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Abstract. The growing demand for the world energy supply necessitates the 
employment of local low-grade fossil fuels like oil shale (OS). The use of such 
fuels is accompanied by the formation of large amounts of waste ash, which 
are usually disposed of in open-air deposits and may hence lead to serious 
environmental problems. The nature of environmental hazards depends on 
the composition and properties of the deposited ash, which in turn are 
derived from the composition of the initial fuel, as well as its processing 
parameters. The exploitation of Estonian OS deposits has a near century-
long history, including over 60 years of industrial production of heat and 
power, and the respective management of ash deposits. In the current paper, 
the results of the last decade’s studies on the processes taking place in 
Estonian OS ash fields have been analysed. The complex composition of ash 
and its transformation reactions under ambient conditions have been 
considered. It is shown that the hydraulic ash removal and wet depositing 
system works as a natural CO2 trap. The algorithm for the calculation of the 
resulting effect has been evaluated. 
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1. Introduction 

Solid fossil fuels, e.g. coal, comprise the third largest resource of the world’s 
total primary energy supply. The rising demand for energy, especially in the 
fast-growing economies of Asia, Africa and the Middle-East, will increase 
the overall solid fuel consumption in the coming decades [1, 2]. This forces 
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one to use lower-quality fossil fuels like oil shale (OS), whose total world-
wide resources as extractable shale oil are at least 500 billion tons. A serious 
shortcoming of the usage of OS-type low-quality fuels is the large amount 
(40–85% of the fuel) of ash remaining after shale processing by either 
combustion or retorting [3]. This is nearly an order of magnitude greater than 
for typical coal fuels. Moreover, many types of OS are rich in carbonate 
mineral phases, meaning that besides CO2 emissions from burning organic 
matter, significant quantities of this gas are additionally released due to the 
partial or complete thermal dissociation of carbonate phases. However, 
according to both laboratory and industrial-scale studies [4, 5] this high 
content of carbonate minerals makes OS (also in mixtures with coal) 
advantageous for SO2 binding in circulating fluidized-bed combustion 
(CFBC) boilers without the need to add CaO or limestone to control sulphur 
emission [6, 7]. 

The Estonian kukersite OS is the largest industrially exploitable OS 
resource in the world [8]. In Estonia, it is the most important natural resource 
and is of vital importance to the country’s energy sector. About two thirds of 
Estonia’s fuel balance is covered by OS, and its share in electricity pro-
duction exceeds 95% [9, 10]. In the past five years, the annual OS mining 
output has been 14 to 16 Mt and is estimated to slowly increase [10, 11]. The 
majority (about 80%) of the OS mined is utilised in thermal power plants, 
for electricity and heat production. About 20% is used for shale oil and shale 
gas retorting, and the rest is mostly used in the cement industry. The 
combustion of OS in electric power plants and retorting in the oil shale 
chemical industry for the production of shale oil and combustible gas is 
accompanied by the generation of huge amounts of wastes – OS ash and 
semi-coke. In electric power plants, the amount of ash that remains after 
combustion is 45–48% of OS dry mass [12]. The formation of such a large 
amount of ash creates difficulties in the heat-transfer and phase-separation 
processes in boilers, as well as in the transport and deposition of ash. Only a 
small percentage of ash finds its way to secondary use, either in the building 
materials industry, in agriculture for liming acid soils or in road construction 
as a stabilising agent of roadbeds. Despite extensive research on its 
reusability options, the vast majority of ash is still deposited in ash fields 
next to the power plants (Fig. 1). The amount of the deposited ash ranges 
between 5 and 7 Mt each year, and the total volume of waste ash is close to 
300 Mt [13]. 

Kukersite OS is highly calcareous, the content of calcite and dolomite in 
OS mineral matter varying between 20 and 70%. The ash remaining after 
combustion is, due to the partial-to-complete thermal decomposition of 
carbonate minerals and subsequent reactions with sulphur containing flue 
gases, rich in free lime (CaO) and anhydrite (CaSO4). As a result, the 
recycled ash transportation water (15–20 m3 per ton of ash deposited) and 
the water draining off the ash and semi-coke deposits are highly alkaline  
(pH 12–13). 
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Fig. 1. Oil shale ash deposits in northeastern Estonia. 

 
 
The geology of OS as well as its combustion and retorting technologies 

have been studied over the past few decades in detail by many researchers 
[3, 11, 14–25]. However, less attention has been devoted to the phase com-
position and diagenesis of the solid wastes remaining after OS combustion or 
retorting. Recent trends in environmental policies and concerns have forced 
an emphasis to be placed on the study of these solid wastes in order to 
determine factors that may influence the surrounding environment. In 
respect of this, significant advances have been made in recent years in the 
studies of CO2 capture by OS ash [4, 26–28]. 

The objective of the current paper was to compile relevant data about: 
– Estonian kukersite-type OS: occurrence, geology, and industrial use 

for heat and power production; 
– characterisation of OS ash formed by different combustion technol-

ogies: chemical and phase composition as well as physical charac-
teristics; 

– environmental problems related to the open-air deposition of OS 
ash; 

– diagenetic transformations in open-air ash deposits: results of model 
experiments with fresh ash versus the composition of natural 
samples collected from drill cores from a vertical cross section of the 
deposit; 

– natural CO2 binding by the ash sediment and scenarios for process 
acceleration; 

– reclamation and utilisation of ash deposits. 
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2. Kukersite OS geology and composition 

OS is a fine-grained sedimentary rock that contains relatively large amounts 
(10–65%) of organic matter (kerogen) from which shale oil and combustible 
gas can be extracted by destructive distillation. OS is found worldwide in all 
types of marine, lacustrine or terrestrial sedimentary rocks of the Cambrian 
to Neogene age. The organic-rich calcareous sediment – kukersite – found in 
sediments of the Lower to Upper Ordovician time in Estonia and north-
western Russia is a marine OS [12]. The organic matter of kukersite is com-
posed mainly of kerogen, with a few percent of bitumen [17]. Kerogen con-
sists almost entirely of discrete organic bodies (telalginite) derived from a 
colonial algal microorganism Gloeocapsomorphaprisca [17, 29]. However, 
Kattai et al. [11] point out that kukersite kerogen, although deposited in a 
normal marine environment, is more similar to lacustrine OS and sapropelic 
coals than to the kerogen of a typical marine OS. 

