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Abstract

:

This article presents the results of the study of the morphological composition of municipal solid waste (MSW) from the landfill of Atyrau city, and the waste’s energy characteristics and presence of microorganisms, including bacteria, fungi and viruses. This study was carried out under a government order to determine the feasibility of recycling accumulated and incoming waste into electricity and its hazard to the environment and the workers involved in handling it. At the moment, there is no MSW recycling in Kazakhstan, which has led to the accumulation of more than 125 million tons of waste with an annual increase of 5 million tons. The research included four major cities (Almaty, Shymkent, Atyrau and Astana), which were selected not only on the basis of population, but also because the cities were located in different climatic zones. Samples were collected at the city landfills: 10 samples with an average distance of 100 m from each other were collected to provide a maximum coverage of both recently received waste and long-time stored waste. The research showed that neither climatic conditions nor the population size had a significant impact on MSW density, the values of which ranged from 120.1 kg/m3 to 145.4 kg/m3, as this indicator directly depends on the quality of life. The mass of the combustible fraction ranged from 39.41% to 54.62% and was mainly represented by plastic, textile and paper waste. The average value for the four cities was 50.30%. The higher calorific value fell in the range of 24.22–30.49 MJ/kg, with an average value of 26.71 MJ/kg. Microbiological studies showed little difference in average composition regardless of climatic conditions. Thus, no sharp differences in MSW composition, its energy characteristics and microbiological composition were found. The results of this study may be useful for optimising MSW recycling and disposal processes, as well as for developing measures to reduce their negative impact on the environment and human health.
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1. Introduction


Modern society is facing a growing problem of municipal solid waste management caused by rapid population growth, increasing consumption and inefficient waste management systems. This leads to serious environmental and socio-economic consequences. In such a context, the study of energy and the biological characteristics of municipal solid waste assumes great relevance and importance [1,2].



Every year, the world generates more than 2 billion tons of municipal solid waste, and according to forecasts, the growth of volume by 2050 will be about 3.5 billion tons [3]. At the same time, one third of this waste is not utilised safely. The average amount of MSW per person per day is 0.74 kg, but this varies widely and depends primarily on the quality of life, with developed countries generating 34% of the waste. The quality of life also affects the composition of the waste, as the better the living conditions, the lower the amount of food waste and the higher the proportion of recyclable raw materials. Storage without recycling results in 1.6 billion tonnes of greenhouse gas emissions in terms of carbon dioxide, which is 5% of global emissions.



Municipal solid waste is a diverse mixture of organic and inorganic components including food waste, paper, plastic, glass, metals and other materials [4,5]. Together with the rapidly increasing volume of waste, there is a need to develop innovative approaches to its management in order to reduce its negative environmental impact while maximising the benefits of these resources. Research on the energy and biological characteristics of municipal solid waste is becoming a key factor in the effective treatment and utilisation of this waste. First of all, the energy aspect of the research helps to identify the potential of utilising municipal solid waste as an energy source [6]. This is especially important in the context of constantly growing energy demand and the need to diversify energy resources [7].



The biological characteristics of municipal solid waste also have great importance in the context of recycling. The use of biological processes such as composting can lead to the transformation of organic waste into useful products such as fertiliser or bio-gas [8,9]. Studies of the biological characteristics of waste allow the determination of the optimal conditions and methods for its treatment to improve processes and increase the efficiency of recycling.



In the trend of green technology development, the developed capitalist countries have traditionally led the way. But the countries in the Asian region, the Middle East and the African continent have recently joined this race [10,11,12]. This emphasises the need for waste recycling regardless of geography and distribution of the world’s wealth. The awareness of the limited availability of natural resources makes it necessary to provide a constant and predictable source of fuel and secondary raw materials. Municipal solid waste fulfils these requirements, which underlines the need to develop such technologies, including in terms of energy efficiency. The use of the combustible part of MSW for energy generation by direct incineration is widely found in many developed and developing countries [13,14]. In the USA, there are 75 enterprises generating electricity from MSW incineration. It is declared that 550 kW × h of energy is generated from one tonne of MSW, which, at an average cost of one kW × h of energy of 4 cents, makes it possible to obtain a profit from USD 20 to 30 [15]. It is obvious that the energy value will directly depend on the waste composition, and its value ranges from 300 to 700 kW × h per tonne [16,17]. In Kazakhstan, the processing of the entire volume of accumulated MSW at a price of 5 cents per kW × h with a minimum generation of 300 kW × h from one tonne can produce electricity worth USD 1.8 billion and generate USD 75 million annually.



