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1. INTRODUCTION 

1.1. Motivation and relevance of the problem 

The amount of waste generated worldwide has increased over the past decade 

and continues to widen. According to the World Bank1, by 2050, the amount of waste 

generated (in the world) will increase by 70.4% to 3.4 billion tons. The total amount 

of waste generated in the European Union (EU) increased by 19.8% between 2005 

and 2020, with 505 kg of municipal solid waste (MSW) generated per capita in 2020. 

This trend suggests that it is necessary to take serious and concrete actions to reduce 

the generation and recycling of waste.  

Waste management and disposal are some of the most pressing global problems 

today. Appropriate management of MSW is a critical priority for achieving the EU's 

sustainable development goal of reducing negative environmental and human health 

impacts2. The main improvements in this area have been achieved by commissioning 

mechanical biological treatment (MBT) and cogeneration power plants (CPP). 

However, a significant amount of waste is still sent to landfills, indicating that the 

problem of waste disposal remains unresolved3,4. In some countries, more than 50% 

of household waste has been recycled, composted and anaerobically digested5.  

In 2020, countries like Norway, the Czech Republic, Slovakia, and Iceland were 

among the top per capita household waste producers, showing significant growth over 

a 15-year period. This means that these countries generated a considerable amount of 

household waste per person, and this amount has increased significantly over the past 

15 years. As presented in Figure 1.1, Lithuania is among the countries that, since 

2005, have seen an increase in MSW generation.  

 

*Eurostat. 2021. Municipal Waste Statistics 

Fig. 1.1. Municipal solid waste of Lithuania: generated and recovering. 

EU strategic objectives include reducing waste generation and achieving a 

circular economy6. The circular economy is a regenerative system in which the 
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number of resources used and the waste, emissions and energy losses generated are 

minimised by slowing down, closing and narrowing the energy and material use 

cycles. This can be achieved through sustainable design, maintenance, reuse, total 

refurbishment, and recycling. The critical components of the EU environmental policy 

are environmentally sound waste management and recycled materials. 

In this context, the waste management sector should become a responsible unit, 

including creating new business models, focusing on the prevention of household 

waste, targeted monitoring, waste generation forecasting, the introduction of 

digitisation technologies and the extraction of resources from landfills. In particular, 

recycling and reuse will be vital to achieving the goals of sustainable environmental 

protection. 

Developed and developing countries are trying to achieve a minimum amount 

of waste sent to landfills. This desire, in turn, leads to increased incinerated, recycled 

and compostable household waste. Recovery of energy from waste in CPP is a more 

sustainable way of managing waste than burying it in landfills. Using sorted and 

burnable waste as fuel for power generation and district heating, CPP works in 

synergy with the circular economy and promotes responsible waste management. The 

aggregate of waste generated in Lithuania is 1.34·106 tons per year, of which about 

203·103 tons, which is ≈15.15%, are currently incinerated at Lithuanian CPPs7–9. 

Currently, on the territory of Lithuania located and working three CPPs in Vilnius, 

Kaunas and Klaipeda cities (Fig. 1.2).  

 
Fig. 1.2. The explication of the location of the cogeneration power plants in Lithuania 

and supply waste for producing heat and energy. 

Waste incineration generates heat and power; the by-product, bottom ash (BA), 

comprises about 11%. After the extraction of metals, BA is taken to the landfill and 

used for dumping the landfill. However, there is a real opportunity to use the formed 

ash residue in the construction industry. Studies of the physical and mechanical 

characteristics of BA have shown its potential suitability for civil engineering, 

especially for road construction and the production of clay bricks and tiles10–12. 
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Along with the authors13 statement that the best way to get rid of waste and move 

closer to a circular economy is to reuse and produce heat and energy, it is also 

necessary to take into account the fact that waste can be used as a replacement fuel 

for energy-intensive industries, such as cement industry. The authors14–16 also believe 

that waste and materials can be sustainable energy sources. Such a strategy will save 

companies a lot of money, ensure controlled waste disposal and reduce the 

consumption of non-renewable natural energy resources. 

Waste-derived fuels are becoming a viable and popular alternative to fossil 

fuels. This fuel type falls into two main categories: Refuse-Derived Fuel (RDF) and 

Solid-Recovered Fuel (SRF). RDF is a term that refers to waste that has not undergone 

proper processing. RDF is not standardised, its functions are not defined, and the 

quality of the finished product cannot be guaranteed. SRF is a fuel obtained by sorting, 

drying and shredding of solid waste. SRF usually consists of combustible components 

derived from municipal solid waste. It is typically produced from MSW, industrial 

and commercial waste, or construction and demolition waste (C&DW). The typical 

SRF production scheme is shown in Fig. 1.3, according to the European Recovered 

Fuel Organisation (ERFO)17. 

 

Fig. 1.3. Process of the production SRF. 

However, it should be noted that recently the issue of producing alternative 

energy sources using not natural energy resource streams became topical, but this is 

waste from landfills, which were once taken out for disposal. Landfill mining is the 

term most commonly used to describe the extraction of resources from landfills18–19. 

Landfill mining should be understood as an integrated resource extraction and 

conservation activity in which deposited resource wastes (metals, plastics, fuels and 

building materials) are recovered, and problems with leachate utilisation and other 

environmental issues associated with landfills are addressed18,20. Once the waste is 

extracted from the landfill, more space is freed through recycling, avoiding the need 

for new landfills. The primary way behind mining in landfills is that the deposited 

material will be more useful elsewhere. By extracting resources from landfills, waste, 
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once landfilled, is given a new chance to climb up the waste hierarchy towards energy 

recovery, recycling or reuse. So, the waste extracted from the landfill can be recycled 

to produce alternative fuels. The production of SRF is not a competing recycling 

process but an integral part of it. SRF is known in Lithuania but is not used as an 

alternative fuel, although it is an important element in the waste management system. 

Only SRF can be used as a replacement fuel (instead of coal or natural gas) during the 

clinker firing process. Using produced fuel from waste in the clinker firing process 

will reduce the consumption of non-renewable natural energy resources and 

greenhouse gas emissions.  

Thus, waste disposal through the production of high-quality alternative fuel and 

its use in the cement kiln in the clinker firing process has economic and environmental 

benefits and is crucial in achieving the goals of the circular economy. The production 

of SRF will also entail less dependence on non-renewable natural energy resources, a 

reduced carbon footprint, and a constant supply of "quality" fuel at a relatively stable 

price. 

According to the presented data regarding the generation and management of 

waste, it was found that there is a real problem in the field of waste management both 

in the world and in Lithuania. The global community is striving to achieve the goals 

of the circular economy, and Lithuania is no exception. In this dissertation, potential 

steps were proposed for creating an alternative type of fuel, and a mechanism was 

proposed for the disposal of ash residues generated during the waste incineration 

process. The studies carried out in work, and the proposed mechanisms will bring 

Lithuania closer to achieving the goals of the circular economy. 

1.2. The aim, objectives and scientific novelty 

Aim of dissertation 

The aim of the dissertation is to investigate the possibility of utilising waste by 

producing solid recovered fuel for energy-intensive industries and using by-products 

as replacement components in ceramic bricks production and cement-based materials. 

Objectives 

1. to determine the main characteristics of RDF, SRF, and ash obtained after the 

incineration of SRF and develop the concept of an SRF production line; 

2. to establish the possibility of excavating waste from the landfill and producing 

alternative fuel; 

3. to prove the environmental feasibility of utilising bottom ash as the replacement 

component in clay brick production; 

4. to prove the possibility of using ash after gasifying biomass-sludge waste as a 

partial substitute in cement-based materials. 

Thesis statements: 

1. Refuse-derived fuel (RDF), as a product of the mechanical processing of mixed 

municipal waste generated in the Kaunas region, is a suitable raw material for 

solid recovered fuel (SRF), the use of which in the cement industry increases its 

sustainability. 
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2. Municipal solid waste landfills are sources of quality materials suitable for the 

production of qualitative SRF.  

3. The use of SRF bottom ash as a partial substitute for clay in the brick production 

process would influence the reduction of waste amount and would not 

deteriorate the quality of the obtained product.  

4. Residual ash generated during SRF gasifying can partly replace cement-based 

materials and reduce the use of natural sources.  

Scientific novelty 

1. Developed the concept of the line for RDF conversion to SRF and selected the 

optimal conditions for alternative fuel production for the Kaunas region; 
2. Developed a two-stage mechanism of LMR extraction and further SRF 

production. 
3. Proposed more sustainable technology for producing clay bricks by replacing a 

part of clay with SRF bottom ash having low calcium content. 
4. Based on the similarity of the mineral composition of SRF and sewage sludge, 

the optimal parameters for using SRF gasification residue ash as a hybrid filler 

in cement-base materials have been developed and confirmed. 

Practical value 

This study provides essential practical information on the possibilities of 

recycling the burnable fraction of municipal solid waste through producing alternative 

fuels (SRF) for the cement industry, which has largely not been considered and used 

in processing municipal waste at MBT and landfills in Lithuania. A methodology has 

been developed to dispose of by-products formed during heat and energy production. 

The research results can be used to reduce the consumption of natural resources, 

greenhouse gas emissions and waste accumulation in landfills by reusing and 

recycling the non-utilisable fraction of MSW and their by-products. 

The content and scope of the dissertation  

This doctoral dissertation consists of the following chapters: introduction, 

results and discussion, conclusions and recommendations, references, curriculum 

vitae, list of publications, copies of scientific papers and acknowledgements 

appendixes. The doctoral dissertation consists of 160 pages, the main part of the work 

consists of 86 pages, 2 tables, 39 figures and 1 appendix. The dissertation consists of 

material previously published in the articles, reproduced with the publishers' 

permission. 

1.3. Papers and co-authors’ contributions to papers 

1. Inna Pitak; Darius Rinkevičius; Regina Kalpokaitė-Dičkuvienė; Arūnas 

Baltušnikas; Gintaras Denafas. The strategy for conservation of non-renewable 

natural resources through producing and application solid recovery fuel in the 

cement industry: a case study for Lithuania // Environmental science and 

pollution research. Heidelberg: Springer. ISSN 0944-1344. eISSN 1614-7499. 

2022, vol. 29, p. 69618–69634. https://doi.org/10.1007/s11356-022-20793-y 

https://www.lei.lt/en/person/regina-kalpokaite-dickuviene/
https://www.lei.lt/en/person/arunas-baltusnikas/
https://doi.org/10.1007/s11356-022-20793-y
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software for numerical analysis and data processing, data acquisition and 

experimental investigations, visualisation, writing of original draft, review and 

editing. Darius Rinkevičius contributed to data curation and worked with software to 

analyse data. Arūnas Baltušnikas and Regina Kalpokaitė-Dičkuvienė contributed to 

conceptualisation, methodology, validation of results, supervision, writing review and 

editing. Gintaras Denafas contributed to conceptualisation, data curation, validation 

of the results, formal analysis, writing review and editing. 

P2: There was the development of an extraction mechanism for raw materials 

during the landfill mining process and using its application in alternative fuel 
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production24. The first and corresponding author Inna Pitak contributed to 

conceptualisation, data curation, formal analysis, methodology, resources, software, 

writing original draft, review and editing. The second author Gintaras Denafas 

contributed to the conceptualisation, data curation, formal analysis, review and 

supervision. Arūnas Baltušnikas contributed to the investigation, formal analysis, 

methodology and validation. The author Marius Praspaliauskas contributed to 

methodology, formal analysis and software. Stasė Irena Lukošiūtė contributed to 

conceptualisation, resources and supervision. 

P3: Proved the feasibility of using the bottom ash obtained after incineration of 

not a recyclable fraction of municipal solid waste in clay bricks production33. The first 

and corresponding author Inna Pitak contributed to conceptualisation, data curation, 

formal analysis, investigation, methodology, software, visualisation, and writing the 

original draft. Arūnas Baltušnikas and Regina Kalpokaitė-Dičkuvienė contributed to 

the investigation, methodology, software, writing review and editing. Rita Kriūkienė 

contributed to the formal analysis of data. Gintaras Denafas contributed to 

supervision, validation, writing review and editing. 

P4: Proved the possible application of residue derived from industrial sewage 

sludge-biomass gasification plants, with silica fume as a partial binder substitute in 

cement-based materials46: first co-author Regina Kalpokaitė-Dičkuvienė contributed 

to the conceptualisation, methodology, data curation and experimental investigation, 

formal analysis, visualisation of figures, writing review and editing. Inna Pitak 

contributed by the writing-original draft of the work, visualisation of data, formal 

analysis, review and editing. Arūnas Baltušnikas contributed to the Investigation of 

materials by TGA and XRD analysis, methodology, formal analysis and validation 

obtained results. Stasė Irena Lukošiūtė contributed to funding acquisition, 

conceptualisation, finding resources, and project supervision. Gintaras Denafas and 

Jūratė Česnienė contributed with formal analysis and editing. 

Inter-relation of the articles 

The first article addresses the first task of the dissertation, which is to determine 

the main characteristics of RDF, SRF, and ash obtained after the incineration of SRF. 

It delves into developing a robust SRF production line, encompassing crucial stages 

such as prohibited material extraction, shredding, and drying. The central objective is 

to produce high-quality SRF from RDF and evaluate its suitability as an alternative 

fuel for the cement industry in Lithuania. 

Article 2 directly addresses the second task by proposing an innovative 

mechanism for extracting raw materials during landfill mining and its application in 

alternative fuel production. This study explores the extraction of valuable materials 

from LMRs and their transformation into alternative fuel, thereby contributing to 

sustainable waste management practices and meeting the energy needs of intensive 

industries. Furthermore, this article investigates the composition and characteristics 

of LMRs at various depths of the landfill, establishing the optimal depth for LMR 

extraction and calculating the energy potential of the studied landfill sections. 

The third article aligns with the third task of the dissertation, which aims to 

prove the environmental feasibility of utilising bottom ash as a replacement 



18 

component in clay brick production. Through experimental studies, this research 

examines the effects of bottom ash and firing temperature on clay bricks' properties, 

microstructure, and pore size distribution. With a specific focus on Lithuania, this 

article contributes valuable insights into sustainable construction practices by 

demonstrating the potential of bottom ash as a viable replacement component. 

Article 4 serves the fourth task of the dissertation, aiming to prove the 

possibility of using ash generated from the gasification of biomass-sludge waste as a 

partial substitute in cement-based materials. The study explores the synergy between 

gasification waste and silica fume, a common additive in cement production. This 

research demonstrates the technical and environmental feasibility of incorporating 

gasification waste into cement-based materials, offering an innovative solution for 

waste valorisation. 

Together, these four articles form a cohesive body of work that advances the 

aim of the dissertation. Each article contributes unique insights and findings, 

collectively promoting sustainable resource management, waste-to-energy solutions, 

and by-product utilisation within the Lithuanian context. 

1.4 Brief review of scientific literature  

Possibilities of recycling MSW and saving natural resources 

Increasing MSW generation is considered a serious environmental problem in 

many countries, including Lithuania, and it is regarded as an unavoidable by-product 

of economic activity. In13, the authors argue that the amount of waste available for 

energy production is larger than unsorted residual waste and that the best disposal type 

is material recycling and energy production. It can be assumed that waste and biomass 

materials can be used as sustainable renewable energy sources. This step will save 

companies money, reduce greenhouse gas emissions, and reduce the consumption of 

non-renewable natural resources.  

As shown21, in recent years, interest in the combustion of high caloric fractions 

for energy production has arisen in many countries. The reasons considered by the 

authors explain the increased interest in waste incineration for energy production: 

depletion of natural resources, increase in the amount of waste produced, lack of space 

for waste disposal, reduction of greenhouse gas emissions and reduced dependence 

on imported energy sources. However, there is no emphasis on the difficulties a 

business may face in using waste as an alternative fuel. Such challenges are discussed 
22: energy consumption, high product quality standards, and environmental concerns 

(reduction of greenhouse gas emissions). The combustion of fossil fuels is the main 

cause of anthropogenic CO2 emissions. According to23, the cement industry has been 

a leader in the consumption of natural resources and the emission of gaseous 

substances into the atmosphere. A significant amount of energy consumption and 

greenhouse gas emissions have been reported24. 

CO2 emissions depend on clinker production technology, fuels and cement 

production. Depletion of natural resources and increasing fuel prices pushing cement 

plants to use alternative fuels in clinker kiln production is the major problem discussed 

in this paper. The production and use of SRF in the cement industry as an alternative 

fuel can reduce greenhouse gas emissions compared to emissions from fossil fuels, as 
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described in25. According to26, co-combusting SRF with fossil fuels can provide 

economic and environmental benefits by reducing fossil fuel consumption and CO2 

emissions. According to27, every 5–10% reduction in carbon dioxide intensity in 

cement production by 2050 could reduce emissions by about 0.4∙109 tonnes of CO2 

and contribute to slowing climate change and global warming. In28, the experience of 

European countries was analysed, which shows that using waste fuels for the cement 

industry can save companies a lot of money, ensure controlled waste disposal, and 

reduce the consumption of non-renewable natural resources. However, there are still 

unresolved issues related to the production of SRF. 

Landfill reclamation and recovery of energy-intensive raw materials 

Landfills can pose several environmental problems, primarily due to the 

improper disposal and management of waste. Some of the key environmental issues 

associated with landfills include29–31:  

– air pollution: landfills emit various gases, including methane, a potent 

greenhouse gas that contributes to climate change. Landfills can also release volatile 

organic compounds (VOCs) and other air pollutants, contributing to poor air quality 

and health problems; 

– water contamination: improperly managed landfills can contaminate 

groundwater and surface water sources; 

– soil degradation: landfills can lead to soil degradation and loss of productive 

land. 

Landfills contain various waste materials, including organic waste, plastics, 

paper, and other combustible items. The burnable fraction typically consists of 

materials that have a high calorific value and can be effectively incinerated to produce 

heat or electricity. Landfill mining, despite its complexities and challenges, can offer 

several potential advantages32, 33: 

– resource recovery: landfills contain various materials that can still have value 

and be recovered for reuse or recycling. Landfill mining allows for extracting valuable 

resources such as metals, plastics, and organic materials that can be redirected into the 

production cycle. This reduces the demand for virgin resources and promotes a more 

circular economy; 

– land reclamation: landfills occupy significant land areas that can be 

repurposed once the waste is excavated. Landfill mining allows reclaiming and 

rehabilitating these lands for other beneficial uses such as green spaces, parks, or 

renewable energy installations. It can contribute to the restoration of landscapes and 

enhance environmental quality; 

– environmental remediation: old landfills may have been poorly managed or 

lack proper environmental safeguards. By excavating and treating the waste, landfill 

mining can help remediate and mitigate environmental hazards associated with 

historical landfill sites. It allows for proper containment and treatment of toxic or 

hazardous substances, preventing their migration into surrounding soil and water; 

– energy recovery: some landfills can be a source of landfill gas, mainly 

composed of methane.  

It is important to note that the feasibility and advantages of landfill mining vary 



20 

depending on factors such as the composition of the landfill, local regulations, 

available technologies, and economic considerations. Each landfill site needs to be 

assessed individually to determine whether landfill mining is viable and beneficial. 