Kukersite occurs in an area of about 5000 km2 in northeastern Estonia (the 
Estonian deposit) and northern Estonia (the Tapa deposit), as well as in north-
western Russia (the Leningrad deposit) (Fig. 2). In the Estonian deposit, the 
productive seam thickness varies from 2.7 to 3.0 m in the northern part of the 
deposit where it outcrops on the surface, to 1.4–2.0 m in the southern and 
western parts where the seam is buried at a depth of 50–90 m. In the Tapa 
deposit, the OS seam depth is 60–170 m below ground. The OS seam has a 
maximum thickness of 2.0–2.3 m in the central part of the deposit. The Tapa 
deposit is a passive/prospective resource and so far has not been used [11]. 
The reserves of the Estonian deposit lying in an area of about 2973 km2 
amount to nearly 5·109 t, including 1.5·109 t of active reserves [3]. The 
Estonian kukersite deposit holds the largest OS resource in the world that is 
used industrially today [12]. OS has been known in Estonia since the  
 
 

 
 

Fig. 2. Oil shale deposits in northeastern Estonia. 
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18th century, and the large-scale exploration of its deposits and subsequent 
exploitation already started during World War I. 

The major components of the OS organic matrix are phenolic moieties 
with linear alkyl side-chains [20, 30, 31]. The elemental composition of OS 
organic matter is characterised by low C/H and C/O ratios, which is common 
in liquid fuels. The average C value in OS organic matter is 77.5%, O 10%, 
H 9.7% and S 1.8%. The high chlorine content (0.75%) is another notable 
characteristic. The total moisture of OS burned at power plants is 11–13%, 
and its calorific value is 8–10 MJ/kg, which is lower than that of other fuels 
(as, for example, the average of coal 22.5 MJ/kg, natural gas 33.5 MJ/m3, 
and peat 16.5 MJ/kg) [3, 25]. 

Along with organic matter, Estonian kukersite contains significant amounts 
of carbonaceous and terrigenous matter. The mineral part of OS can be 
divided into two large groups: a terrigenous or sandy-clay part and a carbonate 
part. The terrigenous part is closely intertwined with OS organic matter and 
can thus be regarded as an inherent mineral impurity. The carbonate matter, in 
contrast, usually forms separate layers or is arranged as concretions inside and 
between OS seams, and is therefore considered an extraneous mineral matter 
[3]. The chemical and mineral compositions of the carbonate and terrigenous 
parts of OS are quite stable, irrespective of the areal location of the deposit or 
the layer. However, the ratio of the terrigenous to carbonate part may vary 
considerably and is reflected in the fuel’s quality. The mineral part of OS is 
dominated by carbonate minerals (20–70%), including appreciable calcite and 
less dolomite. The share of the terrigenous fraction is about 15–60%, and the 
proportion of organic matter varies between 10 and 60% [3, 12]. 

The carbonate part of OS (Table 1) is explicitly dominated by CaO 
(48.1%), followed by MgO (6.6%) [32]. The terrigenous part of the OS 
mineral matter is predominated by SiO2, Al2O3, Fe2O3 and K2O. It contains a 
small percentage of crystal water bound to clay mineral phases. As suggested 
by its chemical composition, the main minerals in the carbonate part are 
calcite (30–70%) and dolomite (5–30%). A negligible amount of siderite 
(0.3%) has also been detected. The terrigenous part of OS is characterised as a 
mixture of mainly  quartz  (~11%),  clay  mineral  illite  (~15%)  and  feldspars  

Table 1. Chemical composition of oil shale mineral matter, wt% [32] 

Terrigenous part, wt% Carbonate part, wt% 

SiO2 59.8     CaO 48.1     
CaO 0.7     MgO 6.6     
Al2O3 16.1     FeO 0.2     
Fe2O3 2.8     CO2 45.1     
TiO2 0.7       
MgO 0.4       
Na2O 0.8       
K2O 6.3       
FeS2 9.3       
SO3 0.5       
H20 2.6       
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(mainly orthoclase) (5%). Iron is present in the OS mineral matter mainly as 
marcasite/pyrite, 4–7% (Table 2). Microelement concentrations in OS 
usually do not exceed their respective average concentrations in the earth’s 
crust (Table 3). The concentrations of Sr, Br and Ba are somewhat higher, 
but in most cases OS is not enriched with trace elements [3, 11]. 

Table 2. Mineral composition of oil shale, wt% [39]. The variation range of 
mineral composition is shown according to Vingisaar et al. [16] 

Sample/Mineral Kiviõli 1 Kiviõli 2 Viru Content range 

Quartz   SiO2 12.6 7.8 12.7  4–18 
Calcite  CaCO3 36.0 60.4 33.8 30–70 
Dolomite  CaMg(CO3)2 14.7 7.8 17.7  5–30 
K-feldspar  KAlSi3O8 9.1 3.5 9.4 1–2 
Albite  NaAlSi3O8  tr.  n.d. 
Chlorite  Al2Mg5Si3O10(OH)8 5.8 2.1 3.3 0–3 
Illite  KAl2(Si3AlO10)(OH)2 14.6 11.1 19.0  5–36 
Pyrite  FeS2 6.1 6.9 4.1 n.d. 
Gypsum  CaSO4·2H2O 1 tr.  n.d. 

 

n.d. not determined 
tr. – trace amount 

Table 3. Proportions of selected trace elements in oil shale and the earth’s 
crust, ppm [3, 11] 

Element Symbol Oil shale Earth’s crust 
Antimony Sb  0.5–0.6 0.4   
Arsenic As 7.6–21 50      
Barium Ba 1,150–1,500 650      
Mercury Hg 0.08–0.3   0.08 
Cadmium Cd 0.4–4    0.5     
Cobalt Co 2.9–3    20      
Chromium Cr 17–38  83      
Manganese Mn 310–387 950      
Molybdenum Mo 3 1.5   
Nickel Ni 12–21 60      
Lead Pb 20–30 16      
Thorium Th 2.3–3.4 13      
Caesium Cs 1.7–2.3 3.5   
Uranium U 3 2.8   
Copper Cu 17–55 47      
Scandium Sc 4.2  
Vanadium V 28  
Zinc Zn 48.7  
Gallium Ga 8  
Selene Se <0.1  
Bromium Br 100  
Rubidium Rb 39  
Yttrium Y 5.4  
Zircon Zr 49  
Niobium Nb 4.5  
Hafnium Hf 1.8  
Tungsten W 0.6  
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3. Industrial use of kukersite OS for heat and power production 
3.1. Combustion technologies applied 

Since the beginning of the continuous commercial mining of OS in 1920, 
about 1 billion tons of OS has been mined. The peak annual production 
(mining) of kukersite was 31 million tons in 1980. The mining of OS has 
decreased since then, declining to 21.1 million tons in 1990 and 12.5 million 
tons in 1998. In recent years, mining has somewhat stabilised at 14–16 Mt 
[10, 11]. 

