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Abstract. Thermal analysis was carried out and the heat of combustion of the experimental fuel was determined in order to study the influence of polyethylene on the properties of fuel from municipal solid waste. It is shown that fuel samples with a high polyethylene content have high values of net calorific value and intense gas formation.
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Introduction
The technology of waste combustion in cogeneration plants with the production of electrical and thermal energy is the most common and one of the most effective among technologies for the energy use of municipal solid waste (MSW). In addition, technologies for processing MSW into fuel are actively developing in the world. Simultaneously with the involvement of solid waste in the energy sector, environmental problems associated with the disposal of waste in landfills and dumps will be solved, which leads to catastrophic pollution of air, soil, surface and ground water.
Fuel from waste is obtained according to the requirements of the end consumer. Technologies for processing MSW into refuse derived fuel (RDF) or solid recovered fuel (SRF) depend on the characteristics of the raw material. The processing of MSW into fuel involves the sorting of waste and the separation of combustible components. Paper, cardboard, plastic and textiles have the largest share of combustible components of MSW [1, 2]. 
Plastic is one of the main components of MSW. It needs to be handled properly as a fuel to reduce its negative impact on the environment. There are various chemical forms of plastic waste (polyethylene PE, polypropylene PP, polyvinyl chloride PVC, polyamide PA, polystyrene PS, polyethylene terephthalate PET, etc.) with different physical and chemical properties and composition [3]. It should be noted that PE and PP are suitable for combustion as part of composite fuel [3]. At the same time, PE has a highest calorific value (44.8 MJ/kg) [4]. Therefore, it is important to analyze variations in the composition of fuel with different PE content in order to obtain fuel from MSW with high quality characteristics.
Materials and methods
The thermal characteristics of the combustible components of MSW were previously determined with the aim of creating an alternative composite fuel [5]. It was found that most components, except polyethylene, can be classified as lignocellulosic biomass based on their elemental composition and the nature of thermal decomposition.
The main characteristics of MSW-based fuel are determined during its combustion. The combustion behavior of fuel can be predicted based on the results of thermal analysis. Samples of experimental RDF were made taking into account the morphological composition of MSW in Ukraine [6] and with the aim of studying the influence of polyethylene as a component with highest calorific value (Table 1). The studies was carried out by the method of thermal analysis in a Q-1000 derivatograph in static conditions of a gas environment. The fuel samples were heated at a constant rate from ambient temperature to 1000 °C. Data on the change in temperature and mass of the sample (TG), the rate of change in mass (DTG) and the heat release (DTA) were obtained during heating (Fig. 1 and 2). 
Table 1 
The RDF composition
	Sample
	Fuel components, %

	
	polyethylene
	cardboard
	fabric
	genuine leather
	pine wood

	RDF 1
	26
	50
	16
	3,5
	4,5

	RDF 2
	31
	29
	13
	4
	23

	RDF 3
	40
	37
	15
	3,5
	4,5

	RDF 4
	50
	50
	-
	-
	-

	RDF 5
	50
	-
	20
	10
	20


Results
Processing of experimental data made it possible to determine the temperature ranges of dehydration, thermal decomposition, moisture and ash content, as well as the content of decomposable organic and mineral substances (Table 2).
Table 2
Thermal characteristics of experimental fuel 
	Sample
	Water removal
	Thermal decomposition
	Ash, 
% dry matter
	Net calorific value, MJ/kg

	
	
	organic substances
	mineral substances
	
	

	
	range,
°С
	moisture content, %
	range,
°С
	content,
% dry matter
	range,
°С
	content,
% dry matter
	
	