Generation, accumulation and utilisation of bottom ash 

Bottom ash is the residue obtained after the incineration of a burnable fraction 

of MSW at CPP. Every year, a huge amount of BA is generated and accumulated in 

the environment. The potential disadvantages and challenges associated with BA 

accumulation34: 

– environmental concerns: bottom ash may contain trace amounts of heavy 

metals and other potentially harmful substances that could leach into the environment 

if not properly managed. Adequate safeguards and monitoring are necessary to 

prevent groundwater contamination and mitigate potential environmental risks; 

– waste management: bottom ash accumulation requires dedicated space and 

appropriate infrastructure. As bottom ash is continually generated in CPP, 

accumulating large volumes of ash can strain landfill capacities and necessitate proper 

waste management practices to prevent potential issues related to storage and 

disposal; 

– quality control: bottom ash composition can vary depending on the fuel source 

and combustion process, which may affect its suitability as a replacement component.  

Bottom ash, the residue left after RDF combustion at CPP, can be used as a 

replacement component in clay brick production. Some advantages of using bottom 

ash in clay brick production35,36: 

– waste utilisation: by using bottom ash, a byproduct of power generation, as a 

replacement material, it reduces the amount of waste sent to landfills and promotes its 

beneficial reuse. This contributes to sustainable waste management practices; 

– resource conservation: clay, a primary raw material for brick production, can 

be conserved by partially substituting it with bottom ash. This helps preserve natural 

clay resources and reduces the environmental impact of clay extraction; 

– improved brick properties: bottom ash contains reactive components, such as 

unburned carbon and amorphous silica, which can contribute to the strength and 

durability of bricks;  

– reduced environmental impact: incorporating bottom ash into clay brick 

production can reduce carbon emissions. By replacing a portion of the clay content, 

the carbon footprint associated with brick manufacturing can be minimised. 

It's important to note that using bottom ash as a replacement component in clay 

bricks production requires careful testing and optimisation to ensure the desired 

quality and performance of the final product. 

Pross, cons and possibilities of utilisation of ash residue in cement-based 

materials 

The ash residue obtained after the incineration of pellet wood with sewage 

sludge in a gasifier is a by-product of the combustion process. This ash residue is 

commonly referred to as gasification ash or gasification slag. It consists of the 

inorganic materials that remain after the organic matter in the pellet wood and sewage 
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sludge has been converted into gas through gasification37,38. There are several factors 

to consider regarding the ash residue obtained from the gasification of pellet wood 

with sewage sludge: 

– сomposition: the exact composition of the ash residue can vary depending on 

the characteristics of the pellet wood, sewage sludge, and the gasification process. It 

typically contains minerals, unburned carbon, metals, and other inorganic compounds; 

– сontaminant levels: the ash residue may contain trace amounts of heavy metals 

and other pollutants that were present in the pellet wood or sewage sludge. The levels 

of contaminants can vary depending on the source and quality of the feedstock. Proper 

characterisation and testing of the ash residue are necessary to assess potential 

environmental and health risks; 

– waste management: the ash residue must be properly managed and disposed 

of to prevent environmental contamination. Specific regulations and guidelines may 

exist regarding gasification ash handling, storage, and disposal. Compliance with 

these regulations is crucial to minimise the environmental impact of the ash residue; 

– potential utilisation: gasification ash can potentially be utilised in various 

applications, such as construction materials, cement production, or soil amendment. 

However, the suitability of the ash residue for these applications would depend on its 

composition, including contaminant levels and physical properties. Extensive testing 

and characterisation would be required to determine the feasibility and suitability of 

utilising the ash residue; 

– environmental impacts: the ash residue could pose environmental risks if not 

managed properly. Contaminants may leach into soil and water, potentially impacting 

ecosystems and water quality. Careful handling and disposal practices, such as 

appropriate containment and monitoring, are necessary to minimise potential 

environmental impacts. 

Proper management, testing, and adherence to regulations are essential when 

dealing with the ash residue obtained from the gasification of pellet wood with sewage 

sludge. Evaluating its composition, potential utilisation options and environmental 

considerations can help ensure the safe and sustainable handling of the ash residue. 
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2. RESEARCH METHODOLOGY 

The concept of an SRF production line was developed by extracting prohibited 

materials from RDF, shredding, drying, and evaluating the economic and 

environmental feasibility of using SRF in the cement industry (Paper 1). During four 

seasons (2020–2021) composition of RDF was obtained after the extraction of 

biological fractions from the stream of MSW. The RDF was taken out through three 

sieves with square holes 80, 40 and 20 mm in diameter. The fractions were subdivided 

into subfractions on each sieve, weighed, and the granulometric and morphological 

composition was determined. Additional sorting of waste fraction 40 mm>d>20 mm 

was practically impossible since it was difficult to separate the materials visually. At 

the same time, visual sorting was impossible for small fractions d<20 mm. 

Morphological separation was performed manually. After morphological analysis, 

each fraction was weighed, placed in containers and transported to the laboratory for 

further study. Prohibited materials (Cl- and Hg- containing) were previously 

extracted. The SRF fraction was shredded in an SM 300 mill. After SRF preparation, 

the main characteristics (moisture content and ash content, high calorific value, Cl- 

and Hg- content) were determined by EU standards. The elemental composition (%, 

in ash) was determined using scanning electron microscopy (SEM). The structure and 

phase composition of crystalline materials (ash of SRF and SS) were determined using 

X-ray diffraction (XRD), for which SRF and sewage sludge samples were prepared 

by burning in a muffle furnace at 950°C for an hour.  

The flow rate of the SRF production line was calculated using the formulas: 

SRF RDF WFR FRP X Y Z FR= − − − −    (1.1) 

( ) /100%RDFX FRP a=     (1.2) 

[( ) ] /100%RDFY F X bRP = −   (1.3) 

[( ) ) /100%RDFZ F cYRP = −   (1.4) 

[( ) ] /100%MC RDF LFR FR Z CP M= −  ,   (1.5) 

if FRSRF is the flow rate of the SRF in the production process (t/h); FRPRDF is the flow rate of 

the combustible fraction obtained at the MBT plant (6.6 t/h); X, Y, and Z are the flow rates of 

materials extracted from the RDF at each stage of the process (inert, ferrous, nonferrous metal) 

(t/h); a, b, and c are the number of extraction materials at each stage of separation (inert, 

ferrous, nonferrous metal) (%); MCL is the amount of moisture lost (%); FRW is the flow rate 

after moisture loss (t/h). 

The economic and environmental feasibilities of using the SRF in the cement 

industry were calculated using methods (Appendix 1). 

The mechanism for extracting LMRs was developed, and the characteristics and 

possibilities of SRF production from landfill waste and use in the cement industry 

were studied (Paper 2). The Kaunas regional non-hazardous waste landfill (Lapes) 

was the object of the study. The landfill consists of three sections. The drillings were 

carried out at the landfill with a 15 cm 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 composition of unprocessed 
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LMRs was determined through manual sorting after drilling every 2 m. 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 SRF. After drilling, the 

samples of LMRs were shredded and mixed and, after these manipulations, tested. 

The samples were heterogeneous, and their composition could fluctuate. The material 

was obtained and subsequently subjected to research to prove the feasibility of 

extracting LMRs from the landfill and using them in alternative fuel production. 

The possibility of reusing the bottom ash to produce clay bricks was studied 

(Paper 3). The BA was obtained by incinerating RDF at the Kaunas CPP. After four 

months of BA ageing in the atmosphere, the material samples for investigation were 

taken. The clay Technik-3 used to form the samples was mined in the largest 

Andreevsky deposit in Ukraine, located near Druzhkovka, Donetsk region, Ukraine. 

Both materials were dried at 105±5°C, crushed, sieved through a 0.63 mm sieve and 

tested before forming samples. The samples were prepared from clay and BA, 

previously dried to constant humidity. The components were mixed under dry 

conditions; water was added to the mixture (8%). The clay bricks samples were 

prepared with the replacement of clay with BA from 10 to 40%. The samples were 

formed, pressed (120 kg/cm2), dried and fired at 900 and 1000°C. The fired products 

were cooled down to the ambient temperature in the kiln. After sample formation, 

drying and firing, it was analysed to confirm or deny the feasibility of using the BA 

as a replacement material during clay brick production. 

The potential application of solid ash residue obtained after the gasification of 

SS with wood, in binary compositions with silica fume, to utilise solid wastes was 

investigated (Paper 4). The studies were carried out using industrial materials such 

as commercial Portland cement, micro silica and sand. AR was obtained after 

gasifying pelleted wood and sewage sludge. The resulting ash was milled in a 

laboratory ball mill to establish the homogeneity of the material. To prepare each 

batch of samples, all binder components (cement, micro silica and ash residue) were 

dry-blended until homogeneous before adding the required amount of water. Fresh 

mortar mass was poured into moulds and left for 24 hours. Then the samples from the 

mould were kept at a temperature of (21±2)ºС and a relative humidity of 95% for a 

time. Mortar cubes and prisms were prepared to determine the mechanical strength at 

a binder to the sand ratio of 2.5 and water to binder ratio (w/b). 0.4. Various 

combinations of silica fume with gasification residues have been used to replace 

cement at replacement levels of 10% and 12% by weight of cement. The dry content 

of superplasticizer Gaia (pH=5, ρ=1.15 g/mL, Spain) was constant at 0.8 g for all 

mortar formulations. Eight cubic and three prismatic samples of each composition 

were used to determine the compressive and flexural strength, respectively. After the 

samples were formed, it was subjected to the tests.  
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3. RESULTS AND DISCUSSION 

3.1. Determination of the main characteristics of RDF, SRF and ash obtained 

after incinerating SRF and development of the SRF production line concept 

(Paper 1)  

In this pilot study, an attempt was made to develop an SRF production line from 

RDF based on the Kaunas MBT, and the energy potential, economic and 

environmental of using SRF in the clinker firing process was also assessed39. 

Throughout four seasons, during 2020 and 2021, studies were carried out to 

study the morphological composition of the RDF formed after the extraction of the 

biological fraction, metals, and inert materials from the general flow of municipal 

waste. Fig. 3.1 shows the averaged results (based on the results of four seasons) of 

granulometric studies of the combustible fraction of materials.  

 

Fig. 3.1. Average granulometric composition of the RDF fraction. 

It was found that the combustible fraction of RDF, in the majority, is represented 

by the size of materials with a size of more than 80 mm; there is no fine fraction. This 

is a good indicator since the presence of a fine fraction worsens the calorific value of 

potential waste fuel. The results of the morphological analysis established that the 

RDF dominant materials are plastics, paper, textiles, and other combustible materials 

(Fig. 3.2). 

 
Fig. 3.2. Morphological characteristics of RDF and SRF. 
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The morphological characteristics of the RDF combustible fraction change 

depending on the season. Fig. 3.2 shows the characteristics of the produced SRF from 

RDF. SRF is proposed to be produced on the technological line presented in the work. 

The morphological characteristics of the SRF differed from the RDFs, as were 

extracted prohibited materials (chlorine-containing plastics, mercury-containing 

materials) and the loss of materials through extraction, screening, grinding and drying. 

Fig. 3.2 also shows the characteristics of sewage sludge, which is currently used as a 

replacement fuel in the clinker firing process. In the work, sewage sludge was 

compared with the characteristics of the produced SRF. 

As seen in Fig. 3.3, according to the results of the studies conducted to 

determine the main characteristics of the RDF and the produced SRF, it was found 

that they directly depend on the morphological composition and the season of 

municipal waste generation. A clear dependence of the characteristics of the RDF on 

the season can be traced based on the data on humidity determination. The highest 

moisture content of the combustible waste fraction was observed in the autumn and 

winter periods. Moisture content (MC), ash content (AC) and net calorific value 

(NCV) depend on the waste’s morphological composition and the season of its 

formation. 

 

Fig. 3.3. RDF, SRF and sewage sludge seasonal testing results. 

As for the characteristics of the produced SRF, in Fig. 3.3, it can be seen that 

the moisture content of the produced SRF is within the allowable limits set for fuel 

from waste (1.9‒4.1%). The calorific value of SRF is relatively high and can compete 

with solid fuel. Sewage sludge from wastewater treatment plants, prepared for use as 

a replacement fuel, has a relatively high calorific value (17.2 MJ/kg), MC is 5.18% 

and high ash content compared to SRF (16.35%). 

Chlorine and mercury content is also an essential factor that must be constantly 

monitored for environmental and technical reasons. The chlorine content for the RDF 

samples ranged from 1.18 to 1.04% (Fig. 3.4). 
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Fig. 3.4. Chlorine and mercury content in RDF, SRF and sewage sludge. 

The relatively high chlorine content in the combustible fraction of RDF is 

associated with chlorine-containing materials. However, in the prepared SRF, the 

chlorine content is much lower and amounts to 0.16–0.53%. The relatively low 

chlorine content in the produced SRF is due to the absence of prohibited chlorine-

containing plastics in the fuel. 

The mercury content in any fuel is a limiting factor that must be constantly 

monitored. Fuel from waste is no exception. The mercury content in RDF samples 

varied depending on the season and, consequently, on the morphological composition 

of the waste generated in a given season, ranging from 0.26 to 0.4 mg/kg–1. The 

mercury content in the produced SRF had lower values than RDF and ranged from 

0.22 to 0.3 mg/kg–1 (Fig. 3.4). According to the results of the studies carried out to 

determine the main characteristics of alternative fuel for the cement industry, the 

following was established: 

‒ RDF obtained at the Kaunas MBT has thermal and energy properties and can 

be used for combustion at a cogeneration power plant. The combustible RDF fraction 

can only be used to produce heat and energy and cannot serve as an alternative fuel 

for energy-intensive industries due to the high moisture content, Cl and Hg in it; 

‒ produced SRF by extraction of prohibited materials, shredding, sieving, and 

drying had better results than RDF. Produced SRF had a class rating according to 

EN 15359 and could be used as a replacement fuel in the cement industry. 

Today, the Lithuanian cement plant uses sewage sludge as a replacement fuel 

during the clinker firing process.  

Sewage sludge has been subject to the same studies as RDF and SRF. The main 

characteristics of sewage sludge had the following results: calorific value is 

17.2 MJ/kg, chlorine and mercury content is 0.14% and 0.33 mg/kg–1, respectively. It 

has been established that the sewage sludge and the SRF produced, according to the 

main characteristics required for fuels from waste, comply with the EU standard and 

can be used in clinker firing as an alternative fuel. 

Kaunas MBT plant has sufficient equipment to extract the biological fraction 

from the general flow of municipal solid waste. The following equipment removes the 

biological fraction, inert materials and metals: a drum sieve, magnetic separators for 
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metal recovery, NIR separators and manual extraction at the final stage. However, 

these pieces of equipment are not enough to make the final product (RDF) suitable as 

an alternative fuel for the clinker firing process. The work was proposed to supplement 

the existing MBT line with additional operations and equipment. The developed SRF 

production line will contain six additional pieces of equipment (Fig. 3.5).  

 

Fig. 3.5. SRF production line. 

The first stage of SRF production begins with the first drum sieve, where the 

biological and fine fraction, inert materials are extracted. After that, the potential 

combustible fraction is subjected to shredding with a d<40 mm; the larger materials 

that are not shredded are again sent to the second drum sieve for homogenisation and 

improvement of the combustible properties of the material. The second drum sieve 

provides the required size of the SRF, as larger particles are sent to the starting 

position of the production line. To minimise the presence of metals in SRF, the 

shredded materials pass through separators to recover metals. 

Subsequently, the extracted metals can be sent for sale or recycling. In the final 

stage of the production line, pre-drying of the finished material is provided, if 

required, in a drum chamber. The proposed drum chamber has low operating costs, is 

easy to operate and can handle large volumes of products. The SRF produced from 

RDF, using all the necessary technological operations with the stages of separation, 

extraction, grinding and drying, is shown in Fig. 3.6. The produced alternative fuel 

for use in the cement industry has a relatively homogeneous structure, shredded, dried, 

i.e., prepared for use. To achieve SRF production according to EU standards, it was 

necessary to develop an additional line for the production of SRF. Turning all the 

incinerated waste generated at the Kaunas MBT into fuel additives for the cement 

industry is impossible. 
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Summer Autumn Winter Spring 

Fig. 3.6. SRF produced from RDF (seasonal variants). 

Otherwise, it will disrupt the operation of the Kaunas cogeneration power plant. To 

avoid this, it is necessary to calculate the amount of RDF for Kaunas CPP and SRF 

for the cement plant. To not disrupt the technological process of Kaunas CPP, the 

cement plant waste should be approximately 50% of the waste incinerated (6.6 t/h).  

The consumption of the production line was calculated to be 4.47 t/h.  

The advantage of kilns is that when materials are burned, including waste, no 

additional waste remains due to high temperatures (1300‒1400° ). The ash generated 

during the high-temperature roasting process, together with limestone, clay, sand and 

iron ore, turns into clinker without affecting the quality of the product. 

It was proposed to use the produced SRF in the operating technological line to 

produce clinker at the Lithuanian cement plant. The main characteristics of SRF and 

sewage sludge (calorific value, humidity, ash-, chlorine- and mercury content) allow 

them to be used as a replacement fuel in the clinker firing process. The value of these 

parameters may vary depending on the season, but these changes will be within 

acceptable limits and will not affect the quality of the finished product. A general view 

of the ash residue obtained in the incinerating SRF and sewage sludge is shown in 

Fig. 3.7. 

Analysis of elemental oxides (%, in ash) obtained by SEM-EDS and presented 

in Table 3.1 confirms that the oxide composition of the SRF and sewage sludge is 

consistent with the oxide composition of the finished clinker.  

  

Fig. 3.7. Image of the ash of sewage sludge (a) and SRF (b).  

The dominant elements reportedly are Si and Ca, the two main elements in 

clinker production. Al, Fe, Mg and other important elements in the cement industry 

have also been observed. However, it should be noted that the percentage of oxides in 

SRF, sewage sludge, and clinker varied. It can be concluded that SRF can be used as 

a fuel for clinker firing in the same way as sewage sludge but in a particular 

proportion. This is because there are some oxides (e.g., Na, P, Al, Fe), and their 

amount must be strictly controlled. 

(a) (b) 
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Table 3.1. Elemental oxide analysis (%in ash) based on SEM-EDS measurements. 

Oxides 
CaO Fe2O3 SiO2 P2O5 Al2O3 SO3 MgO Na2O TiO2 K2O Cr2O3 CuO MnO ZnO 

Products 

Sewage sludge 32.8 19.3 12.6 20.2 3.8 4.3 2.2 0.9 0.8 1.2 0.1 0.2 1.7  

SRF 30.5 8.8 35.5 1.3 8.7 2.6 3.7 5.5 1.6 0.7 0.1 0.4  0.6 

Clinker 65.5 3.0 23.0 0.2 6.0 0.2 2.8 0.3 0.2 0.3     

The chromium, copper and manganese content did not exceed 3%; at high 

temperatures of 1200–1450°C and above, these elements do not pose a danger to 

clinker. Although Zn has been added to the list of environmentally harmful elements, 

its relatively low content (less than one per cent) can be interpreted as an inert element 

based on waste acceptance criteria40. 

It has been experimentally established that the ash obtained after the combustion 

of SRF and sewage sludge has a crystalline structure and consists of sodium-, calcium- 

potassium-, iron- and silicon-containing phases (Fig. 3.8). 