The main industrial activities that employ the OS resource are electricity 
and heat generation and conversion to other forms of fuel (shale oil, shale oil 
gas) [33]. Before and during the early years after WW II electricity pro-
duction was a side-branch in OS consumption, as preference was given to its 
processing into oil products and gas fuel. Today in Estonia, OS is primarily 
used for the production of electricity at two large power plants (PPs) – the 
Baltic Power Plant (established in 1959) and the Estonian Power Plant 
(established in 1969) based on pulverised firing (PF) and circulating 
fluidized-bed combustion (CFBC) technologies [3]. In addition, three small-
scale local PPs are exploiting OS. The pulverized firing technology (Fig. 3) 
employs pulverized OS (median size 45–55 µm) that is fed to the combus-
tion chamber using hot air as the transporting medium and is then mixed 
with hot secondary air. During combustion, heat is released and transferred 
through heat transfer surfaces to water (steam). At the same time, the fuel 
mineral matter undergoes various conversion processes, and ash formation 
takes place. The combustion temperature inside the PF furnace is about 
1350–1400 ºC and may reach 1500 ºC. 

In 2004, two old PF boilers, one at the Baltic Power Plant and one at the 
Estonian Power Plant, were replaced with new CFBC boilers (Fig. 3), with a 
maximal power output of 215 MW. In the more effective and environ-
mentally friendly CFBC boiler, the superficial flue gas velocity exceeds 
gravitational force; the particles leave the bed and are transported by the 
rising flue gas to the separator where most of the particles are captured and 
returned to the bed, and a continuous circulation of the solid phase takes 
place. 

CFBC is a low-temperature combustion technology where temperatures 
are in the range of 750 to 950 ºC. High temperatures are not needed if the 
fuel is fed to the furnace where the temperature in the combustion bed is 
equal to or slightly higher than the fuel ignition temperature that supports 
continuous combustion. The lower combustion temperature, as compared to 
PF combustion, favours SO2 capture, which is almost complete. At lower 
combustion temperatures, free CaO reacts more readily with SO2 forming a 
solid CaSO4 (anhydrite) phase. 

The Development Plan of the Estonian Electricity Sector [34] states that 
by 2018 the PF technology based boilers will be partly shut down, partly 
replaced  with  CFBC  boilers,  and four PF  power  units  will be  fitted  with  
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Fig. 3. Ash removal points along the boiler gas pass. 

 
 

sulphur and nitrogen (oxides) capture systems. This should result in higher 
boiler efficiency and a substantial saving in fuel [35] in CFBC boilers, as 
well as a significant reduction in air pollution [36] due to the use of 
renovated power generation units. 
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3.2. Comparative characterisation of OS ash formed in PF and CFBC 
boilers 

The different combustion conditions present in PF and CFBC technologies 
cause remarkable differences in phase and chemical composition between 
ash fractions [37, 38]. Specifically, the sharp difference in the operating 
temperature and fuel particle size [3] results in the different behaviour of  
Ca-containing compounds (Figs. 4, 5) [37]. 

Kuusik et al. [37] and Bitjukova et al. [39] showed that all ash types are 
dominated by the presence of CaO (total) whose proportion varies from 26 
to 55% in the PF ash and from 26 to 49% in the CFBC ash. The proportion 
of CaO along the boiler gas pass decreases both in PF and CFBC boiler 
ashes, from 49% in the bottom ash to 30% in the last fields of the electro- 
 

 
 

  
 

  
Fig. 4. Distribution of the main components in PF ash (FR – furnace ash; SH – 
superheater ash; EC – economiser ash; CYC – cyclone ash; EP – electrostatic 
precipitator ash, fields 1–3). 
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Fig. 5. Distribution of the main components in CFBC ash (FR – furnace ash; INT – 
INTREX ash; SH – superheater ash; EC – economiser ash; AP – air preheater ash; 
EP – electrostatic precipitator ash, fields 1–4). 

 
 

static precipitators (average values). There is a large variation in the propor-
tion of MgO (2–15%). MgO is mostly derived from the thermal decomposi-
tion of dolomite (CaMg(CO3)2) and this variability is evidently due to the 
variation in dolomite admixture in raw OS, depending on the geological 
section used for mining. The separation of S along the boiler gas pass in PF 
ashes shows a gradual enrichment in finer ash fractions, whereas in CFBC 
boilers, as expected, the S proportion is the highest in the ash removed in the 
INTREX preheater [37, 39]. 

Variations in the mineral composition of ash fractions are related to those 
in lime (free CaO), the proportion of which varies from about 1.6% in the 
CFBC ash to a maximum of 24.6% in the PF ash. In concordance with the 
chemical composition of samples, the proportion of lime in PF ash types at 
both power stations shows a gradual decrease from the bottom ash to the 
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electrostatic precipitator ash (Fig. 4). In CFBC ash types, however, the 
distribution of free CaO is more complex (Fig. 5). The proportion of lime in 
the furnace ash is low compared to the ash from PF boilers; it reaches 
maximum proportions in the economizer–air preheater zone, and then 
decreases again through the fields of electrostatic precipitators. This varia-
tion is evidently determined by different processes taking place in different 
devices of the boiler complex: the most active binding of CO₂ takes place in 
the upper part of the combustion chamber along with attrition of particles, 
resulting in the formation of finer fractions which are leaving the chamber 
with the gas flow and are later separated from the flue gas by electrostatic 
precipitators. In contrast with lime, the proportion of anhydrite (CaSO4) 
increases in PF boilers from about 5% in the bottom ash to approximately 13 
and 27% in the electrostatic precipitators at the Baltic Power Plant and the 
Estonian Power Plant, respectively. Also, if the proportions of Ca-silicate 
phases decrease along the boiler gas pass in PF boilers, then, in contrast, in 
the CFBC boiler system, the proportions of Ca-silicates are rather uniform in 
the first part of the ash removal system and increase nearly exponentially in 
the electrostatic precipitators (Figs. 4, 5). 

In both cases, Mg was found to be mostly present as periclase (MgO)  
and also partially bound as undecomposed carbonates (dolomite – 
CaMg(CO3)2 can be found in the CFBC bottom ash) or silicates (merwinite, 
Ca3Mg(SiO4)2, melilite, (Ca,Na)2(Mg,Al)(Si,Al)3O7). In the case of CFBC 
ashes, the silica compounds are chiefly present in residual fractions (SiO2, 
KAlSi3O8, KAl2(Si3AlO10)(OH)2), while the PF ash contains noticeably more 
secondary silicates – β-Ca2SiO4, Ca3Mg(SiO4)2, etc. The relatively higher 
content of secondary silicates can be explained by the significantly higher 
temperatures used in PF boilers, which leads to the formation of melted 
phases initiating reactions between free CaO and quartz or silicates. The 
content of sulphur (mainly in the form of anhydrite) is the highest in the 
INTREX ash of CFBC boilers. In the case of PF boilers, the sulphur content 
is higher in finer ash fractions [37, 39]. 

