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Abstract

:

New approaches to waste management and the demands of the circular economy have changed the management of landfills. Over time, the decomposition of buried waste primarily determines the amount of recyclable and combustible materials. This pilot study attempted to assess the feasibility of extracting and recovering energy-intensive raw materials from landfills by developing a waste extraction mechanism and creating a solid recovered fuel (SRF) production line for use as a replacement fuel in the cement industry. The proposed mechanism consisted of two stages. The first stage was recommended to be carried out on the landfill territory by screening out the fine fraction and extracting inert materials and bulky waste. The second stage should be on the mechanical biological treatment (MBT) plant’s territory by adding additional technological equipment to the MBT line. The productivity of the SRF production line was calculated and was 4.9 t/h. The mechanism proposed in the work was tested at the operating test site in Lithuania. The composition of Landfill Mined Residues (LMRs) was studied, and the energy potential of the studied part of the landfill was calculated, which was 196,700 GJ. It has been found that the SRF produced complies with the European Union (EU) standard and, according to its classification characteristics, belongs to class III and can be used as a replacement fuel in the clinker firing process. An environmental and economic efficiency assessment was conducted using SRF in the cement kiln. The calculation result showed that using 10% SRF as a replacement fuel for coal used in clinker firing at 2.51 t/h would save 1274 USD/h in coal costs. This use of SRF will emit 3.64 t/h CO2 and achieve a net savings of 1355 USD/h. The mechanism proposed in this work aimed at reducing waste in landfills by converting materials into energy resources will help achieve the circular economy’s goals.
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1. Introduction


In recent years, the waste management industry has experienced rapid development, setting increasingly ambitious environmental goals for the future and working towards the rational use of waste as a resource, especially as an energy resource [1].



The waste management hierarchy indicates the order of preference for actions to reduce and manage waste and aims to extract the maximum practical benefit. In the waste hierarchy, prevention, minimization, recycling and energy recovery are preferred over landfills, which remain the last option in waste management [2]. According to the statements of Eurelco [3], by 2030, at least 65% of household waste should be recycled, and waste disposal in landfills should be reduced to 10% or less by 2035. While the waste landfilling will be minimal in the near future, huge amounts of various materials are accumulated in the operating and closed landfills over the long term. We must consider options to extract resources from the anthroposphere. Landfill mining (LFM) will ensure that material and energy recovery goals are met throughout the life cycle of a landfill. This concept of LFM is supported by several organizations [4]. In the field of LFM research, several problems can be faced, such as technological, the need to address the conditions for implementation and the development of a standardized framework for assessing economic and environmental indicators [5]. Mining existing and future landfills can lead to secondary materials and energy flow, reducing the area it covers [6,7,8]. The above shows that landfill mining corresponds with the EU Roadmap for a Resource Efficient Europe, which provides no land acquisition by 2050.



According to the authors’ statements [9,10,11], LFM is presented as a process that provides additional materials and energy sources. However, LFM has recently become a topical subject for research resource potential [12], technical [13] and economic aspects [14]. While the number of LFM projects is relatively small, a fair amount of data about the composition of landfills and recoverable resources has been collected and presented in recent years [15,16,17]. Currently, the discussion of the feasibility of the LFM and the search for the optimal use of resources continues, moving from the conceptual stage to the modeling stage by building different models, conducting a comparative assessment of alternatives and finally choosing the optimal option and implementation of it “in life”. Physical investigations of the composition of the landfill are mandatory and serve as a form of input or verification of available data, as in the study of Hossain and DeVries [18]. Material flows are an essential component of the economic evaluation of LFM. The economic value of the LFM process can have positive and negative effects, such as in the results of Kieckhäfer et al. [19]. However, financial analysis alone cannot be decisive in assessing the economic feasibility of applying LFM. The innovative development of the LFM has highlighted the relevance of several aspects, such as biochemical flows, management, business dynamics, infrastructure and markets [20]. For the LFM, economic system and material flow models were developed, and life cycle assessments were created and calculated to assess the impact of the LFM process on the environment. Emphasis was placed such that the feasibility of the LFM would be most effective if separation methods were improved, the need for land development increased and resources became in short supply.



Based on the early-developed models and strategies, considering the lack of energy resources, there is an increasing discussion of using LFM as a tool for extracting energy resources and their use as an alternative fuel in energy-intensive industries. There are results of many researchers who also considered the issue of producing alternative fuels for the cement industry. Mustafa Kara [21] considered the production of refuse-derived fuel (RDF) from the non-recyclable waste fraction and studied its potential as a replacement fuel in the cement industry. Hemidat et al. [22] studied the production and disposal of RDF obtained from mixed waste using bio-drying and subsequent use of the produced fuel in the Jordanian cement industry. Dase et al. [23] explored the potential of the RDF in terms of waste generated and the amount of landfill waste. Garces et al. [24] investigated the potential of various landfill wastes and the possibility of extracting Landfill Mined Residues (LMRs) and SRF production. All the described studies pursue one goal—disposing of newly generated waste and recovering energy resources.



The characterization of LMRs strongly depends on the type of waste disposed (domestic or industrial), the climate zone and the landfill’s age [25,26]. Since the raw material extracted from the landfill is specific, non-standard technology must be developed for the extraction LMRs. Moreover, it must be prepared before raw materials can be used as an energy resource.



This study focused on developing a mechanism for extracting LMRs, studied the possibilities of producing alternative fuel and its characteristics and used it in the cement industry as a replacement fuel during the clinker firing process. It also determined the composition and the main characteristics of the LMRs at various depths of the landfill and established the optimal depth from which LMRs can be extracted. Moreover, the article calculates the energy potential of the studied part of the landfill. It developed the technological line for SRF production, studied ash after the incineration of SRF and established that it contains the inorganic component, clinker-forming minerals and crystal structure. The developed mechanism will contribute to extracting, from LMRs, a high-calorific fraction and producing alternative fuel for energy-intensive industries.




2. Materials and Methods


2.1. Study Area


The Kaunas regional non-hazardous waste landfill (Figure 1) was established in 1973. It covers an area of 37.4 hectares. The landfill utilizes mixed domestic waste for Kaunas city and other municipalities in the country (Lithuania).