XRD analysis of sewage sludge and SRF in Fig. 3.8 showed that in materials 

presented next minerals: quartz (SiO2), iron oxide (Fe2O3), monalbite (NaAlSi3O8), 

whitlockite (Ca18.53Fe4Mg1.6(PO4)14), calcite (Ca(CO3)), microcline (KAlSi3O8), 

cristobalite (SiO2), akermanite ((Ca1.53Na.51)(Mg.39Al.41Fe.16)(Si2O7)), albite 

(Na(AlSi3O8)), perovskite (CaTiO3), brushite (CaPO3(OH)2H2O), and monetite 

(CaHPO4). 

The presence of the crystalline phase in both materials, which can be seen in 

Fig. 3.9, has a positive effect on the production of building materials. 

The elemental composition obtained by SEM-EDS and the X-ray pattern of 

sewage sludge and SRF after incineration at 950 °C confirmed the presence of 

crystalline phases in the obtained materials, which ensures the possibility of using 

SRF as an alternative fuel in the clinker firing process.  

 
Fig. 3.8. The X-ray diffraction pattern of sewage sludge (I) and SRF ash (II) 
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Elemental analysis by SEM-EDS confirmed that the oxide composition of SRF 

and sewage sludge consists of clinker-forming oxides but with different percentages 

of oxides. 

According to the cement plant, introducing up to 25% of non-hazardous waste 

as a replacement fuel in the clinker firing process does not impair the quality of the 

finished product and does not lead to the formation of other flue gas emissions into 

the atmosphere. According to Directive 2000/763, about 3.52 MJ is required to 

produce one kilogram of clinker. Some research in this area has shown the potential 

environmental and economic benefits associated with the production of SRF and its 

use as an alternative fuel in clinker firing. On the one hand, the production and use of 

SRF as an alternative fuel positively affect the environment by reducing non-

renewable energy natural resources.  

  

Fig. 3.9. SEM image of the ash of sewage sludge (a) and SRF (b). 

On the other hand, replacing traditional fossil fuels with SRF results in energy 

recovery and reduced air emissions. An assessment was made of the possible use of 

the produced SRF as a replacement additive to the main fuel during clinker firing. 

This calculation included an analysis of the share of CO2 in greenhouse gas emissions 

and the determination of the energy required to burn clinker by replacing coal with 

SRF. 

To assess the economic benefits of using SRF, four options were proposed for 

adding SRF as a replacement fuel. Options for this calculation were based on 

publications41 and actual data. For the economic evaluation of adding SRF to the main 

fuel (coal), various options were selected in the proportions of 10, 15, 20 and 25%. 

The economic feasibility of using SRF as a replacement fuel for clinker firing was 

calculated. Thus, when using 10% of the produced SRF (which is 16,634 t/year) as 

replacement fuel instead of coal during the clinker firing process, it will save 37,948 

t/year of coal and 5,198,978 USD/year from the cost of coal imports and 

1,870,873 USD/year from greenhouse gas emissions, and the net savings will be 

6,520,911 USD/year. According to the World Bank data using the SRF as a 

replacement fuel during the clinker firing process in the amount of 10% can help 

Lithuania to achieve the CO2 emissions as in Estonia (10175.4 kt). However, using 

the SRF of 25% instead of coal can help Lithuania move closer to achieving the CO2 

emissions as in Latvia (7569.2 kt). Calculations show that replacing coal with SRF at 

10% to 25% will reduce fossil resource consumption and greenhouse gas emissions 

and bring Lithuania closer to a circular economy. 

(a) (b) 
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3.2. Establishing the possibility of excavating waste from the landfill and 

producing SRF (Paper 2)  

The paper studies assessed the feasibility of extracting and recovering energy-

intensive raw materials from landfills by developing a waste extraction mechanism 

and creating an SRF production line for using it as a replacement fuel in the cement 

industry42.  

The object of the study was the Kaunas regional non-hazardous waste landfill 

(Fig. 3.10). The landfill has been operating since 1973. The area occupied is 37.4 

hectares. The landfill disposes of mixed household waste from Kaunas and other 

Lithuanian municipalities. 

 
Fig. 3.10. Kaunas regional Lapės landfill sections and sampling points. 

According to the data obtained during the research (the result of drilling), the 

granulometric characteristic of the landfill mined residues (LMRs) was obtained (Fig. 

3.11).  

 

Fig. 3.11. Granulometric analysis of samples in the sections of Kaunas regional Lapės 

landfill. 
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It was established that in all sections of the landfill (I–III), a fine fraction (d<20 

mm) predominates, regardless of the depth of the waste. In the upper layers of the 

landfill, it reaches 97% and increases with the depth of the waste, especially after 

10 m. It has also been found that a more significant waste fraction is present (d>20 

mm), which is a potential burnable fraction that can be considered as a potential 

alternative fuel. In landfill areas, the coarse fraction percentage reaches up to 60%. 

 

Fig. 3.12. Composition of the burnable fraction in the sections of Kaunas regional 

Lapės landfill. 

Fig. 3.12 shows the amount of the total burnable fraction. The research results 

correlate with the data29, 30 obtained in the study of landfills in European countries. 

The primary materials that make up the burnable fraction are soft and hard plastics, 

rubber, textiles, paper, wood, multilayer composites and other burnable materials. The 

burnable fraction was mainly represented by textiles and contained the least multilayer 

composites. The content of textiles varied by section and was in the range of 4.7 to 

76%. It should be noted that in Section III, no multilayer packing was found at any of 

the considered depth intervals. The results made it possible to view the burnable 

fraction of the landfill as a potential "energy object". The composition of LMRs 

directly depends on the socio-economic situation in a particular region. LMRs from 

Lape's landfill had characteristics typical for most countries with a high moisture 

content and the presence of a fine fraction, changing with increasing depth. 

MC, AC values and the content of combustible components (carbon and 

hydrogen) are MSW's main fuel characteristics. The limits of fluctuations of the 

considered parameters are significant and differ depending on the depth of the waste 

at the landfill and its composition. The MC of the waste excavated during drilling 

varied from 18 to 84%, the volatile matter (VM) value from 34.2 to 86%, and the AC, 

in turn, from 3.8 to 45.5% (Fig. 3.13).  
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Fig. 3.13. Characteristics of burnable fractions in the sections of Kaunas regional 

Lapės landfill. 

Compared to solid fuel such as coal, which has a VM value of up to 44%, pre-

treated fuel from waste has a higher VM value, almost twice as high and is up to 87%. 

The value of volatile substances strongly depends on the nature of the material, 

combustion conditions, temperature and heating rate. It increases with an increase in 

the amount of hydrogen and decreases with an increase in the moisture content of the 

fuel. The biomass content in the studied samples was established, especially in Section 

II. These results confirm that Section II is in operation, and in the relatively recent 

past (before the commissioning of the MBT plant), waste was taken to the landfill 

without carrying out technological operations (extraction of biological fraction from 

MSW). In general, the burnable fraction extracted from the landfill has all the 

necessary properties that allow it to be considered as a fuel: chemical activity ensures 

the possibility of combustion in atmospheric oxygen; continuous reproduction enables 

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 power industry31–33,43. 

The HCV of the burnable fraction of waste in the studied areas of the landfill does not 

depend on depth but directly depends on municipal waste, which was once taken to 

the landfill for deposition. 

Chlorine is an element that must be strictly controlled, as high concentrations 

cause high-temperature corrosion and low efficiency in waste-to-energy incinerators. 

It is necessary to control the amount of chlorine-containing waste in the composition 

to prevent operational problems with equipment. The chlorine content in the samples 

under consideration did not depend on the depth of the waste but strictly relied on the 

chlorine-containing materials once taken to a landfill for disposal. The maximum 
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chlorine content was established in Section I at a depth of 7–8 m and amounted to 

4.3%. The mercury content in the studied samples had the same trend as chlorine and 

depended on mercury-containing wastes taken to the landfill. The mercury content 

was within the allowable parameters for fuel from waste; the maximum value of 

mercury content was established in Section III in the upper layer and amounted to 

0.304 mg/kg–1. 

X-ray powder diffraction analysis of the ash obtained after incineration of the 

LMRs after two stages of separation confirmed the presence of clinker-forming 

minerals in all sections and depths considered (Fig. 3.14).  

 

Fig. 3.14. XRD analysis for ashes of burnable fraсtions from Kaunas regional Lapės 

landfill 

During XRD analysis were found quartz (SiO2), akermanite (Ca2Mg(SiO2O7), 

perovskite (CaTiO3), hematite (Fe2O3), microcline (KAlSi3O8), diopside 

(CaMg(Si2O6)), wollastonite 1A (CaSiO3), anhydrite (CaSO4), lisetite 

(CaNa2Al4Si4O16), augite (CaxMgyFez)(Mgy1Fez1)∙SiO6), anorthite (Ca(Al2Si2O8). 

Results of XRD analysis by Rietveld refinement are presented in Fig. 3.15 and 

contain the following information. It has been established that quartz is the main 

mineral in the samples. The content of quartz varied depending on the section and 

depth of the landfill and ranged from 36.32 to 72.23%. 

Wollastonite is a mineral composed of calcium, silicon and oxygen. In the 

studied samples, the amount of wollastonite was in the range of 0.54 to 5.85% and did 

not depend on the depth but on the composition of the waste. Akkermanite – just like 

wollastonite, is called a technogenic mineral. As with previous minerals, the content 

of akermanite did not depend on depth but strictly relied on the composition of the 

waste and was in the range of 5.35 to 11.28%. The presence of hematite, a relatively 

strong mineral, in the samples did not tend to increase or decrease depending on the 

depth but relied only on the composition (0.6–13.39%).  
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Fig. 3.15. Results of XRD analysis by Rietveld refinement for burnable fraсtions from 

Kaunas regional Lapės landfill 

The microcline content in the samples ranged from 2.74 to 6.60%. The diopside 

content in the analysed samples varied from 1.53 to 9.44%, depending on the section 

of the landfill. The presence of perovskite, anhydrite, lisetite, augite and anorthite in 

the ash is typical for this type of ash and is not dependent on the depth of the waste at 

the landfill but relies only on the composition of the source material. 

The quantitative composition of these minerals is from 0.54 to 1.87%; from 1.43 

to 6.68%; from 3.19 to 4.85%; from 1.20 to 10.84%, and from 1.73 to 8.84%, 

respectively. The presence of the amorphous phase ranged from 6.75 to 17.26% for 

the considered sections of the landfill. 

The elemental-oxide composition of the ash obtained based on SEM-EDS 

analysis made it possible to determine the chemical elements and calculate the 

composition of the oxides. It has been established that the ash consists of an inorganic 

part, and the oxide composition of the ash corresponds to the oxide composition of 

the clinker but in different amounts44. 

It has been established that oxides of Ca, Fe, Si, Al and Mg predominate in the 

oxide composition of the ash; their quantity was more than one %wt. The content of 

oxides Na-, S-, K-, Ti- and Mg in the ash was less than one %wt. Thus, according to45, 

the ash does not contain forbidden oxides. This confirmation has allowed us to 

consider landfill waste as a subject for the production of alternative fuels and, 

ultimately, will comply with the EU standard. 

Based on the data obtained during the research, a conceptual line for the 

production of SRF was developed, shown in Figure 3.16. The productivity of the SRF 

production line was calculated, which amounted to 4.9 t/h. 
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Fig. 3.16. SRF production line from LMRs. 

The developed mechanism for LMRs extraction and SRF production consisted 

of two stages. In the first stage, inert, huge materials and fine fractions are extracted 

using a drum sieve (on the territory of the landfill). The amount of fine fraction 

extracted from the LMRs was 43%. At the second, final stage, the re-extraction of the 

fine fraction and the production of SRF are proposed to be carried out on the territory 

of the Kaunas MBT. At the second stage of SRF production, another 50% of the fine 

fraction is removed by secondary sieving. At the end of the second stage, the fine 

content is 1.3%. The second stage includes six additional pieces of equipment, each 

of which plays an important role. 

After removing the fine fraction and the huge inert material, the remaining 

fraction is directed to the extraction of ferrous and non-ferrous metals. It is proposed 

to extract ferrous metals with a magnetic separator and non-ferrous metals with an 
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eddy current separator. After the extraction of metals, the material is subjected to 

shredding (up to 40 mm) until a homogeneous material is obtained.  

After shredding, the material is sent to a repeated drum sieve to homogenise and 

remove large particles. Material more than 40 mm is sent for shredding to the desired 

size. At the end of the grinding stage, the moisture content of the material decreased 

by 86.7% and amounted to 2.5%. 

Installing a drying chamber at the end of the production line is recommended. 

The tumble dryer is the optimal unit, as it has low capital costs, is easy to operate and 

allows you to produce large volumes of products. 

At the end of the production line, an alternative fuel was obtained with the 

characteristics shown in Figure 3.17. The fines fraction, MC, AC, VM and NCV, was 

1.3%wt, 2.5%wt, 44.3%wt, 8%wt and 16 MJ/kg, respectively. The data obtained indicate 

that the extraction of the fine fraction by double sieving significantly improves the 

characteristics of the finished SRF. 

 

Fig. 3.17. Characteristics of SRF produced from LMRs 

Fuel is a hydrocarbon, which includes carbon, hydrogen and some amount of 

sulphur, nitrogen, oxygen and minerals in the range, with the content of C from 20 to 

70 %wt, H from 3 to 8%wt and N from 1 up to 5 %wt. As can be seen in Figure 3.17, 

the SRF produced is a good combination of C, H and N ratios for combustion. As for 

sulphur, the sulphur content in the analysed materials was in the usual for any fuel in 

the range from 0.2 to 1%wt. As for the halogen elements, the concentration of chlorine 

was measured, which was 0.02%wt, the mercury content was within acceptable limits 

for fuel from waste and met the acceptable standards for use in cement kilns. 

In the course of research, it was found that the ash obtained after burning SRF 

has a crystalline structure and contains crystalline Ca-, Na-, K-, Fe- and Si-containing 

phases. The crystalline phase in the materials is favourable for the production of 

clinker (Fig. 3.18). 
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Fig. 3.18. SEM image and EDS analysis of SRF incineration ash. 

The structure of materials and granulometric characteristics are related to the 

features of their crystal structure. Morphology provides information about the 

conditions for forming minerals and is used in their determination. In our case, the ash 

particles had different colours, changing with depth from light grey to dark grey, and 

had a lamellar-crystalline form. The particle size of the ash was in the range of 1 to 

20 µm and was not uniformly distributed. 

Quantitative-elemental analysis of RDF (obtained by extracting a fraction d<20 

mm and large-sized inert materials from LMRs) and SRF obtained by re-extraction of 

a fine fraction, inert and forbidden materials showed that RDF and SRF consist of 14 

elements: aluminium, calcium, cadmium, chromium, copper, iron, potassium, 

magnesium, manganese, sodium, phosphorous, silicon, titanium, zinc, but it should 

be noted that their number was different (Table 3.2). It has been established that the 

predominant elements are silicon, calcium, iron, potassium, sodium and magnesium. 

The presence of certain chemical elements is determined by the composition of the 

waste taken to the landfill. 

Table 3.2. Quantity element analysis of SRF and RDF 

 Value, g/kg 

Al Ca Cd Cr Cu Fe K Mg Mn Na P Si Ti Zn 

RDF 7.67 162.03 0.0005 0.352 0.435 22.32 12.87 3.94 0.24 5.98 1.87 406.86 1.77 0.52 

SRF 3.95 86.56 0.0005 0.122 0.183 17.43 9.45 3.52 0.21 5.47 1.07 208.65 1.09 0.39 

It is established that silicon is the predominant element in the RDF and SRF. 

The amount of silicon in RDF was 406.86 g/kg, and in SRF, 208.65 g/kg. As a result 

of the double sieving of LMRs at the drum sieve, the amount of silicon in the SRF 

decreased to 48.7%. The quantitative content of calcium in RDF was 162.03 g/kg, and 

in SRF, it was 86.56 g/kg. The iron content in SRF decreased by almost 22% 

compared with the RDF content and consisted of 17.43 g/kg. The amount of potassium 

in SRF was 9.45 g/kg, and sodium was 5.47 g/kg. Sufficiently high concentrations of 

magnesium in SRF indicate the presence of inert materials and garden waste. The 

Elem. Wt, % 

O 41.6 

Сa 22.3 

C 21.2 

Si 5.1 

Al 2.9 

Fe 2.5 

Mg 1.9 

K 0.5 

Na 0.5 

S 0.5 

Ti 0.3 

P 0.2 
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magnesium content in SRF decreased by 10.7% and amounted to 3.52 g/kg. As for 

the remaining elements in the obtained SRF, their amount was reduced because of the 

double sieving. The amount of aluminium decreased by 48.5%, chromium by 65.3%, 

copper by 57.9%, manganese by 10.9%, phosphorus by 42.5%, titanium by 38.1%, 

and zinc by 25.4%. The amount of cadmium in SRF before and after separation 

remained unchanged.  

After a detailed study of the composition of waste from the Kaunas landfill, the 

energy potential of the investigated landfill sections was calculated. During the 

conducted studies, it is recommended to extract waste from a landfill with a depth of 

up to 10 m inclusive. Extraction of waste from great depths is not reasonable and does 

not have positive prospects. Calculations of the energy potential of the considered 

landfill parts amounted to 196,700 GJ. 

3.3. Proof of feasibility using bottom ash as a replacement component in 

producing clay bricks (Paper 3) 

The possibility of reusing the bottom ash from SRF incineration to produce clay 

bricks was studied46. To generate energy, many countries use waste incineration. For 

incineration in a CPP, sending waste that cannot be recycled or reused is 

recommended. In this case, the incineration process is integral to the waste 

management strategy. By burning waste, we obtain energy, save non-renewable 

natural resources and reduce waste sent to landfills. However, any technological 

process has advantages and disadvantages. One of these disadvantages is the 

significant amount of bottom ash generated during the waste incineration process. 

Waste incineration at a thermal power plant occurs in a boiler at a temperature 

of 920–990°C47. This type of heat treatment of materials has advantages for domestic 

and industrial waste. 

An excellent solution to the problem associated with the accumulation of BA is 

to use it as a replacement component in the production of ceramic products. It is 

reported in scientific works34–36,48 that the ash residue obtained after waste incineration 

can produce silicate bricks, ceramic tiles and glass. 

The characteristics of BA were studied, and composite mixtures of clay with 

different percentages of BA (10–40%) were prepared to investigate the possibility of 

reusing BA in the production of bricks. The physical and mechanical properties of 

clay bricks have been studied; a quantitative phase analysis of clay bricks fired at 900 

and 1000°C was performed, and the characteristics of the porous structure of the 

materials, in particular the average pore size and pore size distribution, were 

determined. The composition and structure of samples of clay, ash and clay bodies 

fired at temperatures of 900 and 1000°C were determined by Fourier-transform 

infrared (FTIR) spectroscopy to study the interaction of clay minerals with inorganic 

or organic compounds. 

The bottom ash was obtained by burning the CPP's burnable waste fraction. Clay 

for making samples was obtained from the Andreevsky deposit in Ukraine. SEM-EDS 

analysis data established that clay consists of SiO2 content are 66.65%, Al2O3+TiO2 

content is 27.64%, CaO content is 0.2%, and Fe2O3 content is 1.51% (Fig. 3.19). 
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(a) (b) 

Fig. 3.19. Chemical composition of the clay (a) and BA (b). 