There is also a significant difference in the content of amorphous-glassy 
phases between PF and CFBC ashes. According to Mõtlep et al. [40], the 
content of glassy (X-ray amorphous) phases in PF ash fractions varies from 
about 27% in the furnace ash to a maximum of 38% in the cyclone ash, and 
decreases sequentially in the electrostatic precipitator system from 28% in 
the first field and 23% in the second field to only 1–2% in the last field of 
electrostatic precipitators. In the CFBC ash, however, the content of the 
amorphous phase is about 10–15%, showing no significant variation 
between ash fractions [38]. 

The micromorphology of ash fractions [37, 39] shows that there are 
considerable differences between the ashes formed in PF and CFBC boilers 
(Fig. 6). The PF ash is, in most cases, characterised by a large portion of 
spherical glassy and/or hematite particles with a clump of aggregated 
particles.  The  relative  proportion of  spherical  particles  increases from the  
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(a)                (b) 
 

     
 

(c)                (d) 
 

    
Fig. 6. A scanning electron microscopic image of CFBC INTREX ash (a); CFBC 
electrostatic precipitator ash (field 1) (b); PF cyclone ash (c); PF electrostatic 
precipitator ash (field 1) (d). 

 
 

bottom ash to the ash fractions separated in the electrostatic precipitators. 
The CFBC ash particles formed at moderate temperatures are characterised 
by an irregular shape as well as by a porous and uneven surface, and only 
rarely have a spherical morphology. 

Specific surface area (SSA) measurements showed the respective 
differences between CFBC and PF ashes to be tenfold [37]. While the SSA 
of the CFBC ash may reach 8.0 m2/g, that of the PF ash is considerably 
lower, 0.3–0.8 m2/g on average. This is caused by the more intensive sinter-
ing of the PF ash at boiler temperatures. Thereby, the latter is expected to be 
more strongly influenced by the formation of reaction products on the sur-
face of its particles, which could reduce mass transfer rates [41]. Thus, the 
reactivity of waste ashes towards SO2 and CO2 is determined by their 
chemical and phase composition, as well as by the physical structure of ash 
particles [41, 42]. 

The data presented above indicates that the compositional and physical 
variations in the PF and CFBC OS ashes are controlled by the firing technol-
ogy, as well as by the grain size of OS used in both systems.The pulverized 



Rein Kuusik et al. 

 

388

firing technology exploits high-temperature combustion where the nominal 
burning temperature inside the furnace chamber reaches 1350–1400 °C, or 
1500 °C, whereas in the CFBC system the optimum temperature in the 
furnace chamber is about 800 °C [3]. The high temperature used in the PF 
technology ensures the major decomposition of carbonate mineral phases 
(dolomite, calcite) and melting of clay minerals that are a source for reactive 
silica as well as aluminium, which control the formation of secondary  
Ca-silicate and Ca-Al-silicate phases. The firing temperature in CFBC 
boilers allows the complete thermal decomposition of dolomite, but only the 
partial decomposition of calcite and clay mineral phases. As a consequence, 
the PF ash is enriched with free CaO and secondary Ca-silicate phases, but 
the CFBC ash contains a higher share of residual mineral phases. A specific 
characteristic of the CFBC ash is its higher content of sulphur, which is 
mainly present in the form of anhydrite (CaSO4) in the INTREX ash. 

The grain size distribution of the OS fuel fired in PF and CFBC boilers 
differs considerably. The differences in phase composition may arise from 
the smaller median size of OS particles fed to PF boilers (45–55 µm), 
whereas the median size of particles fed to CFBC boilers is 1–2 mm, varying 
in the range of 0 to 10 mm. This would explain the preservation of calcite 
and even dolomite in the unreacted cores of the furnace ash (bottom ash) 
particles, although the longer contact time of firing in the circulating 
fluidized bed should ensure a complete thermal dissociation of carbonate 
mineral phases even at lower temperatures. 

The separation of the phases, both secondary and residual mineral, along 
the boiler gas pass depends on the size and phase composition of the 
respective particles that are different depending on firing technology as well 
as on gas velocities in the respective devices. The secondary Ca-silicates 
formed at high temperatures in PF boilers form large (partially intermelted) 
aggregates, which are concentrated in the coarse fractions of ash that are 
removed in the first zones of the ash removal system. In contrast, in CBFC 
boilers at lower firing temperatures the secondary Ca-silicate phases are 
concentrated in fine ash particles that are preferentially removed in electro-
static precipitators. In the PF ash, anhydrite is of finer grain size and mostly 
occurs in the ash particles separated in electrostatic precipitators. In CFBC 
boilers, anhydrite is mostly precipitated in the form of a shell on unreacted 
CaO cores [43, 44], thus forming relatively large particles. As a result, 
anhydrite is mostly found in the first part of the boiler gas pass (in the 
INTREX ash) and, to a somewhat lesser degree, in adjacent zones  
(Figs. 4, 5) [37, 39]. 

 
3.3. Deposition of OS ash 

The industrial use of low-calorific OS generates large volumes of mineral 
waste – ash. Producing 1 MWh of OS electricity is associated with ca 0.5 ton 
of waste ash that has to be properly treated and stored. More than 95% of the 
ash formed by OS combustion (approximately 6–7 Mt annually) is trans-
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ported to ash fields and remains there for indefinite periods (Table 4). The 
long-term operating experience shows that the hydraulic transport and open-
air deposition of OS ash have proven to be the most viable handling methods 
in both economic and technical terms. At the same time, several environ-
mental concerns accompany this method, and these are no easy tasks to 
solve. Today, almost 300 Mt of OS ashes is disposed of in such deposits. 

Table 4. Basic information about oil shale ash transportation systems 

Information Baltic PP ash 
field no 1 

Baltic PP ash 
field no 2 

Estonian PP 
ash field 

Total ash field area, 103 m2 4900 5700 8100 
Upper ash field  area (incl. actual 
disposal area), 103 m2 

3600 (1780) 4000 5 000 (4300) 

Lower buffer basin area (incl. basin 
area), 103 m2 

1 00 (900) 1 700 3100 (2900) 

Circulating water volume, 103 m3 4298  7166 
Deposited ash volume, 106 t 91,9 31,9 153 

 
 
The OS ash handling system consists of three processes: (1) transporta-

tion of ash, (2) disposing of ash in ash fields, and (3) recirculation of the 
settled transportation water [38]. The transportation process includes the 
mixing of the ash collected from different points of the boiler gas pass with 
water at an ash-to-water ratio of 1:20. The ash pulp formed is pumped via 
pipelines to the ash depositing area (ash fields). It has to be emphasised that 
water plays several important roles in the process. Firstly, water is the 
primary transportation media in the system. Secondly, it acts as a coolant to 
reduce the ash temperature,which is higher than 700 ºC at the beginning of 
the ash removal cycle. Thirdly, water serves as the reaction media for the 
hydration of CaO and dissolution of CO2  from the atmosphere. More than 
5 million m3 of transportation water circulates in the ash removal system at 
both large power plants in Estonia. 

