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INTRODUCTION 

Energy is part of our everyday life. We depend on energy, but we rarely notice 
it. As long as there are no blackouts, we normally do not think about energy. Oil 
shale (OS) is Estonia’s primary energy resource for achieving energy independ-
ency. Approximately 90% of the electricity consumed is produced from oil shale 
[1-3]. Estonian oil shale belongs to the low-grade fuel group. The total moisture 
content of the oil shale burned at power plants is 11–15%, and its heating value 
as received fuel is 8–11 MJ/kg (LHV) [4, 5, Paper III]. The ash content in oil 
shale can be above 50% [6]. Estonian oil shale is known as a difficult-to-burn 
fuel because of its specific nature. The high alkali and chlorine content of oil 
shale ash has caused significant corrosion and fouling problems in existing pul-
verized firing (PF) units, resulting in decreased availability of boilers. Gaseous 
emissions, such as CO2, SO2 and particulates, have been relatively high from 
these PF units. In 2004, the circulating fluidized bed (CFB) combustion technol-
ogy was implemented for Estonian oil shale reducing significantly the above-
mentioned problems and emissions. Still, the carbon dioxide emissions remained 
higher compared to conventional coal fired units. Therefore, until the beginning 
of the year 2011, oil shale was considered a fading energy resource in open mar-
kets. 

The Daiichi nuclear power plant disaster in Fukushima has raised major 
questions regarding the future energy mix and the role of nuclear energy in many 
countries all over the world. In Europe, several countries have started to revise 
their energy policies. For example, Germany has made a decision to phase out 
nuclear power generation in the near future. The central pillars of the new ener-
gy policy will be renewable energy and energy efficiency with the additional 
emphasis on the maximum utilization of existing fossil fuel power plants. In the 
near future, there seems to be no good alternative to coal-based power for meet-
ing the energy demand. The International Energy Agency noted in its recent 
report [7] that future energy perspectives and research activities should be fo-
cused on HELE (high efficiency low emissions) coal energy and on bioenergy 
production. Hence, coal and biomass co-combustion is one of the viable options 
[8]. Estonia has no coal reserves but has an unconventional fuel, namely, oil 
shale. Energy production from oil shale should be made more environmentally 
friendly by implementing new technologies. Therefore, it has to be known where 
technology development stands today and what the emissions and other factors 
concerning oil shale power production are. 

Because fossil fuels are back in the power production business, numerous 
studies have focused on clean coal technologies, flue gas cleaning systems and 
co-combustion opportunities. 

It is assumed that for Estonia biomass and oil shale, co-combustion can be 
the quickest, easiest and cheapest way to reduce the environmental impact of oil 
shale power production [9]. This statement was confirmed in Paper I. 
Estonia is applying two different combustion technologies for OS power produc-
tion: PF and CFB technologies. Modification of PF technology for OS is essen-
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tial. A recent study describing PF and vortex combustion (VC) technologies [10, 
11] is presented in Papers II and III. Certain of the results concerning CFB tech-
nology and CFB boiler reliability are presented in the following articles [12-17]. 

The purpose of this thesis is to determine the existing situation at oil shale 
fired power plants by presenting the boiler efficiencies, ash flows, ash chemical 
compositions, specific emissions, fine particulates, trace metals and ash behavior 
in ash fields of the different combustion technologies [Papers I-VI]. This type of 
comparative and complex study for Estonian oil shale is unique. This thesis re-
views the data from conducted in-situ tests and compares them with previous 
information. The chemical compositions of the ash formed by the different com-
bustion technologies are compared. The changes in the emissions of all main 
polluting components in CFB firing compared to PF are analyzed and estimated. 
This analysis concerns the mass balance of trace metals in the initial fuel and in 
formed ash; the emissions of PCDD/F, PCB, PAH, and PM2.5/10; and conven-
tional air emissions as NOx, SO2, CO2, CO, HCl, and TSP [Paper V]. 

The present work is based on in-situ experiments at full-scale OS firing boil-
ers and at ash fields, where the ash is deposited. All analyses are based on inter-
national standards. 

The objective of this thesis is to determine 

 the efficiencies for different boiler types;  
 the specific emissions and ash chemical compositions from different OS 

firing utility boilers; 
 the fine particulates and emission levels from different OS firing industrial 

boilers; 
 the trace metals from different OS firing utility boilers; 
 the OS ash behavior at ash fields. 
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NOMENCLATURE 

CFB  circulating fluidized bed (combustion technology) 
FC   fixed carbon 
HELE  high efficiency low emissions 
HI   hydrogen index 
IM   inert material 
LHV  lower heating value, MJ/kg 
MCR  maximum continuous rating 
OI   oxygen index 
OM  organic matter 
OS   oil shale 
PAH  polycyclic aromatic hydrocarbons 
PCB  polychlorinated biphenyls 
PCDD/F dioxins and furans 
PF   pulverized firing (combustion technology) 
PM  particulate matter 
PP   power plant 
TOC  total organic carbon 
TSP  total suspended particulates 
VC  vortex combustion 
Ash types: 
BT   bottom/furnace ash 
INTREX internal heat exchanger ash 
SH-RH convective superheater and reheater ash 
ECO  economizer ash 
APH  air preheater ash 
ESP I  electrostatic precipitator field No. 1 ash 
ESP II electrostatic precipitator field No. 2 ash 
ESP III electrostatic precipitator field No. 3 ash 
ESP IV electrostatic precipitator field No. 4 ash 
Equations: 
 stoichiometric coefficient of oxidation   ߙ
 stoichiometric coefficient of decarbonation   ߛ
fr   quantity of carbon oxidized into CO and/or CO2 
݃   gas 
݇   iteration number 
kCO2  extent of carbonate decomposition (ECD) 
݈   liquid 
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1. LITERATURE REVIEW 

1.1. Oil shale 

Oil shales are diverse fine-grained sedimentary rocks that contain a refractory 
organic material, commonly called kerogen that can be refined into higher calo-
rific fuels or used for generating steam and electricity in direct combustion [5, 
18-20]. Oil shales result from the contemporaneous deposition of fine-grained 
mineral debris and organic degradation products derived from the breakdown of 
biota. The conditions required for the formation of oil shales include the early 
development of anaerobic conditions, abundant organic productivity, and a lack 
of destructive organisms. Oil shales were most likely deposited in bodies of wa-
ter that were either marine or fresh-water. The depositional environment is esti-
mated to be lakes, deltaic swamps or isolated marine basins. The prevailing cli-
mate during deposition is similar to that favorable for coal formation. Oil shales 
can be classified as the “composites” of tightly bound organics and inorganics 
[21]. The general composition of oil shales is presented in Figure 1. 

 
Figure 1. General composition of oil shales [21] 

The organic matter in oil shale includes the remains of algae, spores, pollen, 
plant cuticle and the corky fragments of herbaceous and woody plants, and other 
cellular remains of lacustrine, marine, and land plants. These materials are es-
sentially composed of nitrogen, hydrogen, carbon, oxygen, and sulfur. In certain 
type of oil shales, the organic matter is described as amorphous (bituminite). 
Most of the organic matter in oil shale is insoluble in organic solvents. Today, 
there is no lower limit on the sapropelic organic matter percentage for oil shales 
that has been unanimously accepted. The lower limit varies from 5 to 10% and 
the upper limit from 60 to 70% [22]. The organic matter of oil shale (which is 
the source of liquid and gaseous hydrocarbons) typically has a higher hydrogen 
and lower oxygen content than lignite and bituminous coal [23]. However, it has 
been shown that kerogen predominates in organic matter, and the chemical form 
or composition of the kerogen may vary extensively from deposit to deposit. 
This variation is observed because of changes in the amounts of oxygen, hydro-
gen and organic carbon. Oil shales can be classified according to their kerogen 

Oil shale

Inorganic matrix

Quartz

Feldspars

Clays (mainly illite and chlorite)

Carbonates (calcite and dolomite)

Pyrite and other minerals

Bitumens (soluble in CS2)

Kerogens (insoluble in CS2)

(containing U, Fe, V, Ni, Mo)
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type using the van Krevelen diagram [24, 25]. The van Krevelen graphic in Fig-
ure 2 A shows the kerogen type within a solid fossil fuel through thermal evolu-
tion paths as a function of the atomic H/C versus O/C ratios of the kerogen of 
the burial depths on the deposit. Thus, the kerogen type is classified as a func-
tion of the oxygen, carbon and hydrogen content of the fossil fuels [26]. The 
modified van Krevelen diagram in Figure 2 B with dispersed kerogen consists of 
hydrogen index (HI) versus oxygen index (OI) plots generated from the pyroly-
sis and TOC analysis of the whole rock [27]. 

 
Figure 2. (A) Atomic H/C versus O/C diagram based on elemental analysis of kerogen 
and (B) HI versus OI diagram based on Rock-Eval pyrolysis of whole rock can be used 

to describe the type of organic matter in source rocks. TAI, thermal alteration index [28]. 
The type IV (inertinite) pathway is not shown. 

The HI versus OI data can be generated more rapidly than the atomic H/C 
versus O/C data for van Krevelen diagrams. The relative hydrogen content in 
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kerogen (atomic H/C, HI) generally corresponds to the oil-generative potential. 
A higher hydrogen content corresponds to a higher oil yield. Oil and gas (CH4) 
are more enriched in hydrogen compared to kerogen. During thermal maturation, 
the generation of these products causes the kerogen to become depleted in hy-
drogen and relatively enriched in carbon. During metagenesis and catagenesis, 
all kerogens approach graphite in composition (almost pure carbon) near the 
lower left portion of both diagrams in Figure 2 [27]. 

There are four principal types of kerogens found in coals and sedimentary 
rocks, which are defined using either atomic H/C versus O/C or HI versus OI 
diagrams (see Figure 2). These types are divided as follows [27]: 
Type I 
Immature type I kerogens are oil prone. These kerogens have high H/C (>1.5) 
and low O/C (<0.1) atomic ratios, as shown in Figure 2, and generally a low 
sulfur content. The type I kerogens yield a larger amount of extractable or vola-
tile compounds upon pyrolysis. These kerogens are dominated by liptinite 
macerals. Vitrinites and inertinites can be present in lesser amounts. Type I 
kerogens appear to be derived from the extensive bacterial reworking of lipid-
rich algal organic matter, though not always (e.g., Eocene Green River For-
mation). Major contributors to type I kerogens can be Botryococcus and similar 
lacustrine algae and their marine equivalents, such as Tasmanites. 
Type II 
Immature type II kerogens are oil prone (e.g., Jurassic of Saudi Arabia). They 
have high H/C (1.2-1.5) and low O/C atomic ratios compared to types III and IV. 
Type II kerogens generally have a higher sulfur content compared to other 
kerogens. Type II kerogens are also dominated by liptinite macerals [27]. Type 
II S kerogens (e.g., Miocene Monterey Formation) have a high sulfur content 
(e.g., 8-14 wt. %; atomic ratio S/C > 0.04) and seem to generate petroleum at a 
lower thermal maturity than other type II kerogens [29, 30]. 
Type III 
Immature type III kerogens have low H/C (<1.0) and high O/C (<0.3) atomic 
ratios. These kerogens are gas prone because they yield some hydrocarbon gas 
but little oil during maturation. Type III kerogens yield less gas than types I and 
II. Type III kerogen is composed from liptinite macerals that may represent only 
a small portion of the kerogen. Some type III kerogen thick deltaic deposits have 
generated substantial oil (e.g., Mahakam Delta in Indonesia, U.S. Gulf Coast, 
and offshore West Africa).  
Type IV 
Type IV kerogen, also called "dead carbon," has very low H/C (approximately 
0.5-0.6) and low to high O/C (<0.3) atomic ratios. Type IV kerogens are domi-
nated by inertinite macerals that generate little to no hydrocarbons during matu-
ration. Type IV kerogens can be derived from other kerogen types that have 
been reworked or oxidized [31]. 