Sweden is the leading European country in waste-to-energy conversion. It acts as an undisputed leader in its own waste recycling; United Kingdom, Ireland and Norway are exporting its MSW to Sweden. According to a report by the local waste management association Avfall Sverige, Sweden recycles 99% of its municipal waste [18]. It is important to note that 50.6% of waste is recycled, 48.6% is incinerated for energy, and only 0.8% is sent to landfills.



Pyrolysis is also a thermal method for processing the organic component of municipal solid waste [19,20,21]. Researchers emphasise, for example, the absence of combustion products, greenhouse gases and nitrogen oxides as strengths, and characterise the process as fully environmentally friendly. This characterisation is partly true, as pyrolysis itself meets these requirements, but the liquid fuel obtained by pyrolysis will be used for energy extraction in any case, with the occurrence of these negative consequences. If the final product of pyrolysis is predominantly synthesis gas, then the process requires significant temperatures of 750–900 °C and the use of a catalyst [22]. In general, it can be concluded that the choice of pyrolysis as a technology for MSW processing is reasonable if there is an appropriate production facility for the utilisation of its products nearby. Thus, incineration is simpler from the technological point of view and also does not require a source of energy for the implementation of the process.



In addition to thermal recycling and composting, recent years have introduced studies of the biological degradation of plastics into monomers using bacteria [23,24]. Both hydrolysable plastics such as polyethylene terephthalate and non-hydrolysable plastics such as polyethylene and polypropylene can be subjected to such recycling. Unfortunately, this method is not fast, and it is not practical to use it for large quantities of already accumulated waste. Moreover, different types of plastics are present in MSW at the same time.



Before the combustible part of MSW enters the furnace, the waste is sorted into separate non-combustible and food waste. Despite significant progress in the development of appropriate technologies, manual labour cannot be completely avoided. This raises concerns for the health of the people directly involved in sorting. Studies show that MSW can be a source of various pathogens such as Staphylococci, fungi and even Hepatitis B and C [25,26].



A new environmental policy has been initiated in Kazakhstan, and its intentions are to move towards world-class recycling standards. By 2030, it is planned to increase the recycling of rubbish to 40%. Simultaneously, there is insufficient available information about the morphological composition and potential biological risks associated with both historical waste and incoming waste. Additionally, it is important to have a clear understanding of the proportion of combustible components, their composition and energy properties when determining the method of waste management and recycling. In order to obtain an objective picture, the largest cities of Kazakhstan, having the status of republican importance and differing in climatic location and average quality of life of the population, were selected for research. Thus, Shymkent is the southernmost city with a population of about one million people and in terms of quality of life is in the 8th place [27]. Almaty is located 100 km to the north with a population of 1.8 million people and is in third place in terms of quality of life [28]. Atyrau is 700 km to the north, is in the second place in quality of life with a population of 235 thousand and has a strategic importance due to the presence of an oil refinery.



In Kazakhstan, there is a critical situation in the waste management system. There are several reasons for this. Kazakhstan is the ninth country by area and in terms of population density is at the very end of the list. The presence of huge territories and the lack of a waste processing system has led to the growth of landfills, where the waste is simply accumulated. As a rule, there are two to three official landfills near large cities and a large number of spontaneous ones, where waste is illegally dumped in order not to pay for burial. The environmental situation is seriously worsened by fires that occur in the summer period. The lack of a recycling system was a consequence of the necessity to solve more significant issues after gaining independence, such as medicine, education and improvement of the quality of life of the population. The main objective of this study was to determine the degree of suitability of historical and fresh MSW for recycling by using thermal methods, the quantity and quality of combustible components, their biological hazard and the composition of combustion products.



Taking into account the above mentioned factors, the project plans a comprehensive study of MSW from Kazakhstani landfills to obtain reliable information on their morphological composition and information necessary for further classification. Three main parameters are declared in the classification system: net calorific value (economic parameter), chlorine content (technical parameter) and mercury content (environmental parameter). In addition, a study of the presence of microorganisms is planned in order to establish the risks for people involved in the collection and sorting of MSW.




2. Materials and Methods


In this study, sampling was carried out in accordance with the requirements established by “Sanitary-epidemiological requirements for the collection, use, transportation, storage and burial of production and consumer wastes” approved by the Order of the Acting Minister of Healthcare of the Republic of Kazakhstan dated 23 April 2018 No. 187 [29]. For this purpose, polyethylene containers with a volume of 60 L, providing hermetic closure, were used. Figure 1 shows a map with the sampling marks labelled.



Determination of the morphological composition of municipal waste was carried out in accordance with the “Methodology of determining the morphological composition of solid domestic waste”, established by the Order of the Agency of Construction and Housing and Communal Services of the Republic of Kazakhstan from 1 October 2012 №4 [30].