Ash pulp is pumped to the settling ponds where the solid particles are 
deposited gravitationally due to the lowering of the flow rate. Over time, the 
settled ash becomes solidified and ash stone is formed. Water as a carrier is 
directed to lower settling/buffer ponds. The stored material (ash stone) can 
be considered a stable solid material according to EU regulations for landfill 
(Council Directive 1999/31/EC) [45]. 

After the settling phase, the transportation water is collected from the 
lower settling/buffer ponds where the settling of the finest part of OS ash 
(less than 0.6% of the total ash stored) takes place. At the same time, up to 
3% of the power plant CO2 emissions become bound into a stable mineral 
form via chemical reactions between atmospheric CO2 and alkaline trans-
portation water and hydrated ash particles (see 4.1). The settled water is 
directed back to the ash removal system via open channels. 
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The hardened material (ash stone) forms a stable deposit body with 
suitable infiltration properties to fulfil the EU Landfill criteria (Council 
Directive 1999/31/EC) [45]. As the majority of ash fields are covered with 
water, dusting is kept minimal even during longer operation periods. The 
main environmental impacts and risks are connected with the large volumes 
of alkaline transportation water. The ash transportation water is designed to 
circulate in the closed system. The volume of water that circulates in the 
system is influenced by the balance of precipitation/evaporation, as well as 
by its chemical binding by ash. Generally, some water has to be added to the 
system to guarantee its stable functioning. Efforts have been made by Eesti 
Energia to avoid possible leakages or infiltration of the transportation water 
into the surrounding environment. 

4. Ageing behaviour of OS ash under open-air conditions 
4.1. Chemical changes in ash under model conditions 

The ageing behaviour of OS ash under various model conditions has been 
the subject of a number of studies [27, 46–48]. The characterization of the 
ash types studied and depositing  conditions are  summarised in Table 5.  The  

Table 5. Conditions for natural carbonation of oil shale ash and formation of 
ash stone 

Ash CaOf, 
% 

CO2, 
% 

S:L,
kg/kg

h, 
cm 

Conditions Time 
period 

Analysis Ref. 

Hermetic conditions 
PFA98 19.40   1.21 1:0.6 – hermetic  3 d–12 w XRD [48] 

Open air conditions: CO2 binding 
PFA97 29.0   0.39 0 0.1 18–20 oC, dry 
PFA97 29.0   0.39 1:0.3 0.1 

1–30 d Chemical 
analysis [46] 

PFA98 19.40   1.21 1:0.6 0.5 

18–20 oC, 
mixed and 
humidified daily 1 h–12 w XRD [48] 

PFA98 19.9   1.9 1:0.3 1–6 summer/winter, 
humidified (and 
mixed) weekly 

1–11 w Chemical 
analysis 

[48] 

PFA04 20.46   0.9 1:5 1–6 
PFA05 15.23   1.0 1:5 1–6 
PFA05 15.23   1.0 1:0.3 1–6 
CFBCA04   7.52   7.35 1:5 1–6 
CFBCA05   4.5 10.71 1:5 1–6 
CFBCA05   4.5 10.71 1:0.9 1–6 
CFBCA04+ 
PFA05 1:1 

11.17   4.30 1:5 1–6 

summer/autumn/ 
spring/winter, 
humidified weekly 
(M = 15%) 

1–8 w Chemical 
analysis [27] 

Open air conditions: ash stone formation 
PFA04 20.46   0.9 1:5 4 
PFA04 20.46   0.9 1:0.3 4 
CFBCA04   7.52   7.35 1:5 4 
CFBCA04   7.52   7.35 1:0.9 4 

summer (20 oC), 
humidified weekly 
(M = 15%) 

1–16 w 

Com- 
pression 
strength, 
water 
absorption 

[27] 
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dry OS ash is relatively inactive towards CO2 at 20 °C and is slowly 
carbonated by 10–30% during one month of storage (Fig. 7) [46]. The 
hydrated ash stored in a thin layer (0.1–0.5 cm) is carbonated almost 
completely (96.5%) by periodic moistening and mixing during the same 
storage period [46, 48]. Changes in the content of lime (CaO), quartz (SiO2), 
anhydrite (CaSO4), calcite (CaCO3), belite (Ca2SiO4), and portlandite 
(Ca(OH)2) in the PF ash during 0.4–84 days of open-air hydration (Fig. 8) 
show that the main transformation processes in the hydrated ash take place 
quickly, in less than three days [48]. The slacking of lime (1) occurs during 
the first hours, although a certain amount of it remains unchanged even 
during a long-term hydration. 

 

CaO + H2O → Ca(OH)2              (1) 
 

The amount of portlandite, the reaction product of lime and water, 
increases rapidly, and the binding of CO2 from the air with the formation of 
calcite occurs simultaneously (2). In four weeks, all of the Ca(OH)2 has 
reacted, and the rapid increase in the amount of calcite ceases. 

 

Ca(OH)2 + CO2 → CaCO3 + H2O        (2) 
 

The further increase in calcite content can be explained by the reaction 
between the hydration products of secondary calcium silicates (3) and 
carbon dioxide from the air (2). During the long-term hydration, the amount 
of belite/larnite in the PF ash decreases, while that of calcite increases. 

 
 

  

Fig. 7. Dynamics of CO2 content in ash 
sediment in open-air conditions [27, 46]. 

Fig. 8. Changes in the main mineral 
phases during 3–84 days of open-air 
hydration of a 0.5 cm PF ash layer [48]. 
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2Ca2SiO4 + 4H2O → 3CaO·2SiO2·3H2O + Ca(OH)2        (3) 
 

The other important reactions of OS ash hydration involve anhydrite 
conversion to gypsum (4) and the formation of ettringite (5) and ferrites (e.g. 
Ca12Al13.8Fe0.14O32(OH)2, Ca2(Al,Fe)2O5, CaAl8Fe4O19, CaO·4Al2O3·2Fe2O3) 
[40, 46, 48]. 

 

CaSO4 + 2H2O → CaSO4·2H2O        (4) 
 

3Ca(OH)2 + 2Al(OH)3 + 3CaSO4 + 26H2O → Ca6Al2(SO4)3(OH)12·26H2O  
(5) 

 

In the PF ash, the transformation proceeds with the precipitation of 
hydrocalumite (Ca2Al(OH)7·3H2O), which suggests that the ettringite forma-
tion is limited by the availability of dissolved sulphate, while the excess of 
aluminium is precipitated as Ca-aluminate(hydrate)-type phases. 