Waste is accepted to the landfill based on the waste management agreement. The landfill territory consists of a waste disposal zone (landfill), a service zone and a prospective zone for leachate collection and treatment. The landfill itself consists of three sections. Section I (N 54°59′47″ E 24°01′51″) is the oldest and is decommissioned and reclaimed; Section II (N 54°99′65″ E 24°03′08″) is in operation and consists of five sections for waste disposal, separated from each other by barriers 2.4 m high. Section III (N 54°99′79″ E 24°02′80″) is reclaimed and has a separate site for the disposal of asbestos-containing waste with an area of 0.25 ha.




2.2. Test Instrument


The composition of unprocessed LMRs was determined through manual sorting after drilling and excavating. The studies were conducted according to the Standard Test Method for Determining the Composition of Unprocessed Municipal Solid Waste (ASTM D5231-92(2016). Excavated materials were sieved to fine (<20 mm) and course (>20 mm) fractions. The fine fraction was backfilled. The coarse fraction was sorted. Afterwards, the coarse fraction was processed for material recovery whenever possible (e.g., plastic, wood, rubber and others) and used as materials to produce alternative fuels.



The drillings were carried out at the landfill with a 15cm drill on the landfill sections; waste samples were taken every two meters at a depth of 1 to 20 m. In Section I, drilling was carried out up to 10 m, in Section II, up to 14 m, and in Section III, up to 20 m. The drilling depth was determined on-site at the time of the study. The difficulty in drilling was that there used to be a dump of armored vehicles on the territory of the current landfill. This place had a huge ravine, which eventually turned into the largest landfill.




2.3. Testing LMRs


After drilling, the material was obtained and subsequently subjected to research to prove the feasibility of extracting LMRs from the landfill and using it as an alternative fuel. The samples of LMRs were shredded and mixed and, after these manipulations, tested. The samples were heterogeneous, and their composition may have fluctuated. The following studies have been carried out:




	−

	
Moisture content (MC)—CEN/TS 15414-2:2010 [27];




	−

	
Ash content (AC)—EN ISO 21656:2021 [28];




	−

	
Volatile matter (VM)—EN ISO 18123:2015 [29];




	−

	
Net calorific value (NCV)—EN ISO 21654:2021 [30];




	−

	
Chlorine content (Cl)—EN 15408:2011 [31];




	−

	
Mercury content (Hg)—EN 15411:2011 [32];




	−

	
SEM-EDS analysis of ash;




	−

	
XRD–Rietveld refinement analysis was carried out on a BRUKER D8 ADVANCE diffractometer with CuKα radiation at 40 kV in a 2Θ (5°÷70°) interval at a scanning step 0.02° and with the Topas program;




	−

	
The ash morphology and elemental analysis were investigated using scanning electron microscopy equipped with an energy-dispersive spectroscopy detector (SEM-EDS). The analyzed samples were passed through sieves and then dried at 40 °C. Before the morphological observation, the ash specimens were coated using gold (Au) to obtain SEM images. SEM observation of samples was performed on a ZEISS EVO MA10 microscope at an accelerating voltage of 20 kV. The Bruker AXSX Flash 6/10 Detector can display all elements present in the specimen at an overall accuracy of about 1% and detection sensitivity down to 0.1% by weight;




	−

	
The quantity element analysis of LMRs was performed using an ICP-OES, Optima 8000 (Perkin Elmer). The samples (0.4–0.5 g) were mineralized with 8 mLof concentrated nitric acid, 1 mLof hydrofluoric acid and 3 mLof hydrogen peroxide at 800 W, 6 MPa and pRate: 50 kPa · s−1 (Multivalve 3000). After the mineralization, the solution was poured into 50 mL flasks and diluted to 50 mL using deionized water. A quantitative analysis mode was used for the data acquisition of the samples. The scanning of every sample during element analysis was repeated three times to gather reasonably good results. Analysis was made in four replicates of each sample.
















2.4. Energy Potential of Combustible Fractions


The energy potential of LMRs depended on the moisture content and chemical composition and was calculated based on Equations (1)–(4). In this work, we recommend calculating the energy potential of the waste fraction using Dulong’s equation [33]. The first thing to do is calculate HCV for each waste fraction, according to Equation (1):


HCVi = 338 · C + 1442 · [H − (O/8)] + 94 · S



(1)




where HCVi—high calorific value of each fraction of dry waste; C, H, O, S—content of chemical elements in the waste fraction, %.



The chemical composition of the waste fractions was calculated from the elemental composition based on the data of Reinhart D.R. [34].



The lower calorific value (LCVi) of the dry waste fraction was calculated by subtracting the amount of energy required to evaporate water from each fraction of waste [35]:


LCVi = HCVi − [24.41 ∙ (18.015/2.015) ∙ MCi]



(2)




where LCVi—lower calorific value of each fraction of waste, kJ/kg; MCi—moisture content of fraction of waste, %; 24.41—coefficient based on the “secret” heat of vaporization of water, where l = 2441 kJ/kg at 25 °C; 18.015—the molar mass of water, g/mol; 2.015—molar mass of hydrogen, g/mol.



The lower calorific value of the wet waste of each fraction was calculated according to [35]:


LCVi(wet) = LCVi ∙ [(100 − MCi)/100] − 24.41 ∙ (100 − MCi)/100]



(3)




where LCVi(wet)—lower calorific value of each wet fraction of waste, kJ/kg.



The total energy potential of a combustible fraction of LMRs was calculated according to the data of the World Bank [35]:


E = [ΣLCVi(wet) ∙ SWi] ∙ η ∙ 0.278 ∙ 10−6



(4)




where η—energy efficiency when burning excavated combustible materials for heat production is 85%; SWi—the amount of the incinerated waste fraction of each fraction, kg; 0.278—conversion factor from MJ to kWh (1 MJ = 0.278 kWh).




2.5. Development and Calculation of SRF Production Line


Based on the data obtained from the drilling at the landfill, the SRF production line was developed, and the flow rate was calculated. To produce SRF from the LMRs, they must undergo several stages of preparation so that the resulting alternative fuel meets the EU standard and can be used in energy-intensive industries. The main stages of SRF production are extracting prohibited materials, metals, inert materials, glass and fine fractions. The moisture contained in the waste must be removed; combustible materials must be crushed (d < 20 mm). The flow rate of the SRF production line was calculated using Equations (5)–(10), considering parameters from the SRF production line that we developed.


