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Abstract. Low-temperature circulating fluidised bed combustion (CFBC) of oil
shale results in Ca-rich ashes with low pozzolanic properties, raising concerns
regarding the long-term stability of ash depositories. This paper presents
findings from a long-term field study investigating the mineral and chemical
transformations of total CFBC ash sediments over a 15-year period. The study
reveals that the pozzolanic properties of CFBC ashes are primarily influenced
by the formation of Ca-Al sulphate mineral ettringite and the compactness
of sediment. The compaction of ashes during deposition contributes to the
development of a dense microstructure, providing uniaxial compressive
strength that exceeds 20 MPa. Our findings suggest that compacted and
hydrated CFBC ashes are sufficiently stable in ash deposits, holding promise
as a sustainable alternative for cement-free construction materials.
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1. Introduction

Estonian oil shale, which is one of the best-quality oil shales with a calorific
value of 7-9 MJ/kg, has been and still is the largest industrially exploited oil
shale resource in the world. The oil shale industry accounts for more than
70% of the Estonian energy sector, with approximately 41% of planned oil
shale being consumed by direct combustion in thermal power plants [1].
Pulverised combustion (PC) and circulating fluidised bed combustion (CFBC)

* Corresponding author, alar.konist@taltech.ee

© 2024 Authors. This is an Open Access article distributed under the terms and conditions of the
Creative Commons Attribution 4.0 International License CC BY 4.0 (http://creativecommons.
org/licenses/by/4.0).



146 Alar Konist et al.

technologies are used for power production. The oil shale received at power
plants is characterised by moisture levels between 9 to 13%, ash content
ranging from 45 to 57%, mineral carbon dioxide content of 16 to 21%, sulphur
levels between 1.5 to 2.1%, and a lower heating value of 7.3 to 8.7 MJ/kg [2].
The heating value of oil shale used for PC units that were closed in 2018 was
7.6 MJ/kg [3].

Oil shale processing generates a large volume of solid alkaline waste ash,
even at reduced mining rates. In 2022, ca 6 Mt of oil shale processing waste
was produced per 10.7 Mt of oil shale. The utilisation of solid wastes from
oil shale processing is challenging, requiring additional investments, and ash
valorisation remains one of the most contentious issues in Estonia’s energy
sector. Secondary beneficial reuse of oil shale ashes is minimal, accounting for
less than 2% of the total ash output. Consequently, millions of tonnes of ashes
are annually dumped in large, up to 45 m high waste depositories, covering
more than 20 km? next to the two major power plants [4—6].

The buildup of steeply sloped, dozens of metres high plateaus has been
facilitated by the cementitious properties of oil shale ash residues, allowing
also the use of fine fractions of ash feed, particularly those from PC boilers,
as raw materials for Portland cement and gas-concrete block production [7].
Additionally, oil shale ashes have been employed as a stabilizing agent in
road constructions and as a liming agent for acidic soils due to their high free
CaO content [8]. However, since 2004, high-temperature (>1200-1400 °C)
PC boilers have been gradually replaced with more effective and less CO,-
intensive CFBC boilers firing oil shale at temperatures of 800-850 °C [9].
CFBC technology is more efficient [10, 11] compared to PC boilers.
Furthermore, CFBC technology favours almost complete SO, capture through
the formation of the solid CaSO, (anhydrite) phase in a reaction between
free CaO and SO, or direct sulphation [1]. Similar ashes are also produced in
novel shale oil retorts using solid heat carrier (SHC) technology, such as in the
Enefit-280 retort, where spent shale acts as a heat carrier and flue gases are
additionally combusted below 800 °C [12, 13].

The transition to lower-temperature firing technology and the consequent
increase in CaSO, content have negatively affected the physical and chemical
characteristics of oil shale ashes [14—16]. In addition to the higher content of
undecomposed carbonate and Ca-sulphate, the formation of secondary Ca-
rich phases has moved away from Ca-silicates, resulting in significantly lower
cementitious-pozzolanic properties of CFBC ashes compared to earlier high-
temperature PC ashes [17]. This change has narrowed down the reusability of
ashes and has caused problems with ash deposition on ash plateaus since the
large-scale employment of CFBC technology [14].

