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Abstract. In order to reach future goals of net carbon neutrality and climate
change mitigation, various carbon capture and sequestration techniques must
be implemented. Industrial waste rich in chemically active alkaline metal
oxides is considered as a potential material for CO, sequestration. The authors
studied the long-term CO, binding capacity of Ca-rich oil shale ash (OSA)
deposits at oil shale(OS)-fired power plants of Estonia and estimated the
remaining sequestration potential for in-situ carbonation. Providing energy
security, the Estonian oil shale industry is the biggest national producer of
solid waste and the leading greenhouse gas emitter, making the country one of
the largest per capita producers of CO, in Europe. The study shows that ash
deposits are currently only partially carbonated, with an average CO, binding
rate of 51 kg per tonne of hydrated sediment, most of which being bound in
such carbonate minerals as calcite and vaterite, as well as in Ca-silicate
thaumasite. It is estimated that at full carbonation of reactive Ca and Mg
phases in ash (portlandite, ettringite and semicrystalline C-S-H), the projected
average total CO, binding potential could rise to ca 200 kg per tonne of ash.

Keywords: mineral carbonation, oil shale ash, ash utilisation, CO, sequestration.

1. Introduction

In the light of current European CO,-trade policies and more importantly the
long-term planning to achieve future climate goals (e.g. as stated in the Paris
Agreement [1]), it is unavoidable that the usage of such fossil fuels as oil,
coal, lignite and oil shale (OS) will diminish in coming decades. However, a
carbon neutral economy can be realized by 2050 [2] only if we consider and
apply all means capable of effectively reducing CO, budget, including the
implementation and optimization of various CO, sequestration techniques.
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Different options that could help mitigate climate change, including carbon
capture and storage (CCS), are already being considered worldwide. Several
methods have been examined for CCS [3-8]. First, carbon dioxide can be
deposited underground in suitable rock formations, dissolved in saline aquifers
or adsorbed onto the organic matter in coal or shale formations. Underground
deposition of CO, is already widely used for enhanced oil recovery (EOR) to
increase oil yields by increasing pressure and lowering oil viscosity. However,
it requires the geological formation to have specific properties. For example,
to ensure the stability of storage and minimize the possibility of CO, being
released back into the atmosphere, there must be an impermeable cap rock
layer, available pore space and no fracturing or structural faults. In addition, the
process requires sufficient burial depth, usually exceeding 800 meters, which
provides enough pressure and temperature for achieving the supercritical
state and decreases the volume of deposited CO,. Further questions related
to this method include reliable assessment of storage site capacity as well as
monitoring and detecting any possible leaks after storage [3]. However, when
the method is used in EOR, the additional oil obtained during the process is
likely to nullify any mitigation of the effect of the deposited CO,.

Another CCS method involves binding carbon dioxide in geologically
stable carbonate minerals, i.e. mineral carbonation, which occurs naturally
during the slow weathering of silicate minerals and their reaction with
atmospheric CO,. This method works with using either natural alkaline earth
metal oxides (mainly CaO and MgO) bearing minerals, for example, various
ultramafic mine waste [9—11], or industrial waste such as coal or oil shale ash
(OSA), steel slag and other waste products [7, 12—14]. Sequestration can be
carried out by carbonation either in-situ at suitable geological sites and waste
heaps or ex-situ at plants or CO, point sources before the final deposition of the
material. Various types of industrial waste with a high content of chemically
active alkaline metal oxides, such as CaO and MgO, can provide an effective
and readily available opportunity for CO, sequestration. These waste streams
originate from big industrial CO, emitters and the proximity of the latter to the
above geological sites favours the possible exploitation of the streams for CO,
sequestration. Although the volume of such waste is comparatively small and
it can only mitigate part of the emitted carbon dioxide, it could constitute an
additional and easily accessible reactive resource for CO, sequestration. For
example, it has been shown that coal ash with a CaO content of only about
4.1 wt% has a high potential for binding CO,, sequestering up to 26 kg per
tonne of ash [15].

The Estonian energy sector relies on the oil shale industry. This has enabled
Estonia to enjoy energy independence ever since the 1960s, however, at the
cost of clean environment. The oil shale industry is by far the largest national
producer of solid waste and emitter of greenhouse gases, being responsible for
over 70% of the country’s CO, emissions [16]. According to EU statistics, in
2018 Estonia was, with 18.6 metric tonnes per capita, the largest producer of
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CO, in Europe [17]. In 2019, however, power production and, consequently,
the CO, emissions from the oil shale industry nearly halved [18] as a direct
consequence of an increase in carbon dioxide emission allowance prices under
the European Union Emission Trading Scheme (EU ETS), which makes fossil
fuels uncompetitive on the open Nord Pool energy market in which Estonia
participates [19].

The fossil fuel used in Estonian power plants and shale oil retorts is
kukersite oil shale, a kerogenous solid fuel with a high mineral content and
a low calorific value, 8—12 MJ/kg [20]. In the recent years around 15 Mt of
calcareous OS has been mined in Estonia and about 68 Mt of ash has been
produced annually [18, 21, 22]. High-temperature (> 1200—1400 °C) pulverized
combustion (PC) technology was the main method for processing OS up until
2018, but has been replaced by circulated fluidized bed combustion (CFBC)
technology operating at 700—-800 °C, which had been gradually implemented
since 2004. PC boilers emit up to one tonne of CO, per tonne of fuel [23], but
CFBC emits up to 13% less [24], largely due to the lower extent of carbonate
decomposition in low-temperature combustion (decomposition extent 0.97 in
PC and 0.60 in CFBC) [25].