FRSRF = ΣLMR − F1 − F2 − F3 − F4 − Wlost



(5)






F1 = (ΣLMRs · Q1)/100%



(6)






F2 = [(ΣLMRs − F1) · Q2]/100%



(7)






F3 = [(ΣLMRs − F2) · Q3]/100%



(8)






F2 = [(ΣLMRs − F3) · Q4]/100%



(9)






Wlost = [(ΣLMRs − F4) · MCLMR]/100%



(10)




where FRSRF is the estimated consumption of the production line of the SRF production (t/h); ΣLMRs is the flow rate of waste after drilling from a landfill (14.2 t/h); F1, F2, F3 and F4 are the flow rate ΣLMRs after the extraction of metals (ferrous and non-ferrous), inert materials, glass and a fine fraction (t/h); Q1, Q2, Q3 and Q4 are the quantity of extracted materials at each stage of separation (%); MCLMRs is the quantity of moisture contained in LMRs (%); Wlost is the LMRs flow after moisture loss (t/h).





3. Results


3.1. Granulometric and Morphological Analysis


According to the data obtained in the course of research (as a result of drilling), the granulometric characteristic of the LMRs was obtained (Figure 2). In all sections of the landfill (I–III), a fine fraction predominates, regardless of the depth of the waste.



For Section I (up to 10 m), the size of the coarse fraction (d > 80 mm) was from 0.09 to 27.34%. The less coarse fraction of LMRs (80 > d > 40 mm) was from 2.75 to 16.02%, and the size of 40 > d > 20 mm was from 5.43 to 10.2%. Depending on the depth, a total fraction of more than 20 mm for Section I ranged from 3 to 47%. The minimum amount of the coarse fraction and the predominance of the fine fraction in this section refer to the upper layer of the landfill and are explained by the fact that this section of the landfill is re-claimed.



Section II is currently active (up to 10 m) comprising LMR fraction sizes of more than 20 mm from 0.72 to 15.47%. Therefore, for a depth of 11 to 14 m, the coarse fraction was less than that at a drilling depth of up to 10 m. The quantity of the coarse fraction (diameter of more than 20 mm) ranged from 0.5 to 6.12%.



For Section III (up to 10 m), along with the fine fraction, there is also a coarse fraction; however, its amount is much less than that of the fine fraction, and its value was in the range of 4.4 to 42.44%. The fraction size distribution of LMRs changed with an increased drilling depth. Thus, the fine fraction dominated for depths from 11 to 20 m; a coarse fraction presented but in a lower amount than that at a depth of up to 10 m and was from 0.37 to 12.77%. Such a granulometric composition of the considered sections of the landfill is due to the composition of the waste taken to the landfill for deposition and the residence time of this waste at the landfill. Obtained results about the granulometric composition and amount of fine fraction of LMRs correspond to the research study [36,37].



The LMR characterization is based on the methodology of the European Commission [38]. LMRs were divided into 12 primary categories. Regardless of the drilling depth, the composition of the LMRs from all landfill sections showed that the fine fraction predominated. Based on the methodology of EN 15415-1:2011 [39], obtained results of compositions of LMRs are presented in Figure 3.



The results of the analysis show that the total waste composition for Section I consisted of plastics by up to 5.87%, rubber by up to 2.28%, textiles by up to 16.64%, wood by up to 3.07%, metals by up to 6.59%, glass up to 0.84% and inert materials up to 1.47%, and the content of the fine fraction at some depths was up to 97.16%.



A similar situation occurred with the composition of the LMRs for Section II. The composition of the waste was as follows: plastics up to 10.03%, rubber up to 0.6%, textiles up to 9.16%, paper up to 2.73%, wood up to 9.58%, metal up to 17.4%, glass up to 1.77% and inert materials and fine fraction up to 1.99% and 94.98%, respectively.



For Section III, the composition was as follows: plastics up to 16.13%, rubber up to 0.44%, textiles up to 39.84%, paper up to 1.21%, wood up to 1.73%, metal up to 9.14%; the amount of glass, inert materials and the fine fraction were up to 1.08%, 5.55% and 95.07%, respectively.



Based on the results of the morphological analysis of LMRs, it is possible to trace the trend in the commissioning of the MBT plant.



Figure 3 shows the general characteristic of the LMRs with fine and coarse fractions. According to it, we can conclude that the predominant material is the fine fraction for all three sections (wells), and the presence of textiles in the studied samples ranks second. Soft, hard plastics and metal occupy the third, fourth and fifth places in terms of content in the material under study. The investigated fraction also was observed to have multilayer composites, rubber, paper, wood, glass, inert materials and other burnable fractions. Their amount in the studied material did not exceed 5%. After extracting the fine fraction from LMRs, a combustible fraction, RDF, was obtained. Figure 4 shows the amount of the total combustible fraction. The research results correlate with the data [40,41] obtained in studies of landfills in European countries.



The primary materials that make up the combustible fraction are plastics (soft and hard), rubber, textiles, paper, wood, multilayer composites and other materials. The combustible fraction was mainly represented by textiles and contains the least multilayer composites. The results allowed us to consider the landfill a “potential energy object”.




3.2. Physicochemical Properties of Potential Fuel


After extracting the fine fraction and large inert materials from the LMRs, the resulting potentially combustible fraction will be called RDF. It is a non-defined term and refers to waste that has not undergone proper processing. RDF is not standardized, and features (composition, contaminants, calorific value) are undetermined [42]. This combustible fraction (RDF) had high humidity and contained prohibited materials (chlorine-containing plastics, inert materials, metals, e.i.). In such conditions, the RDF cannot be used as an alternative fuel in the intensive-energy industries. RDF can be used only for incineration to obtain heat or energy. The combustible fraction after extraction of the fine fraction from LMRs had the same characteristics for developed and developing EU countries [10].



After carrying out several technical operations with RDF, we will be able to obtain SRF. SRF is fuel from waste produced and tested according to EU standards. Its features are well specified, and following that, SRF is classified. SRF is produced under the producer’s regime of a quality assurance scheme [42]. Stages for preparing SRF from RDF, which meet the EU standard, should include the following stages: extraction of prohibited materials, metals, inert materials, shredding and drying.



Moreover, the first thing you need to start analyzing fuel from waste should be measuring the main calorific characteristics. Based on these results, we can conclude the possibility of using this fuel as an alternative. The results of the main properties of RDF that were obtained after extracting the fine fraction from LMRs are presented in this section. First, MC, AC and NCV were measured and are illustrated in Figure 5, with the results of determining Cl- and Hg- content in Table 1.



The main properties of any waste, especially those representing energy potential, are in Section 2.3 and are moisture content (MC), ash content (AC), volatile mater (VM) and net calorific value (NCV). These properties depend on the waste’s morphological composition, the year’s season, and many other conditions.



