting
oxyfuel combustion for oil shale power generation. By advancing the
understanding and implementation of oxyfuel combustion technology in the oil
shale industry, Estonia can potentially reduce its carbon footprint while
sustainably meeting its energy needs. Moreover, this study may contribute to the
broader adoption of oxyfuel combustion as a cleaner alternative for power
generation in other regions with similar energy-resource profiles.

2. Application of oxyfuel combustion in shale oil industry: This section explores the
utilisation of oxyfuel combustion technology using semicoke, a substantially
harmful organic waste with extremely low heating value. The combustion
characteristics, performance, and emission profiles of semicoke under oxyfuel
combustion conditions were investigated. By extending oxyfuel combustion to
semicoke, this thesis expanded the understanding of its applicability to a wider
range of solid waste utilisation and provided insights into the potential
integration of the oxyfuel combustion process in the shale oil industry.

3. Partial replacement of oil shale oxyfuel combustion with biomass for negative
CO: emissions: This section explores the synergistic effects of combining biomass
with oil shale in oxyfuel combustion and assesses the technical potential for
negative CO2 emissions. By proposing theoretical guidelines for reducing CO2
emissions in oil shale power generation, this study advanced sustainable energy
practices in the oil shale industry.

Research Outline

This thesis ‘Oil Shale Oxyfuel CFB Combustion’ is the culmination of the author’s research
conducted at the Energy Technology Department at Tallinn University of Technology.
The remainder of this paper is structured as follows.

Chapter 1 offers a literature overview describing the theoretical fundamentals,
whereas the primary sections of the literature reflect the core tasks conducted in this
thesis. This includes basic capture principles, oxyfuel combustion, nature of solid fuel
combustion, ash behaviour [Papers I, V], and primary emissions generated from solid
fuel combustion [Papers II-1ll and V]. Further, recent oxygen production technologies
are discussed [Paper VI]. Thereafter, the bio-CCU process allowed negative CO:
emissions [Paper IV].

Chapter 2 presents the fuels used in the experimental tests: oil shale [Papers I-1V],
biomass [Paper IV], semicoke [Paper V], the experimental setup for pilot-scale tests in
the 60 kWth facility [Papers I-lll and V], and the experimental method for the
instrumental test using TG—MS [Paper IV].

Chapter 3 includes the results and discussion of a series of experimental test
operations on a 60 kWth scale. It focuses on the primary outcomes of the air and
oxy-combustion process approach at steady-state operation utilising oil shale and
semicoke, the analyses of ash samples from different separation ports, and flue gas
measurements [Papers I-Il, V].
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The TG—-MS experimental results indicated the primary co-combustion characteristics
of oil shale and biomass, and the focus was drawn towards the synergistic effects and
the main generated emissions [Paper IV].

Chapter 4 concludes the results of the research and presents suggestions for future
work.
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Abbreviations

ASU Air separation unit

BA Bottom ash

C1 Cooler 1

Cc2 Cooler 2

CCUs Carbon capture utilization and storage
CCS Carbon capture and storage

CFB Circulating fluidized bed

CPU CO2 compression and purification unit
ECD Extent of carbonate decomposition
EHE External heat exchanger

FTIR Fourier transform infrared

GHG Greenhouse gas

LOI Loss of ignition

LHV Net heating value

MS Mass spectrometer

OPTs Oxygen production technologies

PC Pulverized combustion

PSD Particle size distribution

RFG Recycled flue gas

SHC Solid heat carrier

SSA Specific surface area

XRD X-ray diffraction

XRF X-ray fluorescence

TG Thermogravimetric analysis

Tos Temperature of dense bed

Tene Temperature of external heat exchanger
Triser Maximum riser temperature

16



1 LITERATURE REVIEW

1.1 CO; Capture Technologies

Carbon capture technologies can be broadly categorised into three main processes based
on the stage at which CO:z is captured: upstream, downstream, and fuel combustion.
Therefore, a particular process is classified as a pre-combustion, post-combustion,
or oxy-combustion technology [31], [32]. Figures 1-3 show the three approaches for CO2
capture applied to the delivery of heat and/or power.

1.1.1 Pre-combustion

The precombustion process involves the capture of CO2 upstream of the combustion
process. In the case of solid fuel, the first step includes the gasification of the fuel to
produce syngas containing primarily Hz, CO, and CO.. For gaseous fuels, syngas is
produced through reforming. Thereafter, the syngas undergoes several cleaning and CO;
separation steps to achieve an almost pure Hz-stream that is subsequently oxidised in a
dedicated gas turbine. A simplified diagram of this process is shown in Figure 1.
An example of a pre-combustion approach is the integrated gasification combined cycle
(IGCC) with CO2 capture [33], [34].

Air

iy

ASU H2, Air | Gas/steam I Power
! turbine and heat
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Gasification »| Reforming CO2 separation ———»  CO2 Capture

Figure 1. Pre-combustion capture process.
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1.1.2 Post-Combustion

The post-combustion approach involves capturing CO2 downstream of the combustion
process. Post-combustion CO2 capture processes are characterised by their ability to
retrofit existing emission sources such as power and industrial plants. Flue gas comes
from the combustion of fossil fuels and air, and is used for heat and power production,
Figure 2. The flue gas flows into a downstream capture plant, where CO; is separated
from the flue gas stream. The separated CO: can then be processed, stored, or utilised,
depending on the application.
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Figure 2. Post-combustion capture process.

Processes for post-combustion CO2 capture are based on chemical or physical
absorption. Chemical absorption by aqueous monoethanolamine (MEA) solvents has
already been employed on a large-scale [35], [36]. Other processes include the chilled
ammonia process [37], [38] and CO2 capture using membranes [39], [40]. The calcium
looping process is also categorised as a post-combustion CO2 capture process [41].

1.1.3 Oxyfuel Combustion

Oxyfuel combustion refers to fuel oxidation in the absence of air-nitrogen. CO:
concentrations exceeding 90% can be achieved using a mixture of pure oxygen and
recycled flue gas (RFG) as the reactants for fuel combustion [4]—[7]. The oxygen used in
oxyfuel combustion is separated from the air, whereas CO: is separated from the exhaust
gas, which consists primarily of CO2 and water vapour, by lowering the temperature and
cooling the flue gas such that the vapour condenses, as shown in Figure 3. Oxyfuel
combustion is a promising option for use in CFB boilers. Oxyfuel combustion ensures a
high concentration of CO: in the flue gas, rendering carbon capture more economical
than in conventional plants [42].
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Storage

Figure 3. Oxyfuel combustion process [from paper I]

Currently, oxyfuel combustion has a TRL > 7 [43], [44], with particular advantages,
such as good environmental performance and fuel flexibility. Combustion with pure
oxygen generates very high temperatures and facilitates the possibility of addition of an
external heat exchanger to a solid recirculation system to control the combustion
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temperatures [45]. Oxyfuel combustion with RFG can be retrofitted into existing
conventional coal-or natural gas-fired power facilities [4] or implemented using a smaller
boiler design. By increasing the oxygen concentration, the volume of gases flowing
through the furnace was significantly reduced, thereby reducing the combustor size and
capital expenses [46]. However, a primary drawback of oxyfuel combustion is the energy
requirements of the air separation unit (ASU) and the cost of Oz production, which
reduces the total efficiency of the power plant [7]. The production of O; exceeding 95%
purity is considered the primary challenge for this technology, followed by energy
demands of the CO2 compression and purification unit (CPU).

Variations in oxyfuel combustion arise from the different methods used to provide
oxygen. In the most mature oxyfuel combustion process layout, oxygen in the oxidation
agent is provided directly by an onsite cryogenic ASU [4], [47].

Alternative methods for supplying oxygen, such as chemical looping, are currently
under investigation to mitigate the efficiency drawbacks associated with operating an
ASU. In this approach, a solid oxygen carrier circulates between air and fuel reactors.
Within the fuel reactor, the oxygen carrier released oxygen during fuel combustion.
Subsequently, it is transferred to an air reactor, where the oxygen carrier undergoes
oxidation again [48], [49].

1.2 Solid Fuel Oxy-Combustion

Oxyfuel gas turbines, with specifically designed oxyfuel burners, are used in industrial
combustion processes [50]. In these industries, this technology aims to improve
productivity, decrease energy consumption, and reduce NOx emissions. However,
the combustion of solid fuels is considerably more challenging. When a fuel particle is
delivered to a CFB combustor, it undergoes several stages, including heating and drying,
devolatilisation, volatile combustion, and char combustion.