There are no proven natural geological structures with required properties
for carbon capture and long-term storage in Estonia and, requiring large capital
investments, the long-range transport of CO, to suitable storage sites hundreds
or thousands of kilometers away is currently economically unfeasible. In
addition, this would increase the environmental impact of CCS [25-27].
However, the ash produced by combustion of calcareous Estonian oil shale
may contain up to 27 wt% of free lime (CaO,_ ) [28], constituting a potential
CO, sink. Although the mineral matter in OS contains 50-70 wt% of carbonate
minerals on average, most of the free CaO originating from the decomposition
of carbonate minerals calcite and dolomite further reacts with Ca- and
Ca/Mg-silicate, Ca-sulphate and other non-carbonate minerals. Thus, not all of
the CaO from the carbonate mineral decomposition is available for CO, capture,
whereas MgO that forms after decomposition of dolomite is primarily found
as periclase and Ca/Mg-silicates such as merwinite and akermanite [28, 29].
The theoretical CO, capture capacity of PC oil shale ash is 350-500 kg of
CO, per tonne of ash, 30-50% of which is based on free lime [30]. Previous
laboratory carbonation experiments have estimated that only about 4-5% of
total CO, or about 20% of carbonate CO, emitted during oil shale combustion
is bound back by the carbonation of OSA sediments [31]. However, a much
higher potential of up to 11% of total emissions or 209 kg of CO, per one
tonne of ash (including neutralizing transport water) has been achieved in
subsequent laboratory-scale experiments [32]. In contrast to laboratory-scale
experiments that often reach an equilibrium state, the carbonation reactions in
natural conditions within ash deposits are not completed due to the continuous
deposition of new material, environmental constraints and inhibited transport
(availability) of CO, through solidified ash [21, 28].
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The ash forming at power plants and shale oil retorts is transported mixed
with water (water/solid matter ratio ca 20:1) to waste disposal ponds next to
the processing plants where the slurry solidifies [33]. During the 70 years of
operation, more than 300 million tonnes of'ash has been deposited in plateau-like
waste depositories up to 45 m high, covering more than 20 km? [21]. In field
conditions it has been suggested that ca 5-6% of CO, emitted during OS
combustion is bound back from the atmosphere in ash waste deposits and
sediment ponds [22]. However, the extent of carbonation reactions taking
place within the ash deposits themselves has not been studied as yet. Recent
assessments of the phase composition of ash deposit sediments show a major
increase in the semicrystalline calcium silicate hydrate phase (C-S-H-type
phases) over time in ash deposits that are likely to negatively impact the
previously estimated CO, sequestration ability of the material [29].

This contribution aims to firstly elucidate the long-term CO, binding
capacity of oil shale ash sediment under natural conditions by using drill core
material from ash waste deposits spanning nearly 50 years of sedimentation
and mineral-chemical transformation. Secondly, we explore the extent to
which the material stored in ash depositories can be used for further CO,
sequestration by in-situ accelerated carbonation.

2. Materials and methods

The material for the study was sampled from three drill cores penetrating
the ash deposits in Northeast Estonia (Fig. 1), drill core 2 at Eesti Power
Plant (EPP) and drill cores 5 and 6 at Balti Power Plant (BPP). The sampled
material represents bulk ash sediments that are thoroughly mixed during the
dam building process. These two power plants (PPs) are the largest oil shale
operations, commissioned in 1969 and 1959, respectively. The ash depository
at EPP also receives ash from the new Auvere PP, commissioned in 2016, as
well as solid heat carrier oil retorts ever since the 1980s, including the newest
Enefit-280 shale oil plant that has been in operation since 2012 [28, 34]. Both
PPs used PC technology up to the mid-2000s, but installed lower-temperature
CFBC boilers in 2004. In addition, ash from CFBC boilers has been deposited
at both sites, influencing the composition of the upper section of ash deposits.
These deposits have been in continuous use ever since the commissioning of
their respective PPs and the composition of fuel (calcareous oil shale) has not
changed over time.

The thickness of ash waste sediments at the drilling site of EPP ash deposit
was 37.5 m and the groundwater level in the drill hole at the time of drilling
was measured at 6.6 meters below the surface. Drill cores 5 and 6 in the ash
depository at BPP reached 32 m and 26 m in depth, respectively, while the
groundwater level was measured at 16—18 m during drilling in drill hole no 5
and at 68 m in drill hole no 6 (Fig. 1).
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The mineral and chemical composition of the studied ash sediment samples
from drill core 2 at EPP ash depository has previously been reported by Leben
et al. [29]. In the current study, the mineral composition of BPP ash sediments
was analysed in 70 samples obtained from the two drill cores with a sampling
interval of 0.5—1.5 meters to represent the whole section. The X-ray diffraction
(XRD) analysis of ash waste materials was carried out on powdered unoriented
preparations by using a Bruker D8 Advance diffractometer. Rietveld analysis
of XRD patterns was carried out using the Topas code. The C-S-H-type phase
was modelled via a tobermorite-like structure that provides a rough estimate
of this gel-like semicrystalline compound. The relative error of quantification
was better than 10 wt% for major phases (content > 5 wt%) and better than
20 wt% for minor phases (content <5 wt%). For C-S-H the estimated relative
error was in the same range with minor phases, i.e. up to 20%. Leben et
al. [29] used pressed pellets to determine the chemical composition of ash
sediments by X-ray fluorescence spectroscopy (XRF) using a Rigaku Primus
IT spectrometer.
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Fig. 1. The location and overview of ash waste deposits and drill cores: (a) the location
of oil shale power plants and studied ash depositories; (b) the location of studied drill
cores in depositories; (c) the schematic cross-section of BPP rim and the location of
drill cores 5 and 6.
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3. Results and discussion

3.1. The composition and transformation of Ca-rich ash in deposits

The chemical composition of the studied EPP oil shale ash waste sediments
has been reported by Leben et al. [29]. The sediments overall chemical
composition is characterized by average Ca content, expressed as CaO at
40.9 wt% (variation 25.5-50.8 wt%); SiO, varies between 12.5 and 27.6 wt%,
ALO, from 4.6 to 11.9 wt% and SO, between 2.6 and 9.2 wt%. The content of
other elements remains below 5 wt%.

