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Abstract. The European Union (EU) presented a uniform List of Waste (LoW) 
in 2000 and last updated the technical guidance in 2018. The respective local 
regulations for the classification of waste in Estonia were set in 2015. Due to 
the changes in the regulations, it was necessary to review the properties of solid 
wastes generated in Estonian oil shale industry in light of hazardous properties. 
Therefore, the properties of the produced ash streams were analysed and the 
obtained results were compared to those for coal for being in accordance with 
common practices. The main objective of the paper was to answer the question 
whether the properties of oil shale (OS) are comparable to those of coal as coal 
and its combustion residues were not considered hazardous waste in Europe, 
but the respective counterparts of oil shale were. The EU guidelines suggest the 
use of calculations based on trace element concentrations for the classification 
of hazardous property (HP) 14 – ecotoxic. Therefore, an extensive study was 
conducted to investigate the hazardous properties of all the solid residues from 
power plants operating on oil shale and shale oil production facilities. This 
paper describes one part of it – the trace element compositions of the major 
ash streams produced in the Estonian oil shale industry and focuses on their 
comparison with data available for coal ash samples. The findings of the study 
showed that, similarly to coal, oil shale ash (OSA) should not be considered 
as ecotoxic due to the low concentrations of trace elements. It was found that 
the investigated oil shale ash samples exhibited a very similar composition and 
properties to those of coal, and as a result of a larger study, from the beginning 
of 2020, oil shale ash and other oil shale thermal treatment residues are not 
classified as hazardous waste in Estonia, thereby initiating policy changes that 
affect most areas of the economy.

Keywords: oil shale by-products, solid fuels, ecotoxicity, heavy metals, waste 
policy.
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1. Introduction

The main goal of environmental policies and regulations has been the 
mitigation of the impact of hazardous waste on the ecosystem and the health 
of the public, at the same time moving steadily towards greater resource 
recovery. Although most of the world is striving for renewable energy sources, 
several European countries are still highly dependent on fossil fuels for power 
production, Estonia being at the forefront with a total mining amount of  
12.1 million tons in 2019 [1, 2]. Therefore, as a result of thermal treatment, 
large amounts of solid waste are produced annually, which could potentially 
be used for different applications, depending on composition and properties. 
Until the end of 2019, oil shale ash (OSA) was considered as hazardous waste 
in Estonia and its uses were therefore quite limited.

Oil shale (OS) is known to have a high ash content, for specifically 
Estonian OS it may even be up to 50%, and the ash is very rich in calcium [3]. 
Some examples of utilizing solid residues from oil shale industry include 
construction and the production of Portland cement [4], and fly ash (FA) 
could be used in different sorbents due to its considerable reactivity towards 
gaseous substances [5]. For coal ash, similar applications have been found in 
Thailand where foundry sand fly ash and electric arc furnace slag are used for 
the production of geopolymeric bricks with the share of fly ash being as high 
as 30% of the mixture [6]. Residues from shale oil production facilities – oil 
shale semicokes – have shown potential to be used in construction bricks, 
as soil ameliorators, chemicals, in cements, and others [7, 8]. In addition, 
their specific surface area was found to be moderately high, sufficient to 
be considered as potential sorbents [9]. Another interesting example is the 
possible use of oil shale ash as a binder in road construction materials in order 
to stabilise layers of the already existing base or to mass stabilise soft peat 
soils [10]. It should be noted that only less than 5% of the waste produced in 
Estonian oil shale industry finds beneficiary use [2]. This is a good example 
of how solid waste by-products could be repurposed and not dumped or 
otherwise disposed of and why this topic is of national interest.