In oxyfuel conditions, the environment wherein the fuel burns differs from that of air
combustion owing to the replacement of air nitrogen with RFG and higher O2
concentration. This affects the rate of combustion, combustion of organic matter,
reactions of mineral matter, heat transfer, boiler hydrodynamics, and the behaviour of
ash (i.e., CaC03-Ca0 decomposition ratios [4]). These differences are primarily caused by
the dissimilar properties of CO2 and N2, which are the primary diluting gases in the
furnace during oxyfuel and air combustion, respectively. For example, the molecular
weight of CO2 (44 g/mol) is higher than that of N2 (28 g/mol); consequently, the density
of CO:z is higher. In addition, CO2 exhibits a higher heat capacity compared to N2 and
possesses a lower Oz diffusivity than N2; consequently, an elevated O2 concentration in
the combustion atmosphere is required to maintain the same combustion characteristics
as in air firing.

When compared with air combustion in CFB, the emission levels from oxyfuel
combustion were found to be different. According to the pilot tests performed by Jia
et al. [51], NOx emissions were reduced.

The findings related to sulfur capture are variable. In oxyfuel combustion, the capture
of SO2 does not always proceed as in the case of conventional combustion [52], [53].
SO capture may occur via direct sulfation; that is, CaCOs reacts directly with SOz [51].
The phenomena of hindered calcination and SO: capture efficiency in oxy-combustion
has been studied by CanmetENERGY with 0.1 and 0.8 MWth CFB pilots [51], [54].

In an oxyfuel CFB boiler, limestone reactions do not proceed as in the case of
conventional combustion. The partial pressure of CO:z is high during oxyfuel combustion,
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indicating that limestone calcination may be hindered [55]. In addition, if CaO particles
are present in a boiler, under certain conditions, they re-carbonate to CaCOs, which is
normally an unwanted reaction in a CFB boiler.

Table 1 provides a concise summary of thesis core literature of key experimental
studies investigating oxyfuel combustion using coal as a solid fuel.

Table 1. Literature studies on coal oxyfuel combustion experimental tests.

Size o Fuel particle
Author Fuel Type [MWth] 0% Ca/s size (mm)
Czakiert T. [56] Brown coal Oxy-CFB Lab scale 21-60 - -
L. Jia [57] Bit Coal Oxy-CFB Lab scale 28-30 - <5
K. Myshanen [58] Bit Coal Oxy-CFB 06081;- 21-39 1-2.4 -
L. Jia [51] Petcoke, Bit Coal Oxy-CFB 0.1 44-60 2.3 4,6
Czakiert T. [59], [60] Bit Coal Oxy-CFB 0.1 21-35 - -
Wu Y. [55] Bit Coal, Coal, Oxy-CFB 0.1 28-30 23 .
Petcoke
Duan L. [52], .
(61]-[63] Bit Coal Oxy-CFB 0.05 21-40 2-3 <6
Y. Tan [64] Petcoke, Bit Coal Oxy-CFB 0.8 23 3.0 <6
. Pine bend coke,
L. Jia [54] Anthracite Oxy-CFB 0.8 29 1-3 -
[DGQS;"’S Obras. 53], Anthracite Oxy-BFB 0.003 27-45 3.0 0.2-1.2
De Diego [66], [67] Anthracite Oxy-BFB 0.003 27-35 0-3 0.2-1.2
Lignite
Lupiafiez C. [68], Anth.rac!te and Oxy-BFB 0.9 28-45 ) 0.7-1.2
[69] lignite
Lupion M. [70] Coal Oxy-CFB 30 21 - -
M. Gémez [71] Anthracite Oxy-CFB 30 25 2.54 <6
Pikkarainen T. [72] Bit coal Oxy-CFB 0.1 28-42 4 0.5-4
Haoyu Li [73] Coal Oxy-CFB 1 50 - 1-8
Hofbauer G. [74] Bit Coal Oxy-CFB 0.15 22-36 - -
Bithi Roy [75] Brown coal Oxy-CFB Z‘Z'a‘lc: 30-40 . 0.106-0.152
Li Tan [76] Coal Oxy-CFB 0.1 50 2.5 0-4
Shiyuan Li [77], [78] Coal Oxy-CFB 1 30-50 - -
Wei Li [79]-[81] Coal Oxy-CFB 0.05-1 21-50 2.5-4 0.1-1
Ji-Hong Moon [82] SUb_»blt_ coal, Oxy-CFB 0.1 24 - <10
lignite

Oil shale fuel combustion differs from conventional fuel owing to the use of oil shale.
Moreover, no additional sorbent material is required for feeding to the CFB boiler to
facilitate SO2 capture because carbonate minerals act as sorbents for controlling SO2
emissions. During the combustion of oil shale, the decomposition of carbonate minerals
may negatively affect the amount of heat released because the evolution of mineral CO>
is accompanied by an endothermic effect, amount of ash produced, and amount of CO>
emitted. The share of CO2 emissions from the mineral portion of the fuel is dependent on
the content of mineral CO,, the fuel, and the extent of carbonate mineral decomposition
during the processes occurring in the combustor [83].

The ash content of Estonian oil shale can reach up to 50% without considering the
amount of COz present in the ash. Further, it can reach up to 70% if 100% of CO2 remains
in the ash; consequently, a large amount of solid waste is produced upon combustion.
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Table 2 lists the main oil shale and semicoke combustion test studies under air and
oxyfuel regimes. Air combustion is presented here and used in the research as the
baseline. However, literature on oil shale oxyfuel combustion is very limited, as indicated
in Table 2, and conducting original research in this area will fill important knowledge gaps
and contribute to the advancement of the field.

Table 2. Literature study on oil shale combustion experimental tests.

. Fuel
Author Fuel Type [“:\I;;:h] Air/0:% Ca/s particle
size (mm)
Neshumayev D. [84] Qil shale-Estonia CFB 250 Air 8-10 0-15
Konist A. [26] QOil shale-Estonia Oxy-FB Bsi:reh 21% 8 <3
. . Oxy- Air, 21%,

Loo L. [29] Oil shale-Estonia CEB 0.06 30% 8 <3
Khraisha Y. [85] Oil shale-Jordan FB BsiZlceh Air _ 0.85-6
Al-Makhadmeh L. . Oxy- Air, 27%,

(86]-[88] Oil shale-Jordan CrB 0.02 35% 0-3 0.035
J. Xiumin [89] Oil shale-China CFB Bsigfeh Air 4-8 0-1.2
Trikkel A. [90] Semicoke- CFB 0.05 Air _ 0-5
Estonia
Yu Yang [91] Semicoke-China BFB Pilot scale Air _ <3

1.2.1 Ash Behaviour

Buring of solid fuel in boilers in thermal power plants for energy use yields a residue
called ash. The ash behaviour from the combustion of solid fuels such as coal, oil shale,
and even low ash content in biomass must be studied for a better understanding of the
combustion process and ash disposal issues. Coal oxyfuel combustion ash has been
investigated in several studies [55], [77], [80], [92], [93]. It has been reported that oxyfuel
combustion under an 02/CO2 atmosphere does not significantly change the types of
minerals produced in particles. However, it affects the relative content of these minerals
[77], [94]. Oxyfuel combustion can also affect the distribution of fine submicron particles
[95]. Wider particle size distributions (PSDs) of fly ash were observed under 30% 02/70%
CO2 with an elevated concentration of fine particles [96].

Oil shale combustion produces large amounts of solid waste. The influence of fluidised
bed oxyfuel combustion on the formation of oil shale ash is very limited [26], [29], [30],
[87]. From the perspective of power generation, the produced ash is a waste material
because it has been considered hazardous waste for a long time and is mainly landfilled
[97], which will soon become excessively costly. Recently, oil shale ash was removed
from the list of hazardous substances, opening more opportunities for ash reuse [98].

The thermal decomposition of dolomite should be considered during the combustion
of oil shale. The calculation methodology for the extent of carbonate decomposition ECD
(kco,), has been described thoroughly by Arro et al. [83].

The utilisation of solid waste from oil shale processing is difficult, and ash valorisation
remains one of the most contentious issues in Estonia’s energy sector. The oil shale
industry accounts for more than 70% of the Estonian energy sector and approximately
40% of planned oil shale is consumed by direct combustion in thermal power plants.
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The recovery of ash is extremely limited, and in the current economic situation,
approximately 2% of the generated ash is only recovered [19].

1.2.2 Emissions of Nitrogen Oxides

Nitrogen oxides from fossil fuel combustion yields mainly of nitric oxide (NO), nitrogen
dioxide (NOz), and nitrous oxide (N20). NOx is a generic term for nitrogen oxides (NO and
NO:z), which are considered very toxic at high concentrations, are responsible for acid
rain, and participate in the formation of photochemical smog [99]. Nitrous oxide (N20) is
a greenhouse gas and the primary contributor to stratospheric ozone layer depletion
[100].

In combustion processes, nitrogen oxides (NOx) are formed by the partial oxidation of
fuel-N entering the combustor and/or by the oxidant (mainly air) used for combustion.
The formation of nitrogen oxides can occur primarily by three mechanisms [101] (Figure
4): (1) Thermal-NOx, which forms because of the direct oxidation reaction between
atmospheric nitrogen and oxygen; (2) Prompt-NOx, which forms owing to the reactions
between atmospheric nitrogen and hydrocarbon radicals from the fuel; and (3) Fuel-NOx,
which forms because of the oxidation of the nitrogen present in the organic matter of
the fuel. The thermal and prompt nitrogen oxides mainly occur at combustion
temperatures exceeding 1,100 °C, which is inherent in the fossil fuel pulverised
combustion technology.