The mineral composition of major phases in ash sediments from the studied
drill cores is shown in Figure 2 and Supplementary Table. The mineral phase
composition of ash sediments is dominated by the alteration of secondary and
terrigenous minerals. The secondary minerals are represented by phases formed
during high-temperature combustion and subsequent hydration, carbonation
and diagenesis on deposition. Making up an average of 6.6, 25.2 and 18.6 wt%
in the EPP ash depository drill core and BPP drill cores 5 and 6, respectively,
carbonates (calcite and vaterite) are the main compounds of said minerals. The
combined average content of secondary Ca hydrate-sulphate-silicate phases
portlandite, ettringite and thaumasite for the three drill cores is 5.1, 5.0 and
4.1 wt%, respectively, but it can vary considerably. The semicrystalline phase
composition is characterized by the C-(A)-S-H-type phase with a trend of
increasing content towards the bottom of the deposit, with estimated values
ranging from ca 20 wt% to more than 60 wt% in the EPP depository and ca
40 wt% in BPP ash waste deposit drill core 6. However, in BPP drill core 5 the
C-(A)-S-H phase shows a U-shaped trend from top to bottom, starting from
3040 wt% and, after dropping to 5—10 wt% in the middle part at a depth of
10-17 m, increases again to 30—40 wt% in the lower half of the drill core
(Fig. 2). The content of primary silicate phases ranges from a few per cent to
over 50 wt%, being mainly characterized by such silicate minerals as quartz
and K-feldspar, as well as minor amounts of micas.

The composition of ash sediment in waste depositories is dictated, first of
all, by the composition of ash forming in boilers and its sequential hydration
reactions during and after the deposition [21]. The ash from the two power
plants is rich in reactive secondary Ca-phases, such as lime (CaO, ) and
anhydrite, as well as secondary Ca/Mg-silicates. These phases form during the
thermal decomposition of carbonate minerals (calcite and dolomite) present
in raw OS and the reactions during combustion between CaO,  (and free
MgO) and silicates as well as flue gases, mainly SO, (e.g., Bityukova et al.
[35]). Lime slaking (reaction 1) and the formation of portlandite starts already
during the transportation and deposition of ash:

CaO + H,0 — Ca(OH),. (1)
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This is followed by the dissolution of anhydrite and subsequent reactions
involving dissolved Ca, sulphate and Al, producing ettringite type phases (2):

3Ca(OH), + 2Al(OH), + 3CaSO, + 26H,0 — Ca A1 (SO,),(OH),,-26H,0. (2)

Earlier studies (e.g., Liira et al. [36]) have shown that ettringite forms over
a period of about two weeks, followed by the formation of the hydrocalumite
type phase [Ca,Al(OH),-3H,0] and/or gypsum (CaSO,-2H,0) [21, 36]. Most
recently, Leben et al. [29] have suggested that the long-term transformation of
Ca-rich ash sediments within ash depositories is governed by alkali-activated
recrystallization, producing a semicrystalline C-(A)-S-H type phase along
with Ca-Si-CO,-sulphate mineral thaumasite, the latter probably forming at
the expense of ettringite. The C-S-H type phase forms by the recrystallization
of either Ca-silicate minerals (e.g., belite C,S) and/or aluminosilicates and
glassy phases present in ash. The hydration of secondary Ca-silicate minerals
can produce additional portlandite [37].

3.2. CO, binding processes and rates in Ca-rich ash deposits

In terms of composition, Ca-rich oil shale ash sediment is comparable to
other natural alkaline metal-bearing minerals widely available in igneous and
metamorphic rocks, but the latter also require energy-intensive processing
in order to bind carbon dioxide [6, 7, 38]. However, there are examples of
using natural geological processes (e.g., Magbitang and Lamorena [39]), as
well as ultramafic mine tailings [9, 40], as carbon sinks, which do not require
significant external energy input. Though, the industrial-scale applicability of
these processes has yet to be determined. A faster and less energy dependent
substitute for natural silicates for carbon mineralization would be metal oxides
(Ca0O, MgO) bearing industrial waste that can often be found near the point
sources of CO,, e.g. Ca-rich oil shale ash deposits in Estonia.

Carbon dioxide sequestration in OSA deposits relies mostly on the
carbonation of portlandite (3) which mainly forms by the slaking of lime and
the hydration of Ca-silicate minerals present in raw ash:

Ca(OH), + CO, — CaCO, + H,0. 3)

Additional CO, binding capacity in hydrated OSA can be provided by the
decomposition and carbonation of ettringite (4) and secondary Ca-silicate
phases (5) producing Ca-sulphate, Al-hydroxide and/or silica, as well as
calcium carbonate phases [41]:

Ca,AL(SO,),(OH),,-26H,0 + 3CO, — 3CaCO, + 2A1(OH),
+3CaS0,:0.5H,0 + 27.5H,0, @)
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Ca,Si0, + 2C0O, — 2CaCO, + SiO,. (5)

The presence of thaumasite (Ca,Si(OH),(CO,)(SO,):12H,0) in oil shale
ash sediment (up to 30 wt%) also indicates that at least some of the CO, is
bound by this mineral. This has previously not been taken into account in
estimating the CO, sequestration capacity in OSA waste. Thaumasite can form
at the expense of ettringite in the presence of dissolved silica and dissolved
inorganic carbon, or alternatively as a result of the carbonation of the C-S-H
gel-like phase and the consumption of portlandite [42, 43], providing an
additional CO, sink in ash sediments.

Under laboratory conditions the carbonation of portlandite, the main
CO, binding phase in OSA, takes place over several weeks or months [44].
Geochemical modelling and laboratory-scale studies of oil shale ash
carbonation [30, 31, 45-49] show that CO, sequestration in this material is
viable and that PC oil shale ash has a theoretical CO, capture capacity of
350-500 kg of CO, per one tonne of ash, with 30-50% of this potential being
based on free lime. However, in agreement with findings of Mdtlep et al.
[21] and Leben et al. [29], our results show that abundant portlandite is still
found at deep levels throughout the plateau sediment succession. This implies
retarded carbonation, which is most possibly the result of inhibited transport
of CO, dissolved in the ash transport water and rainwater infiltrating into the
ash deposit.