Under hermetic conditions (single addition of water and subsequent air-
tight preservation), the hydration of PF ash principally follows the same 
path, except for the absence of carbonation reactions and the full transforma-
tion of lime into portlandite, the decrease in the content of quartz, the full 
disappearance of anhydrite and formation of other hydrate phases are some-
what hindered [48]. These conditions are presumably similar to those 
existing in the deeper layers of the ash field. 

In case of PF ash a quick lime slacking at maximum rate takes place after 
12–24 hours [48] and then the rate drops rapidly. In the experimental hydra-
tion of CFBC ash the reaction was completed in 72 hours, together with the 
dissolution of anhydrite and partial dissolution of periclase [49]. The slower 
hydration of this ash, as already noted by Anthony et al. [50], is most 
probably related to that CFBC ash solids are typically composed of an 
unreacted CaO core covered by a Ca-sulphate shell [43, 44]. Hydration starts 
with a slow water diffusion through the sulphate layer followed by a fast 
CaO hydration into portlandite. Similarly, the same mechanism is in place 
during the carbonation of hydrated particles in the CFBC ash, when the outer 
shell of anhydrite and/or gypsum retards the CO2 diffusion and slows the 
carbonation of CFBC ash, as noted by Kaljuvee et al. [51]. Additionally, 
CO2 transport is in this case probably further inhibited by CaCO3 formation 
in the outer perimeter of the hydrated portlandite particles, and the experi-
mental carbonation in the CFBC ash took place during a much longer period, 
58 days [49]. In contrast, in the PF ash portlandite was already carbonated 
during 28 days of the reaction [48]. Also, Liira et al. [49] report that in the 
CFBC ash, ettringite formation is accompanied by the precipitation of excess 
gypsum (CaSO4·2H2O), which implies that aluminium, not sulphate as in the 
PF ash, is a limiting component in this type of ash, which is rich in anhydrite 
due to the effective SO2 immobilisation in the INTREX unit of CFBC 
boilers. 
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4.2. CO2 binding by OS ash and ash stone formation 

The dynamics and extent of seasonal CO2 binding by ash and the influence 
of different types of ashes and slurry preparation methods (Table 5) on the 
formation and properties of ash stone were studied on a laboratory scale by 
Uibu et al. [27] and Kuusik et al. [46]. It was shown that the most intensive 
CO2 binding takes place in the surface deposit layers within a few centi-
metres, while in the deeper layers the binding rate is moderate. The pile-up 
of fresh layers of ash suspension inhibits CO2 diffusion into the deeper 
layers and CO2 binding reactions. Summer weather conditions enhance the 
natural binding of CO2 into the surface layers of ash deposits, while the 
ambient temperature does not significantly influence the process in the 
deeper layers. Autumn/spring and winter weather conditions greatly reduce 
the rate and extent of the processes under discussion, giving prerequisites for 
chemical reactions and mass/heat transfer. 

A comparison of different types of ashes showed that the CFBC ash reacts 
readily with atmospheric CO2, but its total binding capacity is quite low due to 
only a moderate content of free CaO. Therefore, a substantial part (60–80%) 
of the CO2 binding capacity of the CFBC ash could be exhausted under natural 
conditions (Table 6). In the case of the PF ash, which is characterised by a 
considerable CO2-binding potential, most of the free CaO present in the initial 
ash remains unused during given periods of time – the average degree of 
binding was 4.5% after 1 month of disposal (Table 6). Differences in reactivity 
between different ash types are related to the structure and surface properties 
of ash particles. For instance, the SSA of the CFBC ash is up to ten times that 
of the PF ash. The mixture of both types of ashes exhibited a moderate CO2-
binding capacity; the value of ∆CO2 increased by 1.9%, achieving an average 
of 23.5% of the free CaO-based CO2-binding potential during 1 month of 
deposition. 

Table 6. CO2-binding characteristics of different types of oil shale ashes in 
model conditions (average results from experiments in summer, spring/autumn 
and winter conditions), % [47] 

CFBCA PFA CFBCA and PFA mixture, 
1:1 

∆CO2 BD* ∆CO2 BD ∆CO2 BD 
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e,
 w

ee
ks
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–6
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r 1
 

La
ye

rs
 1

–6
 

0 0 0 0 0 0 0 0 0 0 0 0 0 
1 3.33 2.98 62.2 55.9 0.89 0.28  7.9 2.5 1.71 1.39 21.2 17.3 
2 4.02 3.06 74.7 57.4 1.40 0.48 12.3 4.2 2.14 1.37 26.5 16.9 
4 4.55 3.11 82.6 57.5 2.20 0.54 19.0 4.5 3.41 1.89 42.3 23.4 
8 5.75 3.12 105.4  58.2 3.48 0.89 30.5 7.7 5.22 2.19 64.7 27.1 

 

*BD – binding degree 
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Based on the results of experiments performed in model conditions [27], 
as well as the analysis of ash samples from drill cores of the field [48], 1 ton 
of ash binds 9–31 kg of CO2. By implementing simple technological means, 
such as a periodical mixing and/or cultivation of the upper 10–15 cm layer of 
the ash deposit by the use of bulldozers, the amount of CO2 bound could be 
doubled [46], i.e. about 60,000 tons of CO2 could be bound per 1 million 
tons of ash, which forms 3.1% of the total CO2 emitted during combustion. 

The concept of sequestration and storage of industrially produced CO2 
using waste materials has been proposed by the authors [47]. Research has 
been directed towards utilising waste OS ash and its transportation water as 
sorbents for acidic gases in order to reduce its alkalinity and produce pre-
cipitated calcium carbonate (PCC) products as useful by-products [52, 53]. It 
has been shown that OS ash can be completely neutralised by using CO2 
from the OS combustion process [41, 54]. 

Uibu et al. [27] have studied the formation of ash stone also with respect 
to the construction and design (calculating the strength of the edging dams, 
the head of slopes and the capacity of the whole field), as well as 
maintenance (hardening of the surface) of waste deposits (Table 5). The 
compressive strength of the ash stone formed upon the hydration of the 
CFBC ash (3.5–4 MN/m3 after 1 month of depositing) was initially higher, 
but over the course of time (4 months) the strength of the CFBC ash stone 
started to decrease, contrary to PF ash sample bodies, which showed an 
increasing compression strength (up to 2.7 MN/m3). Also, the implementa-
tion of the dense slurry method neither accelerated substantially the forma-
tion of ash stone, nor improved its properties, e.g. compression strength, CO2 
binding ability, etc. The hardening of sample bodies was inhibited by the 
slow and uneven hydration of lime, which is mainly attributed to the slow 
transport of H2O molecules through the layers of other ash constituents, and 
reaction products (Ca(OH)2, CaCO3) [48]. Large cracks, bumps and 
expansions were especially noticeable in the case of the ash stone formed 
from the PF ash (Fig. 9). The ash stone formed from the CFBC ash was  
 
 
(a)      (b) 

 

        
Fig. 9. Sample bodies of PF and CFBC ashes after two months of deposition in 
model conditions, above view (a), side view (b). 
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characterised by high water absorption coefficients (80%), which could 
enhance the leaching of ash components like alkaline metals and lime into 
the environment. Due to the relatively low solubility of Ca(OH)2, the 
hazardous effect of formation of Ca2+ and OH- ions could continue for years 
while in contact with fresh water. 