In CFB combustion technology, the operating temperatures are typically in the range
of 800-900 °C, and the formation of nitrogen oxides is mainly attributable to the fuel
nitrogen conversion [68]. In solid-fuel combustion, the formation of nitrogen oxides from
fuel N results in a relatively large number of homogeneous and heterogeneous complex
reactions, as shown in Figure 4 [102].

The formation of NOx is not only determined by the nitrogen content of the fuel or the
phase; itis also a function of multiple factors, such as the volatility of the nitrogen present
in the fuel, excess air, air staging, residence time, fixed carbon in the bed, and the
presence of S adsorbent catalysts [59], [68], [103]-[105]. Nitrogen oxides are reduced
from volatile N and char-N through a homogeneous reaction with CO and H,, and a
heterogeneous reaction with soot, char, and adsorbent additives. Under these
conditions, the formation of N.O from the CFB system has been significant, primarily
because of the oxidation of HCN in the gas phase, with a lower contribution from char-N
oxidation [106]. Several studies have shown that oxyfuels inhibit NOx formation
[107]-[109]. Oxyfuel combustion has a positive effect on N2O emissions, which are higher
than those from air combustion [77], [110]. However, these emissions were reduced at
higher inlet 02% [110]-[112].
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Figure 4. Pathways of nitrogen oxide formation at pulverized and CFB combustions [from paper Il]

1.2.3 Emissions of Sulfur Oxides

In CFB, the combustion process occurs place largely in an excess of oxygen (excess air
factor >1). Consequently, combustible sulfur compounds are practically completely
oxidised to sulfur dioxide (SO2). The transformation of sulfur compounds during
combustion involves a complex series of reactions wherein different gaseous
components simultaneously participate: SOz, HzS, COS, CSz, 02, CO, Hz, H20, and CO2
[113]. In the presence of a sufficient concentration of oxygen (greater than the
stoichiometric amount), the sulfur compounds formed are completely oxidised to SO..

Combustion in a CFB boiler offers an additional advantage; that is, sulfur can be
captured inside the combustor using a calcium-based sorbent (limestone). In oxyfuel
combustion, the environment wherein the fuel burns differs from that in air combustion
owing to the replacement of air-nitrogen with 02/CO2 or O2/RFG. The control of SO2
emissions is achieved because SO: is captured through both indirect and direct sulfation
routes, which differ from conventional air combustion [114].

In the air-firing environment, the CFB combustor, in most cases, operates in the region
below the equilibrium curve wherein limestone calcination occurs. Owing to the furnace
temperature being higher than the decomposition temperature of calcite (CaCO3s), calcite
dissociation occurs.

CaCo; & Ca0 + CO, AH® =178.2 kJ/mol (1)

Following dissociation, indirect sulfation occurred in the CFB combustor as the
limestone (CaO) reacted with sulfur dioxide (SO2):

Ca0 + S0, +7 0, - €CaSO, AH® = —502.4 kj /mol (2)
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The rate of indirect sulfation can be slow or fast depending on many factors [115].
In oxyfuel combustion mode, the CFB combustor operates in the region above the
CaC03-Ca0 equilibrium curve at temperatures of 800900 °C, hence, direct sulfation
occurs:

CaCo; + S0, +§ 0, - CaS0, +C0O, AH® = —324.2k]/mol 3)

The CFB combustor temperature and CO:2 partial pressure primarily determine direct
and indirect sulfation routes [116]. It is generally believed that under oxyfuel
combustion, owing to the relatively high CO2 partial pressure, the binding of SO: to calcite
occurs mainly via a direct reaction [4], [63]. The degree of limestone sulfation is
controlled by chemical reactions and solid-state diffusion [117], and the rate of limestone
sulfation decreases rapidly during the reaction process. This is because the molar volume
of CaSOa is considerably higher than that of CaO. Thus, the small pores in CaO are plugged
by a layer of CaSO4 [118], necessitating the addition of a stoichiometric sorbent to
remove sufficient SO.. This eventually increases solid waste generation. In general, sulfur
conversion ratios exceeding 85% are achieved regardless of the combustion atmosphere;
however, with oxyfuel combustion, higher conversion ratios have been reported owing
to SO; recirculation with RFG. Moreover, the accumulated recycled SO: in the combustor
enhances sulfur capture efficiency [59]. Notably, in case of oil shale combustion,
the thermal decomposition of dolomite should also be considered for sulfur capture.
The sequence of reactions of dolomite decomposition under equilibrium conditions are
follow Eqgs (4 and 1) [119]:

CaMg(C0s), & CaCOs +Mg0 + CO, AH® = 124.6 kj/mol (4)

Other studies have reported that at CO: partial pressures below (20 kPa), dolomite
decomposition into CaO and MgO is observed to occur via a single-stage reaction [120]
[121]:

CaMg(C03), © Mg0 + CaO + 2C0, AH® =295.6kJ/mol (5)

1.3 Oxygen Production Technologies (OPTs)

The mini-review section presented in [Paper VI] discusses the most widely used
technologies for oxygen production. These technologies are divided based on
conventional oxygen production: cryogenic distillation and pressure swing adsorption,
and novel technologies: membranes, chemical looping, air separation, and electrochemical
water-splitting technologies (Figure 5).
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Figure 5. Main oxygen production technologies for oxyfuel combustion process [from paper VI]

An example of these technologies is the cryogenic ASU which is among the most
developed technologies [122] and the most feasible method for the high-volume oxygen
production required for the oxyfuel combustion process [7]. For instance, a 500 MWe
coal-fired oxy-combustion power plant requires 9000-10,000 tO2/d [123], [124].
The power consumption of the ASU unit to produce O, with 95% purity varies between
184 and 260 kWh/tO2 [123], [125], [126]. For a small unit using vacuum pressure—
temperature swing adsorption technology is 500-888 kWh/t0, [127], [128]. With oxygen
transport membranes, the conventional process normally has an associated consumption
of 201.38 kWh/tO2 [129], whereas the literature estimates a decrease in power
consumption ranging between 85-362 kWh/t0O, [130].

Another example is the integration of membrane and cryogenic technologies which
has recently attracted attention for further power reduction [131], [132]. It was
demonstrated that a cryogenic ASU reduced power usage for 99.8% oxygen purity to
179 kWh/tO2 [50]. In addition, the hybrid membrane cryogenic oxygen separation
method exhibits a 1.1% higher net efficiency than the conventional cryogenic ASU [126].

Oxyfuel combustion requires reliable and efficient technology for oxygen production.
The most feasible technology for oxygen production is dependent on several factors such
as energy efficiency, scalability, cost-effectiveness, and compatibility with oxyfuel
combustion systems. Apart from the cryogenic process, there are a few other promising
technologies, such as chemical looping air separation and renewable base air separation.

1.4 Negative CO; Emissions

The removal of atmospheric CO: is feasible through the implementation of negative-
emission technologies. Bioenergy with CCS (bio-CCS) and direct air-capture systems are
the technical approaches. Bio-CCS involves the utilisation of bioenergy in a power or
industrial plant combined with a CCS system [133]. Figure 6 shows a carbon balance
comparison for different energy systems, which generally results in net negative
emissions; whereas, fossil-CCSs usually result in near-zero emissions at best [134], [135].
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The partial replacement of fossil fuels and the reduction of CO2 emissions through the
co-combustion of carbon-neutral fuels, such as biomass have garnered significant
attention. The need for more aggressive action to combat climate change has become
evident, as we are no longer on track to achieve the necessary 1.5-degree reduction in
global temperatures. Instead, there is a growing urgency for negative carbon capture
technologies. In the case of biomass co-combustion with different fuels under oxyfuel
conditions, if the CO2 produced is captured, the resulting emissions from the combustion
can be considered negative carbon emissions, as explained earlier.

Recently there have been multiple studies on the co-firing of biomass and coal under
oxy conditions [136]—-[139]. The primary findings were a synergistic effect in the
devolatilisation region during oxyfuel co-combustion and an improvement in the
combustion conditions depending on the biomass-to-coal blend ratio.

The application of co-utilisation has also been extended to the use of unconventional
fuels such as oil shale. Qil shale contains higher quantities of minerals than biomass,
which contains only a small percentage of ash. Consequently, the combustion
performance of the OS can be greatly improved to maximise the process efficiency.
Several studies have investigated the interaction between OS and biomass for better
design and operation of combustion facilities [15]-[17], [140], [141]. In [16], the ignition
temperatures decreased towards lower temperatures. The results of biomass and oil
shale co-combustion in a CFB test facility have shown that 15% of biomass thermal
contribution reduces CO2 emissions by 14.6% and ash formation by 16% compared to
conventional oil shale CFB combustion [15].