Based on the mineral composition of ash and ash sediments it is possible
to estimate their CO, binding potential. Firstly, it is necessary to account for
the residual carbonate content in fresh ash. In older PC boilers, almost all
carbonates are thermally decomposed (decomposition extent as high as 98%),
but the carbonate decomposition extent in lower-temperature CFBC boilers
can vary between 47 and 96% for different ash fractions [50]. The average
residual primary calcite content in PC ash is estimated at 5.16% of crystalline
phases (Table 1), calculated using the calcite content and the proportion of
different ash fractions in fresh ash, using data obtained by Bityukova et al. [35]
and Konist et al. [51]. Given that CFBC ash with a lower decarbonation extent
has been deposited in ash plateaus only during the last decade and that PC ash
prevails in ash deposits, this calculated average calcite content estimate can be
used to describe the primary carbonate share in average ash stream.

In raw ash, the content of amorphous glassy material typically not detected
in X-ray diffraction analysis is estimated at 29 wt% on average [21]. This
means that the content of primary carbonate is ca 30 wt% lower, making up
3.6 wt% of bulk material on average, including crystalline and amorphous
phases. Similarly, the assessment of carbonation extent with X-ray diffraction
data requires taking the share of amorphous C-(A)-S-H-type phases into
account when calculating general mass balance. The content of secondary
Ca-carbonate minerals (calcite and vaterite) formed by CO, uptake in ash
sediments varies largely, between 0 and 35%. The respective amount of
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Table. Average primary calcite content in the crystalline fraction of different PC
ash fractions [35, 51]

Ash fraction Calcite, Proportion of ash, Calcite in total ash prior
wt% % to storage, wt%
Furnace 6.4 42.1 2.69
Super heater 33 3.7 0.12
Economizer 4.4 4.7 0.21
Cyclone separator 4.2 14.5 0.61
1st el. precipitator 43 28.3 1.22
2nd el. precipitator 4.7 5.6 0.26
3rd el. precipitator 4.2 1.1 0.05
Total - - 5.16

Abbreviation: el. — electric.

CO, bound to ash sediment ranges from 0 to 153 kg of CO, per tonne of
the sediment. There is a high variability between the analysed drill cores
in the average content of bound CO,, this being 1.6, 8.9 and 6.6 wt% for
the EPP drill core and BPP drill cores 5 and 6, respectively. In addition to
Ca-carbonates, the Ca-silicate-sulphate mineral thaumasite also binds a
fraction of carbon dioxide. The CO, in thaumasite can be of atmospheric origin
or originate from the dissolution of carbonates [52, 53]. Calcite and vaterite
are stable phases in the pH range of 12—13, which is characteristic of the water
in contact with OSA [28], and also over a wide range of dissolved sulphate
and/or silica activities. This suggests that most of the CO, likely originates
from the atmospheric CO,, rather than from the dissolution of carbon bearing
phases. Carbon dioxide bound to thaumasite ranges from 0 to 22.8 kg of CO,
per tonne of ash sediment with an average of 3 kg/t (Fig. 3, Supplementary
Table).

These results show that Ca-rich ash sediments deposited over a long
period of time display highly variable CO, binding rates which remain far
below the previously reported values. The average CO, sequestration capacity
in carbonates is only 4.8 wt% or 48 kg per tonne of ash sediment when
considering the composition of all three drill core sections. As the water-binding
capacity of dry ash is 0.15 m’ per tonne on average, being mainly caused by
the formation of portlandite, gypsum, ettringite and various other hydrates
[36], then ca 41 kg of CO, is bound per tonne in ash deposits on dry ash basis.
Adding the CO, bound in thaumasite, the total average amount of bound CO,
rises to 4.3 wt% or 43 kg per tonne of dry ash (51 kg/tonne of ash sediment).
This suggests that thaumasite accounts for about 6% of the total bound CO,
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EPP drill core BPP drill core 5 BPP drill core 6
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---- Portlandite, wt%

Fig. 3. CO, binding rate in ash sediment samples.

on average. Furthermore, in several intervals, particularly in the drill core
succession of EPP ash depository, the estimated content of CO, bound in ash
sediment was close to or below the level of CO, assumed to be included in
the average estimated primary calcite composition, which indicates a zero net
uptake of CO, by ash sediments.

The high variation in CO, bound in the mineral form in ash deposits is
firstly caused by the compositional heterogeneity of ash sediments and
secondly by the inhibited CO, transport to the sediment pile. The long-term
variability in CO, uptake is partially caused by the seasonal and historical
changes in the production capacity of the plants. Namely, after the fall of the
former Soviet Union, there was a large drop in production, from 15 million
to 7-9 million tonnes per year. In 2019 it fell further to ca 4-5 million tonnes
per year, due to the significantly reduced oil shale firing under current carbon
dioxide trade policies. The ash deposits are sequentially built up, layer by
layer, by the deposition of the ash-water slurry in the temporary ponds on
the top of plateau-like ash deposits [28, 33]. The thickness of a typical layer
varies from 0.2 to > 1 m [33] with earlier studies having revealed a highly
variable layered structure of ash plateaus [54]. The layers showing lower CO,
binding rates can likely be associated with higher ash production periods,
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more rapid burial and therefore a shorter and more inhibited contact with
CO,. For example, this is true for the layers in the lower section of the EPP
drill core at depths between 20 and 25 meters (Fig. 3). Also, because of grain
size separation in the settling of the ash-water slurry along about a 3000 m
long flow path, the coarse-grained fractions of bottom ash are deposited at the
inlet of the slurry, with progressively finer particles mainly represented by the
fly ash fractions settling further along the flow path. This causes the lateral
variation in ash composition [33]. In addition, the position of the slurry inlet
and the flow path of braided streams are changed at each filling step, causing
further grain size and compositional spatial variation. Arro et al. [54] have
shown that coarse-grained bottom ash fractions form loose and porous ash
sediment beds, while fine-grained ash forms nearly impermeable and hard
layers with transverse filtration modules as low as 0.15-10~ m/s. It is evident
that such dense layers significantly reduce both water and CO, transport from
the top of the plateau down to its deeper parts. According to Konist et al. [22]
the binding of CO, mostly takes place during ash-water transport and within
the surface (layers) of deposits, but it stops when the contact with ambient
air is lost. However, it is possible that CO, transport following ash deposition
occurs more readily through 30-40 m high steep (ca 30 degrees) walls of
the depositories, preferentially via coarser-grained ash beds composed of
hydrated bottom ash particles (Fig. 4). Furthermore, the material at the sides
of the plateaus is thoroughly mixed during the dam building process, which
further facilitates CO, uptake. As a result, following the initial phase during
deposition, carbonation mainly occurs at the sides of ash deposits and the full
potential of CO, sequestration in hydrated ash deposits is not achieved. This