Oil shale can be compared to coal as they both are mineral fossil fuels 
and might have somewhat similar properties, depending on geological origin. 
Many different methods have been proposed for the classification of coal 
types, some of which have been standardized. For example, in the United 
States (US) and some other countries as well, categorization was done using 
ASTM D388-19a [11], which is based on non-volatile carbon, volatile matter, 
heating value and sintering ability. The structure and formation of the organic 
material and mineral matter vary in large ranges, especially for coal. Therefore, 
in order to correctly evaluate and classify the properties of Estonian oil shale 
ash, it would be justified to follow handling practices for the classification 
of analogous waste, namely coal ash, produced in other countries of the 
world. Unlike oil shale, the ash streams from coal firing have been assigned 
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entry codes, and were considered as non-hazardous wastes. According to the 
regulation, evaluation of their hazardous properties is therefore not necessary. 
When comparing the general composition and characterization of the two 
fuels, it can be concluded that oil shale exhibited a composition very similar 
to those of low rank coals (lignites). This was found to be an important detail 
in the future classification of oil shale combustion solid residues. Most of the 
entries of ash produced from coal were marked as absolute non-hazardous 
waste in the European Union (EU) Waste Framework Directive (WFD) [12]. 
Therefore, if oil shale ash were to exhibit similar properties to those of 
coal, it should be also considered as non-hazardous. However, oil shale 
ash was considered hazardous due to its high content of free calcium oxide 
and crystalline quartz [13]. It is also known that coal power and heat plants 
produce ash streams, the compositions of which have been found to vary in 
very large ranges [14]. This can be attributed to the type of coal used (lignite, 
(sub)bituminous coal, anthracite, etc.), but also depends on the utilised 
combustion technology. Similarly to the EU, coal ash has not been classified 
as hazardous waste by the US Environmental Protection Agency since 2014. 
The reclassification of coal ash into non-hazardous resulted in over 60% of 
the ash being repurposed in the US in 2017 and since then the trend has been 
increasing [15]. This is a good example of how the by-product of one industry 
can be used as raw material in another industry, thereby being in accordance 
with the modern industrial ecology concept [16].

Hazardous property 14 (HP 14), ecotoxicity, is described as “waste which 
presents or may present immediate or delayed risks for one or more sectors 
of the environment” [17]. No general guidelines or recommendations existed 
at the EU level on how to assess this property, and as a result, member states 
performed different types of analysis. The revised legislation from 2015 did 
not specify it either since it was claimed that no satisfactory methodology could 
be developed at that time. The EU Council Regulation 2017/997 also stated 
that when both a laboratory test and the calculations based on concentrations 
are used, the results of the test should prevail [18]. However, the Regulation 
neither specifies which approach to use for the biological tests, nor has given 
any specific guidelines for assessing the acceptability of the results and for 
interpreting them (for example, how to take into account bioavailability and 
uptake). Currently, the EU suggests the use of four calculation methods, which 
are based on the trace element concentrations of the investigated samples. 
The precise guideline was provided only in the above EU Council Regulation 
2017/997 [18]. The methods are best described by Hennebert et al. [19]. To 
sum up, elements were assigned different multiplication factors (M-factors), 
which take into account the toxicity and dangerousness of a specific element, 
with more hazardous elements and compounds (Hg and PAHs, for example) 
having higher M-factor values (M-factors for Hg, PAHs and As are 1000, 100 
and 10, respectively). In the end, it is just the concentrations of heavy metals 
that affect the final result.
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Estonia is still highly dependent on oil shale as fuel for power plants and 
therefore, huge amounts of alkaline ash, 7 to 8 million tons, are produced 
every year [20]. Therefore, the goal of this paper was to investigate the 
possible ecotoxic properties of all the ash streams produced in the Estonian 
oil shale industry by using their trace element concentrations. Although it 
would have been possible to analyse only two general types of samples – 
bottom and fly ashes, in this paper, we investigated all the different types of fly 
ash streams produced in the facilities in order to fully evaluate the properties 
of the materials and when necessary, identify the streams with potentially 
toxic properties. The technical descriptions of the technologies can be found 
elsewhere and will not be discussed here [21–23]. The significance of the 
conducted study was illustrated by the fact that the results formed the basis 
for local policy changes, thereby offering new possibilities for research for the 
repurposing of oil shale industry by-products, and scopes for new economic 
sectors.