Studies on the oxyfuel co-combustion of oil shale and biomass are scarce [24], [28],
and further in-depth theoretical and experimental studies are required. As motivation of
the research presented in [Paper V], in a previous study [21] it was found that based on
the biomass share of the fuel blend, the negative CO2 emission can be as low as -40%
(an average of -0.7 Mt COz/y) of the initial level when the biomass is at 50% of the fuel
blend under oxyfuel CFB combustion.

There is a knowledge gap around biomass fuels, which vary widely in composition and
sulphur and nitrogen contents, which can render oxyfuel utilisation of these fuels with
an unconventional fuel such as oil shale more challenging. Moreover, there is a critical
need to study the fundamental mechanisms associated with the oxyfuel co-combustion
of oil shale and biomass. Further research is required to improve the blending and
cofiring of fuel mixtures and to reduce emissions and solid waste in the oil shale industry.

Positive Neutral Neutral Neutral
to slightly to slightly to
positive positive negative

|

Fossil Fossil fuels Renewable Bio-energy Bio-energy
fuels with CCS energy with CCS

Figure 6. Carbon balance for different energy systems. ([135], adapted from ecofriendlymag.com;
grey denotes carbon of fossil origin, blue denotes carbon of biogenic origin).
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2 EXPERIMENTAL METHODS

This dissertation was based on five studies. The fuel used, experimental work, and
calculation methodologies are described in detail in these papers; however, an overview
of the materials, experimental devices, and methods applied is provided here.

The first section includes a short description of the materials used for Estonian oil
shale [Papers I-lll], biomass [Paper 1V], and semicoke [Paper V]. This was followed by
oxyfuel experimental tests conducted using the CFB pilot facility [Papers I-lll and V] and
research on oxyfuel co-combustion of oil shale and biomass using a thermogravimetric
analyser coupled with a mass spectrometer TG-MS [Paper IV].

2.1 Materials

2.1.1 Oil Shale

Estonian oil shale is a low-grade Ca-rich fuel with high volatile organic compound and ash
content, primarily carbonate minerals [9], [10]. Energy-rich sedimentary rocks can be
burned for heat and power generation or used to produce liquid fuels [11]. Oil shale
reserves in many regions exceed crude oil reserves [142], which is an important
alternative to fossil fuels. Because oil shale contains higher quantities of minerals, the
combustion performance can be greatly improved to maximise the process efficiency.

Estonia has a long history of using oil shale, and its energy supply is dominated by
domestically produced oil shale, which provides the country a high degree of energy
independence and high carbon intensity. The fuel used in this research was
kukersite-type Estonian oil shale [143], which mainly comprises carbonates and sandy
clay parts; therefore, the molar ratio of Ca/S in the fuel used was higher than 8. By using
Ca-rich oil shale fuel, no additional sorbent material is required to be fed into the CFB
boiler for SO2 capture because carbonate minerals (calcite and dolomite greater than
60%) act as sorbents for controlling SO2 emissions. However, the decomposition of
carbonate minerals negatively affected the amount of CO2 emitted. This implies that the
application of oxyfuel combustion provides several advantages.

Kukersite-type oil shale samples, provided by the Viru Keemia Grupp, were used for
the 60 kWth CFB pilot tests [Papers I-lll and IV], and the fuel was sieved to pass through
3 mm openings. Table 3 presents the ultimate and proximate analyses of the oil shale
fuel. Tables 4 and 5 list the chemical and mineralogical compositions of the mineral
components of the oil shale, respectively. The oil shale PSD, shown in Figure 7, was
determined using a laser scattering particle size distribution analyser LA-950 (HORIBA).

Table 3. Proximate and ultimate analysis of the oil shale [from paper | and IV]

Fuel  Proximate analysis® (wt.%) Ultimate analysis® (wt.%)
LHV
Moisture  Ash \Y FC C H a0 N S cl
(MJ/kg)
osb 0.18 52.05 46.36 1.59 9.76 2738 2.68 036 0.07 1.57 0.076
30% = 100-(W+A+CO2+S+TOC+H+N) %
b0S: Qil shale

Table 4. Chemical composition of the mineral part of the oil shale [from paper I and IV]

Components SiO; Al,03 Fe;0; CaO MgO Na,O K;O SO3 LOlgspc
Content, wt.% 15.39 3.64 2.03 2252 3 0.09 1.6 391 47.12
LOlsso-c = Loss of ignition at 950 °C
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Table 5. Mineralogical composition of the mineral part of the oil shale [from paper | and IV]

Quartz  K-feldspar  Calcite Dolomite Chlorite  Pyrite
Si02 KA|Si303 CaC03 CaMg(C03)2 C|Oz F852
Content, wt.% 11.6 6.5 43.1 20.3 3.5 1.9 13
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Figure 7. Particle size distribution of oil shale [from paper 1]

2.1.2 Biomass

Biomass is a CO2-neutral fuel that can be blended with different fossil fuels and burned
in conventional power plants, resulting in CO2 reduction [144]. The direct combustion of
biomass as an individual fuel in boilers is plagued by several operational problems,
including agglomeration, deposit formation, and corrosion, owing to its high alkali
content, which can be avoided by co-combustion [15], [145].

Woody biomass comprises several complex high molecular weight compounds; the
main components are hemicellulose, cellulose, and lignin, which decompose at the
temperature range of 225-325 °C, 305—-375 °C, and 250-500 °C, respectively [17], [146],
[147]. In general, hemicellulose has a higher calorific value than other lignocellulose
components [146].

In this study, common spruce biomass samples were mixed with oil shale for the
TG—-MS experiments [Paper IV]. Table 6 presents the proximate and ultimate analyses of
the biomass used in this study. The oil shale ash and S contents were significantly higher
than those in the biomass, whereas the moisture, volatiles (V), fixed carbon (FC), LHV, C,
H, O, and N contents in the biomass were usually higher than those in the oil shale.

Table 6: Proximate and ultimate analysis of the spruce biomass [from paper IV]

Fuel  Proximate analysis® (wt.%) Ultimate analysis® (wt.%)
LHV
Moisture  Ash \Y FC C H a0 N S cl
(MJ/kg)
BMc  6.00 0.27 84.67 15.06 20.21 50.04 6.35 37.24 0.103 “nd 0.004

30% = 100-(W+A+CO2+S+TOC+H+N) %
bn.d: No detection
‘BM: Biomass
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2.1.3 Semicoke

Semicoke is a solid organic residue formed during aboveground thermal shale oil
production. Semicoke is a potentially harmful solid material whose properties are highly
dependent on the thermal processing technology used [148]. One of its peculiar
characteristics is its low energy content (low heating value of 1-4 MJ/kg). This value
depends on the type of technology used, and generally limits the possibilities of its
further efficient utilisation. Currently, there is no suitable and efficient utilisation of
semicoke at the industrial level owing to various technical and non-technical obstacles.
Therefore, its combustion for energy purposes to generate steam and electricity is
considered a primary direction for its further processing. CFB are primarily used for
semicoke combustion [91], [149], [150]. In the process of solid heat carrier (SHC)
technology, semicoke is burned to generate a solid heat carrier, which is hot ash formed
during the combustion of semicoke, which further serves as a source of energy for the
pyrolysis of oil shale in retorts [151].

The proximate and ultimate analyses of a representative semicoke sample used in
[Paper V] are summarised in Table 7. The chemical composition of the semicoke ash is
presented in Table 8 It was prepared and tested using a Rigaku Primus Il XRF
spectrometer. Table 9 presents the semicoke quantitative X-ray diffraction (XRD) results.
XRD experiments were performed using Cu Ka radiation in the 26 range of 3—72° with a
step size of 0.02° 26 and a counting time of 0.1 s/step. The X-ray tube operated at 40 kV
and 40-mA.