_ EPP dfill core - CO,
Deposition g 10 20 wt%

Basin 1 1 —
CO, .
/ BPP drill core 6 — CO,
0 10 20 wi%
/ ——
{
Al CO,
Dam building tiers
S
\\\
S~ . L ~30°
g \\Ca\rbonanon front Ash Iayers
Al \
N
AN

Fig. 4. A conceptual (not-to-scale) scheme of CO, uptake in the ash deposits. The
carbonation line is drawn based on the presence of portlandite.
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is well evident from the survival of Ca-hydroxide (portlandite) throughout
the ash sediment successions (Fig. 3). Although some portlandite can also
be of secondary origin, formed during alkali-activation and the formation of
C-S-H-type phases from Ca-silicates, its presence nevertheless hints at limited
CO, transport and carbonation processes inside the ash plateau sediments. In
addition, the carbonation of portlandite at the edges of the ash deposits causes
a significant pore space closure, further inhibiting this process inside the ash
piles.

3.3. CO, binding potential of Ca-rich ash deposits

Our results show that under natural conditions the full CO, binding capacity
of the ash sediments has not been reached during the last 50 years. If the
calculated binding rate (48 kg/tonne of ash sediment) is applied to the recent
annual ash production of 7.2 Mt, with CO, emissions being at 11.3 Mt [18],
we find that on average only about 3.06% of CO, is bound by OSA waste
in the long term. When taking thaumasite into consideration and calculating
the amount of CO, based on dry ash binding capacity (43 kg/t), on average
2.74% of emissions is bound to ash sediment annually. This is well below the
previously assessed lower end values 0f 4% CO, bound to ash depositories [31].
Given that ash production rates and the respective CO, emissions were more
than twice as high in the mid-1980s and that the studied drill cores were
situated at the edges of the ash plateaus with a more advanced carbonation
rate, we suggest that the overall binding capacity has most probably been
overestimated by as much as an order of magnitude.

Assuming that the lower half of the deepest dill core in the ash depository at
EPP represents the composition of ash sediments inside the ash pile away from
the walls, less than 1% of CO, emissions has been bound by said sediments
so far. Nevertheless, Uibu and Kuusik [30] have demonstrated the high CO,
sequestration capacity of OSA which is potentially achievable by the in-situ
carbonation of ash sediment deposits. For instance, this can be achieved by
constructing a network of drill holes through ash deposits, connected to the
flue gases emitted by the nearby power plants, forcing accelerated in-situ
carbonation. In addition to the carbonation of the available portlandite, the
in-situ carbonation of ash deposits will lead to an extensive Ca-carbonate
formation at the expense of all Ca-containing phases, including ettringite,
thaumasite and the C-S-H gel. While portlandite and ettringite are prone to full
carbonation already at atmospheric CO, partial pressures, the level of C-S-H
carbonation is dependent on the concentration of CO, [41, 55]. It has been
shown that C-S-H with an initial Ca/Si ratio of about 1.2 can become almost
entirely carbonated in laboratory under exposed conditions in seven days to
form ca 80 wt% of calcite and 15 wt% of silica gel [56]. In addition, Wu and
Ye [57] have shown that nearly all C-S-H phases can be fully decomposed
to CaCO, and silica gel by accelerated carbonation at a CO, partial pressure



78 Kristjan Leben et al.

of 0.03 atm after three days, while phases with a higher Ca/Si ratio are more
resistant to carbonation. According to Leben et al. [29] the Ca/Si ratio of the
C-S-H-like phase in ash sediments ranges from 1.5 to 2 and the phase is likely
more resistant to carbonation.

The average contents of portlandite, ettringite and the C-S-H type phase in
ashsedimentsamples are 5,4.9 and 31.8 wt%, respectively. The full carbonation
of portlandite, ettringite and 80% calcite formation from the C-S-H phase
would lead to an increase in the average CO, content of ash sediment by 3, 0.8
and 11.2 wt%, respectively. This would increase the sediment’s potential CO,
binding capacity by 150 kg/t, resulting in a total of ca 200 kg/t. In addition, it
is possible that at increased CO, partial pressures in the flue gases and by using
captured CO, stream, other Ca and Mg phases such as thaumasite and minor
phases such as Ca- and Ca/Mg-silicates, Ca-aluminates, periclase (MgO) and
Mg-hydroxide would also contribute to carbonation, further enhancing the
CO, binding capacity of oil shale ash.