2. Experimental

Data presented in this paper was based on real industrial samples from five 
Estonian industrial facilities utilizing oil shale as fuel. The combustion 
residues were characterized by samples from two circulating fluidized bed 
combustion (CFBC) facilities at Auvere and Eesti power plants, CFBC Auvere 
and CFBC EPP, respectively, and a pulverized combustion facility (PC-NID). 
Shale oil production plant residues were investigated by analysing samples 
from Petroter facility (solid heat carrier technology) and Kiviter facility 
(VKG, gaseous heat carrier technology). The samples were gathered from the 
facilities operating on nominal load. The mass balance and distribution of the 
produced ash streams have been described in previous works and will not be 
shown here [23–26]. For generalization, the samples can be divided into two 
groups – bottom ash (BA) and fly ash. Fly ash includes all ash samples except 
bottom ash. In order to determine the properties of all the produced streams, 
the main samples collected were BA, economizer (ECO) and air preheater 
(APH) ashes, and ashes from four-field electrostatic precipitator (ESP1–4). In 
case of Auvere, a fifth ESP field (ESP5) and one fabric filter (FF) ash samples 
were also collected. For the PC-NID facility bottom, superheater (SH), 
economizer, cyclone (CYC) and NID ash samples were gathered. In case 
of Kiviter and Petroter facilities, only general ash samples were collected. 
Overall, 14 different types of samples were gathered, generating in total 23 
different samples, which illustrate the major ash types of Estonian oil shale 
industry. The ash samples were dried and crushed to analytical size and 
analysed according to local standards. Trace elements were quantified using 
inductively coupled plasma mass spectrometry (ICP-MS) – Thermo iCAP Qc 
(by dissolving the samples in a mixture of nitric and hydrofluoric acid) and 
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wavelength dispersive X-ray fluorescence spectroscopy (WD-XRF) with a 
Rigaku ZSX Primus II 4 kW. X-ray source was Rhodium anode 4 kW X-Ray 
tube with a 30 µm window. The list of crystals in use included the following: 
RX25, PET, LiF(200), LiF(220), RX61F, RX75, Ge, RX4 and RX40. The 
average relative standard deviation for all measurements remained under 3%, 
showing a sufficient homogeneity of the samples.

3. Results and discussion

Data found in the literature for the properties of coal varied in quite a large 
range. As the variability of the composition of coal has been shown to be very 
high, its toxicity has also been shown to vary from acutely toxic [27–31] to 
non-toxic [28–30, 32, 33]. The consensus based on the gathered data showed 
that fly ash was more toxic than bottom ash [34–36]. However, the results 
were highly dependent on the investigated sample and the test organism  
used [37]. The comparison of data regarding general composition and trace 
element concentrations gathered from the literature for different coals and oil 
shale can be found in Table 1.

As can be concluded from the data presented in Table 1, Estonian oil 
shale can be considered quite similar to coal, more specifically to Ca-rich 
lignite type coals, based on the presented compositions. The trace element 
concentrations of coal were found to vary in large ranges and were dependent 
on the specific origin and diagenetic development. As, Be, B, Cd, Cr, Co, Pb, 
Hg, Mh and Ni were considered as the most harmful elements for both human 
health and the environment [27]. Supported by its high Ca concentration, 
lignite waste is classified into class C (lime content > 20%, hence sometimes 
named high-calcium fly ash), therefore it can be concluded that the furnace 
and fly ash streams produced during the combustion of Estonian oil shale 
should be addressed in a similar way as lignite ash streams. Compared to 
power plants operating on coal and lignite, the ones operating on oil shale 
produce 1.5 to 5 times more ash per produced energy unit, and only up to 
2% of the produced material can be repurposed [40]. Currently, most of the 
produced ash is deposited in landfills. Taking into account that around 7 to  
8 million tons of ash is produced annually, and the population of Estonia, a bit 
more than 5 tons of ash is being deposited each year per person.

The trace element concentrations of the analysed samples are given 
in Tables 2–4. Based on these it is possible to calculate the ecotoxicity as 
described by the European Council regulations [18] and also by Hennebert 
et al. [19]. The results of the calculation of the ecotoxicity values for these 
samples can be found elsewhere [41].
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Table 2. Trace element composition of EPP CFBC oil shale ash samples, ppm