Another problem arising from the hydraulic deposition of CFBC ashes used
in Estonian power plants is the strong grain-size separation along the flow
path [14]. The grain-size distribution of CFBC ashes varies in a much wider
range compared to rather uniform PC ashes [18]. While in PC ashes the content
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of CaO reaches its maximum (ca 25-30%) in furnace ashes and decreases
along the ash collection path all the way to the electrostatic precipitators,
then in CFBC ashes, the content of lime in the bottom ash is lower (ca 10—
15%) and reaches its maximum in the economiser/air-preheater zone before
decreasing through the fields of electrostatic precipitators [19]. As a result, the
particles deposited at the entrance of the ash deposition channels on plateaus
are composed of coarse-grained irregular size aggregates of undecomposed
calcite grains and larger Ca-sulphate particles, which mostly originate from
the CFBC bottom ash. The coarse structure and smaller proportion of free lime
in this sediment fail to provide the necessary cementation, causing concerns
about the long-term stability of ash plateaus [4, 14, 20].

In this contribution, we report the results of a long-term field experiment
to study the mineral and chemical transformations as well as the geotechnical
properties of CFBC ash sediment under an open environment over 15 years.
We aimed at testing the long-term performance of hydrated CFBC ash
sediment and its potential influence on the integrity of ash plateaus.

2. Materials and methods

The CFBC hydration experiment was set up on 4 November 2008. A test block
with the dimensions of 1200 % 590 x 230 mm was made by mixing CFBC total
ash from the Balti Power Plant (energy unit No. 11) with water at the ratio of
0.48 L/kg. The chosen water ratio corresponded to the water demand of CFBC
ash paste, allowing for complete hydration of the ash mixture. The mixture
was then compacted with a plate vibrator (Fig. 1). The box with the test block
was left outdoors in Kopli, Tallinn. Thermocouples were installed in the test
block to monitor the mixture temperature during the initial hydration of the
ash mixture over five months, in parallel with the outside air temperature.
Samples from the outer and inner parts of the test block were collected
in February 2009, March 2009, September 2009, April 2017 and November
2024. These samples were studied for the mineral and chemical composition
as well as microstructure development, using X-ray diffraction (XRD) and
analytical scanning electron microscopy (SEM). XRD analysis of ash deposit
sediment samples was carried out on powdered unoriented preparations with
a Bruker D8 Advance diffractometer using primary monochromator filtered
Cu—Kaoa radiation and the LynxEye detector system. Rietveld analysis of XRD
patterns was performed using the Topas code, ensuring a relative error of
quantification better than 10% for major phases (content >5 wt%) and better
than 20% for minor phases (content <5 wt%). The grain-size distribution of
raw ash was measured by sedimentation analysis and the chemical composition
was determined using standard gravimetric analysis. Pressed pellets were used
to determine the chemical composition of hydrated ash by X-ray fluorescence
spectroscopy (XRF) using a Rigaku Primus II spectrometer. The loss on
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Fig. 1. Setup of the CFBC ash hydration experiment on 4 November 2008 (A). View
of the test block during the sampling on 18 March 2009 (B). Samples were cut with a
grinder from a corner of the block.

ignition (LOI) of the samples was determined by heating at 950 °C for 2 h.

SEM imaging and chemical analyses of the broken surfaces of samples
were carried out with a Zeiss EVO 15MA scanning electron microscope
equipped with an Oxford X-MAX energy dispersive detector system (EDS)
and AZTEC software for element analysis and distribution mapping.