The MC of RDF significantly influences the choice of recycling to SRF technology and depends on many factors, including the RDF composition. The MC of RDF at the entire considered depth of the landfill was measured. Thus, for Section I, at a depth of 1 to 10 m, the MC of the materials ranged from 18.05 to 74.01%. For Section II, at a depth of 1 to 10 m, it ranged from 22.32 to 35.38%, and a depth of 11 to 14 m, it ranged from 38.34 to 45.06%. For Section III, at the considered depth from one to 10 m, it went from 40.48 to 60.14%, and at a depth of 11 to 20 m, it ranged from 36.53 to 84%. From the presented results of the study, it can be concluded that with an increase in the depth of the waste, the MC of the excavated LMRs and, consequently, the obtained RDF also increase by the possible retention of moisture in deeper layers of the landfill.



The AC represents the fireproof component remaining after a sample is combusted. In this analysis, one gram of the sample was put into a crucible and placed in a furnace. The furnace was heated to 950 °C, and the samples were kept for one hour. Further, after cooling and weighing, the AC was calculated according to EU standards and presented in Figure 5. In addition to the oxidation of organic matter, in this temperature range during combustion, chemical reactions occur in minerals, such as the hydration and decomposition of carbonates, sulfates and other sulfur compounds. The amount of ash depends on the content of organic and inorganic substances and possible impurities. The AC varied following the presence of materials that were part of the studied fraction. Therefore, for Section I at a depth of 1 to 10 m, the AC ranged from 13.4 to 33.38%; for Section II at a depth of 1 to 10 m, it was from 3.77 to 21.22%; for the same section of the landfill, but a depth of 11 to 14 m, it ranged from 27.89 to 32.42%. Section III was considered at depths from 1 to 10 m and 11 to 20 m; the AC for these depths was 21.07 to 39.81% and 22.78 to 45.48%, respectively. Based on the results, we can say that the AC of RDF strongly depends on the AC of landfilled materials, the nature and time of their decomposition in the landfill and particles of the fine fraction stuck on the excavated LMR surface.



The VM is the part of organic matter that is transformed into gas when heated, such as hydrocarbons, hydrogen, oxygen, carbon oxide and other non-combustible gases resulting from the thermal decomposition of materials. The VM of RDF has a high value because of the increased oxygen, which can be seen in Figure 5. For landfill Section I, the VM value ranged from 40.22 to 69.56% at a depth of 1 to 10 m. For Section II, for the considered drilling depth (from 1 to 14 m), the VM was in the range of 55.42 to 85.7%. For Section III, at a depth of 1 to 10 m, the VM ranged from 50.9 to 66.15%; for depths of 11 to 20 m, it went from 26.83 to 56.23%. Fuel containing a large amount of VM is unfavorable because it releases more tar, which condenses at ambient temperature and causes problems in equipment operation.



The NCV of fuel depends upon the nature of the fuel and the relative proportions of the elements present. Figure 5 shows that the NCV of the RDF directly depends on the materials of the considered fraction at a certain depth. There were presented measurements of NCV for RDF: Section I ranged from 7.76 to 17.43 MJ/kg; Section I went from 13.69 to 24.48 MJ/kg. For Section III, at a depth of 1 to 10 m, the NCV consisted of 12.22 to 14.94 MJ/kg, and at a depth of 11 to 20 m, it was from 12.21 to 18.3 MJ/kg. It can be concluded that the main factors affecting the calorific value of RDF are the humidity and burnable part of the landfilled waste.



The chlorine content was quantitatively investigated in three landfill sections at different depths and presented in Table 1. Thus, for Section I, the chlorine content at a depth of 1 to 10 m was 0.54 to 4.32%. For Section II, at a depth of 1 to 14 m, the chlorine content was 0.16 to 1.8%. The considered Section III of the landfill had the following values of chlorine content: at a depth of 1 to 10 m, from 0.072 to 0.469%; the value of the chlorine content for a depth of 11 to 20 m was in the range from 0.091 to 1.459%. The presented data indicate that the chlorine content directly depends on the materials included in the RDF that were taken to the landfill for disposal and did not depend on the depth of the waste.



Managing Hg emissions for incinerators is essential since more than 78% of municipal solid waste (MSW) is incinerated today. The total Hg content in waste samples obtained from Section I of the landfill from a depth of 1 to 10 m shows that the Hg content does not depend on the depth of the waste and relies on the presence of Hg-containing materials in the waste and was in the range from 0.02 to 0.106 mg/kg−1. For Section II, the mercury content was 0.02 mg/kg−1 at the depth under consideration. For Section III, the Hg content in the RDF obtained during drilling at a depth of 1 to 10 m had a value of 0.02 to 0.304 mg/kg−1. Nevertheless, with an increasing depth, the Hg content at 11 to 20 m was less than 0.02 mg/kg−1. The characteristics of RDF practically had the same value as the characteristics of municipal solid waste from one of the largest landfills in Kazakhstan [43].



Powder diffraction is a scientific method using X-ray, neutron or electron diffraction to determine the structural characteristics of materials. The XRD–Rietveld refinement method was used for phase identification, quantitative analysis and complete crystal structure analysis. X-ray diffraction analysis of the RDF ash from different landfill sections and depths was carried out, and the obtained X-ray patterns were deciphered using the Diffract Eva program. The results of the XRD analysis are presented in Figure 6.



Figure 6 shows an X-ray pattern (2θ = 5°–70°) of control samples of ash obtained after incinerating RDF from landfill sections. The X-ray diffraction analysis of ash based on the Rietveld refinement method (using the Topas program) is presented in Table 2.



According to the data in Figure 6 and Table 2, it can be seen that 11 compounds found during the analysis were present in all studied sections of the landfill, except for Section I. In this section, no perovskite compound was found. The found compounds differed in quantitative composition. The data from X-ray diffraction analysis allowed us to conclude that the ash obtained after the combustion of RDF contains minerals that are part of the clinker. Moreover, these data will enable us to consider RDF as a resource for obtaining alternative fuel that meets the EU standard. Results of mineralogical analysis of compositions showed similarity for some minerals, quartz and microcline anorthite, with results of Daniel Vollprecht et al. [44].



Elemental oxide analysis, based on SEM/EDS measurements, is presented in Table 2. SEM/EDS analysis of ash made it possible to determine chemical elements and calculate the composition of the oxides. Data from Table 2 prove that ash consists of the inorganic part, and the oxide composition of ash corresponds to the oxide composition of the clinker, but in different quantities [45].