The results of the oxide composition of bottom ash showed that SiO2 content in 

the BA is 35.53%, Al2O3+TiO2 content is 10.3%, and Fe2O3 content is 8.83%. 

The analysis microstructure of clay and BA is presented in Fig. 3.20. Clay 

particles had a size of 1.5‒10 μm and were distributed almost evenly.  lay particles 

are predominantly lamellar, but there are also elongated plates, stripes and tubular and 

fibrous particles. The BA particles were dark grey and had a lamellar and crystal 

shape. The bottom ash particle size was from 1 μm to 10 μm. 

  
Fig. 3.20. Microstructure of clay (a) and bottom ash(b). 

Municipal solid waste incineration converts organic materials into CO2 and 

H2O and obtains inorganic residues from ferrous and non-ferrous metals, silicates, and 

other components. Fourier-transform infrared spectroscopy results and XRD analysis 

of BA and clay (Fig. 3.21) indicate the presence of inorganic elements in the studied 

materials. 
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Fig. 3.21. XRD analysis of bottom ash and clay 

The prevailing minerals in the clay and BA detected by XRD analysis are 

quartz, muscovite, titanium oxide, kaolinite, illite, microcline, and others and 

correspond to the data49. Fig. 3.22 presents the results of a quantitative elemental 

analysis of the ash residue and clay. 

 
Fig. 3.22. Quantitative element analysis of bottom ash and clay (*the value is 

multiplied by 10). 

Based on the available results, it can be said that the chemical elements 

contained in clay and BA do not pose a severe threat to the environment since they do 

not contain heavy metals. Thus, bottom ash is classified as non-hazardous waste and 

can be used as an additive in brick production. 

Fig. 3.23 presents differential thermal analysis (DTA) and thermo-gravimetric 
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analysis (TGA) curves for clay and bottom ash. The clay DTA curve has three distinct 

peaks endothermic peaks. The first peak is at 95°C, the second at 505°C and the third 

at 569°C. The TGA curve with the first peak shows a 1.45% weight loss at 120°C and 

a 1.38% weight loss from 120 to 405°C. The second and third TGA peak curves show 

a weight loss of 3.12% in the temperature range of 410 and 592oC. The total mass loss 

in the studied temperature range was 7.84%. The endothermic peak and weight loss 

in the temperature range of 100–200°C are due to the heating of the products and the 

removal of interlayer and partially adsorbed water. In the temperature range of 200–

300°C, the removal of bound water and the burning of a part of organic substances 

are completed. Distinct endothermic peaks and weight loss in the temperature range 

of 505 and 569°C are due to the dehydration of clay minerals and the release of 

chemically bound water entering their crystal lattice50. 

  

(a) (b) 

Fig. 3.23. DTA and TGA curves of bottom ash (a) and clay (b). 

The situation is similar for the DTA and TGA curves of the bottom ash. The 

DTA curve for the ash residue has two pronounced endothermic peaks at 100°C and 

781°C. The TGA curve of the first peak shows a 1.55% weight loss at 100°C and a 

3.33% weight loss between 110‒620° . The TGA second peak curve shows a weight 

loss of 3.47% between 669‒750°  and a 15% loss between 620‒760° . The total 

weight loss was 9.39%. The endothermic peak and weight loss in the temperature 

range of 100–200°C are due to the removal of residual moisture. In the 300–500°C, 

organic inclusions burned out, and "crystallisation" water was removed. The well-

defined endothermic peak and weight loss at 790°C are due to the decomposition of 

carbonates, accompanied by the release of CO2
51. 

Almost all clay samples fired at 900 and 1000°C did not have swelling and 

cracking defects. A typical colour change was observed in the fired specimens. Colour 

saturation intensified with increasing BA addition. It should be noted that in some 

samples (with the addition of 40% BA) fired at a temperature of 1000°C, small dark 

grey cores were observed in the form of dots. This can be explained by the fact that 

during firing (800–1000°C), calcium and magnesium carbonates actively interact with 

decomposition products of clay minerals, amorphous silica (SiO2) and alumina 

(Al2O3). The release of CO2 accompanies the course of such reactions.  

The decrease in the volume of the material occurs due to the forces of surface 

tension of the formed melt, called fire shrinkage. Shrinkage during drying of the 
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samples without adding BA was 5.15%; shrinkage during firing at 900°C was 6.2%, 

and at 1000°C was 7.1%. From the data obtained, it can be concluded that the 

shrinkage of products during firing depends on the amount of added BA. 

There is little difference between the morphology and appearance of clay brick 

surfaces without and with 10% ash added. The microstructure of the samples is dense, 

with a small number of pores evenly distributed throughout the sample. The 

microstructure of the fired samples with a BA of 20% differs from those previously 

described: the surface is less uniform, with a predominance of pores of different sizes. 

Pore formation occurs due to the intensive removal of carbon dioxide as a result 

decomposition of CaCO3 during the firing. The amount of carbon in the samples 

increases (with the addition of BA) is confirmed by the SEM-EDS analysis data. 

The microstructure of samples with 30% BA is different in comparison with 

samples without BA, with 10 and 20% BA: larger pores of various shapes appear, 

which are the result of intensive removal of crystalline water and removal of gas 

components during the interaction of CaCO3, MgCO3 and the decomposition of 

colourful oxides (Fe2O3). 

The formation of a durable product occurs due to the adhesion of solid particles 

of clay and BA by the resulting melt during thermal firing. In this case, the decrease 

in the volume of the material occurs due to the surface tension forces of this melt, 

called fire shrinkage. The maximum shrinkage of the samples during drying without 

adding a BA was 5.15%; the maximum shrinkage during firing at 900°C was 6.25%, 

and at 1000°C, the shrinkage was 7.14%. The data obtained show that the shrinkage 

of products during firing depends on the amount of BA added. 

Clay samples with the addition of 30% BA and fired at 1000°C had a 

compressive strength of 14.5 MPa and, as a result, can be used to construct buildings 

and structures (Fig. 3.24). At the same time, samples with the same percentage of BA 

fired at a temperature of 900°C had a compressive strength of 10.6 MPa. Burnout of 

adhesive additives, dehydration of clay minerals and chemical transformations inside 

the sintered ceramic mass lead to a decrease in the compressive strength of the 

samples. 

 

Fig. 3.24. Properties of clay bricks samples. 
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for testing should be at least 20 MPa52, 53. The EU does not define minimum 

compressive strength values for clay bricks. Therefore, each manufacturer must 

declare the compressive strength of finished products, and according to these data, 

designers must consider these values when designing buildings and structures. 

Open porosity and water sorption depend on the number, size and distribution 

of pores in the product and are important. There was a difference in water sorption 

and open porosity for clay bricks at firing temperatures of 900 and 1000°C. 

The lowest water sorption and open porosity values were observed for samples 

without adding BA and fired at 1000°C. With the addition of BA and its increase, 

water sorption and open porosity of clay brick samples were increased. Clay samples 

fired at 900°C had water sorption and open porosity values higher than samples fired 

at 1000°C. 

Requirements for water sorption of clay brick samples are not established by 

the standard LST EN 771-1:2011+A1:2015. Based on this, manufacturers must 

specify the water absorption values for their products according to the LST EN 772-

21:2011 standard. Permissible water sorption of clay bricks should be from 12 to 20%. 

Water sorption below 12% can lead to poor adhesion between mortar and clay brick. 

In our case, such samples include samples without adding BA and with its addition of 

10% and fired at a temperature of 1000°C. 

Frost resistance is a mandatory stage of the study. Formed, dried and fired clay 

brick samples were subjected to freeze-thaw testing and visual evaluation. The sample 

without the addition of BA and the samples with the addition of BA 10, 20 and 30% 

and fired at 900°C passed 25 cycles of freezing and thawing (the cycle consists of one 

freezing phase at -18°С and one thawing phase at +18°С). Samples with the addition 

of 40% BA and fired at 900°C passed only 23 cycles of freezing and thawing. All 

samples without and with the addition of BA fired at a temperature of 1000°C, passed 

25 cycles of freezing and thawing. According to LST EN 771-1:2011+A1:2015, clay 

bricks can be used in passive and moderately aggressive environments. 

Thermal conductivity analysis was carried out on samples of clay bricks 

without and with the addition of BA (10–40%) and fired at 900 and 1000°C. The 

relationship between thermal conductivity and porosity of clay bricks with BA 

addition can be seen in Fig. 3.24. An increase in the content of BA causes an increase 

in the porosity of the samples and, as a result, causes a low thermal conductivity of 

the samples. This occurs due to the increase in air volume during the interaction of 

clay minerals with BA, which leads to the formation of pores inside the samples, 

making them poor heat conductors and, as a result, good insulators. The results show 

that the thermal conductivity value is directly related to porosity. Based on the ASTM 

D 78896 standard, it can be argued that adding BA to clay during clay brick production 

does not impair the technical properties of finished products. 

The infrared spectra of clay bricks without the addition of BA and with its 

addition (10‒40%) and fired at 900 and 1000°  are shown in Fig. 3.25.  
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(a) 

 
(b) 

 

Fig. 3.25. FTIR analysis for clay bricks with the additive of BA fired at 900 oC (a) and 

1000 oC (b). 

The characteristic of clay bricks fired at 900°C was next: the band at 1150 cm–1 

corresponds to the SO4 tetrahedron stretching vibration modes, and the bands at 1033 

and 1037 cm–1 refer to Si-O bonds. In samples fired at 1000°C, a doublet at 792 and 

778 cm‒1 and 798 and 774 cm‒1 for samples at a firing temperature of 900°C is 

attributed to quartz vibrations. Quartz peaks with different Si-O and Si-O-Al(Mg) 

vibrations are found near 690 and 680 cm‒1, bands near 560 and 562 cm‒1 indicate 

typical elongation of Si-O-Mg, and bands near cm–1, the Si-O-Al bond is observe54. 

Powder diffraction is a widely used analytical method for characterising solid 

materials. The XRD-Rietveld refinement method can be used for phase identification, 

quantisation, cell parameter determination, or complete crystal structure analysis. 

Fig. 2.26 shows the results of the X-ray diffraction analysis of clay bricks with 

Rietveld refinement for samples fired at 900 and 1000°C without and with the addition 

of BA. All fired samples presented quartz, illite, muscovite 2M1, anorthoclase, 

microcline, cristobalite, wollastonite, akermanite, melilite, gelenite, rutile hematite, 

labradorite and diopside but in different amount depending on the part of additive and 

temperature firing. 
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Fig. 3.26. Results of XRD Analysis by Rietveld refinement of clay bricks. 

The structure of materials is formed at the stages of crystallisation and consists 

of isolated or interconnected pores with the same or different shapes and sizes. 

According to the international union of pure and applied chemistry (IUPAC) 

classification, the pore sizes of the samples of clay bricks fired at 900 and 1000°C 

belong to type II isotherms (non-porous or macroporous materials), and the hysteresis 

loop of the samples classifies the samples as H3 and is characterised by slit-like pores. 

The H3 hysteresis desorption curve contains a slope associated with the force on the 

hysteresis loop due to the effect of tensile strength55. Studies of the pore size 
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distribution show a different trend when BA is included in the clay from 10 to 40% 

and at firing temperatures of 900 and 1000°C. The BET-based method was performed 

using nitrogen as the adsorbate at 77.35 K. The relationship between pore diameter 

and surface area was determined by the DFT method (Fig. 3.27). 

In Fig. 3.27, it can be seen that mesopores dominate in samples fired at 900°C, 

while micropores predominate in samples with and without the addition of BA and 

fired at 1000°C. Surface area and adsorption were obtained from the adsorption 

isotherm and calculated using the BET method. 

  

Fig. 3.27. Pore size distribution analysis for clay bricks by N2 adsorption: (a) samples 

fired at 900 oC, (b) fired at 1000oC. 

Using the DFT method, the total pore volume and the average pore diameter 

were estimated (Fig. 3.28). 

 
Fig. 3.28. N2 adsorption measurements for clay bricks (DFT method). 

It was established that the average pore diameter of specimens without adding 

BA 10 and 20% and fired at 900°C is constant (3.4 nm). However, with an increase 

of BA (30 and 40%) and at the same firing temperature, the average pore diameter of 

the samples increased and amounted to 26.1 and 33.2 nm, respectively. Samples fired 
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at 1000°C had a different dependence on the average pore diameter. The samples' pore 

diameter without adding BA was 36 nm. Adding BA to clay (10, 20, 30, and 40%) 

decreased pore diameter and amounted to 33.2 nm. 

The formation of cylindrical pores and increased pore diameter resulted from 

adding BA (30 and 40%) and fired at 900°C. A denser structure of the fired samples 

characterises this. Slit-like pores were revealed in samples without adding BA and 

samples with its addition (10 and 20%) and fired at 1000°C. This porosity was 

increased in fired samples by adding 30 and 40% BA. 

Cylindrical pores are isolated and characteristic of the BA material, and the slit 

porosity of the samples is related to the porosity of the clay. According to LST EN 

772-22:2019, formed clay bricks containing 10 and 20% BA in their composition and 

fired at 900 and 1000°C belong to class F1 and can be used in moderately aggressive 

environments. However, samples containing 30% BA fired at 1000°C can be used in 

passive-aggressive environments. Such samples may be used for internal use. When 

used outdoors, at sub-zero temperatures, such specimens may be damaged by frost if 

an impervious cladding or plaster does not protect them. 

It has been established that thermal conductivity values directly depend on the 

amount of the additive and, as a consequence, on the porosity of the samples. 

According to ASTM D 78896, it has been established that the addition of BA in the 

production of clay bricks does not impair the technical properties of the fired samples. 

According to the data obtained, it can be argued that it is possible to produce clay 

bricks with the addition of BA of up to 30%. The production of this type of building 

materials with the additive will reduce accumulated waste after the incineration of not 

a recyclable fraction of MSW at landfills. 

3.4. Justification of the possibility of using ash after gasification of biomass-

sludge waste as a partial substitute in materials based on cement (Paper 4) 

The potential application of solid ash residue obtained after gasification of SS 

with wood, in binary compositions with silica fume, to utilise solid wastes was 

investigated56. 

In this study, materials such as Portland cement type CEM II/A-LL 42.5 N 

(Lithuania), micro silica with a particle size of 0.1‒0.45 μm (RW-Füller, RW silicon 

GmbH) and sand with a particle size 0‒2 mm (Sakret, Lithuania). As a replacement 

component, waste is obtained from gasification (from now on, "Residue") in the 

thermal treatment of granular woody biomass with sewage sludge in a down flow 

gasifier connected to a secondary thermoplasma reactor. The average particle size of 

the residue was 7.95 µm. After ball milling, the residue was examined by SEM. 

Fig. 3.29 shows the morphology of the pulverised residue after gasification.  

The surface of the particles is almost smooth, without visible pores, and the 

shape of the particles is inhomogeneous, from lamellar to rectangular. The SEM-EDS 

analysis of elemental composition confirmed that the main chemical elements are 

carbon (72.2%), oxygen, calcium, iron, silicon, phosphorus, zinc, magnesium, 

aluminium, and sulphur are present in smaller amounts; their amount does not exceed 

three wt.%. 
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Fig. 3.29. SEM image of gasification residue after ball milling. 

Although Zn is included in the list of environmentally harmful elements, based 

on the waste acceptance criteria57, its small amount (<1 %wt) can be interpreted as 

inert.  

Thermal analysis was conducted to investigate the influence of both substitutes 

in cement hydration. Thermogravimetric and differential thermogravimetric curves 

are shown in Fig. 3.30. Comparison of plain and blender cement pastes used after 

hydration for 28 days is shown in Fig. 3.30-a. In turn, the influence of the hydration 

time of the cement paste with micro-silica and gasification residues (pSFR) is shown 

in Fig. 3.30-b. 

  
Fig. 3.30. TG and DTG curves for plain and blended cement pastes four weeks  

of hydration (a), and pSFR cement paste hydrated at various hydration periods (b). 

Fig. 3.30 shows that all curves contain three prominent temperature peaks. 

According to37,38,58, dehydration of calcium silicate hydrate (СSH), ettringite (AFt), 

calcium monosulfo-, hemicarboaluminate or calcium monocarboaluminate (all phases 

are designated as AFm) appear up to 200ºС. Dehydroxylation of portlandite (CH) 

occurs at 400–500°C and decarbonises calcium carbonates (CC) ‒ at 700‒800° . It is 

difficult to distinguish the phases AFt and AFm in the DTG curves since their 

decomposition temperature ranges are very narrow and can overlap. 

For the reference paste, a prominent peak at about 110°C corresponds to the 

decomposition of CSH and is most intense for the pSFR paste (Fig. 3.30-a). The 

second distinct peak is at 160°C, which corresponds to the formation of AFm 

compounds59. The third peak at about 450°C can be CH dehydration, much lower for 
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pastes with micro silica (samples pSF and pSFR). This is logical since micro silica is 

a highly reactive pozzolan that can react with CH in the presence of water and form 

CSH compounds. But in the temperature range from 710°C to 780°C, the 

decomposition of calcium carbonate, mainly from raw cement, with various 

polymorphic or less crystalline carbonates occurs. In the blended pastes, slight peaks 

of 720°C and above may indicate the decomposition of compounds that are part of the 

waste or micro silica crystallisation occurs (Fig. 3.30). Generally, samples prepared 

with residual cement have the highest weight loss. On the other hand, for pc and pSF 

pastes, the TG curves have almost the same shape. An increase in hydration time 

significantly affects weight loss, which leads to a more intense increase in the peak of 

CSH (and AFm) than CH and CC (Fig. 3.30-b). 

If we compare the TG data, then Fig. 3.31 shows the amounts of bound water 

(wb) and portlandite CH (normalised). Usually, a certain amount of wb indicates the 

volume of reaction products (CSH, AFt, AFm and CH) formed during cementing and 

hydration. However, the amount of normalised CH can be represented as an indicator 

of the change in the complex of reaction products (CH consumption during the 

formation of additional CSH). Fig. 3.31-a shows that the wb content increases for all 

compositions with increasing hydration time.  

  
Fig. 3.31. Evolution of normalised to 100 g anhydrous amount of (a) bound water (wb) 

and (b) portlandite (CH). 

For the paste containing a substitute, the wb values are higher than the reference 

paste. During the first seven days, the value of bound water is highest for the sample 

with both substitutes (pFPS), and after 14 days, a higher content of wb is found in the 

paste with micro-silica (pF). Increased hydration in the early stages is due to the filler's 

effect, but dissolution-precipitation's chemical reactions begin later. Concerning the 

reference paste, the cement-residue-replacement sample (pR) was characterised by 

more bound water and less CH content. At the same time, replacing the cement with 

both substitutes (pSFR) increases the reactivity of the cement paste and leads to faster 

consumption of CH than in the pSF sample. However, the wb value is almost the same 

or less. The recovery of normalised CH for the pSFR paste is faster than for the pSF 

sample. Such a change may indicate that the filler effect contributed to the reactivity 

of micro-silica.  