Table 7. Proximate and ultimate analysis of the semicoke [from paper V]

Fuel Proximate analysis Ultimate analysis? (wt.%)
Ash? (wt. %)  LHV (MJ/kg) C (total)  C(organic) H o N S
SC¢ 68.18 <1 10.81 2.90 0.24 18.49 0.035 2.24

aAsh at 815 °C
50% = 100-(W+A+CO,+S+TOC+H+N) %
¢SC: Semicoke

Table 8. Chemical composition of the semicoke [from paper V]

Components Content, wt.%
SiO; 6.92
Al,O3 1.66
Fe203 2.48
Cao 45.1
MgO 3.58
Na,O n.d.
K20 0.51
SO3 5.72
P,0s 0.13
TiO; 0.101
Zn0 0.019
SrO 0.036
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Table 9. Mineralogical composition of the semicoke [from paper V]

Components Content, wt.%
Quartz (Si0,) 4

K-feldspar (KAISizOg) 2.4
K-mica (AlszOsSi) 0.4
Calcite (CaCOs) 67.9
Portlandite (Ca(OH),) 1.8
Dolomite (CaMg(CO0s),) 1.2
Periclase (MgO) 3.8
Anhydrite (CaSO4) 7.5
Belite (C,S) 4.8
Akermanite (Ca,Mg(Si>07)) 3.9
Merwinite (CazMg(SiO4)2) 0.5
Hematite (Fe,03) 1.4

2.2 Equipment and Methods

2.2.1 60 kWth Circulating Fluidized Bed (CFB) Pilot Facility
Qil shale, semicoke air, and oxyfuel combustion tests [Papers I-lll and V] were conducted
in a 60 kWth CFB pilot facility. A schematic of the pilot is shown in Figure 8, which
comprised a furnace with a height of 4.90 m and an inner diameter of 0.12 m. A screw
conveyor was used for fuel feeding at a height of 1.17 m, and the recirculated solids were
fed back at a height of 1.5 m with secondary air. The CFB test facility can be operated
using regular air, preset gas mixtures, or RFG. The combustion process was monitored at
16 points using thermal sensors, and the data controller of the test unit was fully
automated using LabVIEW. The temperature measurement tap was located along the
riser and heat exchanger.

The collected ash sample points are shown in Figure 8, and the bottom ash (BA), external
heat exchanger (EHE), cooler 1 (C1), cooler 2 (C2), and filter ash (filter) are indicated.

The flue gas composition was measured simultaneously using a Fourier transform
infrared (FTIR) analyser. The FTIR was located between coolers 1 and 2 for (CO2, Oz, CO,
H20, NOx, N20, and SO2) emission measurements.
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Figure 8. Circulating Fluidized Bed facility with 60 kWth capacity [from paper II]
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The experiments were conducted in air, 02/CO,, and 02/RFG combustion atmospheres.

Table 10 shows the different combustion modes and multiple inlet 0.% where the
numbers represent the inlet oxygen concentration in volumetric percentage and the
utilised fuel in the experimental test using the CFB pilot facility. The table also describes
the study areas for the specified fuels (oil shale and semicoke).

The CFB pilot facility always started in the air combustion mode. When the combustion
process reached the desired experimental temperature, an air-combustion baseline test
was conducted. Following the completion of the air test under stable conditions,
the switch from air to 02/CO: (OXY21-OXY40) and O2/RFG (OXY50 and OXY75)
combustion began. The transition was accomplished smoothly, and a steady oxyfuel
combustion regime was achieved in a short time. The solid particles are separated from
the flue gas in the cyclone and returned to the bottom of the fluidised bed through a
return leg and an external heat exchanger.

Table 10. List of experimental tests, samplings and data analyses of oil shale and semicoke CFB
oxyfuel combustion.

Inlet 0;% 0S* SCb

Air 21 4 4
0,/CO; 21 v v
25 v
Combustion 30 4 4
mode 40 v
0,/RFG 50 4
75 4
90 4
NO, v v
Emissions N0 Y
SO, v v
co v v
BA v v
Ash EHE v v
sampling Cc1&C2 v
Filter v
Physical properties 4
Chemical composition 4 v
Ash analysis Mineral composition 4
Carbonate decomposition v v
Trace elements and heavy metals 4

a0S: Oil shale
bSC: Semicoke

The differences between the experimental tests using oil shale or semicoke are
presented in Tables 11 and 12. The study with oil shale oxyfuel combustion covered a
wider range of experiments at higher inlet Oz and with the application of RFG. Qil shale
fuel was the focal point of this research. In addition, ash data sampling and analyses were
performed using multiple and duplicate tests to ensure optimal quality of the results.
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Table 11. List of oil shale CFB combustion experimental tests.

Combustion No. Flue gas emissions Ash Sampling
Mode of tests
Air 25 0,, CO,, H,0, SO, NOy4, N,O BA, EHE, C1, C2, Filter
OXy21 7 0,, CO,, H,0, SO, NOy4, N0 BA, EHE, C1, C2, Filter
0OXY25 1 0,, CO,, H,0, SO,, NOy, N,O BA, EHE, C1, C2, Filter
0OXY30 17 0,, CO,, H,0, SO,, NOy, N,O BA, EHE, C1, C2, Filter
0OXY40 3 0,, CO,, H,0, SO,, NOy, N,O BA, EHE, C1, C2, Filter
OXY50+RFG 3 Oz, COz, HzO, 502, NOX, Nzo EHE
OXY75+RFG 2 _ BA, EHE, Filter
OXY90+RFG 4 0,, CO,, H,0, SO,, NOy, N,O

Table 12. List of semicoke CFB combustion experimental tests.

Combustion  No. of

Mode tests Flue gas emissions Ash Sampling
Air 6 0,, CO,, H,0, SO,, NOx BA, EHE

0OXY21 2 0,, CO,, H,0, SO,, NOx BA, EHE

OXY30 2 0,, CO,, H,0, SO,, NOx BA, EHE

2.2.2 TG-MS Analyses

Paper IV studied the co-combustion of oil shale and spruce biomass using a NETZSCH STA
449 F3 Jupiter thermogravimetric analyser coupled with a Netzsch quadrupole mass
spectrometer (MS) 403D Aeolos (mass 1- 300 amu). This study investigated the influence
of air and oxyfuel environments on the combustion of oil shale, biomass, and their blends
at 1:0, 4:1, 3:2, 2:3, 1:4, and 0:1 (0, 20, 40, 60, 80, and 100 wt. % Biomass), in three
different combustion modes, as presented in Table 13. The standard Al.Os crucibles
with 5£0.01 mg sample weight was used for the combustion analysis. The gas flow rate
was 60 ml/min for a gas mixture of 21%/79% 02/N for air-based combustion, and
21/79% (0OXY21) and 30%/70% (OXY30) of O2/CO: for oxyfuel combustion. OXY30 mode
was selected to study the effect of higher inlet 02% on the combustion process.
The non-isothermal TG was performed at a heating rates of 10, 30, and 50 °C/min from
40°C up to a final combustion temperature of 1000 °C. MS was used to investigate the
dynamics of gaseous emissions (H20, CO2, and SO2).

Table 13. List of oil shale and biomass co-combustion experiments.

Combustion No. of Mixing ratio Heat rate Data stud
Mode tests 0S:BM* k/min Y
1:0, 4:1, 3:2, 2:3, 1:4, TGA, DTG, MS, Synergy,
0,
21/79% (02/N))  18x2 01 10,30, 50 kinetic
1:0, 4:1, 3:2, 2:3, 1:4, TGA, DTG, MS, Synergy,
0,
21/79% (0,/CO2)  18x2 0:1 10, 30, 50 kinetic
30/70% (0ycoy 13 104D %:.21, 23,14, 1405 TOA DTi;nI\stS;,c Synergy,

*0S: Qil shale; BM: Biomass

32



3 RESULTS AND DISCUSSION

3.1 Air and Oxyfuel Overall Combustion Process

The CFB pilot facility always began in air combustion mode. When the combustion
process reached the desired experimental temperature, an air combustion baseline test
was conducted. Following the completion of the air test under stable conditions,
the switch from air to 02/CO: [Papers I-Ill and V] or O2/RFG [Papers I-lll] combustion
began. An example of this transition is shown in Figure 9, as illustrated in Paper lll, shows
that the transition was accomplished smoothly within a short period. Under oil shale oxy-
firing conditions, as the combustion process proceeded, the increasing temperature
promoted fuel combustion in the oxygen-rich environments (02/C0O2) with the CO;
concentration in the flue gas exceeding 90% (Figure 10).
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Figure 9. Operating conditions of the CFB boiler at: (a) Stable air condition; (b) Trans; and (c) Stable
oxy condition [from paper Ill]
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B CO02% in flue gas
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Figure 10. Oil shale CFB combustion tests and their CO, concentrations in the flue gas [from paper llI]

In the oil shale combustion experiments, the temperatures in the CFB riser during
stable regimes of air and oxyfuel combustion in the dense zone (Tos) were significantly
affected by the recirculation mass flow rate and temperature of the solid. This is
attributed to the natural cooling of the recycled ash. A higher temperature generally
indicates a higher ash recirculation rate and vice versa. The rate of solid ash recirculation
is determined by the temperature of the external heat exchanger (Texe). The temperature
deviation along the riser increased with the oxygen concentration in the combustion
environment.

During combustion tests with semicoke, the fuel was heated to a temperature of
100-200°C before being fed into the riser. To compensate for the physical heat content
of the semicoke, the combustion air supplied to the CFB riser was preheated to
500-550 °C. The axial temperature change in the combustion chamber dependent on
the atmosphere are qualitatively similar when burning in air and 02/CO. (21/80%)
environments. Under these conditions, the temperature distribution was characterised
by a temperature increase in the upper part of the riser. When burning in an oxygen-rich
environment, upon increasing the oxygen content in the supplied 02/CO2 mixture to 30%,
the heat release was redistributed relative to the riser axis. Consequently, the temperature
in the lower part of the CFB combustion chamber increased. More thorough analyses of
the temperature profiles can be found in Papers | and V.