Another option to characterize the kerogen types of oil shale is by their depo-
sitional history, including the organisms from which they were derived [32]. 
Major factors that determine the extent and nature of the organic and mineral 
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content and relative quality of any deposit are the age and depositional history 
[26]. 

Bitumen in oil shale is the fraction of the organic matter that is soluble in or-
ganic solvents. Most bitumen is generated by cracking (thermal dissociation) of 
the kerogen, but small amounts of bitumen originate from the lipid components 
in once-living organisms [27]. 

The mineral content of oil shales usually contains large amounts of inert min-
eral matter (60–90%). The mineral matter of some oil shales is composed of 
carbonates, including siderite, dolomite and calcite, with lesser amounts of alu-
minosilicate minerals. Silicates including quartz, feldspar, and clay minerals are 
dominant, and carbonates are a minor component in other types of oil shales, 
[23]. The extent and nature of the inorganic materials mainly depend on the dep-
ositional conditions and the characteristics of the host rock. For instance, the 
well-known Green River oil shale contains mainly carbonates with quartz, feld-
spars and illite, while typical oil shales contain primarily clay minerals [26]. 

1.2. Oil shale reserves 

Oil shales are found in more than 44 countries [20]. There are over 600 known 
deposits [33], which range from early Palaeozoic to Cenozoic in age. The re-
serves of oil shale in the world are immense, exceeding the total resources of all 
other solid fuels (coal, lignite, brown coal). The most resources are found in the 
USA (72%), Brazil (5.4%), Jordan (4.2%), Morocco (3.5%) and Australia 
(2.1%) [22]. The estimated total world oil shale resource increased from 411 to 
690 billion tons in 2010. This estimate should be taken as the lower limit be-
cause numerous deposits are still largely unexplored, and a number of countries 
are not reported [19, 34]. 

The properties of oil shale depend strongly on the deposit. It is difficult to 
find two analogous oil shales, mainly because of their extremely variable deposi-
tion conditions, as well as post-sedimentation alterations. Furthermore, the com-
position and quality of oil shales also vary within the limits of one deposit. De-
pending on the character of the deposit, there could be considerable variations 
among the results obtained by an analysis of different samples taken from the 
same deposit [22]. The typical properties of certain important oil shales are out-
lined in Table 1 [24]. These deposits are characterized by their age, the organic 
carbon of the organic matter, and the oil yield. The H/C atomic ratio of kerogen 
evaluates the quality of organic matter in source rocks. 
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Table 1. Properties of several important oil shale deposits [26] 

 
The gross heating value of oil shales on a dry-weight basis ranges from 2.1 to 

16.8 MJ/kg of rock. The high-grade kukersite oil shale of Estonia, which fuels 
several power plants, has a heating value of approximately 8.0 to 9.2 MJ/kg. By 
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comparison, the heating value of lignitic coal ranges from 14.7 to 19.3 MJ/kg on 
a dry, mineral-free basis [19]. 

1.3. Commercial use of oil shales 

Today, five countries in the world are commercially mining oil shale. Estonia 
has an annual output of 15 million tons, China of 10 million tons, Brazil of 
2.5 million tons, Russia of 1.3 million tons and Germany of 0.3 million tons. 
The total oil shale output amounts in Table 2 are given in millions of tons based 
on 2007/2008 data. Australia is left out because they have stopped oil shale utili-
zation. The total amount of oil shale utilized in Australia from 1999 to 2003 was 
1 million tons [20]. 

Table 2. World’s total oil shale output until 2008 in millions of tons 

Country Estonia China Russia Brazil Germany Total 
Mining started 1916 1930 1934 1980 1943  
Cumulative 1026.0 630.0 227.3 49.5 11.3 1944.1 

Estonia’s oil shale output is the largest in the world. Most of the oil shale, 
approximately 12 million tons yearly, is used for power generation, and approx-
imately 2 million tons are used for retorting to produce shale oil. Oil shale in 
China and Brazil is mainly utilized for retorting. German oil shale is utilized for 
power generation and for cement production. 

1.4. Estonian oil shale 

Estonian oil shale, kukersite, is a low-grade fuel, approximately 33% of which 
contains mainly kerogenous organic matter. The oil shale’s chemical composi-
tion is presented in Table 3 [35]. 

Table 3. Average elemental composition of Estonian oil shale distributed between  
organic, sandy-clay and carbonate fractions, wt% (dry matter). Ca/S* is the molar ratio. 
The sandy-clay part is composed of clay minerals, quartz and feldspars [35] 
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The oil shale deposits in Estonia are of national and regional importance, be-
ing the world’s largest exploited deposit of oil shale. Mining started in 1916, and 
there has been continuous exploitation since 1919. The reserves of the deposit 
are completely explored. At present, approximately one billion tons of oil shale 
has been mined. According to the present assessment, the total amount of re-
sources is five billion tons [36, 37]. The oil shale bed is not homogeneous but 
has a complicated structure that consists of oil shale layers of different qualities 
that lie alternately with limestone interlayers. The maximum bed thickness oc-
curs in the Jõhvi–Kohtla-Järve area. To the west, south and east, the thickness of 
the oil shale layers, as well as the thickness of the entire bed, decrease. The total 
thickness of the payable bed in the Estonian field is 2.5–3.2 m; oil shale layers 
account for 1.8–2.6 m, and limestone layers account for 0.6–0.7 m. The payable 
oil shale layers in the Estonian field are located to the east of Kadrina, extending 
to the Narva River. Further to the east, the total thickness of the oil shale bed in 
the Leningrad field is 1.6–1.9 m, of which 1.0–1.3 m is oil shale. On the north-
ern coast of Estonia, the oil shale layers outcrop onto the earth’s surface. To the 
south, in the direction of Peipsi Lake, the depth of the bed increases by 3.5 m/km 
[38, 39]. Figure 3 shows the general profile of the Estonian oil shale field and 
the average heating values of the layers. The capital letters mark the oil shale 
layers, beginning with the lowest layer. The payable layers are A–F [39]. 

 
 
 

Layer Average 

  

Thickness 
m 

Heating value, Qb
d 

MJ/kg 

H 0.17 15.1 
G/H 0.23 
G 0.28 16.3 
F/G 1.1 
F 0.91 7.5–10.0 
E/F 
E 0.39 15.1 
D/E 0.13 2.9 
D 0.13 13.4 
C/D 0.24 0.6 
C 0.31 10.6 
B/C 0.1 2.9 
B 0.61 16.8 
A/B 0.13 1.3 
A 0.07 10.4 
A'/A 0.04 2.9 
A' 0.19 17.3 

 

Figure 3. Profile of Estonian oil shale bed and the characteristics of oil shale layers [39] 
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Estonian kukersite oil shale seams contain organic matter, carbonate and 
clastic materials in various proportions. The carbonate material consists mainly 
of pore-filling micritic carbonate mud together with a variable content of fine to 
coarse skeletal debris. The carbonate content (mainly calcite) ranges in different 
kukersite seams from 20 to 70%, and the organic matter content varies from 10–
15% to 50–60%. The clastic matrix is composed mainly of silt-size quartz and 
illite, and the minor clastic minerals are feldspars and chlorite. Pyrite is a rather 
common authigenic mineral in kukersite oil shale [40]. The organic matter of 
Estonian oil shale (kerogen) represents a mixture of high-molecular poly-
functional organic compounds, the detailed structure of which is still being stud-
ied [36]. The molar ratio of Ca to S is typically greater than 5 and can be as high 
as 10. This property means that the fuel itself contains the excess Ca needed to 
capture the SO2 that evolves during firing. As a disadvantage, the ash content 
remaining after power generation is approximately 45% on a dry mass basis. 
Today, approximately 5–7 million tons of oil shale ash is produced annually, and 
more than 90% of the same ash is wet deposited in the ash fields next to the oil 
shale fired power plants. 

In fact, Estonia has two different oil shales: kukersite and graptolitic argillite, 
also known as Dictyonema argillite or Dictyonema shale. The latter is a dark, 
blackish- or greyish-brown fine grained radioactive claystone with a low organic 
matter content (15 to 20%) and heating value (4.2–6.7 MJ/kg). Argillite is the 
thickest shale (more than 4 m), and there are an estimated 60 billion tons of it 
[41]. Argillite contains several rare elements, including molybdenum (up to 
600 g/t), vanadium (up to 1,200 g/t) and uranium (up to 300–400 g/t). From 
1948 to 1977, uranium ore was processed at Sillamäe in NE Estonia for the pro-
duction of uranium [42]. Some 250,000 tons of ore were unearthed, and more 
than 60 tons of uranium compounds were produced. This processing waste still 
poses a threat to environment. Later, the Sillamäe plant switched to processing 
imported raw material [22]. 

1.5. Oil shale combustion model 

Despite oil shale’s complex chemical composition and kinetic behavior, experi-
mental evidence suggests that a mechanism consisting of only a few global reac-
tions would capture the most important characteristics of the combustion process 
[43]. A six-step mechanism for oil shale is suggested to describe the thermal 
decomposition [44]. The presence of a wide variety of minerals in the oil shale 
matrix significantly complicates its thermal behavior. As a consequence, a varie-
ty of reactions is brought about by the application of heat under an oxidative 
atmosphere on the oil shale samples. In general, the following reactions can 
potentially exist for oil shale [43]: 

 water vaporization; 
 dry matter volatilization – conversion of organic matter into volatile 

matter and fixed carbon; 
 volatile matter dissociation into bitumen and gases; 



18 

 volatile matter oxidation; 
 fixed carbon oxidation; 
 carbonate mineral decomposition into solid residue and gases. 

Based on research results presented in [44], a four-step mechanism for oil 
shale combustion is proposed [43] and is shown in Eqs. (2)–(5). The overall 
reaction is given in Eq. (1). Inert materials that are present in the kinetic mecha-
nisms are not taken into consideration in the estimation process. 