SEM images of the surfaces of the fractions of the reference and blended cement 

pastes after hydration for 56 days are shown in Fig. 3.32. The elemental composition 
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is also presented with the analysis of crystals. After two months of hydration 

(Fig. 3.32), the portlandite crystals are quite small in the micro-silica paste, without 

clearly defined edges, due to their partial absorption by the pozzolana. However, 

massive CH crystals are present in the reference paste and the past with the 

gasification residue (Fig. 3.32-a, c). However, acicular hydrates of different 

thicknesses (AFt) were mainly found in mixtures with a residue and were absent in 

the reference paste. The formation of AFt is related to the ash's high content of 

sulphates (≈23%).  

  

  

Fig. 3.32. SEM images of blended cement pastes hydrated for 56 days (a) PC, (b) 

pSF, (c) pR and (d) pSFR. 

After 56 days, systems containing sewage sludge ash showed precipitation of 

AFt crystals, most likely due to the dissolution of the amorphous phase of the ash and 

the presence of chemically bound water. In our case, the gasification residue did not 

contain many sulphates; however, for the pSFR formulation, ettringite crystals were 

expected to precipitate in the reference paste samples. A more detailed analysing of 

the crystals showed that some acicular hydrates contain enough phosphorus content 

to suggest the possible formation of calcium phosphate (Hy) hydrates. 

The formation of calcium-containing phosphate compounds (with the addition 

of sewage sludge ash) can increase the compressive strength of the compositions. 

Amorphous phase and acicular hydrates were found in pSFR samples. However, the 

phase's elemental composition was similar to the CSH gels; its visual shape and 

overall porosity differed from those observed in the pSF system. 

Fig. 3.33 showed X-ray diffraction patterns of pastes (simple and mixed) that 
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were hydrated for 56 days. The main difference between the patterns is the CH 

intensity (2Θ=18°), which is much lower in micro silica pastes and quite objectively 

agrees with the results of thermal analysis (Fig. 3.33). A small peak of ettringite 

(2Θ=9º) is less noticeable in the pSF paste, the intensity of other peaks is identical. 

The peak intensity varies between samples; however, there is one wide peak at 31º2Θ, 

which the presence of gasification residues can explain. 

There was used the gasification residue contained an amorphous phase. 

Because of phosphates, this amorphous phase can become a reactive fraction that will 

initiate the formation of weakly crystalline hydroxyapatite (Ca5(PO4)3OH) with 

reinforcing properties. The SEM-EDS analysis showed the presence of acicular 

crystals with high phosphorus content. The main peak of hydroxyapatite was located 

at 32º2Θ and was overlapped by peaks of other cement products. From this, it turns 

out that due to the presence of calcite, a peak at 31º2Θ (Fig. 3.33) can be detected, 

which is characteristic of samples with a gasification residue. The formation of 

hydroxyapatite could have occurred in the amorphous phases that were in the 

gasification residue. 

 
Fig. 3.33. XRD analysis result for hydrated pastes. 

The studies of the microstructures of cement-based materials by nitrogen 

porosimetry are functional since various models can be used to obtain the pore size 

distribution in the ranges of microporosity (<2 nm) and mesoporosity (2–50 nm)60. 

Pores smaller than 10 nm as CSH gel pores, from 10 to 50 nm as medium or 

microcapillaries, and pores up to 10 µm as large capillary pores. The presence of gel 

pores is associated with pozzolanic reactions and the rate of hydration, while medium 

and large capillary pores affect the permeability and strength of the structure. A 

comparative evaluation of the effect of cement substitutes on the development of pore 

volume during hydration showed that the pore volume in pSFR paste decreases quite 

rapidly to 28 days in the pore size range of more than 12 nm. A more extended 
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hydration period mainly affects the pore region up to 20 nm, which is sensitive to the 

formation of hydration products and packing density. The percentage of relative pore 

volume for blended compositions with silica fume was found to have higher values 

than for the reference paste. Thus, a decrease in the pore volume indicates a refinement 

of the pore structure, which may occur due to the ability of the pozzolan or the reactive 

phase complex to fill the pore space with hydration products. The highest 

consumption of portlandite in the pSFR system with excessive formation of acicular 

hydrates for 56 days confirms these statements. 

Two methods, DFT and BJH, were applied to obtain the pore size distribution 

for the adsorption branch of the isotherms. The DFT method obtained the distribution 

of pores in the range up to 35 nm, characteristic of the CSH gel and microcapillary 

pores (Fig. 3.34). For the distribution of larger capillary pores, it is better to use the 

BJH method (Fig. 3.35). 

  

Fig. 3.34. Results of study for pore size distribution by DFT method: impact of 

hydration time (a) and additives (b). 

  
Fig. 3.35. Results of study for pore size distribution by BJH method: impact of 

hydration time (a) and additives (b). 

When using the BJH method, distinct peaks are practically invisible in the range 

of up to 10 nm. This range corresponds to the region of the CSH gel. But when using 

the DFT method, one can observe two narrow peaks between 2 nm and 3.5 nm 

(Fig. 3.34-a). The most prominent peak at 3.5 nm decreases with increasing hydration 

time; smaller peaks at 2 nm disappear after 14 days of hydration, which is associated 

with filling the pore space with hydration products, mainly CSH gel. 
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The tendency to decrease the size of the peaks is also observed when using the 

BJH method. In the mesoporous range (10‒50 nm), using the BJH method, one clear 

peak was detected (Fig. 3.35-a), while with the DFT method (Fig. 3.34-a), several 

distinct peaks can be seen. The magnitude of clear peaks varies depending on the time 

of hydration. 

After seven days of hydration, four peaks were found in the range of 12, 14, 18, 

and 28 nm (Fig. 3.34-a). A decrease in the volume of pores with a size of 18 and 25 

nm was found with an increase in the hydration time. However, two other peaks were 

found to be shifted to a smaller size, which borders on the CSH gel region. On the 

56th day of hydration, pores with a diameter of 15 nm predominate in the pSFR 

system; it most likely indicates significant changes in pore bonds. In other 

compositions hydrated in the same period, peaks were established a pore range of 20‒

24 nm and 30‒150 nm for both methods (Fig. 3.34-b, 3.35-b). When comparing the 

results obtained using both methods, it was found that after 56 days of hydration, the 

pSF system contains the smallest number of pores ranging from 2 to 100 nm 

(Fig. 3.34-b, 3.35-b). A larger pore volume was found in the reference paste sample 

(pc) and the sample with cement substituted by residue (pR). Among all samples, the 

most significant pore volume is formed in the pSFR paste; however, the maximum 

value is shifted towards a smaller pore of 15 nm and 34 nm (Fig. 3.35-b). This 

suggests that the pSFR paste contains more purified, and most likely water-filled, 

capillary pores available for the precipitation of hydration products. The highest 

consumption of CH and the formation of hydration products (crystalline and 

amorphous) confirm that the introduction of both substitutes contributes to the 

hydration of the cement. This is due to the increased reactivity of micro silica since it 

can act as both filler and a pozzolana. The formation of additional hydration products 

promotes pore refinement and a more compact structure. 

The water absorption rate during capillary absorption reflects the flow of water 

into the capillary pores (10‒50 nm). The most extensive water absorption corresponds 

to the reference mortar sample, and the smallest ‒ to the SF10 solution sample. Water 

absorption results for samples with gasification residues are low compared to the data 

of the reference sample and the SF10 sample. However, sample SF10R2 has the most 

insufficient moisture absorption, almost identical to sample SF10. The sorption 

coefficient has decreased with increasing hydration time and at a minimum R/SF ratio. 

The effect of cement substitution on the value of sorption capacity is evident. In 

mortar compositions, at a constant amount of silica fume, the degree of cement 

substitution increased from 10% to 12% due to an increase in the residue content. 

When comparing the data R/SF=0.7 and 1.0, it was found that a higher percentage of 

the content of the gasification residue leads to a decrease in sorption capacity by 

almost 8%. However, there are exceptions; these include samples SF10 and SF10R2 

(R/SF=0 and 0.2), for which the sorption capacity increased by 6% due to the inclusion 

of the residue. Other results were obtained for water absorption when the samples 

were immersed entirely (differences are insignificant). According to the data obtained, 

it was found that the water absorption of all samples is lower than that of the reference 

paste. This is explained by the fact that replacing cement with micro silica with a 

residue affects the size and distribution of capillary pores. The pSFR cement paste 



55 

showed a pore volume lower than the reference paste and significantly higher than the 

micro silica paste. 

The results in Fig. 3.36-a, b show that the blended compositions had higher 

mechanical strength than the reference sample throughout the hydration period. The 

compressive strength of the samples tended to increase with decreasing R/SF ratio. 

  
(a) (b) 

  

(c) (d) 

**SF/C – silica fume-to-cement ratio, R/SF – gasification residue-to-silica fume ratio 

Fig. 3.36. Compressive (a) and flexural (b) strength results (average) for mortar 

samples; comparison of compressive (c) and flexural (d) strength increments relative to the 

reference mortar. 

This trend is not as pronounced for flexural strength, as the best performance 

was obtained with an R/SF ratio of 0.2 and 1.0, corresponding to the highest and 

lowest SF/C content. Fig. 3.36-c, d shows the change in mechanical strength 

(increment or reduction) compared to the reference paste. For compositions for which 

the ratio R/SF 0.2, the increase in compressive strength is 7‒14%, 26‒44% and 22‒

32% after 7, 28 and 56 days, respectively (Fig. 3.36-c, d). The exception is the sample 

without residue (R/SF=0), the strength index of which increases evenly both with the 

time of hydration (Fig. 3.36-a, b) and relative to the reference paste (Fig. 3.36-c, d). 

However, unlike formulations containing sediment, the SF10 solution showed 

relatively moderate strength. 

The data presented in Fig. 3.36 a-d show that among all the samples, the 
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compositions with R/SF ratios of 0.2, 0.25 and 0.5 showed the highest compressive 

strength results. The sample SF10R2 (R/SF=0.2) proved to be not only strong but also 

showed increased resistance to bending when compared with sample R/SF>0.7, 

especially after prolonged hydration (Fig. 3.36-c, d). It has been established that 

introducing a more significant amount of residue (R/SF≥0.7) decreases compressive 

strength by only 5%, resulting in lower water absorption with moderate sorption 

capacity. The results indicate that combined with the gasification residue, the level of 

micro silica can be reduced from 10 to 6% without significant loss of functional 

properties. 

When converting cement-based waste into materials, consideration should be 

given to the environmental impact. Based on this, the CO2 emission estimate is chosen 

as the main parameter for assessing the potential for waste generation. It was found 

that the micro silica used in the study was quite expensive, which led to an increase 

in the cost of mixed samples by 6% compared to the reference sample. Ultimately, the 

cost value was reduced by 3% due to increased residual content.  

It was found that the inclusion of both types of waste reduced CO2 emissions 

by 10‒15%.  O2 emissions were lower for samples with a cement replacement level 

of 12% compared to 10%. The effectiveness of the selected number of mineral 

additives was evaluated, combining the environmental impact with mechanical 

strength. The compositions mixed with the residue give the same emission as those 

with cement replacement with micro silica only (R/SF=0). In addition, it was found 

that due to the low scatter of data between samples with cement replacement levels of 

10% and 12%, an R/SF ratio of 0.5‒1.0 could be considered a good number of 

substitutes from an environmental and engineering point of view. Despite the 

improvement in strength, the low level of water absorption obtained for compositions 

with an R/SF>0.5 suggests the possibility of processing gasification residues in 

combination with silica fume to produce rain screens or cement-based boards. 

The potential use of two types of waste, sewage sludge, biomass gasification 

residues and micro silica, was studied to replace cement. Their synergistic effects on 

hydration and properties of building materials were analysed. Estimated costs and CO2 

emission results showed that the total cement replacement rate could be increased up 

to 12%, within the 4‒6% range covered by gasification residues, without 

compromising mechanical strength values. At the same time, reducing the amount of 

micro silica (up to 6%) would also save resources.  
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4. CONCLUSIONS AND RECOMMENDATIONS 

4.1. Conclusions 

1. The main characteristics of RDF were determined, and it was established that RDF 

can only be used for combustion in CPP to generate heat and energy. It was found 

that by the classification characteristics, SRF has better quality than RDF, belongs 

to Class III and can be used as a replacement fuel instead of coal during the clinker 

firing process. It has been proven that the ash obtained after the incineration of 

SRF has a crystalline structure and consists of clinker-forming minerals. The 

productivity of the developed SRF production line amounted to 4.47 t/h. During 

the SRF production process, the humidity of materials decreased by 85% and the 

volume of the finished product by 18%. It proved the economic and environmental 

efficiency of using SRF in a cement kiln by up to 25%. 

2. Research demonstrated the feasibility of extracting energy-intensive materials 

from landfills by developing a two-stage mechanism of separation LMRs and SRF 

production process. It was revealed that the LMRs coarse fraction includes 

burnable fractions such as plastics, wood, paper, rubber and other burnable 

components and can be extracted up to a depth of 10 m. The ash from obtained 

SRF has a crystalline structure and, by the elemental and oxide composition, 

corresponds to the oxide’s composition of the finished clinker.  

3. Clay brick samples with up to 20% BA as replacement components and fired at 

900°C can be utilised in moderately aggressive environments and belong to the F1 

class. Clay bricks with 30% BA instead of the clay and fired at 1000°C can be used 

in passively aggressive environments and belong to the F0 class. Using 30% of BA 

as a replacement component in clay bricks production will make it possible to 

produce 1000 standard size pieces of clay bricks without deteriorating their quality 

and reduce the consumption of natural resources in the amount of 1,31 tons. 

4. It was established that the composition of the mortar with the replacement of 

cement with the mixing of 6% AR and 6% SF seems beneficial, as it will reduce 

the resource of Portland cement and silica fume. Estimated costs and CO2 emission 

results indicated that the total cement substitution level might increase to 12%, 

within 4–6%, covered by AR, and 6% of SF without deteriorating mechanical 

strength. 

4.2. Recommendations 

1. Recommended removing prohibited materials (Cl- and Hg-containing) from the 

MSW stream for high-quality SRF production 

2. Using inertial screens is recommended at the first extraction stage, not a drum 

sieve. This type of sieve ensures the classification and simultaneous transport of 

the material through the sieve. 

3. In the process of clay brick production, it is recommended to use clays with low 

calcium content. The bottom ash has a relatively high calcium content that 

negatively impacts the quality of the finished product. 

4. Using gasification ash residue as a replacement component in the 4–6% range is 

recommended. 
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5 SANTRAUKA  

5.1. Motyvacija ir problemos aktualumas 

Pasaulyje susidarančių atliekų kiekis per pastarąjį dešimtmetį išaugo ir toliau 

didėja. Pasaulio banko1 duomenimis, iki 2050 metų atliekų susidarymas pasaulyje 

padidės 70,4 %, t. y. iki 3,4 mlrd. tonų. Bendras ES susidarančių atliekų kiekis 2005–

2020 m. padidėjo 19,8%, o 2020 m. vienam gyventojui susidarė 505 kg kietųjų 

komunalinių atliekų. Ši tendencija rodo, kad būtina imtis rimtų ir konkrečių veiksmų, 

siekiant sumažinti atliekų susidarymą ir padidinti jų perdirbimą. 

Atliekų tvarkymas ir šalinimas šiandien yra viena iš aktualiausių pasaulinių 

problemų. Tinkamas kietųjų komunalinių atliekų (KKA) valdymas yra prioritetas 

siekiant ES tvaraus vystymosi tikslo sumažinti neigiamą poveikį aplinkai ir žmonių 

sveikatai2. Pagrindiniai patobulinimai šioje srityje buvo pasiekti įdiegus mechaninį-

biologinį apdorojimą (MBA) ir kogeneracines jėgaines (KJ). Tačiau nemažas atliekų 

kiekis vis dar išvežamas į sąvartynus, o tai rodo, kad atliekų šalinimo problema lieka 

neišspręsta3,4. Kai kuriose šalyse daugiau kaip 50 proc. buitinių atliekų perdirbama, 

kompostuojama ir anaerobiškai skaidoma5. 

Kaip ir kitose šalyse, kur atliekų susidarymas sumažėjo, Norvegijoje, Čekijoje, 

Slovakijoje ir Islandijoje 2020 m. buitinių atliekų susidarymas vienam gyventojui 

buvo didžiausias, o per 15 metų jis vis didėjo. Kaip parodyta 1 pav., Lietuva yra tarp 

tų šalių, kuriose nuo 2005 m. KKA susidarymas didėjo.  

Atliekų susidarymo mažinimas ir žiedinės ekonomikos sukūrimas yra 

strateginiai ES tikslai6. Žiedinė ekonomika yra atsinaujinanti sistema, kurioje 

sulėtinant, uždarant ir siaurinant energijos ir medžiagų naudojimo ciklus sumažinami 

išteklių sunaudojimas atliekų susidarymas, emisijos į aplinką ir energijos nuostoliai. 

Tai galima pasiekti naudojant tvarų dizainą, priežiūrą, pakartotinį naudojimą, visišką 

atnaujinimą ir perdirbimą. Svarbiausi ES aplinkos politikos komponentai yra aplinkai 

nekenksmingas atliekų tvarkymas ir perdirbtos medžiagos. 

Šiame kontekste atliekų tvarkymo sektorius turėtų tapti atsakingu padaliniu, 

apimančiu naujų verslo modelių kūrimą, orientuojantis į buitinių atliekų prevenciją, 

kryptingą monitoringą, atliekų susidarymo prognozavimą, skaitmeninių technologijų 

diegimą ir išteklių gavybą iš sąvartynų. Perdirbimas ir pakartotinis naudojimas bus 

ypač svarbūs siekiant tvarios aplinkos apsaugos tikslų. 

Išsivysčiusios ir besivystančios šalys stengiasi pasiekti atliekų šalinimo 

sąvartyne minimumą. Tai, savo ruožtu, lemia didėjantį buitinių atliekų deginamą, 

perdirbimą ir kompostavimą. Energijos atgavimas iš atliekų kogeneracinėse jėgainėse 

(KJ) yra tvaresnis atliekų tvarkymo būdas nei šalinimas  sąvartynuose. Naudodama 

išrūšiuotas ir degias atliekas kaip kurą elektros gamybai ir centralizuotam šildymui, 

KJ veikia sinergijoje su žiedine ekonomika ir skatina atsakingą atliekų tvarkymą. Per 

metus Lietuvoje susidaro 1,34·106 t atliekų, iš kurių šiuo metu Lietuvos KJ 

sudeginama apie 203·103 t, tai yra ≈15,15 %7–9. Šiuo metu Lietuvos teritorijoje yra 

trys KJ: Vilniuje, Kaune ir Klaipėdoje (2 pav.). 

 



59 

 

1 pav. Kietųjų komunalinių atliekų susidarymas ir tvarkymas Lietuvoje 

Deginant atliekas išgaunama šiluma arba elektros energija; šalutinis produktas 

– dugno pelenai (DP) – sudaro apie 11 proc. nuo deginamų atliekų kiekio. Išgavus 

metalus, DP išvežami šalinimui į sąvartyną. Tačiau yra reali galimybė susidariusius 

pelenų likučius panaudoti statybų pramonėje. DP fizikinių ir mechaninių 

charakteristikų tyrimai parodė, kad jie gali būti tinkami statybų inžinerijai, ypač kelių 

tiesimui ir molinių plytų bei čerpių gamybai10–12. 