According to Table 3, it was found that the oxides of Ca, Fe, Si, Al and Mg are dominant in the oxide composition of the ash; their amount was more than one wt.%. The content of Na-, S-, K-, Ti-, and Mg oxides in the ash was less than one wt.%. Thus, according to [46], the ash obtained by combusting RDF does not contain prohibited oxides and gives us the prerequisites for creating an alternative fuel that will be prepared and, in the end, will comply with the EU standard.




3.3. Development of Concept for SRF Production Line


Based on the obtained results, the concept for an SRF production line was developed and presented in Figure 7. The flow rate of the SRF production line was calculated with Equations (5)–(10) and amounted to 4.9 t/h.



The LMRs extraction and SRF production mechanism we developed consisted of two stages. The first stage involves extracting inert, huge materials and the fine fraction on the landfill territory using a drum sieve. The amount of the fine fraction separated from the LMRs is 43%. In the second and final stage, re-extraction of the fine fraction and SRF production is proposed to be carried out on the territory of the Kaunas MBT to reduce capital costs. In the second stage of SRF production, another 50% part of the fine fraction is removed via secondary sieving. At the end of the second stage, the fine fraction content was 1.3%. The second stage will contain six additional units. Each unit plays an important role.



After removal of fine fraction extraction and coarse inert material, the materials are sent for the extraction of ferrous and non-ferrous metals. With a magnetic separator, ferrous metals were extracted, and an eddy current separator was used for non-ferrous metals. After the extractionof metals, the material is shredded up to 40 mm until a homogeneous material is obtained. After the shredding stage, the material is sent to a repeated drum sieve to homogenize and detect large particles. Material more extensive than 40 mm is sent for shredding to achieve the required size. At the end of the shredding stage, the moisture content of the material decreased by 86.7% and amounted to 2.5%.



A drying chamber is provided at the end of the production line. Tumble-drying is the optimal method, as it has low capital costs, is easy to operate and allows one to produce large volumes of products. Characteristics of the produced SRF are shown in Figure 8. The amount of the fine fraction, MC, AC, VM and NCV amounted to 1.3 wt.%, 2.5 wt.%, 44.3 wt.%, 34.8 wt.% and 16 MJ/kg, respectively. The data obtained indicate that separating the fine fraction through double sieving significantly improves the characteristics of the obtained SRF.



According to data [47,48], fuels are hydrocarbons comprised primarily of the following elements: carbon and hydrogen and some sulfur, nitrogen, oxygen and mineral matter in the next interval, with the C content from 20 to 70 wt.%, H from 3 to 8 wt.% and N from 1 to 5 wt.%. As seen in Figure 8, the SRF is a favorable combination of the C, H and N content for combustion. As for sulfur, the sulfur content in the analyzed materials was within the usual range for this element (0.2–1 wt.%). Regarding the halogen elements, a chlorine concentration was measured and amounted to 0.02 wt.%. The Hg-content in produced SRF was within acceptable limits for this fuel and complied with the allowable limits for use in cement kilns.



It was also found that the ash obtained after incinerating SRF had a crystalline structure and contained crystalline calcium-, sodium-, potassium-, iron- and silicon-bearing phases. The crystalline phase in materials is favorable for clinker production (Figure 9).



Material morphology and particle size characteristics are associated with their crystal structure features. In our case, the ash particles had a different color, changed with depth from light grey to dark grey and had a lamellar and crystal shape. Ash particles had a size range of 1–20 μm and were not steadily distributed.



Quantity element analysis of RDF (obtained via extraction of the fine fraction and huge inert materials from LMRs) and SRF obtained through re-extraction of the fine fraction, inert and prohibited materials showed that metals consisted of 14 elements: Al, Ca, Cd, Cr, Cu, Fe, K, Mg, Mn, Na, P, Si, Ti, Zn (Figure 10). The dominant elements were Si, Ca, Fe, K, Na and Mg. The predominant presence of these elements is due to the composition of the waste once taken to the landfill.In their study, the authors of Jagodzinska et al. [49] also found chemical elements, such as K, Na, P, Cd, Cr, Mn and Ti.



Silicon is a dominant element in the ash. The quantity of silicon in the RDF was 406,861 mg/kg, and in SRF, it was 208,655 mg/kg. From the obtained data, we can see that the amount of silicon in SRF decreased to 48.7%; the double extraction of the fine fraction conditions this decrease. Calcium was in second place, containing chemical elements in the ash. The quantity of calcium in RDF amounted to 162,031 mg/kg, and in SRF, it was 86,575 mg/kg. The iron was in third place in terms of its content in the prepared SRF. The quantity of iron in SRF decreased to 21.8% compared with the RDF content and amounted to 17,435 mg/kg. The amount of potassium in the SRF decreased by 26.5% and amounted to 9448 mg/kg. Sodium was also present in the prepared SRF but at a lower concentration than silicon. As a result of the re-extraction of the fine fraction, sodium in the ready SRF decreased by 8.4% and amounted to 5474 mg/kg. Sufficiently high magnesium concentrations in SRF indicate the presence of ceramics, inert materials and garden waste. The magnesium content in SRF decreased by 10.7% and amounted to 3516 mg/kg.



As for the other elements present in the obtained SRF, their amount was reduced through double extraction of the fine fraction. The amount of aluminum decreased by 48.5%, chromium decreased by 65.3%, copper decreased by 57.9%, manganese decreased by 10.9%, phosphorus decreased by 42.5%, titanium decreased by 38.1% and zinc decreased by 25.4%. The amount of cadmium in the SRF before and after separation remained the same.



The actual composition of the waste at the Kaunas regional landfill in Lithuania was studied, and the energy potential of the considered landfill sections was calculated. From our point of view, according to the conducted studies, extracting waste from the landfill to a depth of up to 10 m inclusive is advisable. According to available data, waste extraction from greater depths does not have a positive outlook. Calculations of the energy potential of the considered part of the landfill amounted to 196,700 GJ.





4. Discussion


Based on the analysis of the existing waste generation and accumulation problem, a lack of energy resources and increase in greenhouse gas emissions, the following was determined. The use of waste previously taken to the landfill as an alternative fuel for energy-intensive industries, particularly the cement industry, is a relatively new and relevant area but is practically not used. It is known that the production of cement, namely the clinker firing process, is one of the largest energy resource consumers and contributes significantly to the pollution of atmospheric air with greenhouse gases. In this regard, the question arises of producing viable fuel from LMRs that meets EU standards by developing a mechanism for excavating LMRs and a process line for SRF production.