3.2 Ash Behaviour

3.2.1 Physical Properties

To understand the effect of oxyfuel combustion on the particle distribution, the BA and
EHE PSDs from Paper | are shown in Figure 11. The BA-PSDs shifted rightward toward
larger particle sizes. Compared to air combustion, larger particles were formed under
both 02/CO2 and 02/RFG conditions. The EHE-PSDs exhibited finer particle formation
under all oxy-combustion modes. Eventually, in oxyfuel CFB combustion, the ash
distribution was related to a strong grain size separation in comparison with the air
combustion atmosphere. This facilitated the production of finer particles with increasing
02% because the oxygen concentration enhanced the mineral vaporisation and
nucleation [96].
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The difference between the specific surface area (SSA) in the BA and EHE ashes was
significantly higher in air mode than in oxyfuel combustion, indicating larger particle size
formation under oxyfuel conditions in the bed and heat exchanger of the pilot facility.
The SSA of the Filter ash decreased with increase in the inlet 02% because high
temperature promoted the coalescence of minerals. This explained why the filter ash
under higher inlet 02% was larger in particle size.
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Figure 11. Comparison of particle size distribution under air and oxyfuel combustion experiments
of; (a) BA and (b) EHE [from paper I]

3.2.2 Chemical Composition

In the oil shale CFB oxyfuel combustion tests, the largest ash mass fraction obtained
during the combustion process was from the BA and EHE ash. Calcium oxide (CaO) was
the most abundant oxide, followed by silica (SiO2), magnesium (MgO), aluminium (Al203),
and iron (Fe:03) oxides, while the rest of the oxides formed during the different
experiments were at lower concentrations.

The ratios of Ca:Mg oxides in the oxy-firing BAs decreased by 24% compared to those
air-combustion mode. However, the same ratio for EHE ash from air to oxyfuel
combustion decreased by 40%, indicating that oxy-firing BAs have a higher content of
CaO. Ash alkaline earth elements CaO and MgO were relatively high in bottom ash and
decreased in filter ash (down 50%) in air combustion and at low O inlets under 02/CO:
combustion. However, at higher Oz concentrations and with RFG, these values decreased
by 30% and 20% for CaO and MgO, respectively, as the bed temperature was higher, and
the residence time of the particles increased at the low solid recirculation rates.

For K20, SiO», Al203, and Fe203, these values increased in correlation with ash location.
This indicated the separation of the fine sandy clay component and concentration into
finer particles, where the vaporisation of SiO2 was higher in oxy-firing than in air-firing,
resulting in more submicron particles [152]. SiO2, Na20, and K20 values under oxyfuel
mode decreased with increasing inlet 02% in the combustion atmosphere and obtained
the lowest value under 75%02/RFG (OXY75+RFG).

A higher evaporation rate of the BA-Cl content was noticed under the 02/CO2 mode
than in air, and higher Cl condensation occurred at the low-temperature separation port
(filter).
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3.2.3 Mineral Composition

The dissociation of calcite was limited owing to the increased partial pressure of CO; even
though the operating temperature increased owing to the elevated O» concentration.
Consequently, the composition of BAs was strongly dominated by calcite; thus,
the reduction in total CO2 emissions in the flue gas from air to oxyfuel combustion
exceeded (15%). However, dolomite decomposition is dependent primarily on the
combustion temperature. In addition, elevated CO: partial pressure did not affect
dolomite dissociation, were these concentrations in BA and EHE ashes reduced
significantly under inlet 0% by 25-40%, and increased with 2102/79C0,% (OXY21) and
OXY75+RFG at low operating temperature of approximately 744 °C. Therefore,
the dolomite content varied depending on the bed/riser temperature between the
different oxyfuel regimes.

The anhydrite concentrations were not affected by switching from air to the oxyfuel
combustion environment (the highest in RFG). Under the O2/RFG, higher anhydrite
formation resulted from the enhanced sulfation reaction owing to the increased particle
reaction time when recycling SOz back to the combustor. A higher SOz partial pressure in
the combustion atmosphere eventually resulted in a higher sulphur capture efficiency
[59]. Table 14 summarises the ash mineral compositions under different combustion
regimes.

The limited decomposition of calcite in oxyfuel modes decreased the amount of free
lime, which can react with quartz. This lowered the amount of akermanite and belite
formed in BAs compared with air-firing BAs. RFG, which improved the contact and gas
residence time with particles, exerted a clear effect on the increased formation of
akermanite, merwinite, and belite, and the decreased amount of quartz in both BA and
EHE ashes obtained from the oxyfuel modes.

The oxidising environment in 02/CO2 combustion slightly increased the concentration
of haematite with increasing inlet 02% (OXY21-OXY30) mainly in case of the BA and EHE
ashes. Lower concentrations occurred at OXY40 and OXY75+RFG because the formation
of haematite was dependent on the temperature and reaction time.

Table 14. Mineral composition of ashes during different combustion modes [from paper 1]

Component zz‘:"am" Air  OXY21 OXY25 OXY30 OXY40 ?:;':’50 ?:;25
BA 520 931 741 732 351 485 261

‘ EHE 507 1431 1516 1410 741 2082  11.01

Quartz (Si0z) (1o 2208 2236 2281 2265 2118 - -
Filter 21.90 2065 1923 2072 20.64 - 16.05

BA 199 511 340 391 301 131 055

K-feldspar  EHE 207 811 933 987 629 1681 465
(KAISi;05) Cooler 1550 1599 1749 1839  16.92 - -
Filter 1748 1734 1733 1901 17.93 - 9.93

BA 6.08 250 050 - - 121 015

K-mica EHE 114 470 141 262 071 1251  2.83
(ALK,OGSi)  Cooler 1025 1243 1564 982  7.93 - -
Filter 17.68 2095 19.03 1651  8.12 - 421

BA 1117 5517 5717 5295 5602 3161 5577

Calcite (Cac0y  EVE 4436 2862 3352 2951 3390 1221  19.29
Cooler 1353 1449 1664 1629  13.25 - -

Filter 1537 1634 1483 1961 18.04 - 17.05
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BA 3.21 4.61 0.90 0.90 1.70 1.51 4.36

Dolomite EHE 651 520 211 181 193 170 4.4

(CaMg(COs):)  Cooler 1.76 1.65 1.90 1.00 1.15 - -
Filter 211 190 140 080  1.10 ; 0.70

BA 3862 068 - 181 259 1689 448

lme (ca0) EHE 1375 343 395 614 793 523 1677
Cooler 493 504 185 293 508 ; ;

Filter 287 189 293 - 191 ; 9.82

BA 641 471 611 58 822 879 684

. EHE 507 48 652 634 974 430  9.19

Periclase (MgO) (. 1o 443 391 256 346 547 ; ;
Filter 311 241 220 270 541 ; 5.62

BA 741 1111 721 592 732 1353 11.61

Anhydrite EHE 786 1431 853 826 822 811  12.53
(CaS04) Cooler 815 692 662 802 668 ; ;

Filter 643 661 801 831 441 ; 9.63

BA 675 120 230 301 241 858  4.68

) EHE 414 500 412 534 223 781 838

Belite  (G:S) (ooter 745 762 406 596  7.38 - -
Filter 583 571 461 290 721 ; 12.94

BA 100 170 240 311 130 596 417

Akermanite  EHE 176 400 371 423 508 490 505
(Ca,Mg(Si,05))  Cooler 468 331 291 476 547 ; ;
Filter 201 150 250 330 551 ; 7.72

BA 4.64 - 090 080 090 414 322

Merwinite EHE 217 030 080 111 233 120  4.14
(CasMg(Si0s);)  Cooler 131 065 065 050 085 ; ;
Filter 060 060 030 070 120 ; 3.61

BA 1.44 - - - - 121 015

sylvite  (KCI) EHE 0.52 - - - 030 070  0.00
Cooler - 0.30 -- -- 0.60 - -

BA 066 140 200 261 180 — 1.16

Hematite EHE 103 180 261 242 162 370 172
(Fe;03) Cooler 247 216 346 326 211 ; ;

Filter 261 271 331 390 230 ; 221

Overall, in the oxyfuel CFB combustion, the chemical and mineral compositions of the
ash samples varied throughout the flow path of the CFB test facility, suggesting that
particles of different compositions were separated. The separation appeared to be
larger for coarse calcite and sulfated particles than in an air combustion atmosphere.
The fine-grained sandy-clay components in the overhead ash contained a higher
secondary silicate phase content, as they initiated binding with free lime, which resulted
in the formation of clinker minerals.

