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Abstract. The use of municipal solid waste as a raw material for alternative fuel is a promising
direction for waste recycling and substitution of solid fossil fuels. Therefore, selecting of fuel
composition and studying of its properties is an urgent task. The aim of this work is thermal
characteristics analysis of the combustible components of municipal solid waste, which are the most
common in Ukraine, for further selection of a fuel composition that will satisfy the consumer's
requirements. The goal is achieved by studying the thermal destruction of samples by
thermogravimetry and differential thermal analysis when materials are heated to 1000 °C in the
presence of air oxygen. Paper, cardboard, plastic, biodegradable film, textiles, leather, wood were
investigated in this work. The most important results are the received data on the characteristic
temperatures of destruction stages, content of water, organic and mineral substances, ash, as well as
the calculated values of rate and conditional thermal effect of decomposition of organic substances.
Strong formation of gaseous substances was registered for samples of polyethylene and biodegradable
film, polyethylene terephthalate and cotton fabric. These features should be considered in the
technologies of production and combustion of fuel. The significance of the results also lies in the fact
that it is recommended to use data on the thermal stability of materials in order to prevent their
ignition during drying when developing fuel production technology. In addition, the calculated values
of the conditional thermal effect made it possible to evaluate the thermal characteristics of the studied
materials as components of solid alternative fuels.
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Rezumat. Scopul lucririi este de a elabora si analiza functionarea unui circuit termic bazat pe ciclul organic Ran-
kine (ORC) folosind substante de lucru cu punct de fierbere scdzut din clasa fluorocarbonilor atunci cénd
functioneaza la parametri initiali de ciclu mari. Acest obiectiv este atins prin analiza energeticd a circuitelor
termice cu o singurd treaptd si mai multe etape ale centralelor electrice cu un circuit de turbina care functioneaza
pe substante de lucru fluorocarbon cu punct de fierbere scazut, cum ar fi octafluoroprop-pane C3F8 si
decafluorobutan C4F10. Se propune integrarea circuitului termic ORC ca extensie la o centrald electrica cu
turbind cu gaz de mica capacitate (GTU), care functioneaza pe gaz de sintezd dupd un gazeificator de biomasa.
Cele mai importante rezultate ale lucrarii sunt posibilitatea implementarii unui ciclu cu o temperatura scazuta de
condensare a mediului, care permite, la utilizarea fluidelor de lucru cu punct de fierbere scazut, reducerea
semnificativa a temperaturii procesului de indepartare a caldurii si, In consecinta, cresterea eficienta a ciclului. S-
a aratat posibilitatea utilizarii substantelor de lucru enumerate in centralele electrice cu circuit de turbind, care
pana in prezent au fost utilizate in principal ca agenti frigorifici pentru sistemele de refrigerare si pompe de
caldura. Semnificatia rezultatelor lucrarii consta in faptul cd, pe baza analizei complexului energetic, a fost
propusa si justificatd o solutie de circuit care poate creste eficienta energeticd a complexului de alimentare cu
energie, crescand volumul de energie electrica generata. si oferind o serie de avantaje tehnologice si de mediu.
Cuvinte-cheie: termogravimetrie, analiza termica diferentiala, deseuri solide menajere, componente inflamabile,
cinetica de descompunere, generare.
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TepMuvecknii aHAJIN3 TOPIOYNX KOMIIOHEHTOB TBeP/AbIX OBITOBBLIX 0TX010B
Cue:xkun 10.®., Muxaiiauk B.A., Kopunueckas T.B.
WucturyT Texuamdeckoii Temnodmukn HAH Ykpannsl, Kues, Ykpanna