	RDF 1 
	23–166
	6,28
	166–530
	91,32
	530–1000
	3,81
	4,87
	23,03

	RDF 2 
	20–165
	5,17
	165–534
	92,79
	534–1000
	3,69
	3,52
	25,22

	RDF 3 
	23–166
	4,69
	166–538
	92,69
	538–1000
	3,58
	3,73
	27,01

	RDF 4 
	23–157
	3,81
	157–534
	90,54
	534–1000
	4,73
	4,73
	28,89

	RDF 5
	23–154
	4,51
	154–544
	95,92
	544–1000
	2,19
	1,89
	30,82


Sample RDF 1 has the lowest polyethylene content in its composition. Fuel dehydration occurs in the range of 23–166 °C (Fig. 1 and 2, TG, DTG and DTA curves). The moisture content of the sample is the highest among the fuels due to the high cardboard content (Table 2). Thermal decomposition of organic substances occurs in three stages differing in decomposition rate and thermal effects (Fig. 2, DTG and DTA curves). At the first stage (166–352 °C), a constant increase in heat release is observed; the maximum decomposition rate is recorded at a temperature of 313 °C (Fig. 2, DTG curve). At the second stage (352–470 °C), the intensity of decomposition increases. The release of gases outside the decomposition zone results in heat loss. This is recorded on the DTA curve as an endothermic peak with a maximum at 463 °C. The decomposition of organic matter is completed at the third stage in the range of 470–530 °C. This is evidenced by the course of the DTG and DTA curves. Further increase in temperature causes decomposition of mineral substances. At temperatures of 648–733 °C, a loss of sample mass (Fig. 1 and 2, TG and DTG curves) and heat absorption are recorded, which is a consequence of the thermal dissociation of calcium carbonate present in the cardboard. RDF 1 has the highest ash content and the lowest calorific value (Table 2).
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Fig. 1. Combined TG curves.
Increasing the polyethylene content in RDF 2 to 31% does not cause significant differences in the nature of thermal decomposition (Fig. 1 and 2). Dehydration occurs until reaching 165 °C. After this, the decomposition of organic substances occurs in three stages. Heat generation increases in the second stage and reaches its maximum at 481 °C. Thermally unstable mineral substances of fuel components decompose in the range of 534–1000 °C. The process of decomposition of calcium carbonate was observed in the range of 643–725 °C. Increasing the polyethylene content causes an increase in the calorific value to 25.22 MJ/kg.
Dehydration of RDF 3 containing 40% polyethylene ends at 166 °C. After which, decomposition of organic substances begins (Fig. 1 and 2). It is also characterized by three stages. The intensity of decomposition increases due to the high polyethylene content in the fuel. An increase in the polyethylene content causes changes in the nature of the destruction of organic substances. A strong endothermic peak is recorded on the DTA curve in the range of 419–501 °C (Fig. 2). The impact of polyethylene as a fuel component becomes more noticeable and causes a powerful emission of environmentally hazardous [7] decomposition products. At the same time, the calorific value of RDF 3 increases due to the contribution of the calorific value of polyethylene (Table 2).
RDF 4 containing cardboard and polyethylene in equal proportions is characterized by low moisture content (Table 2). The destruction of organic substances occurs in accordance with the patterns characteristic of the RDF 3 sample. The calorific value of the fuel is 28.89 MJ/kg.
[image: ]
Fig. 2. Combined DTG and DTA curves.
The RDF 5 differs by the absence of cardboard in its composition and a high content of polyethylene (Table 1). Thermal decomposition of organic substances is accompanied by intense gas formation. RDF 5 has a low content of thermally unstable mineral substance and ash, as well as the highest value of the calorific value of 30.82 MJ/kg.
Studies have shown that all fuel samples have a similar nature of thermal destruction, since the main components of the fuel are polyethylene and lignocellulosic raw materials. It can be noted that the high content of polyethylene in RDF determines not only the high calorific value of the fuel, but also the powerful release of volatile products of thermal decomposition, which improves combustion kinetics. It would be rational to have the maximum amount of polyethylene in the fuel based on the calorific value and kinetics of thermal decomposition of experimental RDF. However, in practice, the polyethylene content in the fuel will be determined by the emission purification system of a particular energy company.
Conclusions
Based on the data obtained, the presented RDF compositions can be recommended, since they satisfy the conditions put forward for the fuel. However, it is necessary to ensure the neutralization of harmful substances formed during the thermal decomposition of polymeric materials when burning such fuel. The results show that the highest calorific values and intense gas formation are recorded in fuel with a high polyethylene content.
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