The use of the non-recyclable waste fraction as an alternative fuel in energy-intensive industries has been well studied. It has been established that it is possible to produce an alternative fuel that will meet EU standards, subject to the development of a technological line for the production of SRF. However, it should be considered that producing SRF will use the LMRs. This type of waste has specific properties since it is subject to various transformations and changes over time. After some stages of preparation, obtained SRF will have a high quality. After incinerating SRF, the ash will contain a crystalline phase, its oxide composition will consist of clinker-forming minerals and the developed two-stage technological line will ensure the uninterrupted production of SRF.



The results of drilling studies at the landfill found that the main fraction of the LMRs consists of a fine fraction (d < 20 mm) and amounted to 44.27 to 97.16% depending on the section of the landfill and depth. The obtained data correspond to the results of other authors [50,51]. The LMR composition of the considered landfill sections at various depths was mainly represented by plastics (hard and soft), textiles, wood and metals. The LMRs had the typical characteristics of most countries regarding high moisture content and the fine fraction with an increasing depth. These indicators contribute to environmental pollution through the formation of landfill gases and leachate and the presence of an unpleasant smell. Waste composition varies with the socio-economic status within a particular community.



The limiting values of MC, AC and the content of combustible components (carbon and hydrogen) are essential characteristics of MSW as a fuel. The limits of fluctuations of the considered parameters are vast and differ depending on the depth of the waste at the landfill and its composition. The MC of LMRs ranged from 18.05% to 84.09%, the value of VM components ranged from 34.17 to 85.7% and the AC, in turn, ranged from 3.77 to 45.48%. Compared to solid fuels, such as coal (VM is up to 44%), fuel from waste containing biomass has a higher amount of VM (up to 87%). The biomass content in the samples under consideration, especially in Section 2, was traced. These results confirm the previously stated information that Section 2 is in operation, and in the relatively recent past (before the commissioning of the MBT plant), waste was taken to the landfill without any technological operations. The amount of volatile substances strongly depends on the nature of the material, combustion conditions, temperature and heating rate. It increases with increased amounts of hydrogen and decreases with the MC present in the fuel. The results obtained regarding the composition of the LMRs and their main characteristics are typical for landfills and correspond with the data obtained by the authors [36,50,51,52,53], who were engaged in similar studies.



In general, LMRs have all the necessary properties that make it possible to consider them as fuel: good chemical activity ensures the possibility of combustion in atmospheric oxygen; continuous reproduction allows us to consider their reserves sufficient for industrial use; the energy value is comparable to the energy value of low-calorie fuel used in the energy sector, as evidenced and by the data obtained by the researchers who worked in this direction [26,54,55,56].



The NCV of the considered sections of the landfill does not correlate with the depth of the waste but directly depends on the waste that is part of the landfill. Similar data were obtained during studies in Korea [55,57,58]. Chlorine is a crucial element causing high-temperature corrosion and low efficiency in waste-to-energy plants and its thermal behavior. To prevent operational problems, the quantity control of chlorine-containing materials in the composition is necessary. The chlorine content in the considered RDF does not correlate with the depth of occurrence and is related to the results of Hölzle, I. [58]. The chlorine content depends on chlorine-containing materials, mainly plastics, which were taken to the landfill for disposal at one time. The mercury content in the studied fuel had the same trend as chlorine and depended on the origin of the waste taken to the landfill. The mercury content in the produced SRF was shallow and corresponded to the data obtained [59] on the landfill Opolskie Voivodeship. However, the maximum value of mercury content was found in Section III in the top layer and consisted of 0.304 mg/kg−1.



X-ray diffraction analysis of the ash obtained after incinerating RDF and SRF confirmed the presence of clinker-forming minerals in all sections and depths under consideration but in different percentages. The fact that the ash, after combusting RDF, contains clinker-forming minerals was confirmed by the studies of the authors Pitak et al. [60].



Quartz is the main mineral in samples [61]. Quartz content varies by landfill section and depth from 36.32 to 72.23%. Wollastonite is an industrial mineral comprised of calcium, silicon and oxygen. In the studied samples, the amount of wollastonite did not depend on the depth but on waste composition (0.54–5.85%). Akermanite is a mineral of the melilite group [62], also named a technogenic mineral. Akermanite is more durable than wollastonite. The akermanite content, as well as the content of wollastonite, did not depend on the depth of the waste location (5.35–11.28%). Hematite [63,64] is a relatively common and durable mineral. The hematite content in the samples did not tend to increase or decrease depending on the depth but relied only on the composition. The presence of hematite results in a slight change in the color of samples of ash (0.6–13.39%). Microcline is an important raw material for industries [65]. The microcline content in samples was in the range of 2.74 and 6.60%. According to [61,66], diopside is a pyroxene mineral. It promotes the formation of an iron oxide melt, which acts as a flux and participates in the sintering of the material. The diopside content in the ash samples ranged from 1.53 to 9.44%, depending on the section of the landfill. The presence of the minerals perovskite, anhydrite, lisetite, augite and anorthite in the compositions of ash is typical for this type of ash and, like the previous minerals, does not depend on the depth of the waste location at the landfill but depends only on the composition of the waste that was excavated and combustible.



The SRF production line for the production of replacement fuel for the cement industry was developed and calculated. The production line consisted of two stages. The first consisted of extracting the fine fraction and huge inert materials at the landfill territory. The second involved developing the production line with six additional pieces of equipment, including the secondary extraction of the fine fraction by passing the material through a sieve. It is recommended to install a production line on the territory of the current MBT since it is here that there is already equipment that can be used in the production of SRF. Considering the composition of the LMRs and based on Equations (5)–(10), the SRF production line’s productivity was calculated, which amounted to 4.9 t/h. The energy potential of a combustible fraction of excavated waste up to 10 m in depth was calculated. The calculation was performed according to Equations (1)–(4) and was 196,700 GJ. After analyzing the data obtained during the research, we can conclude that the optimal depth from which LMRs can be extracted and produce SRF is 10 m. Waste located deeper than 10 m is not advisable for alternative fuel production. Wastes at such a depth have a strongly altered structure and high humidity and are a black lump of material that is difficult to recognize with an unpleasant odor.