3.2.4 Trace Elements and Heavy Metals

Most elements (As, Cu, V, Ni, Cr, Pb, Rb, Ba, Sr, and Ti) increased along the ash flow path
during the oxyfuel combustion tests. These elements were depleted in the BA and
condensed in the bag filter because of the low-gas-temperature regions. The condensation
and adsorption processes after combustion in boilers and the accumulation of particles
with decreasing temperature are considered the primary mechanisms that increased the
concentrations of heavy metals in the finest particles of the overhead zones. Moreover,
trace elements increased with an increase in specific elements, such as Fe, Si, and Al,
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along the flow path and further from the boiler. Oxyfuel combustion exhibited a strong
separation of fine ash; coarse calcite and sulphated particles were present in BA ashes,
whereas sandy clay elements were concentrated more in cooler and filter ashes. For this
reason, trace elements and heavy metals were mainly present in the finer particles of the
overhead zones.

3.2.5 Extent of Carbonate Decomposition (ECD)

Figure 12 show the effect of dense bed (Tos) and riser (Triser) temperatures on the extent
of decomposition owing to the calcite (kco, cakcite) and dolomite (kco, bpolomite)
decomposition of the studied BA and EHE ashes in [paper I]. As Tos increased in the riser,
the extent of decomposition increased in the air and 02/CO2 modes. BA-kco,,bolomite iS
shifted slightly to a higher temperature under 02/CO2 compared to air combustion and
reached maximum decomposition at Toe 770 °C. The EHE ashes exhibited higher calcite
decomposition than the BA. Hence, EHE-kco,, calcite Values were more affected by Triser.
Under O2/RFG (particularly OXY50+RFG), higher carbonate decomposition for BA and
EHE ashes occurred at lower temperatures. Decomposition was mainly dependent on
other operating parameters during the combustion process, including particle residence
time, low CO; partial pressure at OXY50+RFG, and higher Tene temperature.
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Figure 12. Effect of dense bed (Tps) and riser (Tgiser) temperatures under air and oxyfuel experiments
on: (Cl) BA'kCOb Calcite, (b) BA'kCOZ, Dolomite, (C) EHE'kCOZ, Calcites (d) EHE'kCOZ, Dolomite [from paper ,]

Similar behaviour was observed for semicoke oxy-combustion, with slightly lower
calcite decomposition because of the lower operation temperature in the dense bed region
of the riser. The bottom ash circulated owing to its particle sizes and hydrodynamic
conditions, and from where the particle size and residence time were later collected,
as presented in Figure 13. In addition, carbonates (mainly calcite) did not thermally
decompose when switched to burning in oxygen. This situation continued even at higher
operating temperatures.
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Figure 13. (a)The dependence of bottom ash carbonate decomposition on the average temperature
in the riser and (b) the dependence of circulating ash carbonate decomposition on the maximum
temperature in the riser [from paper V]

3.3 Emissions

The emission values are usually normalised as mass pollutants emitted per primary
energy input (mg (NOy, N20, SOz, CO) /MJ) to enable a comparison between the air- and
oxy-firing regimes, avoiding the effects of varying fuel loads or flue gas flow rates.
The emission results from the oil shale and semicoke combustion tests under air and
different oxyfuel pilot combustion conditions are presented. More detailed analyses are
presented in Papers Il, Ill, and V.

3.3.1 NOx and N,O

Figure 14 shows the effects of different oil shale oxyfuel combustion tests [Paper Il] on
nitrogen oxide emissions. The emission results clearly demonstrated that the change in
the combustion atmosphere from air to 02/CO; and 02/RFG did not influence the
formation of NOx emissions despite the increase in bed temperature. Compared to air
combustion, the average NOx emissions were reduced from 120 to 105 mg/MJ under
02/C02 and 98 mg/MJ under O2/RFG. NOx emissions were lowered significantly by 45%
with increasing inlet 0.% under 02/CO2 mode from (21-52) vol.%. The results were
aligned with those of other studies [70], [107]—-[109]. With the application of RFG, NOx
formation in the dense bed zone was attributed to two sources: fuel-N conversion to
NOx, and NOx recycling back to the combustor. The chemical reaction between fuel-N
and recycled NOx and the reduction of recycled NOx from NOx to N2 reduced the NO
emissions under the O2/RFG firing mode; these results were also in line with those
reported in the literature [54], [82].

N20 concentrations were enhanced under O2/CO2 compared to air and decreased with
increasing inlet 02% from (21-52) vol.% from 20 mg/MJ to 4 mg/MJ. Moreover, these
emissions were almost negligible under O2/RFG mode. The enhanced oxidation of NCO
to NOx reduced the amount of available NCO required for N2O formation [77]. These
results were consistent with those of previous studies [153], [154].
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Figure 14. Effect of combustion atmosphere on; (a) Normalised NOx emission (mg/MJ), (b) Fuel-N
to NO conversion (%), (c) Normalised N>O emission (mg/MJ), and (d) Fuel-N to N,O conversion (%)
[from paper Il]

Figure 15 presents a comparison of the NOx and N20 emissions and fuel-N to NOx and
N2O conversions in the air, 02/CO2 and O2/RFG combustion modes. The emissions were
compared at constant Tos for each combustion environment. These tests were
conducted for Tpg at 766°C in air, 743°C in OXY21, 793°C in OXY30, 850°C in OXY40, and
710°C under the OXY50+RFG and OXY87+RFG combustion modes. The results were
similar for all tests under air and oxy-combustion. The NOx emission increased by
increasing Arr and fuel-N mass conversions to NOx were more favoured at higher excess
oxygen ratios [54], [68], [82], [112]. The increase in NOx emission can be explained by the
fact that at oxygen-deficient conditions with lower excess oxygen ratios, higher N
retention was obtained in the unburnt char. Moreover, the reduction of Aer reduced the
NOx emissions as well. CO was produced during combustion and NO reacted with CO to
form N2[109], [155]. By increasing the oxygen concentration, the combustion of volatile
matter and char was enhanced, resulting in higher NOx formation.
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Figure 15. Effect of excess oxygen ratio in the primary oxidizer (Apr) on; (a) Normalised NOy emission
(mg/MJ), (b) Fuel-N to NOy conversion (%), (c) Normalised N,O emission (mg/MJ) and (d) Fuel-N to
N,O conversion (%) [from paper 1]

In the case of semicoke fuel combustion [Paper V], the general principles derived from
oil shale and other fuels can be used. The amount of nitrogen in the semicoke, Oz
concentration in the riser, temperature, and degree of ash recirculation significantly
affected the NOx concentration produced during the tests under CFB conditions. The NOx
emissions (mass of NOx to semicoke mass consumption) obtained in the experiments
under different combustion modes, depending on the average temperature in the CFB
riser and oxygen in the primary oxidiser (PA), are shown in Figure 16. For comparison,
the NOx emissions measured in the combustion gases generated by the Enefit-280 CFB
riser are also included in the same figure. As evident, the NOx emissions were lower when
burning in oxygen compared to burning in air. This result is consistent with previous
studies using oil shale or other solid fuels [63], [70], [156]. The experiments also showed
that NOx formation during semicoke combustion was generally consistent with the
mechanism described above; NOx emissions were reduced by creating a reduction zone.
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Figure 16. The dependence of normalised NOy emissions under different combustion modes on (a)
Excess O, supplied in the primary oxidizer (PA Oy, slpm / Vostwich) Oz, slpm); and (b) Average
temperature in the riser [from paper V]

3.3.2 50,
The tests conducted in the CFB pilot facility utilised oil shale with a high molar ratio of
Ca/S, exceeding 10, and a higher possibility of S bonding with the Ca and Mg contained
in the fuel ash was obtained by increasing the Ca/S ratio. Therefore, the SO2 emissions
produced in the flue gas streams are extremely low, as shown in Figure 17 [Paper Ill].
Under oxy-firing conditions, as the combustion process proceeded, the elevated
partial pressure of CO: that causes the oxy-firing atmosphere differed from that in air
mode. The sulphur capture mechanisms may change from the normal sulfation path
(CaCO3 - Ca0 - CaSO0a) to the direct sulfation (CaCOs - CaS0as). Studies have shown
that the behaviour of sulphur when burned in an oxygen-rich environment is analogous
to that when burned in air [157]. The change in combustion atmosphere did not affect
the release of SO2 emissions in oxyfuel combustion environment, and the sulphur
capture efficiency reached 99% for all combustion modes. The reason for the high Ca/S
molar ratio in the oil shale fuel was the availability of a sufficient amount of excess
calcium to bind with SO..