ܱܵ ՜ ଶܱܪ  ܯܱ  ଷܱܥܽܥ  ܯܫ (1) 

ଶܪ ሺܱሻ
మ
՜ ଶܪ ሺܱሻ 

(2) 

ܯܱ
య
՜ ൣ൫ߙைሻܱ݈݅  ሺߙைሻܱܥ  ൫ߙைమ൯ܱܥଶ  ሺߙுሻܥܪሿ  ሺߙிሻ(3) ܥܨ 

ሺߙிሻܥܨ  ሺߙிሻ ൬
ݎ݂
2

൰  ሺ1 െ ሻ൨ݎ݂ ܱଶ
ర
՜ ሺߙிሻሺ݂ݎሻܱܥ  ሺߙிሻሺ1 െ  ଶܱܥሻݎ݂

ሺ4ሻ 

ଷܱܥܽܥ
ఱ
՜ ሺߛሻܱܽܥ  ሺ1 െ ଶܱܥ ሻߛ

(5) 

The three main constituents of OS that decompose are organic matter, fixed 
carbon and carbonates. Consequently, the major breakdown mechanism in OS is 
the scission of the atomic bonds available in their compounds. The 
devolatilization reaction of organic matter (OM), Eq. (3), releases oil (bitumen), 
CO, CO2, and light hydrocarbons represented by HC, leaving fixed carbon (FC) 
in the solid matrix. In the oxidation reaction, Eq. (4), the FC is oxidized, releas-
ing CO and CO2. In Eq. (5), the decarbonation reaction, the carbonate consid-
ered is essentially CaCO3, which decomposes into quick lime and additional 
CO2. The process of drying is described by the approach that represents a heter-
ogeneous reaction between liquid water and vapor, Eq. (2). Solid residue re-
mains as an inert material (IM), Eq. (6) [43]. 

The combustion behavior of oil shale shifts from homogeneous to heteroge-
neous during the entire combustion process. During the low-temperature stage, 
the combustible matter is made up of volatiles. In the high-temperature stage, the 
combustible matter includes fixed carbon and residual volatiles [45]. 

 Homogeneous combustion stage (280 – 500 °C) 
In a mathematical model of OS homogeneous combustion, the following as-
sumptions are made: 

(a) During combustion stage, large amounts of mineral matter may help the 
particles of oil shale maintain their original size [46]. 

(b) The diffusion rates and combustion volatiles within OS are infinite. The 
combustion reaction is controlled by the pyrolysis rate of the volatile matter. 

(c) The distribution of the volatile matter within a particle is uniform. 
(d) The Nusselt number of convective heat transfer between the solid phase 

and the gas phase is equal to 2 according to the experimental results of [47-49]. 
The homogeneous combustion process has been mathematically modeled on the 
basis of these assumptions, where the model includes four equations: the energy 
equation of the gas phase, the energy equation of the solid phase, the kinetic 



19 

equation and the particle density equation [50]. The pyrolytic heat value of vola-
tile matter is also considered in the energy equation because of the high content 
of volatile matter [45]. 

 Heterogeneous combustion stage (620 – 730 °C) 
In a mathematical model of OS heterogeneous combustion, the following as-
sumptions are made: 

(a) During combustion, large proportions of ash may help the particles of oil 
shale maintain their original size [46]. 

(b) Volatile matter and carbonates pyrolytic heat is negligible. 
(c) CO2 should be the main product of carbon combustion because the tem-

perature is not high. It is assumed that the heterogeneous reaction is of first order 
and that the combustion form of char is described as C + O2 = CO2. 

(d) The temperature distribution inside the solid particle is uniform. 
(e) The solid particles are heated only by the reaction heat from the volatile 

combustion. 
The heterogeneous combustion process has been modeled on the basis of the-

se assumptions, where the heterogeneous combustion model includes four equa-
tions: the kinetic equation of a heterogeneous reaction, the kinetic equation of a 
homogeneous reaction, the energy equation of a solid phase and the particle 
density equation [50]. The inner surface area of a fuel particle is notably im-
portant for char combustion based on previous experimental results [51] because 
the devolatilization in the low-temperature stage makes an OS particle multi-
porous. Therefore, the inner area of particle, as one of the reaction interfaces, 
should be considered in the kinetic equation of a heterogeneous reaction [45]. 

1.6. Estonian oil shale combustion 

Oil shale volatile matter and char combustion can occur concurrently in a system 
consisting of particles of different size because the particle size influences the 
heating rate and the release intensity of volatiles. Oil shale burning in the pulver-
ized oil shale flame requires no more than 15 to 20 percent of the total burning-
out time, despite the high volatile matter content. The remainder of the time is 
required for char combustion. Approximately 80 to 90 percent of the total heat in 
fuel is released in the zone of volatile matter combustion. Oil shale char burns in 
a kinetically controlled low-temperature regime. The density of combustible 
matter is uniform in a particle, and oxygen has free access to the inside of a par-
ticle. The particle size does not affect the combustion kinetic rate. The combus-
tion rate decreases over time because of changes in the active pore sizes within 
the particle [5]. 

Oil shale burned in power plants has the following proximate characteristics: 
Wi

r = 11–13%, Ar = 45–57%, CO2 = 16–19%, and Qi
r = 8.3–8.7 MJ/kg [6]. 

There are three common combustion technologies that have been used for the 
combustion of oil shale: (1) grate firing, (2) pulverized firing and (3) fluidized 
bed combustion [5]. Fluidized bed combustion is typically divided into three 
modes: (a) bubbling fluidized bed, (b) circulating fluidized bed and (c) pressur-
ized fluidized bed. During the 1980s, an attempt was made for modified low-
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temperature pulverized firing called Vortex combustion, which was tried again 
in year 2010, but this technique did not give the presumed results [Paper III]. 

Long-term experience in oil shale usage has proven that [18] 
1. Regardless of the combustion technology, a special boiler has to be designed 
and constructed for oil shale combustion. 
2. The direct combustion of OS for power production is more reasonable. 
3. Low-temperature combustion is a preferable technology for oil shale-based 
power production. CFB combustion at atmospheric pressure is a good example. 

Initially, Estonian oil shale was used as a fuel in locomotives. Thereafter, 
more and more lump oil shale was burned in industrial boilers [6, 52]. 

The utilization of oil shale for power production in Estonia started at the be-
ginning of the 1920s, when the first lump oil shale was fired on grate. The key 
problem with firing oil shale rich in volatile matter is ensuring soot-free combus-
tion. This issue was successfully solved by designing a special type of grate. 
Soon, the exploitation of fine oil shale started as well [18]. An important mile-
stone in the history of the oil shale power industry was the start of oil shale fir-
ing at the Tallinn Power Plant in 1924. The electrical capacity of the Tallinn 
Power Plant was 23 MW. This year can be considered the start of the oil shale 
power industry. The latest designs of oil shale grate-fired boilers were character-
ized by a furnace completely covered with waterwall tubes; evaporator tube 
bundles with large heat-delivery surface areas were located at the tubes’ exits. 
Grate firing lost its importance because of its limited capacities and low steam 
parameters [5]. 

The next stage was the introduction of oil shale PF technology. The first 
power plant using oil shale PF technology was the Kohtla-Järve Power Plant. 
This plant was commissioned in 1949 and had the designed electrical capacity of 
48 MW. The Ahtme Power Plant began operation in 1951 and had an electrical 
capacity of 75.5 MW. Steam boilers at these power plants were slightly modified 
because the medium-pressure boilers were initially designed for the PF of coal 
or brown coal combustion [6]. 

From 1959 to 1965, the first high-pressure PF boilers, TP-17, were launched 
at the Balti Power Plant (BPP). They were specially designed for firing oil shale. 
TP-17 was equipped with four direct flow corner burners. The steam pressure 
was 9.8 MPa and the steam production 190 t/h. TP-17 was soon followed by  
TP-67, in which front wall-fixed turbulent burners were used. The steam pres-
sure was 13.8 MPa and the steam production 280 t/h [18]. The designed electri-
cal capacity of the BPP was 1624 MW. The first power unit at the Eesti Power 
Plant (EPP) was inaugurated in 1969 and had a steam pressure of 13.8 MPa and 
a steam production of 320 t/h [18]. The designed capacity of the power plant was 
1610 MW. In Estonia, a total of 42 PF oil shale boilers, including TP-17, TP-67 
and TP-101, were launched at oil shale power plants in 1959-1973 [53]. During 
the PF of oil shale, the temperature in the furnace can reach 1350 to 1400 °C 
[Paper III]. 

Oil shale-fired pulverized furnaces and grate-fired furnaces have high-
temperature corrosion, environmental pollution and slag-bonding problems [54]. 
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Oil shale-fired bubbling fluidized beds have scale-up problems regarding the 
boiler capacity and a high carbon content in the fly ash. Several specialists rec-
ommend burning oil shale in a CFB boiler, which produces a satisfactory com-
bustion efficiency and low NOX and SO2 emissions [45]. 

Based on previous research, at the beginning of 2004, a power unit with an 
electrical capacity of 215 MW with two CFB boilers was put into operation at 
the EPP. Months later, a power unit of the same type was put into operation at 
the BPP. The units are designed to produce 90 kg/s of superheated steam at a 
pressure of 13.1 MPa and a temperature of 540 °C and reheat steam at 2.7 MPa 
pressure. The load range is from 40 to 100% of the maximum continuous rating 
(MCR) [55]. During CFB firing, the temperatures are lower compared to PF. 
The temperature in the furnace during fluidized bed combustion is between 750 
and 850 °C, and the typical temperature is below 800 °C. 

1.7. Environmental impact of Estonian oil shale based power pro-
duction 

Today, approximately 5–7 million tons of oil shale ash is formed annually by PF 
and CFB combustion boilers. Currently, less than 10% of the oil shale ash has a 
beneficial utilization in the construction material industry (e.g., making Portland 
cement and gas-concrete), in the road construction industry (stabilization of 
roadbeds) and in agriculture (e.g., liming of acid soils). The relatively high cal-
cium sulfate content in CFBC ash limits its utilization in the construction mate-
rial industry and in road construction. The rest of the oil shale ash is wet depos-
ited in the ash fields next to the power plants. In total, more than 280 million 
tons of ash has been deposited in ash fields since the 1950s. The transport and 
deposition of these large amounts of ash are managed hydraulically at low ash-
water ratios of approximately 1:20. The total area of settling ponds and open 
return flow channels of the ash handling systems is 1,312,000 m2 BPP and 
3,014,000 m2 EPP [56]. Experience with ash field exploitation has indicated that 
the ash binds water at approximately 0.6–0.7 m3 per ton of ash. The water in the 
ash fields is lost because of evaporation but is also gained because of precipita-
tion. The average atmospheric precipitation in Estonia is 550–750 mm per year. 
Approximately half of it is lost because of evaporation [35]. 

The properties of the PF ash stored at ash fields have been investigated in 
[57, 58]. The changes in the properties of moistened PF ash in laboratory condi-
tions have been investigated in [59]. The results of XRD analyses show in X-ray 
spectra the peaks belonging to the portlantite, α-quartz, calcite and ettringite. 
The ash field material also contains small extents of several silicates, Ca-
aluminates and other minerals. The differences in the CFB and PF ash properties 
have been investigated earlier. It was found that ashes formed in boilers operat-
ing by different combustion technologies differ significantly by their chemical 
and phase composition as well as by their surface properties [60]. The introduc-
tion of CFB combustion has caused several important changes in the mineralogi-
cal composition and properties of oil shale ash. The reason is that the CFB boiler 
furnace firing temperature is approximately 600 °C lower than in the PF coun-
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terpart, resulting in weaker fuel mineral decomposition and lower novel mineral 
formation intensity during combustion. In this case, the ash sintering tendency is 
substantially weaker than that observed in PF ash. The measured compressive 
strength of oil shale ash from the CFB boiler ESP is 4.4 N/mm2. The compres-
sive strength of oil shale ash from the PF boiler ESP is approximately fourfold 
higher – 15.3 N/mm2. The corresponding specific surface areas (Blane method) 
were 4,533–9,806 cm2/g and 707–3,966 cm2/g [Paper VI]. 