 
2 pav. Kogeneracinių jėgainių Lietuvoje vietos ir atliekų tiekimo šilumos ir energijos 

gamybai kryptys. 

Sutinkant su autorių13 teiginiu, kad geriausias būdas atsikratyti atliekų ir 

priartėti prie žiedinės ekonomikos yra pakartotinis naudojimas ir šilumos bei energijos 

gamyba, būtina atsižvelgti ir į tai, kad atliekos gali būti naudojamos kaip pakaitinis 

kuras, skirtas daug energijos vartojančioms pramonės šakoms, pavyzdžiui, cemento 

pramonei. Autoriai14–16 taip pat mano, kad atliekos ir medžiagos gali būti tvarūs 
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energijos šaltiniai. Tokia strategija leis įmonėms sutaupyti lėšų, užtikrins 

kontroliuojamą atliekų šalinimą ir sumažins neatsinaujinančių gamtinių energijos 

išteklių vartojimą. 

Iš atliekų pagamintas kuras tampa perspektyvia ir populiaria iškastinio kuro 

alternatyva. Šis kuro tipas skirstomas į dvi pagrindines kategorijas: iš atliekų gautas 

kuras (AGK) (angliškai refuse derived fuel – RDF) ir kietasis atgautasis kuras (KAK) 

(angliškai solid recovered fuel – SRF). AGK yra terminas, reiškiantis atliekas, kurios 

nebuvo tinkamai apdorotos. AGK nėra standartizuotas, jo funkcijos neapibrėžtos, o 

gatavo produkto kokybė negali būti garantuota. KAK – tai kuras, gaunamas 

rūšiuojant, džiovinant ir smulkinant kietąsias atliekas. KAK paprastai sudaro degūs 

komponentai, gauti iš kietųjų komunalinių atliekų. Paprastai jis gaminamas iš KKA, 

pramoninių ir komercinių atliekų arba statybos ir griovimo atliekų (SGA). Tipinė 

KAK gamybos schema parodyta 3 pav. pagal Europos atgautojo kuro organizaciją 

(angliškai European Recovered Fuel Organisation – ERFO)17.  

 
3 pav. Kietojo atgautojo kuro (KAK) gamybos procesas. 

Tačiau pažymėtina, kad pastaruoju metu aktualus tapo alternatyvių energijos 

šaltinių, naudojant ne gamtinius energijos išteklius, bet sąvartynų atliekas, kurios 

kažkada buvo išvežtos šalinimui, klausimas. Sąvartynų kasyba yra terminas, 

dažniausiai vartojamas išteklių gavybai iš sąvartynų apibūdinti18–19. Sąvartynų kasyba 

turėtų būti suprantama kaip integruota išteklių gavybos ir išsaugojimo veikla, kurios 

metu iš sąvartynų atliekų atgaunami ištekliai (metalai, plastikai, kuras ir statybinės 

medžiagos), sprendžiamos filtrato panaudojimo problemos ir kitos su sąvartynais 

susijusios aplinkosaugos problemos18,20. Kai atliekos iškasamos iš sąvartyno, tai jas 

perdirbant atlaisvinama daugiau vietos, todėl nebereikia statyti naujų sąvartynų. 

Svarbiausia medžiagų atgavime iš sąvartynų yra tai, kad anksčiau sąvartyne pašalintos 



61 

medžiagos bus naudingesnės kitur. Atgaunant išteklius iš sąvartynų, atliekoms, 

patekusioms į sąvartynus, suteikiama nauja galimybė kilti atliekų hierarchijoje 

aukštyn link energijos atgavimo, perdirbimo ar pakartotinio naudojimo. Taigi iš 

sąvartyno iškastas atliekas galima perdirbti į alternatyvų kurą. KAK gamyba nėra 

konkuruojantis perdirbimo procesas, bet neatsiejama jo dalis. KAK Lietuvoje yra 

žinomas bet mažai naudojamas, tačiau tai esminis atliekų tvarkymo elementas. 

Cemento krosnyse klinkerio degimo procese galima naudoti tik KAK. Naudojant iš 

atliekų pagamintą kurą klinkerio deginimo procese, sumažės neatsinaujinančių 

gamtos energijos išteklių sunaudojimas ir šiltnamio efektą sukeliančių dujų emisijos. 

Taigi atliekų šalinimas gaminant aukštos kokybės alternatyvųjį kurą ir jo 

panaudojimas cemento krosnyje klinkerio deginimo procese turi ekonominę ir 

aplinkosauginę naudą ir yra itin svarbus siekiant žiedinės ekonomikos tikslų. KAK 

gamyba taip pat sąlygos mažesnę priklausomybę nuo neatsinaujinančių gamtinių 

energijos išteklių, mažesnį anglies pėdsaką ir pastovų „kokybiško“ kuro tiekimą už 

santykinai stabilią kainą. 

Remiantis pateiktais atliekų susidarymo ir tvarkymo duomenimis, buvo 

nustatyta, kad atliekų tvarkymo srityje tiek pasaulyje, tiek Lietuvoje esama realių 

problemų. Pasaulio bendruomenė siekia žiedinės ekonomikos tikslų, ne išimtis ir 

Lietuva. Šiame darbe siūlomi galimi žingsniai kuriant alternatyvią kuro rūšį, taip pat 

pasiūlytas mechanizmas, kaip šalinti likutinius pelenus, susidariusius deginant 

atliekas. Vykdomi tyrimai ir siūlomi mechanizmai priartins Lietuvą prie žiedinės 

ekonomikos tikslų įgyvendinimo. 

5.2. Darbo tikslas ir už aviniai 

Disertacinio darbo tikslas yra ištirti galimybę panaudoti atliekas gaminant 

kietąjį atgautąjį kurą energijai imlioms pramonės šakoms ir naudojant šalutinius 

produktus kaip pakaitinius komponentus keraminių plytų ir cemento pagrindo 

medžiagų gamyboje.  

Tyrimo už aviniai 

1. Nustatyti pagrindines AGK, KAK ir pelenų, gautų sudeginus KAK, 

charakteristikas ir sukurti KAK gamybos linijos koncepciją. 

2. Nustatyti galimybę iš sąvartyno kasti atliekas ir gaminti alternatyvų kurą. 

3. Įvertinti KAK pelenų kaip pakaitinio komponento panaudojimo molio plytų 

gamyboje aplinkosauginį pagrįstumą. 

4. Įrodyti pelenų, susidariusių dujofikuojant biomasės atliekas su nuotekų dumblu, 

kaip dalinio pakaitalo cemento pagrindo medžiagose panaudojimo galimybę. 

Ginamieji teiginiai 

1. Kauno regione susidarančių mišriųjų komunalinių atliekų mechaninio 

apdorojimo produktas iš atliekų gautas kuras (AGK) yra tinkama žaliava 

kietajam atgautajam kurui, kurio panaudojimas cemento pramonėje padidina 

pastarosios tvarumą. 
2. Kietųjų komunalinių atliekų sąvartynai yra kokybiško KAK gamybai tinkamų 

medžiagų šaltiniai. 
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3. KAK dugno pelenų, kaip dalinio molio pakaitalo, naudojimas plytų gamybos 

procese lemtų atliekų kiekio mažėjimą ir nepablogintų gaunamo produkto 

kokybės.  
4. Likutiniai KAK dujinimo pelenai gali iš dalies pakeisti cemento pagrindą 

sudarančias medžiagas ir sumažinti gamtinių išteklių naudojimą.  

Mokslinis naujumas 

1. Sukurta kietojo atgautojo kuro (KAK) gamybos iš AGK linijos koncepcija ir 

parinktos optimalios sąlygos alternatyvaus kuro gamybai Kauno regiono 

sąlygomis. 

2. Sukurtas dviejų pakopų sąvartynų kasybos produktų (SKP) išgavimo ir tolesnės 

KAK gamybos mechanizmas. 

3. Pasiūlyta tvaresnė molio plytų gamybos technologija, pakeičiant dalį molio 

KAK dugno pelenais su mažu kalcio kiekiu. 

4. Remiantis KAK ir nuotekų dumblo mineralinės sudėties panašumu, nustatyti ir 

patvirtinti optimalūs KAK dujinimo likutinių pelenų, kaip hibridinio užpildo 

cemento pagrindo medžiagoms, naudojimo parametrai.  

5.3. Tyrimų meto ologija 

KAK gamybos linijos koncepcija buvo sukurta numatant draudžiamų medžiagų 

pašalinimą iš AGK, smulkinimą, džiovinimą ir įvertinant KAK panaudojimo cemento 

pramonėje ekonominį ir aplinkosauginį pagrįstumą (1 straipsnis). AGK 

charakteristikos Kauno MBA gamykloje buvo tiriamos keturis sezonus (2020–

2021 m.). Konkreti AGK sudėtis buvo pasiekta pašalinant biologiškai skaidžias 

frakcijas iš KKA srauto. Toliau tokio pavidalo AGK buvo persijotas per tris sietus su 

kvadratinėmis 80, 40 ir 20 mm skersmens akutėmis. Gautos granuliometrinės 

frakcijos buvo pasvertos ir nustatyta jų morfologinė sudėtis rūšiuojant rankiniu būdu. 

Papildomas atliekų frakcijos 40 mm d 20 mm rūšiavimas buvo praktiškai 

neįmanomas, nes buvo sunku vizualiai atskirti medžiagas. Tuo pačiu metu vizualinis 

rūšiavimas buvo neįmanomas mažoms frakcijoms d 20 mm. Po morfologinės 

analizės kiekviena ARD granuliometrinė frakcija buvo pasverta, sudėta į konteinerius 

ir vežama į laboratoriją tolesniam tyrimui ir KAK ruošimui. Draudžiamos medžiagos 

(turinčios chloro ir gyvsidabrio) buvo pašalintos anksčiau. KAK frakcija buvo 

ruošiama susmulkinant SM 300 malūne. Paruošto KAK pagrindinės charakteristikos 

(drėgmė ir pelenų kiekis, aukštutinis šilumingumas, chloro ir gyvsidabrio kiekis) buvo 

nustatytos pagal ES standartus. Pelenų elementinė sudėtis (%) buvo nustatyta 

naudojant skenuojančią elektroninę mikroskopiją (SEM). Kristalinių medžiagų (KAK 

ir nuotekų dumblo pelenuose) struktūra ir fazinė sudėtis nustatyta naudojant rentgeno 

difrakciją (XRD), kuriai KAK ir nuotekų dumblo (ND) mėginiai buvo paruošti per 

valandą deginant mufelinėje krosnyje 950 °  temperatūroje. 

KAK srautas gamybos linijoje apskaičiuotas naudojant šias formules: 

SKAK = SAGK – X– Y – Z – SDK   (5.1) 

X = (SAGK∙x) / 100%    (5.2) 

Y = [(SAGK – X)∙y] / 100%   (5.3) 
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Z = [(SAGK – Y)∙z] / 100%   (5.4) 

SDK = [(SAGK – Z)∙DKP] / 100%,   (5.5) 

kur SKAK yra KAK srautas gamybos procese (t/val.), SGAGK yra MBA apdorotų atliekų degios 

frakcijos (iš atliekų gauto kuro) srauto greitis, X, Y ir Z yra iš AGK kiekvienoje proceso 

stadijoje pašalintų medžiagų (inertinių, juodųjų metalų, spalvotųjų metalų) srautai (t/val.), x, y 

ir z yra pašalintų medžiagų kiekiai AGK (inertinių, juodųjų metalų, spalvotųjų metalų) 

kiekvienoje proceso stadijoje (%), DKP yra iš AGK pašalintos drėgmės kiekis, SDK yra 

pašalintos drėgmės srautas (t/val). 

KAK panaudojimo cemento pramonėje ekonominės ir aplinkosauginės 

galimybės buvo apskaičiuotos naudojant 1 priede nurodytus metodus.  

Buvo sukurtas sąvartynų kasybos produktų (SKP) išgavimo mechanizmas, 

nustatytos jo charakteristikos ir taikymo galimybės.  

Buvo tiriamos KAK gamybos iš SKP gamybos ir panaudojimo cemento 

pramonėje galimybės (2 straipsnis). Šių tyrimų objektas buvo Kauno regiono 

nepavojingų atliekų sąvartynas. Sąvartyną sudaro trys sekcijos. Mėginių paėmimas 

buvo vykdomas darant gręžinius viso sąvartyno sekcijose. Buvo gręžiama naudojant 

15 cm skersmens grąžtą, mėginiai buvo imami iš kiekvieno 2 m storio sluoksnio iki 

20 m gylio. I sekcijoje gręžimas buvo vykdomas iki 10 m, II iki 14 m, III iki 20 m. 

Gręžimo gylį lėmė jo vykdymo metu susiklosčiusios aplinkybės. Gręžimo 

sudėtingumą lėmė anksčiau sąvartyne pašalintos šarvuotos transporto priemonės. 

Neapdorotų SKP morfologinė sudėtis buvo nustatyta rankinio rūšiavimo būdu po 

gręžimo ir kasimo. Tyrimai atlikti pagal Standartinį neapdorotų kietųjų komunalinių 

atliekų sudėties nustatymo metodą ASTM D5231-92 (2016). Iškastos medžiagos 

sijojimo būdu buvo perskirtos į smulkiąją ( 20 mm) ir stambiąją ( 20 m) frakcijas. 

Smulkioji frakcija buvo sugrąžinta į sąvartyną. Stambioji frakcija buvo rūšiuojama. 

Toliau iš stambiosios frakcijos išskirtos degios medžiagos (pvz., plastikas, mediena ir 

kitos) buvo smulkinamos, maišomos tais pačiais santykiais kaip ir SKP ir iš jų 

formuojamas KAK, toliau nustatant jo savybes pagal jam keliamus reikalavimus. 

Toliau buvo ištirtos dugno pelenų (DP), gaunamų sudeginant KAK, 

panaudojimo molio plytų gamyboje galimybės (3 straipsnis). Tam tikslui buvo 

panaudoti panašių savybių Kauno kogeneracinėje jėgainėje susidarantys AGK 

deginimo dugno pelenai. Jų bandiniai tyrimui buvo paimti po keturių mėnesių 

sendinimo atmosferoje. Plytų bandiniams formuoti naudotas molis „Technik-3“ buvo 

iškastas didžiausiame Ukrainos telkinyje Andrejevsky, netoli Družovkos Donecko 

regione. Abi medžiagos buvo džiovinamos 105±5 °  temperatūroje, smulkinamos, 

sijojamos per 0,63 mm sietą ir tiriamos prieš plytų bandinių formavimą. Bandiniai 

buvo suformuoti iš molio ir DP, prieš tai džiovinant iki pastovios drėgmės. 

Komponentai buvo maišomi sausomis sąlygomis, į mišinį pridedant 8 % vandens. 

Paruoštuose molio plytų bandiniuose DP pakeitė nuo 10 iki 40% molio. Bandiniai 

buvo formuojami esant 120 kg/cm2 slėgiui, džiovinami ir išdegami 900 ir 1000 °C 

temperatūrose. Išdeginti bandiniai buvo aušinami krosnyje iki aplinkos temperatūros. 

Suformavus, išdžiovinus ir išdegus bandinius buvo vertinamos (tvirtinamos ar 

atmetamos) DP panaudojimo kaip pakaitinės medžiagos molio plytų gamyboje 

galimybės. 

Vertinant KAK pelenų, gaunamų dujofikacijos procese, panaudojimo 



64 

galimybes, buvo panaudoti nuotekų dumblo (ND) ir medienos mišinio dujofikacijos 

pelenai, sumaišyti lygiu santykiu su mikrosilicio dioksido dalelėmis (4 straipsnis). 

Tyrimai buvo atliekami panaudojant pramonines medžiagas, tokias kaip komercinis 

cementas „Portland“, mikrosilicio dioksidas ir cemento gamybai naudojamas smėlis. 
Dujofikacijos pelenai buvo paimti iš pasrovinio dujofikatoriaus, prijungto prie 

antrinio plazminio reaktoriaus, po granuliuotos medienos biomasės su nuotekų 

dumblu terminio apdorojimo. Ruošiant kiekvieną mėginių partiją, visi rišantieji 

komponentai (cementas, mikrosilicio dioksidas ir dujofikavimo liekanos) buvo sausai 

maišomi iki homogeninės būsenos prieš pridedant reikiamą kiekį vandens. Šviežia 

skiedinio masė buvo supilama į formas ir paliekama 24 val. Toliau iš formos išimti 

bandiniai kurį laiką buvo laikomi (21±2)ºС temperatūros ir 95% santykinės drėgmės 

sąlygomis. Skiedinio, kuriame rišiklio ir smėlio santykis buvo 2,5, o vandens ir 

rišiklio santykis 0,4. Įvairūs mikrosilicio dalelių ir dujofikavimo liekanų santykiai 

buvo panaudoti pakeičiant 10% ir 12% cemento pagal masę. Kiekvienam skiedinio 

variantui buvo panaudota 0,8 g sauso superplastifikatoriaus „Gaia“ (pH=5, 

ρ=1.15 g/mL). Aštuoniems kubo ir trims prizmės pavidalo kiekvienos kompozicijos 

mėginiams po jų suformavimo buvo atliekami atsparumų gniuždymui ir lenkimui 

matavimai.  

5.4 Svarbiausi darbo rezultatai 

5.4.1. Pagrin inių AGK, KAK ir KAK  eginimo pelenų charakteristikų 

nustatymas ir KAK gamybos linijos koncepcijos sukūrimas    straipsnis  

Šiame bandomajame tyrime buvo kuriama KAK gamybos iš AGK linijos 

koncepcija remiantis Kauno MBA gamyklos infrastruktūra. Taip pat buvo įvertinti 

KAK panaudojimo klinkerio degimo procese energetinis potencialas, ekonominiai ir 

aplinkosauginiai aspektai21. 

Nustatyta, kad šilumingų frakcijų procentas svyruoja priklausomai nuo sezono. 

Morfologinės analizės rezultatai rodo, kad AGK dominuojančios medžiagos yra 

plastikai, popierius, tekstilė ir kitos degios medžiagos (4 pav.).  

 
4 pav. Iš atliekų gauto kuro ir kietojo atgautojo kuro (KAK) sezoninė morfologinė 

sudėtis. 
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KAK morfologinės charakteristikos skyrėsi nuo AGK dėl draudžiamų medžiagų 

(chloro turintys plastikai, gyvsidabrio turinčios medžiagos) pašalinimo, taip pat ir dėl 

medžiagų praradimo išgaunant, sijojant, smulkinant ir džiovinant. Darbe nuotekų 

dumblas buvo lyginamas su gaminamo KAK charakteristikomis, kadangi šiuo metu 

nuotekų dumblas naudojamas kaip pakaitinis kuras klinkerio deginimo procese. 

Buvo nustatytos pagrindinės AGK charakteristikos (5 pav.) ir nustatyta, kad 

pagal savo charakteristikas AGK gali būti naudojamas tik deginimui kogeneracinėse 

jėgainėse gaminant šilumą ir elektrą. Nustatytas KAK energetinis potencialas ir 

pagrįsta galimybė naudoti KAK kaip pakaitinį kurą klinkerio deginimui. 