During the final sampling in November 2024, cylindrical monolith samples
with a diameter of 64 mm (Fig. 2) were drilled with a diamond drill and tested
for uniaxial compressive strength measurements under continuous loading
(20 kPa/s) until the specimen broke, utilising a Matest Servo-Plus Evolution
press.
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Fig. 2. Test block during the final sampling on 24 November 2023 (A). Block extracted
from the field. Side view (B) and top view with drill-holes made for monoliths used
for uniaxial compressive strength testing (C).
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3. Results

The inside temperature of the test block peaked at 54 °C during the initial lime
slaking but dropped quickly close to the outside air temperature. After a week,
the outside and inside temperature trends of the block were nearly parallel.
During the relatively mild winter of 2008-2009, the minimum registered
inside temperature was —5.5 °C. Over the monitoring period, it went through
several freezing-thawing cycles (Fig. 3).
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Fig. 3. Outside and inside temperature trends of the test block monitored over a five-
month period at the beginning of the experiment.

The grain size of raw ash (Fig. 4) shows that total ash is a poorly sorted
material with a median grain size of about 0.1 to 0.3 mm.
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The mineral composition of fresh unhydrated CFBC ashes was dominated
by lime (9.2 wt%), anhydrite (12.49 wt%), calcite (19.9 wt%), quartz
(13.4 wt%), K-feldspar (9.8 wt%), K-mica (4.6 wt%), periclase (3.9 wt%),
as well as about 11.9 wt% of secondary Ca-Mg silicates formed upon firing
(C,S, merwinite, akermanite and wollastonite). Hydrated ashes consisted of
calcite-portlandite, terrigenous-residual phases (quartz, K-feldspar, K-mica),
secondary Ca-Mg silicates, and secondary hydrate phases — ettringite and
hydrotalcite, with minor hematite, periclase and its hydration product brucite
(Table 1, Figs 5-7). The calcite content in hydrated ashes varied from 30 to
37 wt%, and its apparent content increased slightly over time (Fig. 5), while
the portlandite content decreased. The content of terrigenous phases was stable
between 25.5 and 20.5 wt%, and the Ca-Mg-silicates accounted for 5 to 7 wt%
of the crystalline phases. Ettringite content was, on average, between 15 and
20.5 wt%, with a somewhat higher share observed in samples taken from the
inner parts of the test block (Figs 6, 7). The hydrotalcite content ranged from
4 to 8 wt%, showing a subtle increase over the hydration time (Table 1).
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Fig. 5. Average mineral composition of hydrated ash.
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Fig. 6. Changes in calcite and ettringite contents over the experiment period.
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Fig. 7. Variation in mineral composition through the block extracted during the
sampling on 24 November 2023.

Variation in the mineral composition in a profile sampled in November
2023 through the whole thickness of the test block showed higher calcite
content, 36.9 and 37.7 wt% at the upper and lower contacts of the block,
respectively. In contrast, the ettringite content was lowest, 15.5 and 13.5 wt%,
respectively, but reached nearly 23 wt% in the middle section (Fig. 7).
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The chemical composition of hydrated ash samples was measured in the
samples taken during the last sampling in November 2023. The chemical
composition of both the raw and hydrated ashes is shown in Table 2. The CaO
content varied from 23.6 to 37.18 wt%, while the content of SiO, was between
24.9-27.7 wt%. The contents of Al,O,, MgO and Fe,O, were in the range
of 6.6-9.5, 4.1-5.0 and 1.5-3.1 wt%, respectively. The SO, content varied
between 2.8-3.2 wt%, and LOI ranged from 11.7 to 30.0 wt%.

The uniaxial compressive strength of the CFBC ash pastes after 15 years of
staying outdoors yielded in three tested specimens at 24.0, 21.8 and 18.5 MPa,
representing the upper, middle and lower parts of the test block, respectively.

Microstructure analysis of ash sediments sampled at different times
throughout the 15-year period is shown in SEM images (Figs 8, 9). The material
sampled at the beginning of the experiment in February 2009 was composed
of tightly packed granular material over- and intergrown by short ettringite
crystals and authigenic calcite aggregates (Fig. 8A, B). By September 2009,
the material had developed into compact, fine-grained masses, filling the
space between unreacted/resistant ash particles and their fragments (Fig. 8C).

um — §12.3.2009 2000x

— 400 ym — § 350x

Fig. 8. Scanning electron images of the hydrated ash microstructure at the beginning
of the experiment in February 2009 (A, B). Note that tightly packed granular material
is overgrown with short ettringite (Et) crystals and authigenic calcite (Ca) aggregates.
The compact fine-grained mass is filled with abundant void-filling ettringite crystal
aggregates and portlandite (P) (C, D).
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Fig. 9. Microstructure of the samples taken in November 2023 shows a compact
matrix with abundant ettringite (Et) filled pores/voids (A, B) from ca 10 cm depth
from the block surface. Note that voids are empty in the uppermost leached layer,
indicating ettringite dissolution (C), but ettringite is present in the same specimen at
ca | cm depth from the surface (D).