 
4.3. Diagenesis of ash in deposits 

Laboratory-scale hydration experiments [48, 49] are indicative of a rapid 
carbonation of the metastable portlandite by binding atmospheric CO2, 
which is completed under ambient conditions (allowing the free transport of 
CO2) in a few weeks or months. However, on a large scale, in waste 
deposits, where the contact with atmospheric CO2 is hindered by the added 
layers of ash, a significant, yet not complete, carbonation of portlandite is 
only achieved in the uppermost 0.5–1 m layer of the deposit, and the content 
of calcite decreases over about a 5-m depth interval, whereas portlandite is 
well preserved in the deeper parts of the ash deposit [40]. 

The above suggests the slow CO2 diffusion controlled carbonation of the 
deposit sediments which is further retarded in the upper layers of ash 
deposits due to the effective precipitation of calcite and other secondary 
minerals that will progressively block pore spaces. Similarly, the diagenesis 
of other secondary Ca-silicate phases is significantly subdued during a long-
term deposition. However, the mineralogical data presented by Mõtlep et al. 
[40] suggests the dissolution of amorphous glass phases and precipitation of 
secondary smectite-type clay phases. The high activity of dissolved Si and 
the specifically high K (>500 mg/l) [55] in the water in contact with ash 
would suggest the precipitation of secondary mixed-layer clays, zeolites 
and/or authigenic K-feldspar phases, similar to the hydration of volcanic 
glasses in evaporitic alkaline hypersaline or diagenetic environments. Never-
theless, secondary silicates other than smectite-type clay have not yet been 
identified in ash field sediments. 

The slow carbonation of the ash sediment is important in retaining the 
stability of other primary hydration phases, especially ettringite. Portlandite 
dissolution equilibrium keeps the solution pH at about 12.3, which is well 
above the stability limit of ettringite (pH 10.7), and in deeper or actively 
filled parts of ash deposits ettringite is a stable phase. However, at the calcite 
equilibrium (pH approximately 8.2), which is attained by the carbonation of 
portlandite in the uppermost layers of the abandoned waste deposits, 
ettringite becomes unstable. At a pH lower than 10.7 ettringite dissolves 
incongruently to gypsum (6), (amorphous) Al-hydroxide and Ca-aluminate 
type phases; or in the presence of atmospheric CO2 into Ca-sulphate, Al-gel 
and calcium carbonate polymorph – aragonite or vaterite (γ-CaCO3) as an 
intermediate phase [56–58]. 

 

Ca6Al2(SO4)3(OH)12·26H2O + 3CO2 → 3CaCO3 + 2Al(OH)3  
+ 3CaSO4·0.5H2O + 27.5H2O         (6) 
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Though the maintenance of the high pH and stability of ettringite is 
important for the geotechnical properties (strength) of ash deposits, it is also 
evident that the full stabilisation of deposit sediments by the carbonation and 
precipitation of environmentally stable calcite has only affected a limited 
volume of surface sediments in waste deposits, and the environmental 
impact of the highly alkaline (pH 12–13) water draining off from ash 
sediment heaps will remain a problem for the decades to come. 

The extremely complicated character of the transformations taking place 
in ash fields has been underlined. The route of transformations, including 
those in ash mineral composition, depends on a number of parameters, from 
ash chemical and phase composition to the location coordinates of the 
respective ash pieces in the ash field. 

5. Calculation of the quantities of CO2 emissions by natural CO2 
binding in ash fields 

The results of the studies described above were taken into account while 
calculating the real amount of CO2 discharged into the atmosphere at OS 
power plants in Estonia (Regulation of the Minister of the Environment  
No. 94) [59]. According to the abovementioned regulations, the specific 
carbon emission factor for OS was calculated from equation (7) [60]: 

 

qc OS = 10[Cr
t + k(CO2)r

M12/44]/Qr
i,           (7) 

 

where 
 qc OS is the specific carbon emission factor, tC/TJ; 
 Cr

t is the carbon content in OS, %;  
 (CO2)r

M is the mineral CO2 content in OS, %;  
 Qr

i is the lower heating value of OS, MJ/kg; 
 k is the factor taking into account the extent of carbonate decom-

position and CO2 binding in ash fields (calculated for fuel as 
received). 

The combustion technologies (PF and CFBC) currently in use differ 
greatly in operating conditions, which influences the extent of carbonate 
decomposition and has to be considered while calculating specific carbon 
emission. The average CO2 content in ash sediments is estimated to be 7.8% 
[48]. The latter was converted to dry PF ash, taking into account the mass 
changes due to the formation of Ca(OH)2 and CaCO3. The factor k was 
calculated from equation (8) [60] on the basis of an average composition of 
the OS used in Estonian power plants – Qi

d = 9.83MJ/kg, ash content in dry 
OS Ad = 51.33% and mineral CO2 content in dry OS (CO2)M

d = 20.01%: 
 

k= 1–[(CO2``/A``)/(CO2`/A`)],    (8) 
 

where  
 CO2`` is the mineral CO2 content in the heated residue (ash), %;  
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 CO2` is the mineral CO2 content in the mineral part of the initial 
material (OS), %;  

 A`` is the heated residue of the mineral part of the initial material 
(OS), %;  

 A`is the heated residue (ash content), %. 
Calculations give a general k value of 0.64 for the PF ash. In reality, the k 

value is a multiplication of two factors, one of which is the extent of the 
carbonate decomposition in boilers (kCO2) and the other (knot bound) takes into 
account the relative part of CO2 that remains unbound in ash fields from the 
carbon dioxide discharged from a power plant into the atmosphere. As the 
average value of kCO2 for PF boilers is 0.97, the actual value of knot bound 
would be 0.66 [61]. 

If in formula (7) k = 0.64, then in the case of PF boilers, the specific 
carbon emission qc OS for Estonian OS is 27.85 tC/TJ. 

With the introduction of new CFBC boilers at the Estonian and Baltic 
power plants, the situation concerning qcOS also changed. The firing tempera-
tures in CFBC boilers are substantially lower (720–800 °C) than those in PF 
boilers (>1250 °C), which greatly influences the intensity of carbonate 
decomposition [61]. 