Preparation of samples for subsequent tests was carried out in accordance with the international standard ISO 21645:2021 [31]. There were two general methods used in the samples’ preparation: reducing the sample mass by separating it and grinding of samples [32,33].



In order to preserve the composition of the spot samples, the components were selected according to their percentage content. At this stage, it is important to manipulate the sample as quickly as possible to prevent the loss of moisture and volatile components because this will affect further determination of sample moisture content and volatile component yields. Once the combustible components had been extracted, manual grinding was carried out because any mechanised methods based on friction would inevitably lead to heating of the sample components and negative consequences. All sample components were ground separately to avoid the loss of moisture and were stored in tightly tied polythene bags. After grinding, the components were mixed to form the final sample.



The following standardised methods were used to investigate the physico-chemical parameters:




	-

	
ISO 21660-3:2021 Solid recovered fuels—Determination of moisture content using the oven drying method [34]. The essence of the method is to bring to a constant mass the MSW sample in the drying chamber at a temperature of 105 °C and determine the desired parameter by the mass difference.




	-

	
ISO 21656:2021 Solid recovered fuels—Determination of ash content [35]. According to this method, the sample in a muffle furnace is heated in steps: first by heating to 250 °C with a holding time of one hour, followed by heating to 550 °C and a holding time of two hours. Air shall be allowed to enter the furnace to ensure complete combustion.




	-

	
ISO 22167:2021 Solid recovered fuels—Determination of the content of volatile matter [36]. In this method, the sample is heated for 7 min at 900 ± 10 °C in a tightly closed quartz crucible without access to air.




	-

	
ISO 1928:2009 Solid mineral fuels—Determination of gross calorific value by the bomb calorimetric method and calculation of net calorific value [37]. Gross calorific value is determined by the combustion of a sample at constant volume and oxygen overpressure of 3 MPa. Modern calorimeters calculate the calorific value automatically by entering the mass of the sample into the memory of the instrument.










3. Results and Discussion


Volumetric and mass characteristics of MSW samples from the landfill of Atyrau city were investigated. Ten samples with a volume from 40 to 45 L and mass from 2.7 to 8 kg were taken in total. Waste density ranged from 89.8 to 259.1 kg/m3; the average value was 145.4 kg/m3. It is noteworthy that MSW density values can vary significantly between regions and countries due to different factors including consumption levels, population composition, level of industrial development and waste management systems. For example, researchers from China indicate densities ranging from 100 to 400 kg/m3 with an average of 325 kg/m3 across 31 provinces [38], while Bhutan has a MSW density of 160 kg/m3 [39]. A density of 311.73 kg/m3 is reported for the capital city of Oman [40]. The greatest contribution to the density should be made by food waste because its content in the total volume is significant and it contains a lot of moisture. It should also be noted that apart from the composition, the density will be affected by the time of year in which the sampling takes place, as precipitation will increase the density due to the absorption of water by hygroscopic materials such as paper and fabrics.



The species composition of MSW samples is presented in Table 1. In general, the composition corresponds to the world average values with the exception of a reduced content of food waste and an increased content of plastic components [41]. Food waste is the inedible parts of fruits and vegetables as well as leftovers of cooked food. Due to the availability and cheapness of plastic bags, people dispose of food waste in such tied bags. Preservation of humidity, positive temperature and limitation of UV light penetration favours microorganisms, and this type of waste determines the unpleasant odour of MSW in general.



Paper waste is mainly packaging materials, boxes and containers of all kinds, printed materials such as advertising booklets, magazines and books, as well as used personal hygiene products such as napkins and toilet paper. In addition to the known ways of processing this type of waste, recycling is more rational, as paper waste can withstand several recycling cycles [42,43]. In Kazakhstan, there are no large-scale plants for the production of paper products, and minor recycling processes consist of the production of cardboard boxes and toilet paper from secondary raw materials.



Plastic waste has the widest range of types, most of which are polyethylene and polypropylene bags and other containers from food products and building materials, as well as various household appliance scraps. The chemical composition of plastic is the same as in the rest of the world; the proportions may differ due to the specifics of a particular region [44,45].



Textile waste is represented in the form of household worn-out clothes, yarns, threads and scraps of textile materials, which are generated at industrial facilities, from the transport, catering and health care sectors, medical institutions, domestic service enterprises, etc. Globally, 75% of textile waste is utilised and the rest is recycled [46]. At the same time, it can be used as fuel, although the calorific value is only 16.8 MJ/kg, which is significantly lower than for plastic waste [47].