The ash properties and behavior at the ash fields have changed because of the 
low combustion temperature in the CFB boiler. The formation of novel minerals 
with binding properties in CFB ash is much lower compared to PF ash, in which 
solidification is low. Because of lower temperatures compared to PF boilers, the 
fuel mineral decomposition and novel mineral formation occurs at a lower rate 
in CFB boilers. Furthermore, the CFB ash contains less β-2CaO·SiO2 and CaO 
in free form and in less of a glassy phase. The low activity of the CFB ash might 
be the main reason for the inefficient solidification processes in the ash fields. 
The obtained data confirmed that if the share of PF ash decreases, there is a need 
to alter the ash storage technology/methods [Paper VI]. Dry handling of ash in 
powerplants is the key to find the future utilization markets for this vast amount 
of ash still landfilled in Estonia. Wet removal of ash poses a threat to Estonian 
environment and removes the ability to beneficially use this, perhaps valuable, 
byproduct of power generation 

In these ash fields, the highly alkaline wet ash and ash transportation water 
continue to absorb CO2 from the atmosphere. Therefore, these OS ash fields act 
as CO2 sponges by capturing some of the released CO2 back from the atmos-
phere. This process is independent of power plant load. The dynamics and the 
extent of CO2 capture from the atmosphere by OS ashes formed in PF and CFBC 
boilers were investigated in [56]. The baseline data for the further calculations 
were taken from the sampling and determination of the CO2 content in the ash 
field material. The chemical analysis results of ash samples drilled out at the site 
are normalized to water- and CO2-free ash content. The difference of the CO2 
content (ΔCO2) in the ash field material from the total boiler ash CO2 content 
shows the amount of CO2 captured from the surrounding atmosphere [56]. 

The emitted quantities of CO2 from the PF and CFB boilers were estimated 
based on an average heating value of 8.45 MJ/kg. The CO2 absorption coeffi-
cients in the ash field in the case of CFB technology have been calculated to be 
0.07 t and in the case of PF technology 0.03 t per ton of fuel. On the ash field, 
the ash of the CFB boiler binds 8.1% and the PF boiler ash 3.2% from the emit-
ted CO2. The tests of CO2 absorption by alkali water showed that the total sur-
face of settling ponds can absorb up to 50 thousand tons of CO2 annually. Con-
sidering the share of the PF and CFB firing technologies used in the Estonian oil 
shale power plants and taking into account the total surface area of the sediment 
ponds, the quantity of CO2 that could be absorbed is approximately 5–6% of the 
emitted CO2 [56, 61]. 

Besides CO2, the main air pollutants formed during the combustion of oil 
shale are sulfur dioxide (SO2), nitrogen oxides (NOx) and solid particles. Never-
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theless, the most substantial greenhouse gas emitted to atmosphere is carbon 
dioxide (CO2). The concentration of air pollutants in flue gas depends primarily 
on the combustion technology and the burning regime, while the emission of 
solid particles is determined by the efficiency of fly ash capturing devices. 

One of the biggest environmental impacts of oil shale PF is a high SO2 emis-
sion (despite the high calcium to sulfur [Ca/S] molar ratio in the fuel). The molar 
ratio of Ca to S is typically greater than 5 and can be as high as 10. This means 
that the fuel itself contains the excess Ca needed to capture all the SO2 that is 
emitted during firing [35]. The flue gas of the typical oil shale PF boiler contains 
more than 1,500 mg/Nm3 of SO2 in spite of the binding of 80% of fuel sulfur by 
the ash in the boiler. The sulfur captured by the ash depends on the following 
parameters: the composition of the fuel, particle size distribution, the tempera-
ture regime (i.e., temperature profile in the gas pass of the boiler, combustion 
technology), the oxygen partial pressure in the flue gas and the duration of the 
sulphation process [62]. A high SO2 emission in a PF boiler is mainly caused by 
the formation of calcium compounds of low reactivity in the high temperature 
medium in the furnace. These sintered compounds, which contain calcium oxide 
(CaO), have a low sulfur capturing capability [5]. The average particulate con-
tent in flue gas is approximately 1,500–2,000 mg/Nm3. Currently, the power 
plants are equipped with new electrostatic precipitators, and the particulate con-
tent in flue gas is under 100 mg/Nm3 [39]; with fabric filters, the content of par-
ticulates is less than 2 mg/Nm3. The NOx content in flue gas is between 300–
400 mg/Nm3 for the PF technology. 

The environmental impact of CFB is lesser than that of PF. A lower tempera-
ture in oil shale CFB firing favors the capturing of sulfur. The concentration of 
SO2 in the flue gas is almost negligible because almost 100% of the sulfur is 
bound by the free CaO in the ash [13]. Therefore, there is no need to add sorbent 
(limestone) into the fluidized bed for sulfur capture. This reaction is one of the 
key advantages of oil shale CFB combustion [5]. 

A comparative study of the fly ash originating from CFB combustion and the 
PF technology conducted by Kahru and Põllumaa showed that CFB fly ash was 
less toxic than that of PF [33]. Thus, a complete transfer to CFB technology will 
reduce (a) the atmospheric emission of hazardous trace elements and (b) the fly 
ash toxicity to aquatic organisms compared to PF technology [63]. 

Oil shale combustion in the circulating fluidized bed entails further opportu-
nities for development. Reducing CO2 emissions requires looking for new solu-
tions. CFB combustion allows the burning of oil shale together with coal, wood 
chips and peat without a major modification of the boiler. The BPP has achieved 
success in the co-combustion of oil shale and wood chips. The new 300 MW 
power unit under construction will enable co-burning oil shale with up to 50% 
biomass [18]. 
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2. EXPERIMENTAL METHODS 

2.1. General 

Full-scale experiments were conducted on high-pressure CFB and PF boilers. 
Tests were conducted according to international standards. The major goal of the 
tests was to determine the boiler efficiencies, flue gas composition, solid particu-
lates and chemical composition of the ashes from different types of boilers.  

Because many modifications have been made to the PF boiler flue gas clean-
ing systems during the last decade, the ash distribution data at different ash dis-
charge ports were obtained. This enables the chemical composition of the total 
ash flow going to the ash fields to be evaluated. 

2.2. Oil shale and biomass co-combustion in a CFB boiler 

The major goal of OS and biomass co-combustion in CFB boiler tests was to 
perform the analyses of ash and flue gas as well as to determine the boiler effi-
ciency. The tests were carried out with the following fuel shares (as the thermal 
input): 85% OS and 15% wood chips.  

During the tests, analyses of the fuel, ash and flue gas were performed. Fuel 
samples were taken on a daily basis. The ash samples were taken from several 
ports located in the furnace chamber, INTREX, super-/reheater (SH, RH), econ-
omizer (ECO), air preheater (APH) and from all four fields of the electrostatic 
precipitator (ESP). The sampling points are shown in Figure 4. The ash was 
taken from the dry flow to ensure the representativeness of samples. To deter-
mine the mass division (total suspended particulates PM10 and PM2.5), samples 
of fly ash were taken after the ESP. The samples were used to determine the 
detailed chemical composition of the ash. 

 
Figure 4. Schematic diagram of CFB boiler system with sampling points [Paper I] 

In the tests, the boiler efficiency was calculated. The temperature and compo-
sition of the flue gas were measured before the ESP. 
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2.3. Oil shale pulverized firing 

During pulverized firing, the major goal of the tests was to perform analyses of 
the ash and the flue gas, as well as to verify the data of the flue gas composition, 
ash balance and boiler efficiency obtained in the 1980s. The essential auxiliaries 
of the energy unit were registered. During the tests, analyses of the fuel, ash and 
flue gas were performed. Fuel samples were taken on a daily basis. The ash 
samples were taken from several ports located in the furnace chamber, SH, ECO 
and cyclone and from all three fields of the ESP. To determine the mass division 
(TSP PM10 and PM2.5), samples of the fly ash were taken before the induced 
draft (ID) fan. The sampling points are shown in Figure 5. The results of the 
sample analyses were averaged to reach a representative estimate. Furthermore, 
during the tests, the major process parameters of the boiler and unit as a whole 
were recorded using the plant’s standard data acquisition system to determine 
the unit’s electricity self-consumption. The temperature and composition of the 
flue gas were measured before the ID fan on both sides of the boiler. The analy-
sis of the combustion gas was carried out from the ports behind the ESP. The 
same ports were used for taking fly ash samples to determine the division of the 
finest particles in the flue gas.  

 
Figure 5. Schematic of PF boiler TP-101 with sampling points [Paper II] 

The composition of the flue gas was determined applying an FTIR type ana-
lyzer for wet gas at a temperature of 180 °C. The flue gas moisture content was 
also determined by a FTIR spectrometer. 

2.4. Oil shale low-temperature vortex combustion 

The full-scale experiments were carried out on a high-pressure boiler, TP-67, at 
the BPP. For the generation of a low-temperature horizontal vortex motion in the 
combustion chamber, a set of modifications were made for the tests. The modifi-
cations included replacing the vortex burners that were located on the boiler wall 
at the lower row with direct-flow burners with a downward slope. The opening 
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of the combustion chamber throat along the entire width of the lower forced 
draft was performed by mounting two-stage deflection-nozzle devices. 

The main parameters of the boiler were as follows: a boiler load (live steam) 
of 280 t/h, a live steam pressure of 13.8 MPa and a temperature of 515 °C. 

During the experiments, samples of the bottom ash and fly ash from the iner-
tia dust collectors after the SH and ECO and from the ESP first and second fields 
were taken from both the left and the right sides of the boiler. The sampling 
points are depicted in Figure 6. 

 
Figure 6. Schematic of PF boiler TP-67 with sampling points (Paper III) 

To determine the modified boiler ash balance, the ash mass flow rates in the 
ash discharge ports were found experimentally. The ash mass flow of the dust 
collectors located under the SH and ECO were determined by a slurry method 
that consisted of measuring the time required to fill the calibrated volume with 
slurry and measuring the slurry mass. The mass flow of the fly ash entering the 
ESP was obtained by measuring the fly ash content in the flue before the ESP. 
The flue gas analysis was performed after the ESP using the FTIR type gas ana-
lyzer. 

2.5. Emissions and trace metals from different combustion tech-
nologies 

Samples to determine PAH, PCCD/F, and trace metals were collected following 
the respective standards, CEN 1948:1999, parts 1-3; CEN 14385:2004. A quanti-
tative determination of PCDD/PCDF, PCB and PAH was provided by the labor-
atory of Ecochem a.s. in Prague. 