 
5 pav. AGK, kietojo atgautojo kuro (KAK) ir nuotekų dumblo (ND) sezoninių tyrimų 

rezultatai. 

Pagaminto KAK drėgnis neviršija leistinų ribų, nustatytų kurui iš atliekų (1,9‒

4,1%). KAK šilumingumas yra gana didelis ir gali konkuruoti su kietuoju kuru. 

Nuotekų valymo įrenginių dumblas, paruoštas naudoti kaip pakaitinis kuras, yra gana 

aukšto šilumingumo (17,2 MJ/kg), drėgmės kiekis – 5,18%, pelenų kiekis aukštas, 

lyginant su KAK (16,35%). 

 hloro ir gyvsidabrio kiekis taip pat yra esminis veiksnys, kuris turi būti nuolat 

stebimas dėl aplinkosauginių ir techninių priežasčių.  hloro kiekis AGK mėginiuose 

svyravo nuo 1,18 iki 1,04%; paruoštame KAK chloro kiekis buvo daug mažesnis ir 

siekė 0,16–0,53% (6 pav.). Palyginti mažą chloro kiekį pagamintame KAK lemia tai, 

kad kure nėra draudžiamų chloro turinčių plastikų. Gyvsidabrio kiekis AGK 

mėginiuose svyravo nuo 0,26 iki 0,4 mg/kg–1, priklausomai nuo sezono ir atitinkamai 

nuo tam tikru sezonu susidarančių atliekų morfologinės sudėties. Gyvsidabrio kiekis 

pagamintame KAK buvo mažesnis nei AGK ir svyravo nuo 0,22 iki 0,3 mg/kg–1. 
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6 pav.  hloro ir gyvsidabrio kiekis iš atliekų gautame kure ir kietajame atgautajame 

kure. 

Remiantis tyrimų, atliktų siekiant nustatyti pagrindines alternatyvaus kuro 

cemento pramonei charakteristikas, rezultatais buvo nustatyta, kad: 

‒ Kauno MBA gautas AGK turi šiluminių ir energetinių savybių ir gali būti 

naudojamas deginti kogeneracinėje jėgainėje. Degioji AGK frakcija gali būti 

naudojama tik šilumai ir elektrai gaminti ir negali būti naudojama kaip alternatyvus 

kuras daug energijos naudojančiose pramonės šakose, nes joje yra daug drėgmės, 

chloro ir gyvsidabrio; 

‒ pagamintas KAK, pašalinant draudžiamas medžiagas, smulkinant, sijojant ir 

džiovinant yra kokybiškesnis nei AGK. Pagamintas KAK įvertintas pagal standartą 

EN 15359 ir gali būti naudojamas kaip pakaitinis kuras cemento pramonėje. 

Nustatyta, kad KAK gamybos metu medžiagų drėgnumas sumažėja 85%, o gauto 

produkto tūris – 18%. 

Į esamą MBA liniją papildomai įvedus šešis įrangos blokus, galima sukurti 

KAK gamybos iš AGK technologinę liniją, apskaičiuojant jos našumą, kuris siektų 

4,47 tonos per valandą (7 pav.). 

Pasiūlytoje KAK gamybos linijoje būtų šeši papildomi įrenginiai. Biologiškai 

skaidi ir smulki inertinė frakcija bus pašalinama pirmajame būgniniame siete. Po to 

degioji frakcija bus smulkinama (d 40 mm); stambesnės medžiagos, kurios nėra 

susmulkintos, keliauja į antrą būgninį sietą homogenizavimui ir degumo savybių 

pagerinimui. Toks dvigubas sijojimas būgno sietuose užtikrina reikiamą KAK dydį, 

nes didesnės dalelės siunčiamos į gamybos linijos pradžią. Siekiant sumažinti metalų 

buvimą KAK, susmulkintos medžiagos praeina per separatorius metalų atgavimui. 

Paskutiniame gamybos linijos etape medžiaga yra išdžiovinama būgninėje kameroje. 
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7 pav. Kietojo atgautojo kuro (KAK) gamybos linija. 

KAK naudojimas kartu su šiuo metu naudojamu nuotekų dumblu, kuris 

elementinės ir oksidų sudėties požiūriu atitinka gauto klinkerio oksidų sudėtį, yra 

pagrįstas. Eksperimentiškai įrodyta, kad pelenai, gauti deginant KAK ir nuotekų 

dumblą, yra kristalinės struktūros ir susideda iš natrio, kalcio, kalio, geležies ir silicio 

turinčių fazių    lentelė . 

  lentelė. Elementų oksidų analizė (%, pelenuose), pagrįsta SEM-EDS matavimais 

Oksidai 
CaO Fe2O3 SiO2 P2O5 Al2O3 SO3 MgO Na2O TiO2 K2O Cr2O3 CuO MnO ZnO 

Produktai 

Nuotekų 

dumblas 
32,8 19,3 12,6 20,2 3,8 4,3 2,2 0,9 0,8 1,2 0,1 0,2 1,7  

KAK 30,5 8,8 35,5 1,3 8,7 2,6 3,7 5,5 1,6 0,7 0,1 0,4  0,6 

Klinkeris 65,5 3,0 23,0 0,2 6,0 0,2 2,8 0,3 0,2 0,3     

Dominuojantys elementai Si ir Ca yra du pagrindiniai elementai klinkerio 

gamyboje. Taip pat pastebėti Al, Fe, Mg ir kiti cemento pramonei svarbūs elementai. 

Tačiau reikia pažymėti, kad oksidų procentas KAK, nuotekų dumble ir klinkeryje 

skyrėsi. Galima daryti išvadą, kad KAK gali būti naudojamas kaip kuras gaminant 

klinkerį ir nuotekų dumblą, tačiau tam tikra dalimi. Taip yra todėl, kad kai kurių 

oksidų (Al, Fe, Na, P) kiekis turi būti griežtai kontroliuojamas. 

Siekiant įvertinti SRF naudojimo ekonominę naudą, buvo pasiūlytos keturios 

KAK naudojimo kaip pakaitinio ir pridėtinio kuro galimybės. Ekonominiam KAK 

priedo prie pagrindinio kuro (anglies) vertinimui buvo pasirinkti įvairūs variantai: 10, 

15, 20 ir 25 proc. Naudojant KAK vietoj anglies, sumažinamos jos sąnaudos ir 

iškastinių išteklių naudojimas bei šiltnamio efektą sukeliančių dujų emisijos. Pasaulio 

banko duomenimis, naudojant 10 proc. KAK kaip pakaitinį kurą klinkerio degimo 

proceso metu, Lietuva gali pasiekti tokį  O2 išmetimo lygį kaip Estija (10175,4 kt). 

Tačiau naudojant 25 proc. KAK vietoj akmens anglių, Lietuva gali priartėti prie 

Latvijos išmetamo  O2 kiekio (7569,2 kt). 

Įvesties energija
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(70 kg/val, 1%)

Juodieji metalai

(120 kg/val, 2%)
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metalai
(120 kg/val, 2%)
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(1850 kg/val, 28 %
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Šilumokaitis
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3 in 1 

aparatas

Išsiplėtimo 
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 einanti energija

                             

                          

                      

KAKAGK

Oras
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Liekamosios medžiagos
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5.4. . Atliekų iškasimo iš sąvartyno ir KAK gamybos iš jų galimybių vertinimas 

(2 straipsnis) 

Šiais tyrimais buvo įvertintos energijos gamybai tinkamų žaliavų atgavimo iš 

sąvartynų galimybės ir sukurta KAK, skirto naudoti kaip kuro pakaitalas cemento 

pramonėje, gamybos linijos koncepcija. Moksliniais tyrimais įrodyta, kad energijos 

gamybai tinkamas žaliavas iš sąvartynų galima išgauti sukūrus ES standartą 

atitinkantį KAK gamybos mechanizmą. KAK gamybai siūloma naudoti dviejų stadijų 

mechanizmą: pirmoji stadija gali būti vykdoma sąvartyno teritorijoje (smulkios 

frakcijos, inertinių medžiagų ir stambiagabaričių atliekų pašalinimas pirminio 

sijojimo būdu), o antroji stadija gali būti vykdoma naudojant MBA esančią įrangą, 

kurioje antrinio sijojimo būdu papildomai pašalinamos smulkios ir draudžiamos 

medžiagos, išskiriamas metalas, smulkinamos ir džiovinamos degiosios frakcijos 

(8 pav.). 

 

8 pav. KAK gamybos linija. 

 

Kuras iš atliekų

Dalelių dydis: 100 mm

Būgno sietas 20 mm
Į            g j , 5.5 kW

Smulkintuvas

Vidutinis dydis <40 mm

Į            g j , 75 kW

Magnetinis separatorius

Į            g j , 4 kW

Džiovinimo kamera 

Į            g j , 3 kW

KAK

Drėgmės kiekis: 2-6%

Metalų kiekis: < 1 %.

Dalelių dydis: <40 mm
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Kondensatorius
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medžiagos 
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Spalvotasis 

metalas 
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Į            g j , 5.5 kW
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metalas  

Smulkioji 

frakcija

Liekamosios medžiagos 

(stiklinis, inertinis, kitas) 

Garintuvas

Išsiplėtimo 

vožtuvas
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aparatas

 einanti energija

                      7,5 kW

              17.2 m3/val

Ventiliatorius 3,0 kW

Sąvartynuose iškastos 
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Dalelių dydis>100 mm

Būgno sietas 20 mm
Į            g j , 5.5 kW
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2-asis atskyrimo etapas

1-asis atskyrimo etapas
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Sukurtą atliekų iškasimo iš sąvartyno ir KAK gamybos mechanizmo koncepciją 

sudaro dvi stadijos. Pirmojoje būgniniu sietu (sąvartyno teritorijoje) atskiriamos 

didžiosios inertinės medžiagos ir smulkioji frakcija. Nuo iškastų atliekų atskirtos 

smulkios frakcijos kiekis buvo 43%. Antrojoje paskutinėje KAK gamybos stadijoje 

Kauno MBA teritorijoje siūloma atskirti likutinę smulkiąją frakciją antriniu sijojimu 

pašalinant dar 50% smulkios frakcijos. Antrojo etapo pabaigoje smulkios dalelės 

tesudaro 1,3%. Antrasis etapas apima šešias papildomas įrangos dalis, kurių kiekviena 

atlieka svarbų vaidmenį. 

Nustatyta, kad sąvartyno kasybos produktų (SKP) stambiąją frakciją sudaro 

tokios įprastos degios frakcijos kaip minkštasis plastikas, mediena, kietasis plastikas, 

popierius, guma ir kiti degūs komponentai, kurie gali būti išgaunami iki 10 m gylyje 

(9 pav.). 

 

9 pav. Sąvartyno degiosios frakcijos sudėtis. 

Gautas KAK pagal pagrindinius parametrus (šilumingumas, chloro ir 

gyvsidabrio kiekis) priklausys III klasei. Gamybos linijos gale gaunamas alternatyvus 

kuras, kurio charakteristikos nurodytos 10 pav. Smulkios frakcijos, drėgmės kiekio 

(DK), peleningumo (P), lakiosios dalies (LD ir žemutinio šilumingumo (ŽŠ) vertės 

atitinkamai lygios 1,3% (pagal masę), 2,5% (pagal masę), 44,3% (pagal masę), 8% 

(pagal masę) masės ir 16 MJ/kg. Gauti duomenys rodo, kad smulkiosios frakcijos 

atskyrimas dvigubai sijojant žymiai pagerina gaunamo KAK charakteristikas. 

Kuras – tai angliavandenilių mišinys, turintis anglies (C), vandenilio (H) ir tam 

tikrą kiekį sieros (S), azoto (N), deguonies (O) ir mineralų, kuriame   dalis yra nuo 

20 iki 70% pagal masę, H – nuo 3 iki 8% pagal masę ir N – nuo 1 iki 1 iki 5% pagal 

masę. Kaip matyti 15 pav., pagamintas KAK yra geras  , H ir N santykių derinys 

degimui. Kalbant apie sierą, sieros dalis analizuojamose medžiagose buvo įprastas bet 

kokiam kurui nuo 0,2 iki 1% pagal masę.  

 

 I 1 2 3 4 5 6 7 8
9 
10

II 1 2 3 4 5 6 7 8
9 
10

11 
12

13 
14

III 1 2 3 4 5 6 7 8
9 
10

11 
12

13 
14

15 
16

17 
18

19 
20

Daugiasluoksniai kompozitai 0,6 0,3 1,6 1,1 1,1 3,3

Kitos 1,8 2,0 6,0

Mediena 28,6 4,5 6,6 2,6 24,6 2,1 11,4 56,8 16,8 26,9 7,7 5,3 3,3 1,3 3,7 2,8 3,0 15,0 5,5 0,0 3,7

Popierius 16,1 12,8 10,2 7,0 6,7 3,5 5,3 5,7 1,1 0,9 6,9 6,6 25,0 3,6 0,0 0,0

Tekstilė 4,7 32,0 44,9 14,9 28,4 20,9 28,7 17,4 54,7 43,0 28,9 48,6 30,1 66,6 86,0 76,9 52,8 24,1 10,0 27,3 44,6 11,1

Guma 37,2 9,6 1,3 0,3 4,5 4,7 0,7 4,2

Kietasis plastikas 15,8 28,0 16,1 43,5 32,6 28,0 29,0 2,9 4,9 8,3 22,5 13,1 8,1 14,8 1,9 6,6 11,1 6,0 27,3 1,8 29,6

Minkštas plastikas 13,7 25,4 28,9 37,1 14,4 31,1 12,5 12,7 15,4 10,4 37,3 24,5 52,8 15,5 7,5 16,5 22,2 54,2 50,0 36,4 53,6 55,6
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10 pav. Pagaminamo KAK charakteristikos. 

Kalbant apie halogenus, nustatyta chloro dalis buvo 0,02% pagal masę, o 

gyvsidabrio kiekis neviršijo leistinų kurui iš atliekų ribų ir atitiko priimtinus 

naudojimo cemento krosnyse standartus. 

KAK deginimo metu gauti pelenai yra kristalinės struktūros, juose yra  a, Na, 

K, Fe ir Si turinčių fazių, kas atitinka klinkerį formuojančius mineralus (11 pav.). 

Medžiagų struktūra ir granuliometrinės charakteristikos yra susijusios su pelenų 

kristalinės struktūros ypatumais. Morfologija suteikia informacijos apie mineralų 

susidarymo sąlygas ir naudojama joms nustatyti. Mūsų atveju pelenų dalelių atspalvis 

įvairiai kinta nuo šviesiai pilkos iki tamsiai pilkos ir joms būdinga lamelinė-kristalinė 

forma. Pelenų dalelių dydis kinta nuo 1 iki 20 µm ir nėra tolygiai pasiskirstęs. 

 

11 pav. Pelenų po KAK deginimo SEM vaizdas ir EDS analizė. 

Pelenų, gautų sudeginus iš sąvartyno iškastas atliekas, rentgeno struktūrinė 

analizė patvirtino klinkerį formuojančių mineralų buvimą visose pasirinktose 

sąvartyno sekcijose ir gyliuose (12 pav.). Rentgeno struktūrinės analizės būdu rasta 

kvarco (SiO2), akermanito (Ca2Mg(SiO2O7), perovskito (CaTiO3), hematito (Fe2O3), 
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mikroklino (KAlSi3O8), diopsido (CaMg(Si2O6)), volastonito 1A (CaSiO3), anhidrito 

CaSO4, lisetito (CaNa2Al4Si4O16), augito (CaxMgyFez)(Mgy1Fez1)∙SiO6) ir anortito 

(Ca(Al2Si2O8). 

Išsamiai ištyrus Kauno regioninio sąvartyno atliekų sudėtį, buvo apskaičiuotas 

tirtų sąvartyno sekcijų energetinis potencialas. Remiantis tyrimų rezultatais, atliekas 

rekomenduojama kasti iš sąvartyno, kurio gylis yra iki 10 m imtinai. Atliekų kasyba 

iš didelio gylio nėra pagrįsta ir neturi teigiamų perspektyvų. Nagrinėjamų sąvartyno 

dalių energetinio potencialo skaičiavimai siekė 196,700 GJ. 

 

12 pav. KAK deginimo pelenų XRD analizė. 

Patvirtintas KAK kaip pakaitinio kuro naudojimo klinkerio deginimo procese 

ekonominis ir aplinkosauginis pagrįstumas. Alternatyvaus kuro gamyba ir naudojimas 

energijai imliose pramonės šakose priartins Lietuvą prie žiedinės ekonomikos tikslų, 

naudojant anksčiau sąvartynuose pašalintas medžiagas ir paverčiant jas energijos 

ištekliais. 

5.4.3. Dugno pelenų kaip pakaitinio komponento panau ojimo molio plytų 

gamyboje galimybių vertinimas  3 straipsnis) 

Ištirta KAK deginimo dugno pelenų (DP) panaudojimo molio plytų gamybai 

galimybė. 

Nustatyta, kad molyje ir DP esantys cheminiai elementai didelės grėsmės 

aplinkai nekelia, nes juose nėra sunkiųjų metalų. 13 pav. pateikti DP ir molio 

kiekybinės elementinės analizės rezultatai. Dugno pelenai priskiriami nepavojingoms 

atliekoms ir gali būti naudojami kaip priedas plytų gamyboje. 
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13 pav. Dugno pelenų ir molio elementinės kiekybinės analizės rezultatai ( reikšmė 

dauginama iš 10). 

Ištirta DP įtaka molinių plytų fizikinėms ir mechaninėms savybėms, mėginių 

mikro- ir struktūrai, atsparumui užšalimui ir atšildymui, poringumui, vidutiniam porų 

dydžiui ir porų dydžio pasiskirstymui (14 pav.).  

Dėl DP priedo pakito molinių plytų fizinės ir mechaninės savybės: sumažėjo 

susitraukimas, tankis ir gniuždymo stipris, padidėjo vandens įgeriamumas ir atviras 

poringumas. Įvertinti molinių plytų atvirojo poringumo pokyčiai pridedant DP. 

 
14 pav. Molio plytų pavyzdžių savybės. 

Rentgeno struktūrinėje analizėje taikant Rietveldo patikslinimo metodą 900 ir 

1000 °  temperatūrose iškaitintiems mėginiams su ir be DP priedu, buvo nustatyti 
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akermanitas, melilitas, gelenitas, rutilas, hematitas, labradoritas ir diopsidas, kurių 

skirtingus kiekius lemia priedo kiekis ir degimo temperatūros. 

Plytų medžiagos struktūra susiformuoja kristalizacijos stadijose. Šią struktūrą 

sudaro izoliuotos arba tarpusavyje sujungtos vienodų arba skirtingų formų ir dydžių 

poros. Pagal IUPA  klasifikaciją molinių plytų, degintų 900 ir 1000 °C 

temperatūrose, porų dydžiai atitinka II tipo izotermes (neakytos arba makroporingos 

medžiagos), o pagal mėginių histerezės kilpą mėginiai klasifikuojami kaip H3 ir jiems 

būdingos į plyšį panašios poros. H3 histerezės desorbcijos kreivė turi nuolydį, susijusį 

su atsparumo tempimui histerezės kilpa43. Porų dydžio pasiskirstymo tyrimai rodo 

skirtingą tendenciją, kai DP molyje yra nuo 10 iki 40%, o degimo temperatūros yra 

900 ir 1000 ° . BET metodu pagrįsti tyrimai buvo atlikti naudojant azotą kaip 

adsorbatą 77,35 K temperatūroje. Porų skersmens ir paviršiaus ploto santykis buvo 

nustatytas DFT metodu (15 pav.). 