Occasional pores/voids were filled with radially inward-growing elongated
lath-shaped ettringite crystal aggregates (Fig. 8D). The microstructure of the
samples collected in November 2023 showed differences between samples
taken from the upper surface of the test block and those from the middle of the
test block. The latter had retained a similar compacted matrix with abundant
ettringite-filled pores/voids (Fig. 9A, B). Samples from the surface, however,
exhibited leaching, and the ettringite aggregate fillings had disappeared from
the voids. Nevertheless, the leached zone was only a few cm thick, and voids,
with partly preserved ettringite aggregates, appeared already at a 0.5-cm depth
below the test block surface (Fig. 9B, C).

4. Discussion

It has been commonly considered that the pozzolanic properties of oil shale
ashes depend mainly on the composition and content of secondary Ca-silicate
phases (belite — C.S), free lime (CaO), and the pozzolanic properties of the
silicate glass phase [15, 21]. Already Arro et al. [22] noticed that though the
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hydrated CFBC electrostatic precipitator ash still had the highest binding
capacity and compressive strength, the final compressive strength of hydrated
PC ash mortars (15.4 MPa) was three times higher than that of the same
fractions of CFBC ashes. This disparity is directly related to the content of
potential binding phases and their distribution between different grain-size
fractions. The high-temperature PC ensured the complete thermal dissociation
of the carbonate phases as well as vigorous reactions between free CaO and
silicate phases, resulting in the formation of multiple potential binding phases:
free CaO, belite (B-C,S) and amorphous glass. These accounted for about 70—
80% of the phase composition in the fine fractions of PC ashes collected at
electrostatic precipitator filters, but the content of these phases was already as
high as 50-60% in the coarse-grained bottom ash fractions of PC ashes [19].
This is at least two times higher than the content of reactive phases in CFCB
ashes, forming at the temperatures of 800-850 °C [19, 23, 24]. In addition
to the significantly lower free CaO content in CFBC ashes (15-20 wt%
compared to 30 wt% in PC ashes), the amount of secondary Ca-silicate phases
and amorphous glass phases is at least twice as low in low-temperature CFBC
ashes, pointing at their lower pozzolanic potential.

During the hydration of oil shale CFBC ashes and strength development,
the slaking of lime, which leads to the formation of Ca-hydroxide (portlandite),
is the fastest reaction, occurring over the first 2448 hours. However, its
subsequent carbonation by CO, uptake can go on for decades, depending on
the availability of CO, [4, 5, 25]. In the next stage, the dissolution of the
Ca-sulphate phase (anhydrite) and the establishment of alkaline pore solution
initiate the precipitation of ettringite (Ca,Al(SO,),(OH) ,-26H,0), followed
by the formation of hydrocalumite and/or hydrotalcite type phase and gypsum
[25, 26]. In addition, Leben et al. [4] have shown that in ash depository
materials composed mainly of PC ashes, the hydration of secondary Ca-
silicate minerals, such as C S and Si-Ca-Al glassy phases, can form a C-S-H
type semi-amorphous phase that provides additional binding capacity to the
oil shale ash sediment, at least in the long term. However, in CFBC ashes, the
binding properties seem to be controlled mainly by free CaO and its hydration/
carbonation, as well as the precipitation of secondary Ca(Al)-sulphate-hydrate
phases, particularly ettringite. As a result, CFBC ashes do not appear to
produce as good pozzolanic properties as high-temperature PC ashes.