After passing through all stages of alternative fuel production, as indicated in the production line, SRF was obtained. The characteristics of the produced SRF are shown in Figure 7. The fine fraction content in the production of SRF decreased by 96.75%, humidity decreased by 86.7%, AC decreased by 43.3%, VM components increased by 48.8% and NCVs increased by 65.6%. According to the gaseous characteristics of the fuel, the percentage of carbon increased by 51.8%; hydrogen, nitrogen and sulfur increased by 64.3%, 77.1% and 52.3%, respectively. However, oxygen and mercury decreased by 62% and 25%, respectively. The characteristics of the produced SRF are typical of those for fuel from waste. Thus, Hervy et al. [67] studied the fuel they obtained from waste, and their results correlate with our data. Ash content values are almost identical, with significantly different values for oxygen content, and minor differences can be seen in the content of C and H. The chlorine content in the studied materials did not change and amounted to 0.02%. It must be taken into account that the high chlorine content in the fuel causes the corrosion of metals and air pollution caused by the formation of HCl, Cl2, dioxins, furans and PCBs (polychlorinated biphenyls). The characteristics of the obtained SRF comply with the EN15359 standard and, according to the classification characteristics, correspond to class III.



Quantity element analysis of the studied SRF is very important for the presence or absence of heavy metals. The elemental analysis showed 14 chemical elements present, and the same elements were represented in RDF but in other concentrations. The predominant elements are Si, Ca, Fe, K, Na and Mg, and their amount was more than 1 mg/kg. As shown in Figure 9, during the production of SRF from RDF, the mass amount of elements decreased by the following: Si 48.1%, Ca 46.5%, Fe 21.8%, K 26.5%, Na 8.44% and Mg 10.7%. Such quantitative changes occurred at the expense of the two-stage sifting and extractionof thefine fraction and the separation of prohibited materials, which should not be in the SRF.



The SEM image and elemental analysis confirmed the earlier assumptions that the ash, after the incineration SRF, has a crystalline structure and contains clinker-forming oxides. The element-oxide analysis of the ash based on SEM/EDS measurements confirmed the presence of clinker oxides. The oxide content of aluminum, iron, sodium and phosphorus must be strictly controlled during the clinker firing process. The content of iron and aluminum oxides should not exceed 5 to 7%. An increase in the content of these oxides leads to deterioration in the quality of the finished product. Although Zn and Cr oxides are on the list of environmentally harmful elements, their relatively small amount (less than one wt. %) can be considered inert based on acceptance criteria [68].



The calculation results (Table S1) confirm the feasibility of using SRF in the cement industry as replacement fuel from economic and ecological aspects. A 20% replacement ratio will achieve 17,319,514 USD/year annual coal savings after adding 38,697 t/year SRF to traditional fuel. The net cost-saving calculation, which considers CO2 cost savings and SRF cost and efficiency losses, shows that the net annual saving will be 17,699,517 USD/year with a maximum fuel replacement of 20%.



The advantages of the proposed mechanism for extracting raw materials from landfill are conserving non-renewable energy resources by using recycled materials, reducing the burden on the environment by reducing greenhouse gas emissions and increasing the land area occurring at the expense of landfill reclamation and producing alternative fuel (SRF) that will meet the EU standard. The disadvantage of the LFM process is the increased noise, dust and unpleasant odors in extracting and producing the fuel. The complexity of the LFM process lies in the fact that the raw material from the landfill is demanding and specific and requires additional precautions during sieving due to the content of inert materials and large-size materials. However, we can overcome such disadvantages by using the proposed mechanism. Ultimately, we will have an alternative fuel (SRF) that can compete with coal, gas or oil in terms of its characteristics.



The recommendations for future research work can be the following: conduct an environmental impact assessment compared to coal and gas; conduct tests on the combustion of the resulting fuel in real conditions. In our research, we propose to carry out the second stage of extraction of the fine fraction at the MBT plant and then the production of SRF. In the future, consideration should be given to recovering LMRs and producing SRF at the landfill without transporting materials to the MBT plant.




5. Conclusions


The obtained research results described in this paper allowed us to make the next valuable conclusions from a scientific and practical point of view:




	(1)

	
The extracting of energy-intensive raw materials from landfills is feasible, and it allows us to develop a mechanism for SRF production, which complies with the EU standard;




	(2)

	
The mechanism for the production of SRF may, in principle, consist of two technological stages.




	(3)

	
the first stage can be performed at the territory of the landfill, including the removal of the fine fraction, inert materials and bulky waste via primary sieving;




	(4)

	
The secondary stage can be performed by using an existing MBT facility and may include the additional removal of the fine fraction and prohibited materials via secondary sieving, extraction of metals, shredding and drying;




	(5)

	
The LMR coarse fraction includes combustible fractions, such as soft plastics, wood, hard plastics, paper, rubber and other burnable components, representing the total combustible fraction;




	(6)

	
Extracting LMRs for SRF production is suitable for up to a 10 m landfill depth;




	(7)

	
Obtained SRF by classification characteristics (caloricity, chlorine and mercury content) will belong to class III based on the main parameters;




	(8)

	
Based on X-ray diffraction analysis results, the ash, which can beobtained after the incineration of the produced SRF, has a crystalline structure and contains Ca-, Na-, K-, Fe- and Si-bearing phases and corresponds to the clinker-forming minerals; it was confirmed that this SRF can be used as replacement fuel during the clinker firing process;




	(9)

	
The use of obtained SRF as a replacement fuel in the cement industry would be economically feasible and more environmentally friendly due to reductions (10–20%) in coal import with a subsequent saving of costs and greenhouse emissions;




	(10)

	
This would bring Lithuania closer to a circular economy by using formerly disposed materials at landfills and converting them into energy resources.
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Figure 1. Sections of landfill: [image: Sustainability 15 04538 i001]—Section I; [image: Sustainability 15 04538 i002]—Section II; [image: Sustainability 15 04538 i003]—Section III. 
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Figure 2. Granulometric analysis of landfill. 






Figure 2. Granulometric analysis of landfill.