Element BA ECO APH ESP1 ESP2 ESP3 ESP4

Mn 821 757 798 591 493 480 447

Ba 32 139 123 170 175 204 180

Zn 23 41 36 35 29 30 30

Pb 17 58 38 63 52 69 61

V 17 73 56 75 72 80 76

Cr 17 70 55 74 66 74 74

Ni 14 39 30 38 35 37 39

As 8 16 20 15 16 23 30

Cu 5 15 10 12 11 12 14

Mo 0.8 5.3 4.1 4.7 3.4 6.5 5.7

Co 2.5 7.6 6.1 7.8 6.6 7.2 7.6

Se 0.5 1.4 1.1 1.3 1.2 1.3 1.1

Ti 0.4 1.1 0.8 1.6 1.6 1.9 1.9

Tl 0.4 1.1 0.8 1.6 1.6 1.9 1.9

Sn 0.6 0.6 0.6 0.7 0.7 0.7 0.8

U 1.5 3.1 2.8 3.6 3.7 4.2 4.4

Sb 0.04 0.04 0.04 0.04 0.04 0.04 0.04

Cd 0.03 0.03 0.03 0.03 0.03 0.03 0.03

Hg 0.02 0.02 0.02 0.04 0.04 0.05 0.04

PAH 0.00 0.00 0.00 0.04 0.06 0.03 0.00

 
As can be seen from Table 2, the most abundant trace level elements in 

EPP CFBC ash samples were Mn (447 to 821 ppm) and Ba (32 to 204 ppm). 
Elements like Sn, Sb, Cd and Hg exhibited concentrations less than 1 ppm, 
thereby not having a considerable influence on the ecotoxic properties of the 
investigated material even if the used multipliers were high. In general, the 
further away the ash stream from the boiler, the smaller the produced ash 
amount and the higher the concentration of trace element concentrations (for 
example, Ba, Pb, V, Cr, Cu and As). This is with one exception – economizer 
ash. For the latter, most elements exhibited concentrations higher than the 
respective amount in the bottom ash, thereby indicating that the process 
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conditions were such that the respective elements were stored in that ash 
stream. Only Mn exhibited an opposite trend – its concentrations decreased 
the further the stream from the boiler. The results indicate that the heavy 
metals were mostly accumulated into the finer particles of the ash samples. 
As described by Koukouzas et al. [42], the specific surface area values of the 
particles are in line with the particle size – the further the sampling point from 
the boiler, the smaller the particle and the larger the specific surface area.

Koukouzas et al. [42] have characterized the mobility of heavy metals in the 
CFB-derived coal fly ash. They analysed samples from the secondary cyclone, 
the cooler and the filter, and found that most of the elements of interest (Cd, 
Cr, Cu) enriched the fine filter fly ash, whereas Pb, for example, was mostly 
found in the cooler sample. The researchers also determined that fly ash 
samples from the cooler and the cyclone were intensely more siliceous and 
contained more Al2O3 (up to 24% and 35%, respectively) than the bag filter 
sample due to a lower temperature of the latter sampling point. With respect 
to cyclone and cooler ashes, it was found that trace elements were almost 
equally distributed between the two. The results for EPP CFBC samples show 
that most elements exhibited the highest concentration values in the 4th field 
of the electrostatic precipitator ash sample.

Table 3. Trace element composition of Auvere CFBC oil shale ash samples, ppm

Element BA ECO APH ESP1 ESP2 ESP3 ESP4 ESP5 FF

Mn 808 566 669 729 676 506 563 517 490

Ba 0.2 0.2 0.2 0.2 0.2 0.2 0.2 253 0.2

Zn 279 117 129 198 104 96 97 77 66

Pb 23 62 55 83 60 64 62 50 37

V 19 54 49 71 61 73 80 60 52

Cr 16 52 47 60 55 66 66 57 51

Ni 20 30 28 42 31 38 39 28 27

As 53 21 31 29 27 37 57 54 46

Cu 4 10 9 13 10 14 13 10 8

Mo 6.7 7 7.2 10.4 8.4 19.1 26.3 19.8 18.5

Co 3.4 6.1 5.6 7.4 6.5 7.6 7.8 5.4 4.7

Se 0.5 0.9 0.9 0.9 1.1 1.2 1.5 1.4 1.1

Ti 1.3 0.7 0.9 1.3 4.6 1.6 1.8 1.6 1.2
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Tl 1.3 0.7 0.9 1.3 4.6 1.6 1.8 1.6 1.2