Glass waste is mainly represented by broken beverage bottles and pharmacy containers. Whole containers are rare, since often whole bottles are handed over by the population at glass waste collection centres. Non-ferrous and ferrous metals are present in small quantities due to their value and availability at scrap metal collection centres, which are widely available.



The combustible fraction including wood, paper, polymer and textiles was selected and separated after sorting the samples. According to the data presented in Table 2, the total content of the combustible waste fraction is 53.18%, which is more than half and is mainly represented by plastic and paper waste. For the previous year, the volume of generated waste in Kazakhstan exceeded 5 million tonnes, and according to the forecast, by 2025 it will reach 8 million tonnes, which represents a promising opportunity for the organisation of an energy cluster independent of fossil fuels. More than three thousand landfills in Kazakhstan have already stored 125 million tonnes of waste.



Figure 2 shows the general morphological composition.



The moisture content of the samples ranged from 1.1 to 17.3%, with an average value of 3.72%. Determination of fuel moisture content plays an important role in various fields related to fuel utilisation and storage. Fuel moisture is one of the main parameters that affects fuel quality, combustion efficiency and safety of use [48]. High fuel moisture can lead to low combustion efficiency, increased emissions and energy loss. The optimum moisture content for pyrolysis has been determined as 20–25% [49], but in this process, water acts as a source of hydrogen in the formation of the syn-gas; in direct combustion any moisture content reduces the amount of generated heat. Also, in addition to the deterioration of fuel quality, it can lead to the occurrence of corrosion and package destruction. Moisture can also promote microbial growth and rotting, which can lead to the formation of harmful decomposition products. Both special sensors and neural networks can be used to determine the total humidity and its sources [50,51].



The determination of the ash content of fuels is crucial in various aspects related to their use in various industrial and energy processes. The ash content of a fuel determines the content of mineral residues that remain after combustion. This parameter has a significant impact on combustion efficiency and environmental effects as well as on waste treatment and equipment maintenance processes. The ash generated after MSW incineration is quite volatile and poses a certain threat to the environment and requires additional treatment for direct burial [52,53].



The nature of the difference between external ash content and internal ash content has a clear definition. External ash content arises from the contamination of extraneous impurities into the fuel; in the case of Municipal Solid Waste (MSW), these impurities include sand, dust, and soil particles, which are brought in as a result of storage at the landfill, where often no special base is prepared and the waste is stored directly on the ground. Combined packages made of cardboard and aluminium foil as well as various fillers for plastics will increase the internal ash content [54,55]. The ash content of the samples ranged from 3.94 to 22.27%, with an average ash content of 13.19%.



The determination of ash composition after the combustion of solid fuels plays an important role in understanding their properties, combustion efficiency and environmental impact. The composition of the ash reflects the mineral composition of the residue after complete or incomplete combustion of the fuel and may include various chemical compounds and elements. In addition, ash can also have commercial value; it can be used as an ingredient in concrete production [56] or for extracting useful elements [57,58]. Table 3 shows the elemental composition, which confirms that such ash can be used in concrete production [59]. Based on XRD analysis, CaO, MgO, SiO2, Fe2O3, TiO2, Ca12Al14O33, CaSO4, and NaCl phases were found in the sample.



The yield of volatile substances is one of the important parameters that determine the quality of solid fuels. When solid fuel is heated without access to oxygen, decomposition takes place, releasing gaseous products called volatiles. After the volatiles have been removed, a solid residue (coke or semi-coke) remains, depending on the heating temperature in the mixture, with the mineral part remaining from mechanical impurities. The volatile yield also indicates the amount of gas that can be obtained by pyrolysis of the combustible part of the MSW. The decomposition of plastic waste present in MSW produces various alkanes and alkenes with chain lengths from C5 to C17; if the polymer consists of an aromatic monomer, toluene, ethylbenzene and m-xylene are found in the products of decomposition [60]. From paper and textile wastes, thermal decomposition produces H2, CO, CO2, and various hydrocarbons with chain lengths from C1 to C18 [61,62]. Table 4 summarises the volatile yield per dry state, with an average value of 82.8%. The high volatile yield and low ash content are caused by the high content of plastic and paper in the samples [63,64].



The heat of combustion is the most important factor determining the quality of fuel and characterises its calorific value. Its determination is important for determining the amount of fuel required to achieve a certain level of energy performance or for assessing the efficiency of heating systems or energy plants. Gross calorific value was calculated according to ISO 1928:2009 standard “Solid mineral fuels—Determination of gross calorific value,” which was performed on an automatic calorimeter of the isoperibolic type GDY-1A+. Table 5 shows the values of the gross heat of combustion with and without taking into account the moisture content of the samples. The results indicate that the combustible fraction of Municipal Solid Waste (MSW) is well-suited for use as a fuel in the cement industry [65,66].