According to Arro et al. [61] kCO2 can be calculated using formulas  
(9–12), based on the content of CaO, MgO and carbonaceous CO2 in the ash: 

 

CO2 CaO = CaOash·0.992·MCO2/MCaO      (9) 
 

CO2 MgO = MgOash·0.967·MCO2/MMgO     (10) 
 

CO2 sum = CO2 CaO + CO2 MgO                  (11) 
 

kCO2 = 1 – CO2 ash/CO2 sum,                (12) 
 

where 
 CO2CaO and CO2MgO are the amounts of CO2 bound to CaO and 

MgO, calculated as percentage of ash mass; 
 CaOash, MgOash and CO2ash are the contents of CaO, MgO and 

carbonaceous CO2 in ash, %; 
 MCaO, MMgO and MCO2 are the molar masses of CaO, MgO and CO2, 

g/mol. 
Based on the results of various experiments carried out at the Estonian 

and Baltic power plants during 2004–2006, the average extent of decarbona-
tion for the total ash at the nominal boiler load fluctuated in the kCO2 range of 
0.50 to 0.69, while in most cases this value did not exceed 0.6 [61]. 

As the ash from CFBC boilers contains enough free lime to saturate a 
three- to fourfold greater volume of water with Ca(OH)2 than actually used 
in the hydraulic ash removal process, the alkalinity level of the circulating 
water will probably remain unchanged. It was concluded that the CO2 bind-
ing degree for the CFBC boiler ash in the hydraulic ash removal process in 
ash fields would remain 0.66. 
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According to the above data, k = kCO2·knot bound = 0.60·0.66 = 0.40. Hence, 
in the case of CFBC boilers, the specific carbon emission factor qc OS for 
Estonian OS is 26.94 tC/TJ. 

6. Re-cultivation and secondary use of ash deposits 

Most of the ash fields at the power plants are currently in active use for ash 
deposition. The first large ash field was closed at the Baltic Power Plant (ash 
field no 2), which had not been actively used since the 1980s because the 
focus has chiefly been on the development of the Estonian Power Plant. 
Preparations for the closure started at the beginning of 2000. The EU 
(European Union) Instrument for Structural Policies for Pre-Accession 
granted financial aid to perform the closure activities, which lasted until 2010. 
During the closure, more than 5 million m3 of alkaline water was neutralised 
with HCl and discharged into a nearby river. The upper level of the ash field 
was re-levelled, and maintenance roads were built. The entire ash field’s 
horizontal area was seeded with grass, bushes and trees. At the same time, 
preparation work for the building of a wind energy park in the closed ash field 
was initiated. The wind farm with a capacity of 39 MW, consisting of  
17 2.3 MW E82 wind turbines provided by a German Enercon company, is 
going to be ready for exploitation in 2012 [62]. 

There has been a long discussion about whether the previously described 
ash removal and depositing system involves the landfilling of the liquid waste, 
or whether the system just uses the water as a transportation media. To find a 
proper answer, a detailed investigation of the system was performed and 
environmental impacts were estimated, and international experience regarding 
this technology was taken into account. The dense slurry transport system was 
also under consideration in order to reduce the aqueous waste flows circulating 
in the ash transportation system, but this technology is not viable due to the 
specific chemical and phase composition of OS ash. It has been concluded that 
the hydraulic OS ash transportation and depositing system is in accordance 
with EU regulations (Council Directive 1999/31/EC) [45] and BAT principles 
(Council Directive 96/61/EC) [63], but the infiltration of the transportation 
water has to be monitored and preventive actions have to be put into practice if 
necessary. At the same time, the development towards the reuse and recycling 
of OS ash as a raw material for various applications is ongoing to reduce the 
volume of waste ash. 

Over the past decades, a lot of research has been conducted on finding 
suitable ways for utilising ash. In the 1970–80s, OS ash was intensively used 
in road construction as a stabilising agent for road beds [18]. Considerable 
amounts of ash have been used in the production of building materials, e.g. 
gas concrete, and as an additive in Portland cement production [64]. Ash has 
also been a valuable soil liming agent in agriculture [65–67]. Recent studies 
have shown that ash sediment can be used as an effective filter material for 
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wastewater treatment [55, 68–70]. However, the secondary use of ash is very 
limited and is less than 5% of its annual production. 

7. Conclusions 

Estonia has a unique experience in the large-scale industrial utilisation of 
local low-grade fossil fuel – kukersite OS. About 90–93% of Estonia’s 
electricity demand is satisfied by OS-based power production. Using OS for 
heat and power generation also includes the management of chemically 
reactive waste ash. The combustion of OS is characterised by elevated 
specific carbon emissions due to the high content of mineral carbonates 
(limestone and dolomite) in OS. In addition to CO2 emissions, the power 
sector is also responsible for producing huge amounts (5–6 Mt annually) of 
Ca-rich (up to 25% free CaO) waste ash. To transport the ash to wet open-air 
deposits, a hydraulic system is used in which approximately 107 m3 of 
alkaline water (pH 12–13) is recycled between the plant and the sedimentary 
pond. Distributing the highly alkaline ash dust and wastewater into the 
environment may lead to serious environmental problems, such as the 
contaminated surface and groundwater. 

Disposal of OS ash of complicated phase composition in wet open-air 
deposits triggers a number of chemical reactions, which ultimately lead to 
the formation of ash stone and stabilisation of ash fields. In reality, the full 
stabilisation of deposit sediments is retarded by the slow hydration and CO2 
diffusion, which is further slowed down by the plugging of pores and the 
pile-up of fresh layers of ash. As a result, the environmental impact of highly 
alkaline (pH 12–13) waters draining off from ash sediment heaps will remain 
a problem for the decades to come. 

At the same time, the hydraulic open-air ash transportation and deposition 
system acts as a natural CO2 sink. The amount of CO2 bound is taken into 
account while calculating the real amount of CO2 discharged into the 
atmosphere by OS-fuelled power plants in Estonia. 

The OS ash handling system via hydraulic transport and open-air deposi-
tion has proven to be the most feasible option, based on long-term studies 
and operating experience. The method is still associated with environmental 
risks, as huge amounts of the alkaline transportation water circulate in the 
system. The infiltration of the transportation water has to be monitored and 
preventive actions have to be put into practice if necessary. Also, the 
development towards the reuse and recycling of OS ash as a raw material for 
different applications to reduce the volume of waste ash has to be continued. 

After the decommissioning, the open-air ash deposits are re-cultivated by 
seeding grass, bushes and trees. The second ash field of the Baltic Thermal 
Power Plant was recently closed down and will host a wind generation park. 
17 wind generators with a total power output of 39 MW were erected by 
Eesti Energia in 2011. 
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