@ CO2, % 02, % ®) CO2, % 86 %
) B © e T A H0,% - , ppm
H20, % CO, ppm >
8 NO,

100 500 || 100 30:, ppm PP 500
= 80 - 400 =380 - 400 _
X Bl = o
3 SRS <
>, 60 300 > 60 300 &
g =l &
g 5| 40 - - 200 g
g £ 8 g
2 20 2l| 220 100 £
o Q o (5]
O gl| © g

0 - -5 ——10 S 0 - — ‘ o 3§
16:00 16:29 16:58 17:38 17:52 18:06
Time [hh:mm] Time [hh:mm]

Figure 17. Pollutant emissions during stable conditions under: (a) Air; (b) Oxyfuel combustion [from

paper ]
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Figure 18 from [Paper V] shows the SOz emissions and their normalised values as mass
pollutants emitted per primary (semicoke) energy input (mg (SO2) /MJ) [65].
The maximum SO2 capture efficiency shifted to higher temperatures (approximately
900 °C). Experiments with different types of fuels have shown that SO; emissions
(mg/MJ) in an oxygen-rich environment are lower or at the same level as those when
burning in air [4], [29].
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Figure 18. The dependence of SO, emissions on the riser average temperature under different
combustion modes: (a) SO, emissions in ppm (b) Normalised SO, emissions (mgSOz/MJ) [from

paper V]

3.3.3CO

The oxidation of CO to CO: is greatly influenced by the residence time of CO at the
corresponding temperature and the efficiency of oxygen (combustion air) mixing with CO
and fuel. Figure 19 presents CO concentrations obtained during the experimental tests
of semicoke [Paper V]; in the same figure, the CO concentrations generated in the
Enefit-280 CFB is shown. The CO emissions were generally higher than those of the
Enefit-280 CFB. This can be explained primarily by the scale effect, that is, the shorter
residence time of the gas. Further adjustment of the combustion parameters (increasing
the primary air share to stoichiometry) would facilitate a reduction in the concentration
of CO in the exhaust gas (Figure 19b). however, certain limits were applied to avoid an
increase in the formation of nitrogen oxides. When burning in oxygen, the concentration
of CO is generally lower in the oxyfuel combustion modes.
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For oil shale combustion in CFB [Paper Il], the concentration of CO was relatively
low, as the combustion temperature exceeded 800 °C. By increasing inlet 0%, CO
concentrations decreased under 02/CO2 mode, which indicates that higher inlet 02% can
improve combustion efficiency [78] (Figure 20). The lowest combustion efficiencies
occurred under OXY21 and OXY87 + RFG, primarily because of the incomplete
combustion of oil shale in an oxygen-deficient environment and low combustion
temperature.
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Figure 20. Effect of excess oxygen in the primary oxidizer on total organic carbon content in bottom
ash and combustion efficiency [from paper II]
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3.4 Oil shale and Biomass Oxyfuel Combustion like Conditions

The TG and DTG curves for oil shale, biomass, and their blends (4:1. 3:2, 2:3, and 1:4)
under air and oxyfuel combustion conditions are presented in Figure 21. A more
thorough description and analysis of the measurements are presented in Paper IV.
The primary objective of this study was to provide theoretical guidance for the partial
replacement of OS fuel and the combined application of biomass in industrial oil shale
combustion boilers to achieve negative CO2 emissions. As shown in Figure 21, the weight
loss trend was similar to that of the individual fuels. The DTG curves in Figure 21(b)
exhibited three main distinct peaks during air combustion, which corresponded to the
weight losses of both oil shale and biomass. As the biomass ratio in the blends increased,
the DTG curve intensity increased and the combustion intervals shifted toward lower
temperatures. Moreover, the co-combustion profiles exhibited a reduction in mineral
decomposition peak intensities at temperatures > 600°C with the increase of the biomass
ratio, and Ta shifted to a lower temperature. This was owing to the presence of lower
ash/mineral contents for decomposition in biomass compared to oil shale. Consequently,
the addition of biomass enhanced the combustion performance of the blends and
increased the reaction rate intensity identified with the higher release of volatile and
improved char combustion. The effect of blends under oxyfuel combustion exhibited 4
distinct peaks, and the intensity of combustion peaks increased with the increment of
the biomass blending ratio. However, the combustion intervals were similar to air
combustion. These intervals shifted to a lower temperature region while the two
decomposition stages’ temperatures were the same as in the oil shale under oxy
condition.
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The MS results presented in Figure 22 are for a of 350 °C. The release of light
hydrocarbons from oil shale to biomass OS:BM_1:0 is represented by the breakdown of
organic matter with the release of CO: in the first peak, and the second peak at 490 °C
represents char oxidation. With an increasing biomass mixing ratio, the two peaks shifted
to a lower temperature, and the higher intensity indicated more volatile emissions from
biomass addition. For the OS:BM_0:1, the second peak of biomass at 450°C exhibited an
intense and sharp increase in CO2 within the char oxidation region. However, the CO:
peaks of the OS:BM_1:4 blend sample were considerably lower than those of 0S:BM_0:1
in the combustion region. A possible explanation for this is the inhibitory effect of the oil
shale addition in the light hydrocarbon combustion region. Under oxyfuel combustion,
the H20 and light hydrocarbon peaks correspond to fast devolatilisation, accelerating the
release of gas emissions. Under oxygen conditions, the release of H.0 from OS:BM_1:0
was higher, and the observed differences between oil shale and other mixing ratios or
biomass were smaller. Under oxy conditions, the SO2 emissions from oil shale increased
noticeably, and higher peaks were observed for OXY21 and OXY30 than for air
combustion.

This blending method contributed significantly to improving the combustion of oil
shale. When switching from air to oxyfuel combustion, the mineral decomposition
behaviour was not affected by the addition of biomass.

This study investigated the synergistic effects observed in the co-combustion of
different mixing ratios of oil shale and spruce biomass and showed that in air
combustion, a negative effect was observed in the volatile/light hydrocarbon and char
oxidation regions, indicating an inhibitory reaction (Figure 23). However, a positive
synergistic effect was observed in the decomposition region at higher temperatures.
Under oxygen-enriched conditions (OXY21 and OXY30 modes), positive synergistic
effects were observed in the devolatilisation and combustion regions, particularly at
higher biomass ratios and heating rates. This is a result of enhanced combustion under
higher oxygen concentrations. A comparison with other studies [139], [158] suggests
that hydrogen released during biomass devolatilisation can promote oil shale volatile
release. Furthermore, under oxy conditions, a negative effect was observed in the
carbonate decomposition region, indicating inhibitory decomposition of the ash mineral
material.

The synergistic effects were stronger at higher heating rates, particularly in air.
Overall, increasing the biomass ratio, heating rate, and oxygen concentration in the
combustion atmosphere enhanced the positive synergistic effects during the
co-combustion of oil shale and biomass. Further studies must be conducted to fully
understand these underlying mechanisms.
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4 CONCLUSIONS AND FUTURE WORK

The oil shale industry is important to Estonia’s economy. Oil shale is the primary resource
for ensuring energy independence and constitutes a significant portion of the gross
domestic product. Simultaneously, the oil shale industry is also the largest source of CO2
emissions in Estonia. The CO2 capture from power or industrial plants is an important
contribution to satisfying the ambitious climate goals of the Paris Agreement. Therefore,
if Estonia decides to continue with its oil shale industry, CO2 capture technology must be
implemented to ensure that its climate goals are achieved. In other words, to operate in
a climate-neutral economy, the oil shale industry must begin to capture CO..

In this thesis, the utilisation of the oil shale oxyfuel combustion process is successfully
demonstrated. This study investigated for the first-time, worldwide oil shale oxyfuel
combustion at higher inlet 02% and with the application of RFG. Several air and oxyfuel
combustion experiments were conducted in a 60 kWth CFB pilot facility at the Energy
Technology Department.

This study focused on the characterisation and mineral composition of the produced
ash obtained from several separation ports under different combustion regimes.
Throughout the comprehensive ash analysis study, the results indicated that under
oxyfuel CFB combustion, the ash distribution exhibited a strong grain size separation
compared with air firing. Thus, in real power plant applications, additional particulate
filtering may be required before the preheater (if present) and at the electrostatic
precipitator (ESP). The SSA results indicated that the difference between the surface
areas of the BA and EHE ashes was significantly higher in air mode than in oxy-combustion.
The decomposition of Ca carbonates was limited during oxyfuel combustion because of
the high CO:2 partial pressure, which increased the carbonate content of the oxy-firing
ashes. Thus, the total CO2 emission reduction from air to oxyfuel combustion exceeded
15%. Consequently, the total heat gain is expected to increase, eventually leading to a
lower reduction in power plant efficiency. However, a larger amount of solid waste is
produced during oxyfuel combustion than during air firing. In this case, ash handling and
disposal must be considered, particularly for dense-bed ash. Oxyfuel combustion exerted
no noticeable impact on the concentrations of trace elements and heavy metals in the
ash. These elements exhibited a larger depletion in BAs and a higher deposition in filter
ashes under the oxy mode than in air. This indicated the effect of different PSDs obtained
from oxy combustion than from air combustion.

With regard to gaseous emission pollutants, the influences of key operating factors,
including the combustion atmosphere, excess oxygen ratio in the primary oxidiser, bed
temperature, and CO concentration, were investigated in detail for NOx and N:0
f