The net calorific value of a fuel is the amount of heat released during the complete combustion of a unit mass of fuel minus the heat that is spent on the condensation of water vapour released from the combustion of hydrogen contained in the fuel. This value provides an estimate of the actual available energy that can be obtained from the fuel. The hydrogen content in MSW from different countries of the world, ranging from 5.5% to 11.5% with an average value of 7.1%, was taken for the calculation of the net calorific value [67,68]; the average value of the net calorific value was 25.38 mJ/kg.



The relevance of energy generation by the thermal processing of MSW, including gasification, pyrolysis and direct incineration, lies in solving two important problems of our time. Firstly, it contributes to the utilisation of waste, reducing its negative impact on the environment and preventing its accumulation in landfills. Secondly, it provides an opportunity to produce electricity and heat, which is relevant in the context of constantly growing energy demand and the depletion of traditional fuel sources. The choice of thermal method will be made depending on the existing demand for certain products. Pyrolysis can produce liquid and gaseous fuels, and then it is possible to redirect them to places of consumption. Gasification generates synthesis gas, which can be used to produce methanol or Fischer-Tropsch synthesis. Direct combustion makes it possible to produce thermal energy or electrical energy by converting steam energy in a turbine [69,70,71].



In addition to the economic, physicochemical and energy characteristics of MSW fuels, it is necessary to pay special attention to their biological hazards due to the presence of a large variety of pathogenic microorganisms [72,73]. Their danger is related to their ability to spread and cause diseases through contact with people [74] involved in MSW sorting and processing, through contact with groundwater, through soil contamination and atmospheric spread. In addition to the risk of contamination, the risk of explosion in the storage of MSW must be considered, as bacteria with the ability to ferment organic components are involved in the formation of flammable gases [75].



As shown in Table 6, the microbiological analysis of water extracts revealed the substantial presence of heterotrophic bacteria in all examined samples. The highest number of heterotrophic bacteria was found in sample 10, and the lowest was found in sample 3.



Actinomycetes were found in samples 3 and 10. Their number in sample 3 was high and was counted as millions of cells in 1 mL. In sample 10, the number of actinomycetes was ten times lower.



Mycelial fungi were detected in all the studied samples of water extracts. Their number in samples 3 and 10 was approximately at the same level, and in sample 9, it was ten times lower. Yeast microflora was also detected. Their number in samples 3 and 9 was at the same level as the number of micro-mycetes, while in sample 10 it was three times lower.



Escherichia coli bacteria were also found in all the examined samples of water extracts. On Chromagar Orientation and Endo media in samples 3 and 10, their number is estimated in the millions, and in sample 9 their number is estimated in the tens of millions of cells in 1 mL. This indicates a strong fecal contamination of the samples.




4. Conclusions


The studied energy characteristics of the combustible part of MSW from the Atyrau landfill showed that it is possible to produce solid fuel of acceptable quality with a calorific value comparable to hard coal. At the same time, such fuel wins over coal in terms of ash content and volatile substances yield, as less waste will be generated. The composition of ash showed that it can also be used as a filler in the production of concrete, thereby reducing the cost of its production and minimising waste generation. When determining the parameters, the results for some samples are very different from the average value, which is caused by the heterogeneity of the composition and the introduced moisture and mechanical impurities. If the landfills are excluded from the recycling system and the waste is transported to prepared sites, the fuel quality will be slightly improved.



As calculations have shown, the conversion of this amount of waste into electricity can bring a profit of USD 1.8 billion, which is 0.91% of GDP. It should be noted that Kazakhstan today faces a shortage of electricity; during the years of independence, no new generating capacities have been built, and the existing ones are already insufficient. In this regard, the issue of building a nuclear power plant is put to a public vote. At the same time, MSW recycling per year is capable of producing 1500 GW×h of electricity.



Biological tests revealed the presence of microflora, including pathogenic microflora. Escherichia coli present a significant threat to workers engaged in the handling and incineration of Municipal Solid Waste (MSW). Particularly dangerous are virulent strains of this bacterium, which can cause various diseases such as gastroenteritis, peritonitis, septicaemia and others. Therefore, it is essential that personnel working in this area use personal protective equipment and keep good hygiene. These circumstances emphasise the importance of adopting appropriate safety and hygiene measures during the handling of MSW. Staff training and strict adherence to safety protocols will help to reduce the risk of disease and ensure the safety of workers in the field.
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