Fine particulate (PM2.5/10) emissions were measured at the PF and CFB 
boiler types. There were no former data about these emissions from oil shale 
fired boilers. The high health risks related to the fine particulates in the air are 
well known, and stricter requirements on the control and reduction of these 
emissions are introduced at present. PM2.5/10 emissions were determined with a 
Johnas II type cascade impactor system from Paul Gothe GmbH. Sampling 
standards CEN 13284-1 and VDI 2066 were followed. Samples were fed into 
circular 50 mm quartz fiber filters of type MK 360 of Munktell (catching effi-
ciency of 99.998 % at a cutsize of 0.3 µm). 
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Figure 7. General measuring setup (Paper IV).  

1 – S-type Pitot tube, 2 – differential manometer, 3 – nozzle, 4 – Johnas II cascade 
impactor, 5 – heated sample probe, 6 – condensator, 7 – thermometer, 8 – suction pump, 
9 – flow meter,10 – thermometer, 11 – O2 analyzer, 12 – thermocouple, 13 – gas analysis 
probe, 14 – FTIR gas analyzer. 

The general measuring setup is shown in Figure 7. The sampling was per-
formed from one point of the flue gas cross-section, which was chosen based on 
the flue gas velocity field determined beforehand for the whole cross-section 
[Paper V]. 
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3. RESULTS AND DISCUSSION 

3.1. Combustion of oil shale and wood chips 

Typical Estonian oil shale and wood chips were used for tests. The fuel samples 
were analyzed in laboratories of the Department of Thermal Engineering (DTE) 
of Tallinn University of Technology and in power plant accredited laboratories. 
The fuel characteristics during different tests were averaged, and the results in 
Papers I-III are presented in Table 4. The variations in the OS composition con-
firm that OS is not a homogeneous fuel. 

Table 4. Estonian oil shale and wood chips fuel characteristics 

 Wood 
chips 

Oil shale 

Wi
r, moisture, as received fuel (%) 43.5 11.6 - 14.9 

Qb
d, heating value, dry fuel in calorimetric bomb (MJ/kg) 20.2 10.3 - 13.9 

Qi
r, heating value, as received fuel (MJ/kg) 9.6 8.1 - 10.8 

Ar, ash content, as received fuel (%) 1.6 42.6 - 49.1 
(CO2)m

r, carbonate CO2 content, as received fuel (%) – 15.2 - 18.2 

To obtain representative data and mean values, the duration of the full-scale 
tests should be as long as possible to minimize the fluctuations in the flue gas 
and the variations in the ash chemical composition. 

3.2. Chemical composition of ash 

The chemical composition of the ashes from different combustion technologies 
are presented in Table 3 in Papers I and II and in Tables 5 and 6 in Paper III. 
Comparing the ashes from different combustion technologies, a significant dif-
ference in the CO2 and CaOfree content in the PF and CFB ash samples was ob-
served. The extent of carbonate mineral decomposition was partial in the case of 
the CFB. The tests on the PF boiler indicated that the extent of carbonate de-
composition (kCO2

) at full load was in the range of 0.92–0.97. At partial load, the 
decomposition was somewhat lower in the ashes of the super heater and econo-
mizer, 0.85 and 0.87, respectively, and was substantially lower in the bottom 
ash, 0.59 [Paper II]. The tests on the CFB boiler indicated that the kCO2

 was in 
the range of 0.74–0.88 in the convective part of the boiler and 0.51 in the bottom 
ash [Paper I]. This result confirms the impact of the combustion temperature on 
the decomposition of carbonate minerals. There was also a significant difference 
in the CaO content bound into novel minerals. The CaO bound by novel miner-
als was significantly higher in the PF ashes than in the CFB ashes. At considera-
bly higher furnace temperatures, approximately more than two times more CaO 
was bound into different ash minerals [Paper VI].  
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3.3. Ash balance 

The ash balance for CFB can be estimated according to [2], where studies were 
conducted with conventional and enriched OS. The OS and biomass co-
combustion ash balance in a CFB boiler should be the same as with the enriched 
OS because the ash input with fuel decreases. The ash balance for a PF boiler is 
presented in Fig. 2 in Paper II. The total share of ash from the furnace, SH and 
ECO is 51%. The results differ from those reported in [5] because four old ESPs 
have been replaced with three new ones. Furthermore, the pre-precipitator 
chamber before the cyclone has been removed. The VC ash balance is shown in 
Fig. 5 in Paper III. The figure shows that in spite of the coarsening of the ash 
particles, the share of the ash streams captured in the furnace (bottom ash) was 
smaller than expected compared to previous experiments on medium-pressure 
boilers. The bottom ash stream was approximately 23% of the total ash flow 
rate. 

3.4. PF and CFB boiler heat balance 

The heat balance and thermal efficiency estimations of the considered full-scale 
experimental study of the PF and CFB boilers were performed on the basis of 
the standard [64], applying the indirect method that takes into account the pecu-
liarity of the oil shale as a fuel. The amount of heat released, the ash content and 
the amount of flue gas during the combustion of 1 kg of oil shale depend strong-
ly on the endothermic and exothermic processes in the mineral part of the fuel 
[5]. These processes include the decomposition of calcite and dolomite, the oxi-
dation of FeS2, the sulfating of CaO and the formation of new minerals. A more 
detailed description on the calculation of the amount of heat and the ash content 
is presented in [4]. It was found that the gross thermal efficiencies of the PF and 
CFB boiler were 86.4% and 88.8%, respectively [Paper I and II]. 

3.5. Flue gas 

The flue gas analyses for PF and VC were performed behind the ESP before the 
induction of a draft fan. The results are presented in Table 7 in Paper III and in 
Table 10 in Paper II. Retrofitting the boiler to use VC technology did not result 
in a reduction of SO2 emissions, indicating an even weaker process of binding 
sulfur oxides in this furnace compared to PF. According to the test results pre-
sented in Table 10 in Paper II, the share of the flue gas components depends on 
the boiler load changes. At partial load, the oxygen content in the flue gas is 
twice larger that at full load. At full load, the content of the other components in 
flue gas is substantially higher compared to that at partial load. For example, the 
content of SO2 at full load is approximately twice that at partial load. The mass 
division of fly ash after the ESP was determined in three tests at both boiler 
loads in Figure 3 in Paper II. As predicted, the content of the finest ash particles 
(<2.5 μm) is higher at a nominal load. The results are in agreement with the re-
sults obtained in Paper IV. 
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The composition of the flue gas during biomass and OS co-combustion in a 
CFB boiler was determined before the ESP. The values of the average concen-
tration of the flue gas are given in Table 7 in Paper I, where the OS and biomass 
firing test results are compared with the ones in [1]. We can conclude that co-
combustion reduces CFB boiler emissions. The mass division of the fly ash after 
the ESP was determined in three parallel tests, shown in Figure 2 in Paper I. The 
content of the finest ash particles remained in the same limits when firing OS 
with biomass compared to pure OS firing, as shown in Fig. 5 in Paper IV. The 
significant influence of the oil shale firing mode on the shape of the fine ash 
particles was noticed from the SEM pictures of PM2.5 fractions at oil shale PF 
and CFB combustion in Figure 3 in Paper V. The ash particles from PF 
(<1400 °C) are overburnt (melted) and nicely round. Because of the much lower 
furnace temperatures in the CFB boiler (<850 °C), the ash particles have an ir-
regular shape [Paper V]. 

The trace metal emission and distribution at OS PF and CFB firing are pre-
sented in Table 1 in Paper V. The emissions were remarkably lower in CFB 
compared to PF. One of the reasons is the more efficient ESP-s installed at the 
CFB units, which decreased the trace element release with solid particles about 
twofold. Because of a similar temperature distribution at the tail of the CFB 
boiler, the emission of trace elements in the gaseous phase was at the same level 
as for PF. 

Ten times lower level of Hg content in flue gases from CFB boiler if com-
pared to PF system was unexpected. At flue gas temperature (~160 °C) most of 
the Hg is in elemental form (Hg0) in gas phase and the results for CFB and PF 
should be comparable. The reason for this discrepancy may be caused by differ-
ent temperature regime and oxygen content. Hg reacts with oxygen and forms 
HgO. The HgO is bound by carbon contained in ash. Carbon content in the CFB 
boiler ash is higher compared to PF and therefore the Hg content in the flue gas 
is less, because Hg is bound with ash. 

The elements’ relative enrichment factors were different from the former re-
sults [65], which could be explained by the changes in the fly ash size distribu-
tion. As usual, the enrichment occurs towards finer ashes. The enrichment factor 
is highest for the Cd and also for the PF ashes [Paper V]. 

3.6. Specific consumption and emission of an energy unit 

The specific indicators of the fuel consumption and ash emission for PF and 
CFB, both per useful heat (MWhth) and gross electricity production (MWhe

br), 
are given in Table 5. The specific indicators of the fuel and ash were obtained 
experimentally for the first boiler of the energy unit. The results were assumed 
to be applicable for the second boiler as well. The specific indicators of the CO2, 
CO and SO2 emissions per gross electricity (kg/MWhe

br) are in Table 6. There 
are two values of the CO2 emission, one based on the sample measurements and 
the other calculated based on the fuel composition [Paper I and II].  

The heat rate of the CFB unit, firing biomass with a thermal share of 15%, 
was 2.36 MWhth/MWhe

br, corresponding to a gross energy efficiency of 42.37%. 
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The heat rate of the PF unit was 2.49 MWhth/MWhe
br, corresponding to a gross 

energy efficiency of 40.16%. 

Table 5. Specific indicators of the fuel consumption and ash emissions for PF and CFB 

Indicator Firing technology 

 PF CFB* 
CFB 

(OS+BIO) 

Oil shale consumption per useful heat, kg/MWhth 489 441 375 

Biomass consumption per useful heat, kg/MWhth - - 56 

Ash formation per useful heat, kg/MWhth 223 217 182 

Oil shale per electricity (gross), kg/MWhe
br 1 219 1160 882 

Biomass per electricity (gross), kg/MWhe
br - - 132 

Ash formation per electricity (gross), kg/MWhe
br 555 570 428 

* According to [1] with a power unit efficiency of 0.38 and an OS heating value of  
8.4 MJ/kg. 

Table 6. Specific emission indicators 

Pollutant per electricity (gross), 
kg/MWhe

br 
PF CFB 

CFB 
(OS+BIO) 

CO2 
1 974 872 788 

CO2 
2  1 066 923 927 

CO  0.111 0.083 0.111 

SO2  11.89 0 0 
1 – calculation based on the measured percentage of CO2 with the calculated volume of 
dry gas; 
2 – calculation based on the fuel composition. 

The test with a biomass thermal share of 15% indicated that the specific 
emissions of SO2, CO and NOx remained the same or slightly decreased com-
pared to [2], where only OS was fired with an LHV of 8.5 MJ/kg. The ash con-
tent decreased by 16%, and the CO2 emissions were 14.6% lower. The specific 
emission of the SO2 in PF was 11.89 kg/MWhe

br, and for CFB, it is considered as 
zero [Papers I and II]. 
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CONCLUSIONS 

Full scale experiments and in-situ studies were conducted in EPP, BPP and at 
ash fields. The obtained results are summarized. Based on the tests, we can make 
the following conclusions: 

 VC technology did not result in the reduction of SO2 emissions. SO2 
emissions during the experiments at the full boiler load varied within the 
range of 2,715–3,344 mg/Nm3, exceeding emissions of SO2 for the ex-
isting PF technology and indicating an even weaker process of binding 
sulfur oxides in the furnace. Analysis of the bottom ash chemical com-
position showed considerable increase in the amounts of unburned car-
bon. Therefore, the retrofitting of PF units to VC was stopped. 