Sn 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2

U 0.00 0.00 0.00 0.00 0.00 0.00 0.00 3.90 0.00

Sb 0.2 0.1 0.2 0.2 1.4 0.3 0.3 0.3 0.2

Cd 0.03 0.3 0.3 0.8 0.03 0.03 0.03 0.03 0.03

Hg 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02

As seen from Table 3, the elemental concentrations of Auvere CFBC ash 
samples exhibit similar magnitudes as the concentrations of the respective 
EPP CFBC samples. However, there are some exceptions, for example, in 
Auvere samples Ba was found to be present in noticeable concentrations only 
in the 5th field of the ESP with a concentration of 253 ppm, whereas for all the 
other samples the concentration remained around 0.2 ppm. The distribution 
of As also stood out – higher levels were detected in BA, the 4th and 5th 
fields of the electrostatic precipitator and the bag filter, with streams from the 
economizer to the 3rd field of the electrostatic precipitator exhibiting almost 
two times lower values.

When comparing the results of the elemental concentrations of the ash 
streams from the two facilities, several trends were noticed. First, the BA trace 
element concentrations were mostly higher for Auvere sample. The highest 
differences were noticed for Zn and As with the respective amounts of 256 and 
45 ppm. The average Zn concentration was much higher in Auvere samples. 
Mn followed a similar trend as Zn regarding distribution between the ash 
streams, but its concentration levels were in the same magnitude as those for 
EPP samples. These differences were attributed to both the oil shale used as 
feed and differences in the operating conditions of the facilities. Namely, EPP 
combustion temperatures were somewhat lower than those of Auvere power 
plant [43]. Although in different concentrations, the distribution of Pb, V, Cr, 
Cu and Ni followed the same trend for all ash streams, showing a similar 
mobility under the given conditions.

Table 3 (continued)
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Table 4. Trace element composition of PC-NID plant, Petroter and Kiviter oil 
shale ash samples, ppm

PC-NID Petroter
general

Kiviter
generalElement BA SH ECO CYC NID

Mn 817 667 706 783 451 436 230

Ba 107 143 132 154 0 124 54

Zn 28 30 24 20 62 55 25

Pb 13 30 28 26 74 40 41

V 45 46 48 52 59 43 30

Cr 38 39 42 46 63 34 24

Ni 20 21 23 23 25 17 22

As 8 8 11 8 25 10 8

Cu 11 10 10 38 9 53 9

Mo 0.2 0.3 0.9 0.3 4.1 3.4 4.1

Co 4.5 4.5 4.9 5.0 5.3 3.2 3.2

Se 0.9 0.9 1.0 1.0 1.3 0.5 0.5

Ti 0.5 0.5 0.5 0.8 2.1 1700 1900

Tl 0.5 0.5 0.5 0.8 2.1 0.1 0.1

Sn 0.2 0.2 0.2 0.2 0.2 1.0 0.8

U 2.5 2.7 3.0 2.9 0.00 2.8 3.2

Sb 0.04 0.04 0.04 0.04 0.04 0.2 0.1

Cd 0.03 0.03 0.03 0.03 0.03 0.2 0.1

Hg 0.02 0.02 0.02 0.02 0.02 0.02 0.1

PAH 0.00 0.00 0.00 0.00 0.11 1.13 3.80

Based on the data presented in Table 4, it can be concluded that, as expected, 
the distribution of the elements into the ash streams was highly dependent 
on the conditions and process in the furnace and thermal treatment system. 
For example, in PC-NID samples, most of the elements exhibited different 
distribution patterns from those in CFBC samples. This was attributed to the 
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differences in the temperatures and operating conditions – the temperatures in 
the PC boiler were significantly higher than in CFBC boilers, 1350–1450 °C 
and about 850 °C, respectively [44]. Additionally, the grain size of the fuel 
was somewhat different. Elements like Ni, Zn and Pb were expected to 
exhibit somewhat higher concentrations, up to 100 ppm, as they were related 
to the pyritization of limestone. As shown by Bityukova et al. [45], the 
higher temperature in the PC boiler resulted in the melting of clay minerals, 
generating reactive silica and aluminium. In contrast, in CFBC boilers the 
calcite minerals were not fully decomposed as some calcite was found in the 
produced ash, and the clay minerals were preserved. Additionally, Reinik et 
al. [46] investigated the release of specific elements from BA and FA samples 
of both PF and CFBC boilers and found their mobility to be higher in case 
of PF boiler ash than for CFBC boiler ash. The researchers found that Sr 
was the most mobile element in both sample types, with elements like V, Ni 
and Zn having a generally low mobility. For the Petroter general sample, the 
elements concentrations remained generally low, with the exception of Ti 
(1700 ppm); the same was noticed for the Kiviter general sample. Petroter and 
Kiviter general samples were the only ones exhibiting PAHs in the range of 
1–3 ppm, with CFBC and PC facility samples demonstrating concentrations 
significantly lower than 1 ppm. The general concentrations of PAHs have been 
found to be very low in previous studies [47–49]. Han et al. [50] found that 
during oil shale retorting, most of the heavy metals were retained in semicoke, 
although some tiny amounts of heavy metals were mobilized to other retorting 
products. This was noticed in the data presented in this paper as well, as 
elements like Sb, Cd and Hg displayed higher concentrations compared to 
samples from combustion facilities.