Annomayusa. Vicnonb3oBaHUE TBEPIBIX OBITOBBIX OTXOJOB B Kau€CTBE CBHIPbS Ul aIbTEPHATHBHOIO TOILIMBA
ABJISIETCS NIEPCIIEKTUBHBIM HAaIPaBICHUEM YTWIN3AIMN OTXOIO0B M 3aMELICHUSI TBEPJOTO HCKONAEMOTO TOILINBA.
ITosTomy mombop cocTaBa TOIUIMBA M M3yYCHHWE €TO CBOWCTB SIBISCTCSA aKTyallbHOW 3amadedd. Llenpro manHOU
paboTHI SBISECTCS aHATH3 TEPMHUIECKHUX XapaKTEPHCTHK TOPIOYMX KOMIIOHEHTOB TBEPIBIX OBITOBBIX OTXOOB,
Hanboyee paclpoCTpaHEHHBIX B YKpawHe, IJIs JalbHEWIIero mombopa cocTaBa TOIUIMBA, KOTOPBIH Oyner
YIOBIIETBOPATH TpeOoBaHMsAIM noTpeOuTens. [locraBneHHass Ledb JOCTUraeTcsi IYTEM HCCIIETOBAHUS
TEPMHYECKOH JECTPYKIMU O00pa3loB METOJaMH TEPMOTpaBUMETpUH M AH(D(PEpeHINATBLHOTO TEPMHYECKOTO
aHanuza npu HarpeBaHuu ux 1o 1000 °C B ycioBusiX AocTyma KHCJIOpoAa Bo3ayxa. B naHHOI pabore Obum
uccieoBaHbl Oymara, KapToOH, IUIACTHK, OWopasjaraemasl IUIEHKa, TEKCTHJIb, HaTypajibHas M HMCKYCCTBEHHas
Koka, ApeBecuHa. OmnpeneneHsl XapakTepHble TeMIepaTyphl 3TaloB JECTPYKIMU: JETUAPATALH, Pa3I0oKEeHUs
OpPTraHMYeCKUX U MUHEpaJIbHBIX BellecTB. Hanbosee BAXXHBIMU pe3yJIbTaTaMH SIBJISIIOTCS MTOJTy4EeHHbIEC TaHHBIE O
COJZICP’)KaHUU BOABI, OPTAaHWYECKUX W MHHEPAIBHBIX BEIIECTB, 30JbI, a TAKKE PACCUNTAHHBIC BEIMIMHBI
CKOPOCTH U yCJIOBHOTO TEIUIOBOTO 3(ekTa pa3inokeHHsi OpraHMIecKuX BemecTs. [loka3aHo, 4TO TEpMHIECKOE
pa3noXeHNe OPraHWYECKUX BEIIECTB HOCHUT CTaJUHHBIN XapakTep. CTaqun OTINYArOTCS KaK TeMIIepaTypHBIMH
MHTEPBAJIAMH, TaK M CKOPOCTBIO pasiokeHHs. s oOpas3noB MONMMATHICHOBOW M OHMOpa3naraeMoi IIEHOK,
HoNMATUIEHTEpedTaIaTa U XJIONKOBOKH TKaHM PETHCTPUPOBAIN MOIIHOE 00pa3oBaHHE Ia3000pa3HbIX BEIIECTB.
[TosTOMy B TEXHONOTHMSAX W3TOTOBICHWA W CXKUTaHMSA TOIUIMBA CIEAYET Y4YeCcTh JAaHHBIE OCOOCHHOCTH
TCPMHUYECCKOI'O Pa3JIOKCHUS. 3HaYNMOCTh TMOJYUYCHHBIX PE3YJbTATOB 3aKJIIOYaCTCA €1I€ U B TOM, YTO IIpU
pa3paboTKe TEXHOJIOTHH IPOU3BOJCTBA TOIUIMBA PEKOMEHIYETCS HCIIONIb30BaTh AaHHBIE O TEPMUYECKON
CTOMKOCTH MaTepuasioB, 4YToObl W30eXkaTh MX BO3TOpaHUs MpH cymike. KpoMe TOro, BBIYMCICHHBIC BEIHMYHHBI
YCJIOBHOTO TEIIOBOrO0 A(QeKTa TO3BOJIMIM OLEHHTh TEPMUYECKUE XapaKTEPUCTUKU HCCIICAOBAHHBIX
MaT€pHraloB B KaUCCTBC KOMIIOHCHTOB TBEPAOI0 aAJIbTCPHATUBHOT'O TOILJIMBA.

Knrwouegvie cnoea: tepmorpasumetpust, muddepeHnnansHpi TEPMUYECKUH aHATN3, TBEPbIC OBITOBBIE OTXOMBI,
TOpIOYNe KOMIIOHEHTHI, KHHETHKA PA3JI0XKEHUsI, TEHEPALUS TETIIIOTHI.

INTRODUCTION incineration plants to produce energy and is con-
verted into fuel [6].

Refuse derived fuel (RDF) is an alternative
solid fuel containing the combustible part of the
waste remaining after separation of secondary
raw materials [7]. Secondary raw materials usu-
ally amount to 20—40 wt. % MSW [8]. Combus-
tion of the RDF has higher efficiency in contrast
to direct combustion of the MSW due to higher
calorific value and less negative impact on the
environment.

The RDF is used as an alternative to fossil
fuels mainly in cement plants and coal-fired
power plants [7]. Between 30% and 60% of tra-
ditional fuels have been replaced by the RDF in
cement and waste recycling plants in Europe [9].
The RDF is combusted by mixing it with coal or
biomass [10-11]. At the same time, the emission
reduction is 0.4 tons of CO./ton of coal when
coal is replaced by the RDF, the moisture con-
tent of which is less than 15% [12]. And com-
bustion together with biomass can reduce the
total amount of recorded CO, emissions, since
biomass is considered carbon neutral [13, 14].

The possibility of using the RDF of a certain
composition is finally determined in the combus-
tion process. The defining characteristics are the
heat of combustion and the number of emissions.

The amount of municipal solid waste (MSW)
is constantly increasing because of a general in-
crease in the planet's population, an improve-
ment in the quality of life and widespread indus-
trial development. Improperly utilised waste is
environmentally hazardous and takes up too
much land. Therefore, the European Commission
requires a reduction in landfills to reduce pollu-
tion of surface and ground water, soil and air, as
well as to reduce the greenhouse effect [1].