 The gross thermal efficiency of the PF boiler TP-101 was 86.4%. The 
specific consumption of oil shale per useful heat and gross electricity 
production was 0.489 t/MWhth and 1.219 t/MWhe

br, respectively. The 
same indicators for ash formation were 0.223 t/MWhth and 
0.555 t/MWhe

br, respectively. The heat rate of the unit was 
2.49 MWhth/MWhe

br, which corresponds to a gross energy efficiency of 
40.16%. The average concentration of the NOx and SO2 emissions at 
stable load varied insignificantly. The tests at partial and full loads 
showed that the specific emissions of SO2, CO2, CO, NO and HCl at full 
load were higher, e.g., the content of SO2 was almost twice that at partial 
load. 

 During OS and biomass co-combustion, the gross thermal efficiency of 
the CFB boiler was 88.8%. The ash content decreased by 16%, and CO2 
emissions were 14.6% lower. The content of the fine particles (<2.5 µm) 
of the ash after the ESP remained in the same limits as those in Paper 
IV. The specific consumption of oil shale per useful heat and gross elec-
tricity was 0.375 t/MWhth and 0.882 t/MWhe

br, respectively. The specif-
ic consumption of biomass per useful heat and gross electricity was 
0.056 t/MWhth and 0.132 t/MWhe

br, respectively. The same indicators 
for the total ash formation were 0.182 t/MWhth and 0.428 t/MWhe

br, re-
spectively. The heat rate of the unit was 2.36 MWhth/MWhe

br, corre-
sponding to a gross energy efficiency of 42.37%.  

 It was found that in the case of oil shale CFB firing, the relative share of 
very small (<2.5 µm) particulates is higher because of the very efficient 
milling effect of the relatively soft minerals of oil shale in the CFB fur-
nace. To study the emission, the mass distribution of the CFB boiler ash 
between different separation points along the flue gas duct (ash mass 
balance) was determined, and analyses of the sampled ashes were pro-
vided. 

 With the introduction of CFB firing at Estonian oil shale power plants, 
the environmental impact of oil shale power production decreased sig-
nificantly. There was a decrease not only in conventional air pollutants 
but also trace metals, PAH and dioxins/furans. Therefore, the content of 
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toxic compounds is not limiting the possible utilization of CFB ash in 
agriculture and the industry. 

 The relative enrichment of trace metals towards smaller ash fractions 
(flying ash versus landfilled total ash) takes place, as was found in for-
mer studies. 

 The PAH concentrations in the flue gas of the CFB boiler are at least 
several times lower than in PF boilers. The benzo(a)pyrine content re-
mains below 11 ng/Nm3 (6% O2) in CFB firing. The PCDD/F and PCB 
air emissions of oil shale firing CFB boilers are very low, that is, below 
20 mg per year. 

 The PM10 relative content in the emissions of oil shale boilers (PF and 
CFB) is significant, forming over 80% TSP. The PM2.5 share from TSP 
is higher in the case of the CFB boiler, exceeding 50%. The absolute 
values are lower for the CFB boilers. 

 The share of solid particles with a size over 10 µm tends to increase in 
correlation with the TSP content. 

 Today, the sediment ponds and ash field of oil shale power plants absorb 
approximately 5–6% of the emitted CO2. 
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ABSTRACT 

Oil shale is Estonia’s primary energy resource for achieving energy independen-
cy. Approximately 90% of the electricity consumed is produced from oil shale. 
Oil shale is the primary contributor to air pollution and waste. To reduce the 
environmental impact of oil shale power production and to increase the reliabil-
ity of boilers, different combustion technologies have been introduced and modi-
fied at various times. Different combustion technologies – pulverized firing (PF) 
and circulating fluidized bed (CFB), are currently utilized at oil shale-fired pow-
er plants. An attempt was made to use vortex combustion (VC) technology, but 
this effort did not result in success. The present work is based on in-situ experi-
ments at full-scale oil shale firing boilers and at ash fields, where the ash is de-
posited. All analyses are based on international standards. 

The goal of this thesis is to analyze the existing situation at Estonian oil shale 
fired power plants by determining the boiler efficiencies, ash flows, ash chemi-
cal compositions, specific emissions, fine particulates, trace metals and ash be-
havior in ash fields of different combustion technologies. The thesis presents a 
detailed review of the data obtained from the conducted in-situ tests and com-
pares it with previous results. The chemical compositions of the ash formed by 
different combustion technologies are compared. An analysis and an estimation 
of the changes in the emission of all of the primary polluting components in 
CFB firing compared to PF are presented. This analysis includes the mass bal-
ance of the trace metals in the initial fuel and in formed ash; the emissions of 
PCDD/F, PCB, PAH, and PM2.5/10; and conventional air emissions, such as 
NOx, SO2, CO2, CO, HCl, and TSP. 

It was found that the heat rate of the CFB unit, firing biomass with a thermal 
share of 15%, was 2.36 MWhth/MWhe

br, corresponding to a gross energy effi-
ciency of 42.37%. The heat rate of the PF unit was 2.49 MWhth/MWhe

br, corre-
sponding to a gross energy efficiency of 40.16%. 

The test with a biomass thermal share of 15% showed that the specific emis-
sion of SO2, CO and NOx remained the same or decreased slightly compared to 
the conventional firing of OS with an LHV of 8.5 MJ/kg. The ash content de-
creased by 16%, and the CO2 emissions were 14.6% lower. 

The specific emission of SO2 in PF was found to be 11.89 kg/MWhe
br, and 

for CFB, it is considered as zero. The PAH concentrations in the flue gas of the 
CFB boiler were at least several times lower than in PF boilers. The ash of the 
CFB boiler at the ash field bound 8.1% of the emitted CO2, and the PF boiler ash 
bound 3.2% of the emitted CO2. 

With the introduction of CFB firing at Estonian oil shale power plants, the 
environmental impact of oil shale power production has decreased significantly, 
not only in terms of conventional air pollutants but also with trace metals, PAH 
and dioxins/furans and ash as a CO2 absorber. The co-combustion of oil shale 
with biomass in a CFB boiler decreases the environmental footprint of OS power 
production even more. 
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KOKKUVÕTE 

Üle 90% Eestis tarbitavast elektrienergiast toodetakse põlevkivist. Põlevkivi on 
madala kütteväärtusega tuharikas kütus, mida kasutatakse nii tolmpõletus- kui ka 
ringleva keevkihiga kateldes. Põletustehniliselt erinevad need katlad üksteisest 
märgatavalt. Erinevad põlemistemperatuurid ja kütuse ettevalmistus erinevates 
katlatüüpides on ühed olulisemad tegurid, mis mõjutavad tekkiva tuha ja suitsu-
gaaside koostist. 

Käesoleva doktoritöö eesmärk on uurida erinevatel põletustehnoloogiatel 
tekkivaid õhu- ja tuhaheitmeid ning tuha käitumist tuhaväljal. Selleks teostati 
tööstuslikud katsed erinevat tüüpi kateldel ja viidi läbi uuringud tuhaväljadel. 
Saadud tulemuste põhjal saab hinnata põlevkivienergeetika keskkonnamõju ja 
erinevate põletustehnoloogiate jätkusuutlikkust pidevalt karmistuvates keskkon-
natingimustes. 
 Doktoritöö peamised tulemused on järgnevad: 

 Tolmpõletuskatla rekonstrueerimine madalatemperatuurse keeriskoldega 
katlaks ei anna vajalikke tulemusi. Vääveldioksiidi heitmed pigem isegi 
suurenevad. 

 Tolmpõletuskatla TP-101 kasutegur oli 86,4% ning kütuse- ja tuha eri-
kulud olid vastavalt 1,219 t/MWhe

br ja 0,555 t/MWhe
br. 

 Ringleva keevkihiga katla kasutegur põlevkivi ja biokütuse koospõletu-
sel oli 88,8% ning kütusekulud olid vastavalt põlevkivi kulu 
0,882 t/MWhe

br ja biokütuse kulu 0,132 t/MWhe
br ning tuha eriteke oli 

0,428 t/MWhe
br. 

 Ülipeente tuhaosakeste (<2,5 µm) osakaal keevkihtpõletusel on võrrel-
des tolmpõletuskatlaga suurem, kuna ringluse tõttu hõõrduvad tuhaosa-
kesed omavahel. 

 Raskemetallide osakaal on keevkihtpõletusel võrreldes tolmpõletusega 
märgatavalt vähenenud ega põhjusta tuhakasutusele piiranguid. 

 Polüaromaatsete süsivesinike kontsentratsioon keevkihtkatlas on võrrel-
des tolmpõletuskatlaga märgatavalt vähenenud. 

 Ülipeente tuhaosakeste PM10/2,5 summaarne osakaal on keevkihtpõle-
tusel võrreldes tolmpõletusega väiksem. 

 Elektrifiltrite efektiivsus mõjutab otseselt ülipeente tuhaosakeste kont-
sentratsiooni. 

 Tuhaväljad seovad 5–6% elektrijaamade emiteeritavast süsihappegaa-
sist. 
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)*+,�-.�/01234567�8390�:30;�4<�2=0�>4370?�@ABCD.�� �1671E76209�68�2=0�93<<0?0510�F02;005�2=0�24267�68=�G688�<74;�0520?35H�3524�2=0�F4370?�;32=�<E07I�;=31=�;68�9020?G3509�2=?4EH=�2=0�3593?012�=062�F676510�4<�2=0�F4370?I�659�2=0�24267�<7J�68=�G688�<74;.��@=0�H68�6567J838�;68�K0?<4?G09�F42=�35�2=0�?3H=2�<7E0�H68�9E12�62�2=0�70<2�L/A�0M32�659�35�2=0�70<2�<7E0�H68�9E12�62�2=0�?3H=2�L/A�0M32�E835H�2=0�NB@OP�2JK0�H68�6567JQ0?�RS68G02�TUBVWWWX.�TE?35H�2=0�20828I�65�6220GK2�;68�G690�24�G068E?0�2=0�20GK0?62E?0�938B2?3FE2345�35�2=0�14GFE82345�1=6GF0?.�@=0�G068E?0G0528�;0?0�K0?<4?G09�FJ�65�35<?6?09�2=0?G4G020?�RYZW[I�Y3\?453582?EG052X�4K0?6235H�35�2=0�]̂ _�6F84?K2345�F659.�A?34?�24�2=080�20828I�K6?67707�G068E?0G0528�4<�2=0�<76G0�20GK0?62E?0�35�2=0�<E?5610�4<�6�F4370?�2=62�;68�<3?35H�437�8=670�G690�;32=�2=38�35<?6?09�2=0?G4G020?�659�6�8E12345�KJ?4G020?�=6:0�8=4;5�2=62�2=0�8K012?67�<76G0�0G3883:32J�35�2=0�]̂ _�6F84?K2345�F659�38�17480�24�E532J.��àbcdeb�fgh�hibjcbbikg�lamnaofecoa�hibeoipceikg�ig�eqa�rcogfja�@=0�G068E?0G0528�4<�2=0�<76G0�20GK0?62E?0�35�2=0�<E?5610�;0?0�K0?<4?G09�62�<3:0�93<<0?052�1?488B80123458�6745H�2=0�=03H=2�4<�2=0�F4370?�R800�N3H8.�_BVX�35�2=0�<4774;35H�741623458s�62�t�G�45�2=0�70<2�659�?3H=2�83908�4<�2=0�<E?5610I�62�u_�G�35�2=0�70<2�?06?�14?50?I�62�uC�G�45�2=0�?06?�;677I�62�_W�G�45�2=0�70<2�659�?3H=2�83908�659�45�2=0�10520?�4<�2=0�<?45267�;677�659�62�_V�G�45�2=0�70<2�K6?2�4<�2=0�<?45267�;677.�@=0�<3?82�G068E?0G0528�62�<E77�7469�=6:0�8=4;5�2=62�2=0�H68�20GK0?62E?0�35�2=0�70<2�EKK0?�K6?2�4<�2=0�<E?5610�:47EG0�;68�83H53<316527J�=3H=0?�2=65�2=0�14??08K45935H�:67E08�<4?�42=0?�G068E?35H�K43528.�@=0�G6M3GEG�20GK0?62E?0�4F263509�;68�uvDW�w]�659�:6?309�;32=35�2=0�?65H0�<?4G�u_DWxuvDW�wy.��z�=3H=�545E53<4?G32J�4<�2=0�20GK0?62E?0�<3079�6745H�2=0�<E?5610�;392=�;68�4F80?:09.�O5�8EF80{E052�0MK0?3G0528I�6<20?�2=0�?014582?E12345�206G�K0?B<4?G09�84G0�6993234567�F4370?�69|E82G0528I�2=0�G6M3GEG�20GK0?62E?0�;68�901?06809�659�54�745H0?�0M100909�uu}W�w]I�659�2=0�20GK0?62E?0�9382?3FE2345�6745H�2=0�<E?5610�1?488�8012345�;68�G4?0�E53<4?G.�



���������	
�����
��
�����
���
�����
���
��������
������	��������
������
����������

 �


��� 
!"
#$%&$'()*'$
+,-)',.*),/0
,0
)1$
2*'0(3$
()
4556
./,7$'
7/(+"





��� 
8 
#$%&$'()*'$
+,-)',.*),/0
,0
)1$
2*'0(3$
()
9:6
./,7$'
7/(+"




���������	�
����

������������������������������� !��!��"��#��!�$�����%&'�� �(���( ������)*+,�-*./0*12/*34�54567.*.�38�82,695.:�54-�5.:�;5..�863<�15654=,��"������(��� #���$ �������>����?������������ !��!�(@���� #��"����(>���?���#��(��#����� �"���� ��#�����!���!��!� ��#����������� �����������!�����!����(��A��B�����$(�����"����"����������C!�#�$�!����##���!$����!��"��#��(�#��$�� !�(�$ �� ��D�� !���"�������!������$(����������� #��"��#��(��!����!C��"��( E���� E����!�����!$��������@�A�%D# (�F��!���"�����$�!��C����������GA&&� !��"�����>��E��"���C�������$�!C� #��A&&�H���!$��������@����� I�����(@�J�K������F��!��$���!C��!$�����!C����$�!��C��� #�$ �����#��(������$(������$ �������� �#�!��������$(����L���!C�$ ����DC� �!��#��(�����(�����!�$"�!C�!C��"��#��$�� !�(�$ �� ���� !� #��"��� �� ���!��#(@���"���M�������(��NO��P��$ �������� ��"��QL���$"! ( C@������#�((�� �(���( ���M"���F�����!��I���(�F��"����"������$(��#��$�� !�(�$ �� ���� !� #��"��QL�� �(����QDJ&J��������OF����$�!�������!�#� �����(��N��"�����C!�#�$�!����"������$(��$ ����!�!C� $$�����!���##���!��� �(���( $��� !�����RSTUV�W��X05=/*3456�=3;Y3.*/*34�5/�Z[[\�13*6,0�635-�Q��������� ] ��#����������� �� !̂� ��#����������� ��]����!������$(�����������_�F�H�� ��̀&aA&&� N%a%&�b��>����������G̀&F�'� cda%K� NAacA�b��>����������GA&&F�'� Ncacd� J̀aÀ�
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�edjm�gdeg
�

bHc�eadjefeld
ia�jedgmfejdljeidà
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����������	��
������������������������������  �!" �#�!��$%&#���'����(��)!���� �����������*��+�#�"��,��-�� -����!#��./01�� �)��2��"�13,435��"'��-���!#��.63��!����-�"�735��"��-���� ��!#�8 8���9%��*��8� �:;/33��(<=�>?0���@����� ���"�9%��*��8���"*!�*� ���������*���"���� ���"��-��#�"� ��#�����!"�:�./01?��"'�'����� ���"��-���!�� � ��#�����!"�:A63�B�?0�9-�� -����!#��"�����'�����#�����!"�:/01,63�B�?� ��+ ����! ��8"�-�"(�'0���C%������" �#�8��(� �#�!��D������� �!*���63�B���!����##����"��+��-�"�#�!��D������� �8"'���/01�B�0���.�  �D����"��(��!#��.63�� ��-�� ����#!���E��"'�FEG�)!���� �)8��D����"��(��!#��./01�� �-�(-���#!��FEG�)!���� 0���F!&#���"(�C �!"��"�$%��"'�#8�� �2��-��!2���� -��!"��"��:G.��"'����!���(� ?��� 8�� ��"��!2���9%�����  �!"H�)8��'!� �"!���-�"(��������*�� -��� �!#��./01��"'��.�630����./01��"'��.63��!�������  �!" �#�!�����(��$%�)!���� ���"�)��� ������'�)� �'�!"���(8����9%�����  �!"���� 8����"� �!#� �D������)!���� ��"'�����*�"����  � -��� �!#�#�����!" 0�I�J��K�LMNLOL�P��Q8�-!� ��RD��  ��-����(�����8'���!�C �!"��"�C"*��!��"����S"*� ���"��F�"����:TST?H��!�C� ���C"��(���=��*���!2������"� �U�'0��"'�%�����V���!2������"��U�'0�#!���-��#�"�"����� 8DD!����"'����-"������  � ��"���!#�����+�"(�!8��#���"(��� � 0���WXYXWXZ�X[�60�\����-��� ] �!#�D�����8������������#�!���!"(&��"(�����" )!8"'��+�����D!��8��!"0�!̂�"��_\$<F!"*�"��!"�9� ]�E!����!"��-��\����-�Q D��� �!#�Q����!��8��!"0�/0�\����-�� D��� �!#�����D!��8��!"�2��-�D�����8�����������H�!̀!"���"'�"���!(�"�'�!R�'�0�a�D!���!"���_\$�2!�]�"(�(�!8D0�F!D�"-�(�"H�_\$�a�(�!"���$##����#!��C8�!D�H�/33>�:'!�8��"��Cba<3><13c/4dd?0�Q*����)���#�!�e�-��De<<�2220�8�!02-!0�"�<'!�8��"�<�f737f0D'#�H�����  �'�6�$��!)���/3310�>0�C"*��!"��"����a�D!���!#�C� ���C"��(���U�'0�Q*����)���#�!�e�-��D e<<2220��"��(��0��<�"<�"*� �!�< ����0�c0�FC=�6>/dc&6�%����!"��+� !8�������  �!" �,�@������"���!"�!#��!2���"(����  ��!"��"�����!"�!#�'8 ��,������6e�.�"8���(��*�����������-!'0�10�g8�'���"��h@S�/344������630�������8��������������� 8����"��,�@8 ����� 8��&��"���"�#�!2�"(�(� � �,�.�� 8����"��!#��.63��"'��./01����  �!" ���� ����!"��+� !8��� �)+���D����!"����-!'0�40�ijjkllmn�opn�qlmrsn�tpn�ujvwkxn�y0�C"*��!"��"����S�D����!#�C �!"��"�$���%-����FEG�E���"(�<<���!���'�"( �!#��-��/3�-�S"���"���!"���F!"#���"���!"�E�8�'�̀�'�G�'�F!�)8 ��!"e�/3�-�S"���"���!"���F!"#���"���!"�E�8�'�̀�'�G�'�F!�)8 ��!"H�



������������	��
����������
��������������
�	�
�����
�����
�� ��������� �!�"�� �#�$�%&'(% �())*�+�,-. �/0 �1���2 �30 �1��4 ��0 �5-4 �10�6.78090������:�;8��2�-��<��=.>8�?$�@>.88+AB>��2.> �())*0�@0�C(('C(&0��D0�E.?.>F���?�4��4G�84H�7�B�>?�I-H�?.8�@#(0J���7�@#%)����GH-.�2�8.8�G>4F�4�H�8��H.�K4�H.>8��?�L�>=��@4M.>�@H��?8�5?70�;;<�;NE�O.B4>?8 �%**&'()%)0�&0�PQRRST�UVT�WSXYYQZ[ZT�\VT�P]̂R_Z[ZT�̀VT�UXXQT�PVT�aQQbSSXT�cVT�WSXd[T�eVT�W]f_T�eVT�WX]YYT�UVT�e]]YgST�e0�NhB.>�.�I.�4G�N8?4�����4�H�8��H.�I4FK-8?�4��K�8.7�4���ij�?.I��4H42$��?�L�>=��@4M.>�@H��?8�++�k�H�A��H.0�())J0�l4H0�(( �L40�CA0�@0�m&%'m*&0�*0�n]oo_̂ST�pVT�PQYY]Z[ZT�cVT�W__bR]Z[ZT�PVT�q̂]rW]X]̂sT�WVT�cQY]Z][g]T�c0�i��.�@�>?�IH.�NF�88�4�8�G>4F�j�4F�88���7�3.�=$�i-.H�k�H��4FK-8?�4��M�?�4-?�NGG.I?�=.�i�H?>�?�4��6jtk@kO90�'�l;;�;.I���I�H�O.8.�>I���.�?>.�4G�i��H��7 �<��=.>8�?$�4G�u-4B�4 �())D0�%)0�i-.H�I4FK-8?�4�����8?�?�4��>$�84->I.80�NF�88�4��G�I?4>8�G4>�84H�7�G-.H80�v=��Hw�KH.�G>4F:��??B:++MMM0���8�0�I0�?+x>���8+@#+74I8+74I-F.�?�?�4�0�?FH�0���O.I.�=.7�E.I.FK.>�m �()%)�



105 

PAPER V 
 



 