In the REACH regulation [51], coal ash streams have been classified as 
being of unknown or variable composition, complex reaction products or 
biological materials. These also included ash streams produced during co-
combustion, where coal or lignite was the primary fuel, and other solid fuels, 
coke, liquid and gaseous fuels could be the secondary fuel. This resulted in 
covering solid waste with a very wide range composition due to the different 
properties of the starting materials. The limits for the composition of ash 
streams produced during pulverized firing have been described by the European 
Coal Combustion Products Association. The amount of CaO has been shown 
to vary from 0.1–45% and SiO2 from 20–76%. The material may contain up 
to 35% mullite and quartz. Regarding heavy metals and their concentrations, 
it was stated that for the concentration limit of 0.1 or 1%, the elements were 
not present in such an amount that would require additional classification and 
labelling, thereby describing the material as non-hazardous. This was a direct 
indication of how computational methods would not yield a verdict of the 
material being hazardous since the elements did not exceed limit values. This 
was also the case described in the current paper and in a former work of ours 
[41] as none of the elements showed significant concentration levels.
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Based on the data presented in Tables 2–4, the general trend was that the 
concentrations of trace elements, including heavy metals, did not exceed 
the normative values set in Estonian regulations, for example, the limits for 
residential land for PAHs, As and Ba concentrations were 20, 30 and 750 ppm, 
respectively [52]. As shown by Loosaar et al. [53], the trace metal concentra-
tions of landfilled ash were at the same level as their content in the ground. 
This was supported by the work of Kahru and Põllumaa [54] who reviewed 
the ecotoxicity of Estonian oil shale industry waste streams. The investigators 
concluded that both the ash and semicoke samples did not contain either 
heavy metals, PAHs or oil products at hazardous levels, although some water-
extracted toxicity was noticed. In addition, the scientists determined that old 
semicoke samples were neutral and fresh ones acutely toxic and hazardous 
via solid waste-water path. This again illustrated the effect that the choice of 
sample and analysis method have on the outcome of an investigation and how 
policy changes at a national level require large scale studies and cannot be based 
on the results of a single paper only. The results of this paper demonstrated 
that the behaviour and distribution of elements in the ash streams exhibited 
a largely similar trend – the concentrations of all the heavy metals and other 
trace elements increased in the direction of finer particles, e.g. from BA to 
ESP streams. Based on these data, the most important conclusion was that the 
elemental concentrations in the samples remained low and did not exceed the 
norms set for service and residential land.

The use of computational methods assumed that all the components with 
ecotoxic properties have been determined, quantified and classified according 
to the CLP directives. As traditional chemical analysis methods might not 
detect all the chemical components, a conservative approach was used in 
computational methods by assuming that each element is present in its most 
harmful state. When the elements concentrations were below the limit of 
detection (LoD), the latter values were used in calculations. This amplifies 
the effect of some elements, but offers a buffer for reliable results. As there is 
currently no uniform test method in the EU for the evaluation of HP 14, the 
authors would suggest the use of an individual, a case-by-case approach for 
materials of complicated composition. This would enable taking into account 
the solubility of specific components instead of their general concentration 
and the dependence of ecotoxic properties on the concentration limit values 
set. As this property is crucial for the possible reuse of a huge amount of 
waste, the decisions regarding its evaluation must be thoroughly analysed 
and processed, specifically the long-term consequences, from the circular 
economy perspectives.