  

15 pav. Porų dydžio pasiskirstymo analizė pagal N2 adsorbciją: (a) bandiniai išdeginti 

900 oC temperatūroje, (b) išdeginti 1000 oC temperatūroje. 

Nustatyta, kad bandiniuose, išdegintuose 900 °  temperatūroje, vyrauja 

mezoporos, o išdegintuose 1000 °  temperatūroje ir nesant DP priedo – mikroporos. 

Nustatyta, kad 900 °  temperatūroje išdegintų bandinių be 10 ir 20% DP priedo 

vidutinis porų skersmuo yra pastovus (3, 4 nm). Tačiau padidinus DP priedą (30 ir 

40 %) ir esant tokiai pačiai išdegimo temperatūrai, vidutinis mėginių porų skersmuo 

padidėjo ir sudarė atitinkamai 26,1 ir 33,2 nm. Mėginiai, išdeginti 1000 °C 

temperatūroje, turėjo skirtingą priklausomybę nuo vidutinio porų skersmens. Mėginių 

be DP priedo porų skersmuo buvo 36 nm. Dėl DP priedo prie molio (10, 20, 30 ir 

40 %) porų skersmuo sumažėjo ir sudarė 33,2 nm. 

30 ir 40% DP priedas ir išdeginimas 900°  temperatūroje lemia cilindrinių porų 

susidarymą ir padidėjusį porų skersmenį. Tai parodo tankesnė išdegtų mėginių 

struktūra. Plyšio formos poros buvo nustatytos išdegus 1000 °  temperatūroje 

išdegtuose mėginiuose be DP priedo ir su 10 bei 20% priedu. Porėtumas buvo didesnis 

išdegintuose mėginiuose su 30 ir 40% DP priedu (16 pav.). 

Tokiu būdu buvo eksperimentiškai patvirtinta galimybė molį iš dalies pakeisti 

10–20% DP, išdeginant 900 °  temperatūroje arba 10–30% DP, išdegant 1000 °C 

temperatūroje. 
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16 pav. N2 adsorbcijos matavimų DFT metodu molio plytoms rezultatai. 

Pirmojo tipo molio plytos gali būti naudojamos vidutiniškai agresyvioje 

aplinkoje, o antrojo – pasyviai agresyvioje aplinkoje (pagal atsparumo šalčiui 

matavimą). DP panaudojimas molinių plytų gamyboje leis gaminti molines plytas 

nepakenkiant jų kokybei ir iki 30% sumažinant gamtos išteklių sunaudojimą. 

Gaminant tokio tipo statybines medžiagas su priedu, sumažės po deginimo 

susikaupusių atliekų – neperdirbamos KKA dalies šalinimas sąvartynuose. 

5.4.4. Biomasės ir  umblo  ujofikavimo pelenų kaip dalinio cemento pagrindo 

me žiagų pakaitalo panau ojimo galimybių pagrin imas    straipsnis . 

Ištirtos pelenų liekanų, gautų dujofikuojant nuotekų dumblo su biomase, 

dvikomponenčių mišinių su mikrosilicio dioksido dalelėmis, kaip pakaitinio rišiklio 

komponento cemento pagrindo medžiagose panaudojimo galimybės. 

Nustatyta, kad cemento pakeitimas abiem pakaitalais padidina hidratacijos 

produktų kiekį ir lemia ankstesnį CH sunaudojimą, nei kompozicijose, kuriose kaip 

pakaitalas naudojamas tik mikrosilicio dioksidas (17 pav.). 

  
17 pav. Normalizuoto iki 100 g bevandenio kiekio (a) surišto vandens (wb) ir (b) 

portlandito (CH) išsiskyrimas. 
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Abiejų pakaitalų įvedimas paskatino amorfiškesnės CSH fazės, sumaišytos su 

adatų formos hidratais (etringitu ir kalcio fosfatu), susidarymą. Etaloninių ir 

sumaišytų cemento pastų frakcijų paviršių SEM vaizdai po 56 dienų hidratacijos 

pateikti 18 pav. Elementinė sudėtis taip pat pateikiama kartu su kristalų analizės 

rezultatais. Po dviejų hidratacijos mėnesių (18 pav.) portlandito kristalai mikrosilicio 

dioksido pastoje yra gana maži, be aiškiai apibrėžtų kraštų, nes pucolanas juos iš 

dalies sugeria. Masyvūs CH kristalai matomi etaloninėje pastoje ir pastoje su dujinimo 

liekanomis. (18 a, c pav.).  

  

  

18 pav. Sumaišytų cemento pastų, hidratuotų 56 dienas, SEM vaizdai (a) PC, (b) 

pSF, (c) pR ir (d) pSFR. 

Tačiau įvairaus storio (AFt) adatų formos hidratai daugiausia buvo randami 

mišiniuose su liekanomis ir jų nebuvo etaloninėje pastoje. AFt susidarymas susijęs su 

dideliu sulfatų kiekiu pelenuose (≈23%). Po 56 dienų nuotekų dumblo pelenų 

turinčiose sistemose dėl ištirpusios amorfinės pelenų fazės ir chemiškai surišto 

vandens iškrito AFt kristalai. Kalcio turinčių fosfatų junginių susidarymas (pridedant 

nuotekų dumblo pelenų) gali padidinti kompozicijų atsparumą gniuždymui. pSFR 

mėginiuose buvo rasta amorfinė fazė ir adatų formos hidratai. Tačiau fazės elementinė 

sudėtis buvo panaši į CSH gelių sudėtį; jos vizualinė forma ir bendras poringumas 

skyrėsi nuo tų, kurie buvo stebimi pSF sistemoje. 

Mikrosilicio dioksido ir liekanų sinergija labiausiai lemia mikro- ir mezoporų 

(iki 40 nm), atspindinčių CSH struktūrą, bei mažų kapiliarinių porų gausumą. Gelio 

porų buvimas yra susijęs su pucolaninėmis reakcijomis ir hidratacijos greičiu, o 

vidutinės ir didelės kapiliarinės poros turi įtakos struktūros pralaidumui ir stiprumui. 
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Lyginamasis cemento pakaitalų poveikio porų tūrio kitimui hidratacijos metu 

įvertinimas parodė, kad porų tūris pSFR pastoje mažėja gana greitai 28 dienų 

laikotarpiu, kai porų dydis yra didesnis nei 12 nm. Ilgesnis hidratacijos laikotarpis 

daugiausia paveikia porų sritį iki 20 nm, kuri yra jautri hidratacijos produktų 

susidarymui ir pakavimo tankiui. Nustatyta, kad mišriųjų kompozicijų su silicio 

dioksido dūmais santykinio porų tūrio vertės yra didesnės nei etaloninės pastos. Taigi, 

porų tūrio sumažėjimas rodo porų struktūros pagerėjimą, kas yra įmanoma dėl 

pucolano arba reaktyviosios fazės komplekso gebėjimo užpildyti porų erdvę 

hidratacijos produktais. Šiuos teiginius patvirtina didžiausias portlandito 

sunaudojimas pSFR sistemoje, kai per 56 dienas susidarė per daug adatos formos 

hidratų. 

Patvirtinta, kad kapiliarinio vandens sugertis priklauso nuo bendro cemento 

pakeitimo lygio ir hidratacijos laiko, o ne nuo liekanų ir mikrosilicio dioksido (R/SF) 

santykio. Įvedus abu pakaitalus, sorbcijos pajėgumas sumažėja nuo 24 iki 56%. 

Nustatyta, kad skiedinių atsparumas gniuždymui mažėja didėjant R/SF santykiui, o 

atsparumas lenkimui mažiau priklauso nuo pakaitalų balanso (19 pav.). 

  
(a) (b) 

 
 

(c) (d) 

**SF/C – silicio dioksido dūmų ir cemento santykis, R/SF – dujinimo likučio ir silicio 

dioksido dūmų santykis 

19 pav. Skiedinio mėginių gniuždymo (a) ir lenkimo (b) stiprumo rezultatai 

(vidutinis); gniuždomojo (c) ir lenkimo (d) stiprumo padidėjimo palyginimas su etaloniniu 

skiediniu. 
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 emento pagrindu susidariusias atliekas paverčiant medžiagomis, reikia 

atsižvelgti į poveikį aplinkai. Remiantis tuo,  O2 emisijos įvertis pasirenkamas kaip 

pagrindinis atliekų susidarymo potencialo vertinimo parametras. Nustatyta, kad 

tyrime naudotas mikrosilicio dioksidas buvo gana brangus, todėl mišrių mėginių 

kaina, palyginti su etaloniniu mėginiu, padidėjo 6%. Galiausiai dėl padidėjusio 

liekanų kiekio savikainos vertė sumažėjo 3%. 

Nustatyta, kad įvedus abiejų rūšių atliekas  O2 emisija sumažėjo 10‒15 proc. 

CO2 emisija buvo mažesnė mėginiams, kuriems cemento pakeitimo lygis buvo 12%, 

lyginant su 10%. Buvo įvertintas pasirinktų mineralinių priedų efektyvumas, derinant 

poveikį aplinkai su mechaniniu atsparumu. Kompozicijos, sumaišytos su liekanomis, 

skleidžia tik tokias pat emisijas kaip ir cemento pakeitimas mikrosilicio dioksidu 

(R/SF=0). Be to, nustatyta, kad dėl mažo duomenų išbarstymo mėginiams, kuriuose 

cemento pakeitimo lygis yra 10% ir 12%, R/SF santykis 0,5‒1,0 gali būti laikomas 

gera pakaitalų charakteristika aplinkosauginiu ir inžineriniu požiūriais. Nepaisant 

pagerėjusio atsparumo, žemas vandens sugėrimo lygis, gautas naudojant 

kompozicijas, kurių R/SF 0,5, rodo, kad dujofikavimo liekanas kartu su silicio 

dioksido dūmais galima taip apdoroti, kad jos būtų tinkamos lietaus grotelių arba 

cemento pagrindo plokščių gamybai. 

Ištirtas dviejų rūšių atliekų, nuotekų dumblo ir biomasės dujinimo liekanų ir 

mikrosilicio dioksido, panaudojimo cementui pakeisti potencialas. Išnagrinėtas jų 

sinerginis poveikis hidratacijai ir statybinių medžiagų savybėms. Apskaičiuotos 

sąnaudos ir nustatytos CO2 emisijos parodė, kad bendras cemento pakeitimo santykis 

gali būti padidintas iki 12%, kur 4–6% sudaro dujinimo liekanos, nesumažinant 

mechaninio atsparumo. Tuo pačiu sumažinus mikrosilicio dioksido kiekį (iki 6 proc.) 

būtų sutaupomi ir ištekliai. Apibendrinant galima teigti, kad skiedinio sudėtis, 

pakeičiant cementą 6% liekanų ir 6% mikrosilicio dioksido mišiniu, atrodo naudinga, 

nes sumažintų portlandcemenčio ir mikrosilicio dioksido išteklius. 

 . .  šva os ir rekomen acijos  

 . . .  šva os 

1. Nustačius pagrindines MBA proceso metu išskiriamo iš atliekų gauto kuro 

(AGK) charakteristikas, paaiškėjo, kad AGK gali būti deginamas tik 

kogeneracinėse jėgainėse šilumos ir elektros gamybos tikslais. Buvo nustatyta, 

kad, remiantis klasikiniais reikalavimais, iš AGK gaunamas KAK yra geros 

kokybės ir gali būti panaudojamas kaip pakaitinis kuras klinkerio išdegimo 

procese. Pagamintas KAK pagal ES standartus priklauso III kategorijai. Buvo 

nustatyta, kad KAK deginimo pelenai yra kristalinės struktūros ir turi klinkerio 

formavimo mineralas. Buvo sukurta KAK gamybos linijos koncepcija ir 

apskaičiuotas jos produktyvumas, kuris siektų 4,47 t/val. Buvo nustatyta kad 

KAK gamybos proceso metu medžiagų drėgmė sumažėja 85%, o galutinio 

produkto tūris – 18%. Įvertinta, kad KAK kaip pakaitinio kuro cemento krosnyje 

panaudojimo ekonominis ir aplinkosauginis efektyvumas yra iki 25 %. 

2. Tyrimais įrodyta, kad energijos gamybai tinkamų medžiagų atgavimas iš 

sąvartynų yra įmanomas sukūrus KAK gamybos iš sąvartynų kasybos produktų 

(SKP) mechanizmą. Buvo pasiūlytas dviejų etapų KAK gamybos mechanizmas: 
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pirmasis etapas gali būti vykdomas sąvartyno teritorijoje, antrasis – panaudojant 

MBA įrangą. Tapo akivaizdu, kad SKP stambiojoje frakcijoje esama degių 

subfrakcijų, tokių kaip plastikas, mediena, popierius, guma ir kitos, kurios gali 

būti atgaunamos gylyje iki 10 m. Gauto KAK pelenai turi kristalinę struktūrą ir, 

remiantis elementine ir oksidų sudėtimi, atitinka pagaminto klinkerio sudėtį. 

3. Molio plytų pavyzdžiai, kuriuose yra iki 20% KAK dugno pelenų (DP) kaip 

pakaitinio komponento ir kurie išdegami 900 °  temperatūroje, gali būti 

naudojami vidutiniškai agresyvioje aplinkoje ir priklauso F1 klasei. Molio 

plytos su 30% tų pačių DP vietoj molio, kurios išdegamos 1000 °C 

temperatūroje, gali būti naudojamos pasyviai agresyvioje aplinkoje ir priklauso 

F0 klasei. Molio plytų gamyboje naudojant 30% DP kaip pakaitinį komponentą, 

bus galima pagaminti 1000 vienetų standartinio dydžio molio plytų 

nepabloginant jų kokybės ir sunaudojant 1,31 tonos mažiau gamtinių išteklių. 

4. Buvo nustatyta, kad yra naudinga skiedinio sudėtyje cementą pakeisti 6% KAK 

dujinimo liekanomis ir 6% mikrosilicio dalelėmis, nes tai sumažintų cemento 

„Portland“ ir mikrosilicio dulkių kaip žaliavos naudojimą. Sąnaudų ir  O2 

emisijų apskaičiavimo rezultatai rodo, kad bendras cemento pakeitimo lygis gali 

padidėti iki 12%, 4–6%, padengtas dujinimo liekanomis ir 6% mikrosilicio 

dulkėmis, nepabloginant mechaninio atsparumo.  

5.5.2. Rekomendacijos 

1. Norint iš AGK pagaminti aukštos kokybės KAK, rekomenduojama iš kietųjų 

komunalinių atliekų pašalinti chloro ir gyvsidabrio turinčias medžiagas. Tai 

galima padaryti tik pašalinant  l- ir Hg- turinčias medžiagas iš kietųjų 

komunalinių atliekų srauto.  

2. Pirmajame smulkiosios frakcijos išskyrimo etape (sąvartyno teritorijoje) 

rekomenduojama naudoti inercinius sietus, o ne būgninį sietą. Tokio tipo sietai 

užtikrina medžiagos rūšiavimą ir tuo pačiu metu jos pernešimą per sietą. 

3. Molio plytų gamyboje, dalį molio pakeičiant dugno pelenais, rekomenduojama 

naudoti mažai kalcio turinčius molius. Dugno pelenų sudėtyje yra palyginti 

didelis kalcio kiekis, kuris turi neigiamos įtakos galutinio produkto kokybei. 

4. Kaip pakaitinį komponentą rekomenduojama naudoti 4–6% dujinimo dumblo. 
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APPENDIXES 

Appendix 1. Parameters, methodology and results of calculation economic efficiency 

of using the SRF during clinker firing 

№ Parameters Limit value Symbol  

1 Daily kiln production quantity 3056 ton/day KP61 

 2 Total operating day 360 day/year OD61 

3 Emission factor of coal 85 % CACO2
61 

4 The energy required to produce one kg of 

clinker 

840 kcal/kg Ec28 
 

5 The calorific value of coal  7400 kcal/kg HCVcoal
62  

6 Price 1 ton of coal 137 USD Pcoal
63  

7 The cost price of one-ton SRF 25 USD PSRF
64  

8 The calorific value of SRF 5000 kcal/kg CVSRF  

9 Emission cost of one ton CO2 58 USD PCO2
65  

10 Replacement ratio of SRF 10, 15, 20, 25% RR  

11 Coal consumption by initial situation 16.1 t/h C0
coal  

Methodology of calculation 

The energy consumption of coal to produce clinker tons per day, kcal/kg (E): 

En = KP×1000×Ec,                  (1) 

The coal energy consumption savings by using the replacement ratio of SRF, kcal/kg (Esav): 

  Esav En RR=                   (2) 

The SRF amount to be replaced per hour to achieve the required energy, ton/h (ASRF): 

( )/ /1000 / 24SRF SRFA Esav HCV=                                         (3) 

The coal amount per hour required to achieve the energy, ton/h (Ccoal): 

( )/ /1000 / 24coal coalC REn CV=                  (4) 

where RE is the required energy to produce one kg of clinker taking into account the 

replacement ratio of SRF (kcal/kg): 

  1000calcREn KP Ec RR=                    (5) 

where Eccalc is the calculation energy required to produce 1 kg of clinker (kcal/kg): 

( ) /100calcEc Ec AC=                   (6) 

where AC is the coal consumption (t/h) and was calculated by Eq. 7: 

0  coal coalAC C C= −                  (7) 

where Ccoal ‒ coal consumption calculated by different replacement ratios of SRF (t/h). 

The amount of SRF required for replacing one ton of coal (QSRF) was: 

 /SRF SRFQ A AC=                  (8) 
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Using SRF as a replacement fuel, the annual coal savings, t/year (AScoal), were calculated 

using Eq. 9: 

24coalAS AC OD=                    (9) 

The annual income in coal savings, USD/year (AI), was calculated by Eq. 10: 

 coal coalAI AS P=                 (10) 

The annual consumption of SRF, t/year (ACSRF), was calculated using Eq. 11: 

 24SRF SRFAC A OD=                  (11) 

By Eq. 12, the annual costs of SRF, USD/year (CSRF), were calculated: 

 SRF SRF SRFC AC P=                 (12) 

The actual financial savings, USD/year (FS), were calculated using Eq. 13: 

   SRFFS AI C= −                (13) 

The annual CO2 emission savings for the cement plant using coal, USD/year (CSCO2), was 

calculated by Eq. 14: 

2 2 24CO COCS AC CA TOD=                  (14) 

Reducing CO2 emissions from coal, USD/year (
2COES ), was calculated using Eq. 15: 

2 2 2CO CO COES CS P=                 (15) 

Loss of efficiency taking into account the use of SRF, % (LEf), was calculated by Eq. 16: 

  0.20 100LEf RR=                  (16) 

The net cost savings was calculated according to Eq. 17: 

2  100 –
  

10

(

0

( ) )CO SRFES C LEf
N

AI
CS

+ − 
=

             (17) 
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