The phase composition of the test block with high ettringite content varying
between 15-20 wt% is remarkably similar to the sediments in the upper
part of the Balti Power Plant ash deposit, mainly composed of ash residues
from CFBC boilers [4]. In this sense, the test block sediment would have
behaved similarly to typical hydrated CFBC ashes, where uniaxial strength
remains <10 MPa [22]. However, the 20-22 MPa uniaxial strength values
of the CFBC paste in our experiment indicate the remarkable performance
of the hydrated CFBC ashes even after staying in an open environment for
15 years. On the one hand, this could be attributed to a more extended hydration
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period than usually tested (i.e. compressive strength is typically assessed after
7 and 28 days of hydration). Nevertheless, Paaver et al. [24] monitored the
strength performance of CFBC pastes over a three-month period, with the
pastes reaching only 7-9 MPa compressive strength after 90 days of curing,
whereas the strength increase slowed down between 28 and 90 days of curing.
On the other hand, Paaver et al. [24, 27] showed that even a short period of
mechanical activation of the Ca-rich oil shale CFBC ashes yielded a nearly
tenfold improvement in the compressive strength of hydrated fly ash pastes,
topping at 60 MPa after 90 days without any chemical activation or blending,
and that mechanically activated CFBC ashes performed as an active binder,
allowing a high volume of ordinary Portland cement replacement.

Paaver et al. [24] suggested that mechanical activation facilitated
the fragmentation of large irregular flaky porous lumps and aggregates
characteristic of CFBC ashes, improving reactivity by creating a finer grain
size, larger surface area, and disintegration of compact CaSO, shells on
unreacted CaO cores. As a result, the enhancement of mechanical strength
was achieved by a significantly more compact microstructure, where the pore
space between unreacted particles is completely filled with dense webs of
ettringite crystallites, calcite from portlandite carbonation, and possibly a gel-
like Ca-Al-Si phase. This also suggests that in compacted CFBC ashes, the
cementitious properties are mainly controlled by the formation of crystalline
ettringite, and the phase development in activated CFBC ashes is similar
to that in calcium sulphoaluminate (CSA) cements, where the hydration of
ye’elimite in the presence of gypsum produces ettringite and nanocrystalline
Al-hydroxide [28-32]. In CFBC ashes, ettringite forms at the expense of
reactive Ca, anhydrite and Al-bearing phases (glass, clay minerals, feldspars),
possibly limited by the availability of reactive Al phases [25].

In this sense, our experimental results showing high compressive strengths
of the hydrated CFBC ash material, exceeding those achieved in other
experiments [7, 16], can be explained by using the total ash composed of
varying grain-size fractions and compacting the ash paste with a vibrating
plate during the experimental test block preparation (Fig. 1). This provided a
compact structure where the rapidly growing ettringite formed a dense mesh
of interlocking crystallites, providing mechanical strength to the hydrated ash
block. However, it should be considered that ettringite is a metastable phase
that dissolves incongruently to gypsum, (amorphous) Al-hydroxide and Ca-
carbonate when pH drops below 10.7 [33]. Nevertheless, in the hydrated ash
sediments, portlandite dissolution equilibrium controls the solution pH at ca
12, which is well above the ettringite stability limit, ensuring the stability
of ettringite. The preservation of portlandite in the test block over 15 years
indicates that the diffusion of atmospheric CO, has been, similar to large ash
plateau deposits [4, 34, 35], extremely limited in the compacted ash sediments.
Consequently, the carbonation of portlandite, and the leaching and destruction
of ettringite have affected only a limited surface layer of the sample.
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5. Conclusions

Results of this study show that, similar to PC ash deposits, unfractionated total
CFBC ash yields significant compressive strength upon hydration, reaching
20 MPa, and the ash sediments are capable of retaining their geotechnical
integrity over extended periods of time, though the mode of mineralization
providing the mechanical strength in CFBC ashes is different. To achieve a
compact structure and higher strength values, it is important to avoid grain-size
separation of the ash pulp in the hydraulic deposition system. Additionally, the
results of this study highlight that compacted and hydrated total CFBC ash,
potentially in combination with accelerated carbonation [36] is a promising
material for making cement-free construction materials.
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