4. Conclusions

The long-term CO, sequestration in Ca-rich oil shale ash sediments under
natural conditions was studied by analysing the drill core material from Ca-rich
ash waste deposits in Estonia, which contain more than 300 million tonnes
of ash. The material shows high compositional variability, with an average,
mainly carbonate-bound CO, content in ash sediments varying between 1.6
and 8.9 wt% in different drill cores. On average, the CO, binding rate of oil
shale ash sediment deposited in waste depositories was found to be 51 kg
per tonne, including the Ca-silicate thaumasite, which accounts for about
6% of the total bound carbon dioxide. This is ca 5 to 6 times less than the
estimated binding capacity in laboratory-scale experiments. Under natural
conditions, carbonation is significantly hindered by limited CO, transport and
only the outer perimeter of up to 40-45 m high ash deposits has likely been
carbonated, leaving the internal part of the ash pile unreacted, as evidenced by
the preservation of Ca-hydroxide in the deeper parts of the sections. The CO,
sequestration potential of ash sediments can be increased by in-situ carbonation,
using flue gases from the nearby power plants. Assuming full carbonation
of the major phases, i.e. portlandite, ettringite and C-S-H, the average CO,
binding capacity of ash can be increased by about 150 kg/t, resulting in a total
estimation of ca 200 kg/t. At current production rates, however, the ash from
CFBC boilers which replaced the former PC technology is deposited in lower
rates. This will likely increase the CO, binding rate in the surface layers of the
deposited ash sediment due to the prolonged CO, contact.
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Supplementary Table

Eesti Power Plant drill-core 2

Mineral composition, wt%

_?T Depth interval, m § %E 5, % % %.: “E g \(:-,;
8 e @ F s

1 0.3 0.6 11.8| 87 | 53 | 150 0.7 | 0.0 | 7.7 | 3.0 | 254
2 0.6 1 123 57 | 33 | 66 | 0.6 | 1.3 | 119 | 3.2 | 27.0
3 1 1.4 52 130 42 | 56| 04 117 75 | 6.1 |268
4 1.4 1.7 144104 | 99 | 122 ] 04 | 0.0 | 0.2 1.0 | 27.5
5 1.7 2 7.1 131 |59 |34 | 04| 85|03 1.0 | 37.6
6 2 2.5 7.0 | 3.6 | 47 | 32 | 03 | 09 | 124 | 11.1 | 36.0
7 2.5 2.9 34 | 30 /104 03 | 04 | 126 | 1.8 | 6.5 | 270
8 2.9 33 32 | 26 | 86 | 23 | 0.6 | 132 | 3.0 | 11.1 | 20.7
9 33 3.8 47 | 24 | 85 14 ] 02 | 65 | 3.0 | 83 | 347
10 3.8 43 72 | 42 |59 | 33|08 | 07 | L3 |158] 34.1
11 43 4.8 20 | 40 | 00 | 0.7 | 04 | 214 | 0.0 | 2.0 | 294
12 4.8 5.4 70 | 37 000 | 29 04 | 09 | 00 | 109|488
13 54 6 70 | 51 | 00 | 3.1 | 05| 34 | 0.0 | 28 |53.0
14 6 6.5 65|49 |00 29| 03] 91| 00142304
15 6.5 7.1 43 |1 39100 | 76 | 02 | 104 | 0.0 | 2.2 | 38.7
16 7.1 7.6 33 126 | 00 | 58 | 01 | 38 | 0.0 | 92 |41.0
17 7.6 8.1 32 | 23|00 | 45| 06 | 3.1 0.0 | 42 | 449
18 8.1 8.5 64 | 41|00 79| 10| 00| 00| 09 |514
19 8.5 9 56 | 47 | 00 | 85 | 06 | 0.0 | 0.0 | 14.8 | 38.5
20 9 9.5 1.7 0 1.5 1 00| 29 | 04| 16 | 00 | 2.8 |502
21 9.5 10.1 29 | 15| 00 | 63 | 06 | 1.6 | 0.0 | 3.4 | 450
22 10.1 10.6 39 1 22|00 61| 07| 1.7 00| 7.8 430
23 10.6 11.2 37 |1 34 00| 69| 04| 00| 0.0 | 140|415
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Supplementary Table (continuation)

Eesti Power Plant drill-core 2

Mineral composition, wt%

% ol Llzrlols g g : |2

% Depth interval, m § ;% E ;: § g q% § \E

24 11.2 11.7 88 | 40 | 0.0 | 48 | 0.7 | 0.0 | 0.0 | 15.6 | 39.5
25 11.7 12.1 157 1133 | 0.0 | 144 | 0.8 | 0.2 | 23.7 | 2.1 | 11.7
26 12.1 12.6 148 | 11.5 | 0.0 | 144 | 04 | 0.1 | 0.0 1.5 | 373
27 12.6 13.1 11.6 | 10.6 | 0.0 | 17.1 | 0.1 02 | 12.8 | 1.7 | 25.8
28 13.1 13.6 127 1 11.0 | 0.0 | 6.2 | 0.7 | 0.1 5.0 | 158 | 259
29 13.6 14.1 136 | 11.5 ) 0.0 | 63 | 0.7 | 0.0 | 57 | 16.8 | 22.5
30 14.1 14.7 17.1 | 144 | 89 | 143 | 03 | 0.0 | 2.1 8.5 | 11.5
31 14.7 152 1141 94 | 59 | 6.1 09 | 0.0 | 74 | 195 | 18.6
32 15.2 15.8 109 69 | 41 | 17.1 | 0.7 | 0.0 | 7.7 | 11.8 | 22.0
33 15.8 16.3 152103 | 65 [ 123 | 1.5 | 0.0 | 5.7 | 7.4 | 253
34 16.3 16.8 89 | 6.1 | 65| 4.1 0.8 | 0.1 | 104 | 18.4 | 23.7
35 16.8 17.2 62 | 45 | 14 | 1.8 14 | 02 | 98 | 19.8 | 31.6
36 17.2 17.7 85 | 5.6 | 27 128 | 04 | 0.7 1.7 | 3.0 | 383
37 17.7 18.2 43 1.9 | 04 | 21.1 | 04 | 0.1 | 148 | 159 | 18.1
38 18.2 18.7 27 | 1.5 | 33 [255] 06 | 03 | 187 | 11.3 | 18.6
39 18.7 19.2 1.5 | 08 | 21 |16.1 | 0.0 | 0.5 | 164|322 9.0
40 19.2 19.7 1.2 108 00|03 )04 75 215]17.1]302
41 19.7 20.3 20 | 04 | 00| 22 | 03 8.0 | 13.8 | 20.2 | 26.4
42 20.3 20.9 32 | 35,00 02|03 181 1.3 | 0.7 | 433
43 20.9 21.5 2.0 14 00| 14 | 0.0 | 12.0| 19.3 | 22.7 | 14.0
44 21.5 22 1.6 1.2 | 0.0 | 6.1 04 | 17.0 | 0.0 1.6 | 32.8
45 22 22.8 2.6 1.6 | 0.0 | 32 | 04 | 17.1 | 3.1 0.8 | 32.1
46 22.8 24 25123 100] 20| 04 | 184 0.1 1.0 | 43.2
47 24 24.6 5.1 29 100 1.7 | 07| 04| 00 | 07 | 673
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Supplementary Table (continuation)