�����������	
���	���������	���
��	
����������
���������������	�������� !"#$% &$'()* #%"+,&-.&  #.&-/)"++.&&0&.1 #2.$3'() 4*&'+'-3/5'!+.667/66869/)"++.&&/,2$'&."	:����;�<=>?@AB?CDB@CEFGHCIFIGEJKL>GMAB@DCCMLACDB@CNCMLGOP@LGM>BQ@CMCIRCL>KB?>MECFCMECMKSBMECKGMGNSOGIGTCIUVSCBI@WXLLAC@BNCL>NCG>?@AB?CFGHCIF?BML@CN>@@>GM@@L>??R>TCLACD>RRC@L@ABICGOP@LGM>BM@LBL>GMBIS@GJIKCFG??JL>GMYABT>MR@>RM>O>KBML>NFBKLLGLACCMT>IGMNCMLWZABM[@LGLAC>MLIGEJKL>GMGOG>?@AB?C?BIRC@KB?C\]̂ O>I>MRYICEJKL>GMGOLACLGLB?CMT>IGMNCMLB?>NFBKLHB@BKA>CTCE>M?B@LSCBI@W_CLB>?CE>MOGINBL>GMBDGJLCN>@@>GM@OIGN \]̂ FGHCIJM>L@HB@KG??CKLCEEJI>MR@CTCIB?IC@CBIKAFIG̀CKL@>M?B@LSCBI@WZACFBFCIICT>CH@LA>@MCHEBLBBMEKGNFBIC@>LH>LAOGINCI>MOGINBL>GMWXMB?S@>@BMEC@L>NBL>GMGOKABMRC@GOKABIRC@GOB??NB>MFG??JL>MRKGNFGMCML@BL\]̂ O>I>MRKGNFBICELGOGINCIFJ?TCI>aCEO>I>MRbc]dBICFIC@CMLCEWeLKGMKCIM@NB@@DB?BMKCGOLIBKCNCLB?@>M>M>L>B?OJC?BME>MOGINCEB@AYCN>@@>GM@GOc\__f]Yc\̂ YcXgYchiYjfkVYF?J@KGMTCML>GMB?B>ICN>@@>GM@B@l=mYn=iY\=iY\=Yg\?YZncWPRW>LHB@OGJMEGJLYLABLLACIC?BL>TC@ABICGOTCIS@NB??boiYjpNdFBIL>KJ?BLC@>@A>RACI>MKB@CGOG>?@AB?C\]̂ O>I>MRYHABLKGJ?EDCCmF?B>MCEH>LATCISCOO>K>CMLN>??>MRCOOCKLGOIC?BL>TC?S@GOLN>MCIB?@GOG>?@AB?CBL\]̂ OJIMBKCWeMIC?BL>GMGOCN>@@>GM@LJE>C@B?@GNB@@E>@LI>DJL>GMGO\]̂ DG>?CIB@ADCLHCCME>OOCICML@CFBIBL>GMFG>ML@B?GMRLACO?JCRB@EJKLbB@ANB@@DB?BMKCdHB@ECLCIN>MCEBMEBMB?S@C@GO@BNF?CEB@AC@HCICFIGT>ECEWZA>@>MOGINBL>GM>@>NFGILBMLOIGNLACFG>MLGOT>CHGODCLLCIJMECI@LBME>MRGOLACINGKACN>KB?FIGKC@@C@BMECN>@@>GMOGINBL>GM>M\]̂ DG>?CIYH>ECIICJ@CGOLACB@AC@GO\]̂ JM>LW��qr��s�<G>?@AB?CY\]̂YCN>@@>GMYB@AYchiWj�����tu�����XOLCILAC@LBILJFGOMCH\]̂ DG>?CI@E>OOCICMLLC@L@BMENCB@JICNCML@HCICKBII>CEGJLBLE>OOCICMLG>?@AB?CO>ICEDG>?CI@EJI>MR?B@LLHGSCBI@WXLlBITBFGHCIF?BML@LHGLSFC@GODG>?CI@HCICLC@LCEvFJ?TCI>aCEO>ICEbc]dZckVkBME]G@LCIwACC?CIikjhwC\]̂ DG>?CI@WZCKAM>KB?@FCK>O>KBL>GM@BMEEC@KI>FL>GM@GOLAC@CDG>?CI@KBMDCOGJME>M=L@biVVUdBMEgGLLBCLB?WbiVVjdWhG@LGOLC@L@HCICFIGT>ECEGM?SBL\]̂ DG>?CI@Y@>MKCLACICHB@B?BK[GO>MOGINBL>GMBDGJLLAC@CDG>?CI@CN>@@>GM@Ŵ C@>ECLACNCB@JICNCMLGOGIE>MBISB>ICN>@@>GM@H>LA]Zex@FCKLIGNCLCIbn=iYl=mYli=CLKWd@BNF?C@OGILACECLCIN>MBL>GMcXgYc\\_f]YLIBKCNCLB?@HCICKG??CKLCEOG??GH>MRIC@FCKL>TC@LBMEBIE@y\Plkz{|}kzzzYFBIL@ky~�\Plk{~|j}iVV{W�JBML>LBL>TCECLCIN>MBL>GM@GOc\__fc\_]Yc\̂ YcXgBMEghHCICFIGT>ECEBL?BDGIBLGISGOPKGKACNBW@W>McIBRJCDSJ@>MRe\cyhnYe\cy=PnYgx�\fgxhnBMEXXnW]>MCFBIL>KJ?BLC@CN>@@>GM@bchiWjfkVdCN>@@>GM@HCICNCB@JICEBLDGLALSFCGODG>?CI@YDCKBJ@CMGOGINCIEBLBBDGJLLAC@CCN>@@>GM@OIGNG>?@AB?CO>ICEDG>?CI@Cm>@LWXLLAC@BNCL>NCA>RAACB?LAI>@[@IC?BLCELGO>MCFBIL>KJ?BLC@>MB>IBICHC??[MGHMBMENGIC@LI>KLECNBME@GMKGMLIG?BMEICEJKL>GMGOLA>@CN>@@>GM@BIC>MLIGEJKCEMGHBEBS@WchiWjfkVCN>@@>GM@HCICECLCIN>MCEH>LA�GAMB@eeLSFCKB@KBEC>NFBKLGI@S@LCNOIGNcBJ?�GLAC�NDgWXL@BNF?>MR@LBMEBIE@\Plk~i|{ykBME�_eiVUUHCICOG??GHCEWnBNF?>MRHB@FIGT>ECELGLACK>IKJ?BIjVNN�JBILaO>DICO>?LCI@LSFCh�~UVGOhJM[LC??bKBLKA>MRCOO>K>CMKSGOzzWzz|�BLKJL@>aCGOVW~pNdWZAC@BNF?>MRHB@FIGT>ECEOIGNGMCFG>MLGOLACO?JCRB@KIG@@@CKL>GMYHA>KAHB@KAGG@CEDB@CEGMO?JCRB@TC?GK>LSO>C?EECLCIN>MBL>GMDCOGICABMEOGILACHAG?CKIG@@@CKL>GMW]GILACTCI>O>KBL>GMGOLGLB?@G?>EFBIL>K?C@bZncdKGMKCMLIBL>GMNCB@JICEH>LAKB@KBEC>NFBKLGIOIGNGMCFG>MLYFBIIB?C?NCB@JICNCML@GOZncOIGNLACkUFG>ML@GOLACHAG?CKIG@@@CKL>GMHCICFIGT>ECEW���u
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�������������	�
�
#&�����%+��������+����������
�����������
V+���
������������
���������	����
������������������������
��������
�����������
���	���������������!�!	!����������#�%�����������������������+((�	TU�$#�WX�%��������	+���������������
$�h-Z�	TU�$���
��������������
#i��
�������!(Z-�Vf�����i!����!V(ZZ"%!�������+�
����
�������
����fg�������������
������������������
#&�����%!./012j 4kl7=>1;2H/929/=:7=6<6/1/9@<>ABC0<7125B1;2H/9 .<6/1/9@=HmnF3 FHmoHU�������� (Y-� �!$f����������� ,(�-Y ,�V�"f��������� ,�� �!����������� ,�$ �!�-����������� ,�-$ �!�$f�������� ,�$ ,�V�������������� ,(( ,�V�-������� (- �!�YY�����#�%��������� ,(( ,�V������
��� ,(( ,�V�$Y�����#�%����������� ,(( ,�V��������#*%����������� ,(( ,�V��Y������#�%������ ,(( ,�V�(�p������#�V%��������� ,(( ,�V�(������#	VV�%�������� ,(( ,�V�(Y������#(V�V$h��%������ ,(( ,�V�$��fg
�� �!Y�q����������������������#�%���������������
����������+�
r�$��	T*	#i��
�������!(Z-�Vf�����i!��!��!V(ZZ"%V�����
����������������������
,(��	T*	!&�
���������
����������+���fg�������������
�����
�����������	��������	+���������������V������
������)�
��	�����
������
�
V�
���+���������
������
#s��
�t!����!V���"%!p�����������������u��
��������
������������������������	�
�
	�)�)�����
���)����
����������������
���
����������
�����
���#�����"%! ��
�����������������
+���)�����+������
���������u����������v��)���������
����

���
#�h&�w(!�Y��	TU�$���WX�%+�
����
�Y�����
��+����������

������������+�
�������������������
h�!(�	TU�$���WX�#p�x��&�y�����TY�T��%!y�����+�������������
����ppT�+�����
��������������������
�������
!



�����������	
���	���������	���
��	
�������� ��������� ������� !��"#$%&%'�()���*%&�+(,'% �,-�$.�����$�&�,�$ / ', ��"�%'��$ ���%'��$01*)��'*)�$�,��23455�6789:;:<=�>��?@AB��CCDEAFGBHAIJK LMDNAJA@AOEPQREG STSSS�>��?@AB��CCDIUUGBHAIJKV LMDNAJA@AOEPQREG WTXWY STS>ST�Z
RJK@OEEGK��CCDOJ�SS[\]R̂UAPPOHEG M Y�TS YT[�>��?@AB���EAFGBHAIJK LMDNAJA@AOEPQREG ST����>��?@AB���IUUGBHAIJK LMDNAJA@AOEPQREG [T�Y[
RJK@OEEGK���OJ�SS[\]R̂UAPPOHEG M ZT�_;̀ab:<�>��?@AB��CCDEAFGBHAIJK UMD�]Xc[d��e ST[ZZ�>��?@AB��CCDIUUGBHAIJK UMD�]Xc[d��e YT��� XTY��>fTW�W	OBG]OPPOAJPA@��CCDOJ�SS[\]R̂UAPPOHEG M STSYf STYXZ�>��?@AB���EAFGBHAIJK UMD�]Xc[d��e ST�WS�>��?@AB���IUUGBHAIJK UMD�]Xc[d��e STX[S	OBG]OPPOAJPA@���OJ�SS[\]R̂UAPPOHEG M STSS�
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���������	
�������������������������������������������������
����������
������	��� ����!��	
��	�"�#$���%����� �
���&������������������������������
�����	�����
���������
������������%�'��%����
�(��)�����*��+���*,,-�%%�*�,.*�-�(�
�$#(��
������������
�����/�
��/���	��$)�0����������1�%%�1*.1��2��3�!�#0�������������� ���������.�����%�'��%����
����������

��	0������	&�+�4,�*,,��%%�*,,.�*5�6�!/�0��/����7517/�(�08//9!(�/$+�$!��$2/+0$+6(�08/�(9+�������6�����������������������������'�
��



 



115 

PAPER VI 
 
 



 



���������	�
���
����
�	��
�������	����������
����	���
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CURRICULUM VITAE 

1. Personal data 

  Name        Alar Konist 
  Date and place of birth   06.05.1985, Vinni 
  Citizenship      Estonian 
  Marital status     Cohabiting 

2. Contact information 
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