According to Eurostat, Estonia has been, among other European countries, 
at the forefront of the per capita waste generation since 2004. For example, in 
2018, Estonia produced 9.3 million tons of hazardous waste from combustion. 
The severity of the situation is illustrated by the fact that the second highest-
producing country was Germany with only 0.8 million tons, the difference 
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being more than tenfold. Europe’s total was around 12.5 million tons, which 
means that Estonia was responsible for almost 75% of this figure [55]. This 
statistics illustrate the importance of the correct characterization of waste 
as millions of tons of materials might be left unused and would instead be 
landfilled, thereby occupying land that could be used for other purposes. 
Additionally, the European Commission has changed the principles of funding 
future hazardous waste landfilling, supporting limited, exceptional cases only. 
As the transition towards a more circular economy has become increasingly 
important on a global level, the minimization of the production of waste is 
one of the key objectives. Raising awareness on a national level has also been 
emphasized [56].

Hazardous property 14 is important to be evaluated when a material under 
investigation has been assigned a mirror code. Mirror entries describe two or 
more related entries where one of them is hazardous and the other not. As the 
high CaO/Ca(OH)2 combustion residues of lignite containing high levels of 
CaO/Ca(OH)2 were classified as absolutely non-hazardous in the EU Waste 
Directive [57], it was proposed that oil shale industry by-products should be 
handled in a similar manner. In the European Union List of Waste (LoW), 
coal combustion by-products did not have mirror codes and were considered 
non-hazardous, although based on composition they might exhibit hazardous 
properties (HP 6 and HP 8). As stated in the Commission Directive, a mirror 
entry imposes an obligation to investigate the hazardousness of the material 
from the point of view of ecotoxicity [57]. Since 01.01.2020, mirror codes 
have no longer been used. The use of HP 14 is responsible for the decline in 
the production of hazardous waste in the world since the beginning of 2020, 
offering new possibilities for the repurposing of a large amount of material 
rich in composition.

The results presented in this paper allowed a conclusion to be made that 
considering heavy metal and trace element concentrations, the ash streams 
produced in Estonian oil shale industry exhibited a chemical composition 
comparable to that of lignite, which has been widely used in the energetic 
sector all around the world. The trace element concentrations were found to be 
lower than the respective literature values for coal. This leads to the conclusion 
that the composition of the bottom and fly ashes produced in Estonian oil 
shale industry should be regulated in the same way as that of coal-based BA 
and FA. This was found to be a good basis for initiating political changes as 
the fact that coal ash was considered non-hazardous suggested that oil shale 
industry by-products should be handled similarly. This would in turn offer 
new possibilities for cooperation with other countries via joint projects and 
research to introduce and further develop circular economy. To the best of 
the authors’ knowledge, this is one of the first papers comparing the ecotoxic 
properties of Estonian oil shale ash to those of coal.
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4. Conclusions

The goal of this paper was to investigate the ecotoxic properties of all the 
ash streams produced in the Estonian oil shale industry and compare them 
to the respective data on coal, since coal thermal treatment solid products 
have not been considered hazardous waste in the countries still utilizing 
fossil fuels. This was done by gathering 23 samples from both combustion 
and oil production facilities and their hazardous property, ecotoxicity, was 
investigated to possibly re-evaluate the status of the hazardousness of the 
materials. The results formed the basis of computational methods proposed 
by the European Union to investigate hazardous property 14. Based on the 
results obtained, it was concluded that Estonia should not consider oil shale 
thermal treatment solid by-products as hazardous waste. In all the investigated 
samples, none of the concentrations exceeded the normative values set by 
the European Union and the concentrations were lower than the respective 
literature values for coal. As proven by the computational methods used, 
the investigated samples did not exhibit ecotoxic properties. As a result of 
the study, the material was removed from the list of hazardous substances, 
starting from the 1st of January 2020. This is a very important outcome as 
it opened up new and easier possibilities for the repurposing of the material, 
thereby enabling lesser landfilling. Such changes on a national level offer 
new possibilities for research and might expand the existing sectors of the 
economy.
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