Eesti Power Plant drill-core 2

Mineral composition, wt%

g . o|Zlrlgls f B E|2
_% Depth interval, m § %E g_ g é:; é: 03 g \:U;
8 s @ =4 s
48 24.6 25.1 24 27 100 12 | 04 | 82 | 1.8 | 1.8 | 446
49 25.1 25.7 1.8 21 100 1.2 | 07 1.6 1.1 2.0 | 643
50 25.7 26.3 45 | 28 | 00| 87 | 09 | 0.1 1.0 | 09 | 555
51 26.3 27.2 57 131 00 52|05 ]| 58|06 | 07 532
52 27.2 27.7 42 | 26 | 00| 72 | 0.6 1.9 1.0 | 0.2 | 504
53 27.7 28.8 95162 00 104| 06 | 00 | 0.3 | 0.8 |53.0
54 28.8 29.3 57 111 00| 53 |07 | 1.1 0.0 | 1.5 | 545
55 203 29.9 53 1.2 | 0.0 | 5.1 0.6 | 0.1 0.3 1.3 | 57.7
56 29.9 30.5 20|37 00| 03] 03 |148] 1.0 | 02 |352
57 30.5 30.8 24 124 /00 03 | 05 | 148 05 ] 02 476
58 30.8 313 1.3 1.6 | 0.0 | 05| 09 | 140 | 06 | 1.2 | 418
59 313 31.8 1.7 1 27 00| 00 | 05 106 3.0 | 1.5 | 53.1
60 31.8 324 13 125]00)| 02| 06 |138]| 04 | 1.4 |51.6
61 324 32.8 31124 0003 | 08] 90| 19| 07 502
62 32.8 332 39 124 100 22|09 |25 03] 00 ]63.1
63 332 33.6 49 | 35 100 | 31| 09 | 01 | 07| 03 | 646
64 33.6 34 46 | 3.7 | 00| 57 | 1.1 | 0.0 | 05| 00 | 617
65 34 34.6 5.1 32 1 0.0 | 2.7 1.0 | 0.0 | 0.2 1.6 | 63.6
66 34.6 353 32 | 23 100| 51 | 06 | 00 | 11.6 | 3.0 | 47.2
67 353 36.1 30 | 1.8 | 16| 51 | 05 | 0.0 | 11.0| 2.6 | 51.0
68 36.1 36.8 38 | 37 100 25 1.0 | 0.0 | 0.1 1.7 | 66.2
69 36.8 37.1 27 136 | 00164 | 04 | 06 | 05 1.2 | 55.0
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Supplementary Table (continuation)

Balti Power Plant drill-core 5

Mineral composition, wt%

_g_ Depth interval, m 8 = 2 § %_ %’- £ 3 =
° - AR -
1 1.3 1.5 47 | 37 | 35| 60 | 06 | 17.1 | 83 | 2.3 | 23.7
2 1.5 1.8 87 | 5.1 | 47 180 ] 0.6 | 14 | 144 | 1.1 | 257
3 1.8 2.1 90 | 35 | 26 | 119] 07 | 0.0 | 152 | 0.8 | 38.7
4 2.1 2.5 6.7 | 32 | 63 59 | 05 85 | 59 | 05 | 325
5 2.5 2.7 79 | 54 | 43 | 94 | 06 | 6.8 | 43 | 02 | 334
6 2.7 2.85 129 | 5.7 | 22 | 129 | 04 | 0.0 | 13.0| 0.7 | 32.0
7 2.85 32 125] 6.6 | 2.1 | 124 | 19 | 0.0 | 123 | 0.8 | 36.0
8 3.2 3.7 11.0| 57 | 29 | 137 1.3 | 05 | 142 0.7 | 313
9 3.7 4.2 147 85 | 88 | 179 | 04 | 0.0 | 96 | 2.1 | 20.6
10 4.2 4.6 148|109 | 88 | 16.6 | 0.7 | 0.0 | 13.1 | 3.2 | 13.8
11 4.6 4.8 141112 84 | 172 | 0.7 | 0.0 | 123 | 3.3 | 12.8
12 4.8 6.4 141129 88 | 165 09 | 0.0 | 9.5 | 3.6 | 15.1
13 6.4 7.25 15.6 | 11.6 | 7.8 | 132 | 1.9 | 0.0 | 10.7| 2.6 | 12.8
14 7.25 8.2 132 89 | 3.8 | 228 | 1.2 | 0.8 | 141 | 1.6 | 13.1
15 8.2 9 143103 81 | 227 0.7 | 0.0 | 148 | 2.5 | 9.1
16 9 10 145|106 | 58 | 278 | 0.7 | 0.6 | 84 | 2.3 | 10.8
17 10 10.9 170 134 98 | 264 | 05 | 00 | 6.6 | 1.2 | 7.2
18 10.9 11.5 191172 139218 0.0 | 0.0 | 29 | 13 | 7.1
19 11.5 11.85 184 | 147 | 11.2 1 29.0| 0.0 | 0.0 | 2.6 | 0.6 | 53
20 11.85 12.7 169 | 148 | 103|277 00 | 00 | 23 | 0.6 | 9.2
21 12.7 13.3 20.1| 170 | 145|246| 00 | 00 | 1.4 | 0.6 | 48
22 13.3 13.7 1721 152|132 293| 03 | 0.0 | 1.7 | 0.7 | 5.7
23 13.7 14.35 181 155|126 | 265| 0.0 | 00 | 22 | 0.7 | 7.7
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Supplementary Table (continuation)