[image: Sustainability 15 04538 g002]







[image: Sustainability 15 04538 g003 550] 





Figure 3. Total morphological composition of landfill: (a) Section I, (b) Section II, (c) Section III. 
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Figure 4. Composition of the combustible fraction of RDF. 
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Figure 5. Characteristics of RDF. 
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Figure 6. XRD analysis of ash after incineration of RDF: (№1)—Section I (1–10 m), (№2)—Section II (1–10 m), (№3)—Section II (11–14 m), (№4)—Section III (1–10 m), (№5)—Section III (11–20 m): 1—quartz (SiO2), 2—akermanite (Ca2Mg(SiO2O7), 3—perovskite (CaTiO3), 4—hematite (Fe2O3), 5—microcline (KAlSi3O8), 6—diopside (CaMg(Si2O6)), 7—wollastonite 1A (CaSiO3), 8—anhydrite (CaSO4), 9—lisetite (CaNa2Al4Si4O16), 10—augite (CaxMgyFez)(Mgy1Fez1) ∙ SiO6), 11—anorthite (Ca(Al2Si2O8). 






Figure 6. XRD analysis of ash after incineration of RDF: (№1)—Section I (1–10 m), (№2)—Section II (1–10 m), (№3)—Section II (11–14 m), (№4)—Section III (1–10 m), (№5)—Section III (11–20 m): 1—quartz (SiO2), 2—akermanite (Ca2Mg(SiO2O7), 3—perovskite (CaTiO3), 4—hematite (Fe2O3), 5—microcline (KAlSi3O8), 6—diopside (CaMg(Si2O6)), 7—wollastonite 1A (CaSiO3), 8—anhydrite (CaSO4), 9—lisetite (CaNa2Al4Si4O16), 10—augite (CaxMgyFez)(Mgy1Fez1) ∙ SiO6), 11—anorthite (Ca(Al2Si2O8).



[image: Sustainability 15 04538 g006]







[image: Sustainability 15 04538 g007 550] 





Figure 7. Proposed mechanism of extraction of LMRs and SRF production. 
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Figure 8. Characteristics of obtained SRF. 
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Figure 9. SEM image (left) and EDS analysis (right) of the ash after incineration of SRF. 
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Figure 10. Quantity element analysis of RDF and SRF. * The value must be multiplied by 102. 
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Table 1. Results of determining chlorine and mercury content of RDF.






Table 1. Results of determining chlorine and mercury content of RDF.





	
Parameters

	
Sections Landfill




	
Section I

	
Section II

	
Section III




	
Depth of Drilling, m




	
1–2

	
3–4

	
5–6

	
7–8

	
9–10

	
1–2

	
3–4

	
5–6

	
7–8

	
9–10

	
11–12

	
13–14

	
1–2

	
3–4

	
5–6

	
7–8

	
9–10

	
11–12

	
13–14

	
15–16

	
17–18

	
19–20






	
Cl, %

	
1.87

	
0.25

	
0.24

	
4.32

	
0.96

	
0.33

	
0.31

	
1.8

	
0.25

	
0.16

	
0.25

	
0.94

	
0.469

	
0.4

	
0.07

	
0.09

	
0.29

	
0.11

	
0.96

	
1.46

	
0.09

	
0.27




	
Hg, mg/kg−1

	
0.02

	
0.03

	
0.11

	
0.05

	
0.09

	
0.02

	
0.02

	
0.02

	
0.02

	
0.02

	
–

	
–

	
0.30

	
0.07

	
0.04

	
0.03

	
0.02

	
–

	
–

	
–

	
–

	
–
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Table 2. Results of XRD analysis by Rietveld refinement.
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№

	
Minerals

	
Section Landfill




	
№1

	
№2

	
№3




	
Drilling Depth, m




	
1–10

	
1–10

	
11–14

	
1–10

	
11–20




	
Value, %






	
1

	
Quartz

	
72.23

	
36.32

	
38.66

	
45.77

	
49.40




	
2

	
Akermanite

	
5.35

	
9.21

	
7.23

	
7.77

	
11.28




	
3

	
Perovskite

	
-

	
1.87

	
0.54

	
1.26

	
0.99




	
4

	
Hematite

	
0.60

	
1.85

	
13.39

	
3.11

	
1.51




	
5

	
Microcline

	
3.19

	
5.44

	
4.63

	
6.60

	
2.74




	
6

	
Diopside

	
2.12

	
3.21

	
9.44

	
1.53

	
2.06




	
7

	
Wollastonite

	
0.54

	
5.85

	
3.63

	
1.94

	
1.09




	
8

	
Anhydrite

	
1.43

	
6.68

	
2.35

	
2.37

	
1.61




	
9

	
Lisetite

	
4.85

	
3.42

	
3.20

	
3.19

	
3.76




	
10

	
Augite

	
1.20

	
3.97

	
4.53

	
10.84

	
6.28




	
11

	
Anorthite

	
1.73

	
4.92

	
2.74

	
8.84

	
8.53




	

	
Amorphous

	
6.75

	
17.26

	
9.66

	
6.78

	
10.96
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Table 3. Elemental oxide analysis of ash based on SEM/EDS measurements.
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Oxides

	
CaO

	
CO2

	
SiO2

	
Al2O3

	
Fe2O3

	
MgO

	
K2O

	
SO3

	
TiO2

	
Na2O

	
P2O5

	
Mn2O3

	
Cr2O3

	
ZnO






	
Quantity in ash, %

	
Section I, depth 1–10 m




	
23.02

	
57.33

	
8.05

	
4.04

	
2.63

	
2.32

	
0.44

	
0.92

	
0.36

	
0.49

	
0.33

	
-

	
-

	
-




	
Section II, depth 1–10 m




	
32.82

	
25.64

	
18.97

	
3.53

	
4.08

	
5.22

	
0.59

	
3.69

	
3.45

	
1.06

	
0.9

	
-

	
-

	
-




	
Section II, depth 11–14 m




	
33.08

	
16.24

	
22.13

	
8.75

	
11.55

	
2.94

	
0.23

	
1.47

	
1.47

	
1.19

	
0.9

	
-

	
-

	
-




	
Section III, depth 1–10 m




	
22.28

	
23.0

	
25.5

	
9.28

	
10.4

	
3.93

	
0.54

	
1.36

	
0.21

	
1.59

	
0.62

	
0.11

	
0.13

	
-




	
Section III, depth 11–20 m




	
30.32

	
7.49

	
24.49

	
17.19

	
7.6

	
4.4

	
0.61

	
1.53

	
2.21

	
2.06

	
1.4

	
-

	
-

	
0.63




	
Quantity in

clinker, %

	
42.5

	
34.5

	
14.0

	
3.5

	
1.8

	
1.0

	
0.7

	
0.5

	
0.2

	
0.1

	
0.08

	
0.05

	
-

	
-
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