Balti Power Plant drill-core 5

Mineral composition, wt%

3 | e Elzs|els|E 8 8 2

”,5_ Depth interval, m 8 = E g %_ %’- cg 2 5

° SIER T IRE| R R

24 14.35 14.9 162 | 139 | 11.9 | 271 ] 03 | 0.0 | 25 | 0.8 | 99
25 14.9 15.5 153 1128 109|324 00 | 00 | 1.8 | 0.7 | 7.2
26 15.5 16.1 16.2 | 140 | 12.7 {277 | 0.0 | 0.0 | 1.7 | 0.9 | 7.8
27 16.1 16.6 16.0 | 153 | 12.0 | 30.0 | 0.0 | 0.0 1.3 1.0 | 6.8
28 16.6 17.3 174|128 | 105|274 | 03 | 0.0 | 24 | 1.3 | 10.0
29 17.3 18 182 | 16.1 | 145|254 | 04 | 0.0 | 1.3 | 0.6 | 6.5
30 18 19.9 6.3 32 1.5 1363 04 | 00 | 34 | 68 | 249
31 19.9 22.25 100 | 43 | 58 | 114 | 43 | 00 | 7.3 | 87 | 32.1
32 22.25 24.5 7.1 39 | 33 6.1 197 24 | 23 | 2.6 | 31.0
33 24.5 26 8.9 | 33 52 [ 120| 84 | 03 | 2.1 1.3 | 39.7
34 26 26.4 126 | 41 | 47 | 119 53 | 0.0 | 41 | 4.0 | 39.8
35 26.4 27.3 11.8 ] 52 | 58 | 155|124 0.0 | 28 | 5.1 | 20.0
36 27.3 28.15 84 | 33 | 39| 71 192| 00 | 63 | 6.7 | 273
37 28.15 29.1 52 | 23 1.5 | 57 | 285] 0.0 | 3.1 1.9 | 324
38 29.1 29.35 72| 26 | 23 1109|213 | 00 | 2.7 | 1.4 | 348
39 29.35 30.45 49 | 33 12 | 64 | 311 00 | 1.1 | 0.8 | 29.2
40 30.45 31.05 70 | 35| 14 | 84 | 266| 00 | 1.3 | 0.8 | 31.1
41 31.05 31.95 74 | 3.8 1.2 | 148 | 224] 0.0 | 2.6 | 1.7 | 235
42 31.95 32 6.8 | 35| 23| 89 294 | 00 | 2.1 1.1 | 243
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Supplementary Table (continuation)

Balti Power Plant drill-core 6

Mineral composition, wt%

% o Zlnlo g 15 8 2
% Depth interval, m § % E % g g 0% § \E
o N g & o @ S & § 'E
1 0.3 0.65 4 2.4 1.4 11251102 | 12.1 | 4.1 6 22.6
2 0.65 1.65 5.2 1.8 | 4.1 35 1169 69 | 29 5 30
3 1.65 3.25 63 | 26 | 23 | 119 |115| 73 | 24 5 22.7
4 3.25 4 7.5 1.9 | 25 | 123122 | 39 | 45 | 3.6 | 28
5 4 5.2 64 | 26 | 1.2 [ 129124 | 64 | 39 | 29 | 295
6 5.2 6.15 6.5 2 1.6 | 134|139 | 87 | 3.6 | 24 | 253
7 6.15 6.85 65 | 21 | 23 |93 |156] 1.6 4 3.6 | 32.1
8 6.85 7.7 6.7 | 2.3 1.8 | 84 | 199 23 | 32 | 3.5 | 29.1
9 7.7 8.75 7.8 | 2.3 1.8 89 | 164 | 1.7 | 52 | 24 34
10 8.75 9.45 44 | 22 1.4 | 115128 | 96 | 39 | 2.8 | 284
11 9.45 10.45 62 | 23 | 26 [123] 9.1 | 62 | 42 | 34 | 321
12 10.45 11.35 6 26 | 22 | 155107 | 3.7 | 48 | 39 | 30.2
13 11.35 12.35 9.5 132 | 09 | 7.1 | 159 0 5.8 | 6.5 | 337
14 12.35 12.65 4.7 | 3.1 14 | 64 |21.6| 56 | 55 | 63 | 24.1
15 12.65 13.25 56 | 48 | 32 | 59 | 1.7 | 82 | 92 | 2.7 | 314
16 13.25 14.2 54 | 3.7 1.2 | 103 | 15 56 | 5.1 | 48 | 255
17 14.2 15.15 5.2 4 1.2 13 | 13.1| 93 2.8 1.2 | 259
18 15.15 16.1 55| 44 | 34 | 75 | 23 69 | 62 | 57 | 31.7
19 16.1 16.75 5.9 5 23 1 9.1 12 | 83 | 57 | 84 | 294
20 16.75 17.75 45 | 54 | 22 | 72| 21 |107] 68 | 0.7 | 294
21 17.75 18.65 52 | 35 31| 77 3 8.6 4 33 | 328
22 18.65 19.65 6.2 | 49 5 85 1 34 | 72 | 32 | 2.6 | 302
23 19.65 20.65 38 41| 25 65| 47 109 72 | 0.7 | 32.6
24 20.65 21.65 57 | 43 3 108 | 2.1 | 3.7 | 29 | 2.8 | 41.7
25 21.65 23.8 46 | 47 | 29 | 7.8 5.1 6.6 | 3.6 | 3.2 | 35.7
26 23.8 24.8 53 3.1 4.8 8 1.3 09 | 7.6 | 58 | 404
27 24.8 25.8 6 43 | 53 | 66 | 1.2 | 3.8 | 2.1 1.9 40
28 25.8 26 88 | 29 | 64 | 62 | 33 0 10.2 | 8.3 | 39.7