Traditional methods of disposal and recycling
of MSW include landfilling, combustion, and
biological treatment. However, these methods
have certain disadvantages [2, 3]. There are
many problems associated with decreasing land-
fill areas, strict environmental regulations, and
rising disposal costs [4]. In the Ukraine, more
than 90% of MSW is subject to disposal at land-
fills. However, in most cases they are over-
crowded and do not meet environmental re-
quirements. Therefore, safe disposal and recy-
cling of MSW has become an urgent task
throughout the world. It encourages the devel-
opment of new ways of waste disposal [5].
Waste-to-energy technologies are used in devel-
oped countries. In the USA, Great Britain, Ger-
many, and ltaly, MSW is disposed of in waste
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The RDF properties are actively being re-
searched in the world. However, there are diffi-
culties associated with ensuring quality and ac-
curately determining the thermal characteristics
of the fuel due to its heterogeneous composition.
It was also found that the properties of the RDF
have significant differences depending on the
location of waste storage area [6]. It is possible
to predict the characteristics of the fuel using the
results of thermal analysis of its components.

Most researchers have focused their attention
on studying the pyrolysis kinetics of the MSW
components and their mixtures using thermo-
gravimetric analysis (TGA). Some of the studies
presented in the literature are complemented by
the study of thermal characteristics using differ-
ential scanning calorimetry (DSC). In particular,
in [15] the thermogravimetric characteristics and
kinetic behavior of mixed plastic, mixed paper,
textiles, and the RDF mixtures based on them
were studied. In [16], studies were carried out on
the kinetic parameters of pyrolysis (by the TGA
method) and thermal characteristics (by the DSC
method) of paper (receipts, cotton wool), card-
board (cardboard, egg carton), textiles (cotton,
leather), plastics (polyethylene, polyurethane),
hygiene waste (diapers, leno), and biodegradable
waste (chicken meat, potato peel) for optimizing
the combustion process and determining the en-
ergy intensity of low-temperature pyrolysis. The
authors of the work [17] performed a cluster
analysis, including thermogravimetric character-
istics of 26 components of the MSW, in particu-
lar food residue (chinese cabbage, rice, potato,
tangerine peel, banana peel, pakchoi, celery, or-
ange peel, spinach), wood waste (poplar wood,
poplar leaf, chinar leaf, gingko leaf), paper
(blank printing paper, tissue paper, newspaper),
textiles (cotton cloth, absorbent cotton gauze,
terylene), plastics (low-density polyethylene,
high-density polyethylene, polyvinyl chloride,
polypropylene, polyethylene terephthalate), and
rubber. In [18], samples of wood, paper, textiles
and polyethylene terephthalate were selected to
study the thermogravimetric and calorimetric
characteristics of their interaction during pyroly-
sis. In [19], ten main components of the MSW,
such as yard waste, food waste, textile, paper,
rubber, low-density polyethylene, high-density
polyethylene, polypropylene, polyethylene ter-
ephthalate, and polystyrene, were studied by
thermogravimetric method. As a result, the inter-
action between the components was quantified,
and the kinetic parameters of pyrolysis were cal-
culated.
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The presented studies are mainly devoted to
determining the Kinetic parameters of pyrolysis
using different methods. This leads to a wide
range of research and calculations. In addition,
the study of the thermal characteristics of the
process is carried out using differential scanning
calorimetry, which requires additional equipment
and data processing. Therefore, it is advisable to
carry out a preliminary assessment of the com-
ponents of the MSW as fuel using a technique
that allows you to calculate the kinetic and ther-
mal characteristics of components without the
involvement of additional methods (DSC) and
complex calculations of the kinetic parameters of
the process. A simplified calculation of the kinet-
ics of the process, namely the calculation of av-
erage decomposition rates and the assessment of
the conditional thermal effects of the decomposi-
tion process, allows us to determine the possibil-
ity of using the investigated combustible compo-
nents of the MSW as the RDF components.

The largest part of the MSW consists of food
waste, paper and cardboard, plastic, glass, and
textiles [20]. Recycling of the MSW into the
RDF involves sorting waste and separating com-
bustible components. The main combustible
components of the MSW can be identified by
analysing the morphological composition of
waste in the Ukraine. Paper, cardboard, plastic,
textiles, leather and rubber products, and wood
can be used to produce the RDF [21].

MATERIALS AND RESEARCH
METHODS

A thermal analysis of the most common types
of combustible components of the MSW was
carried out to determine the prospects for their
use as a fuel and to study the kinetics of thermal
decomposition during combustion. The study
was carried out in the derivatograph “Q-1000" of
the  Paulik-Paulik-Erdey  system  (MOM
company, Hungary) [22] modernized at the IET
of NAS of the Ukraine. The derivatograph
implements methods of thermogravimetry and
differential thermal analysis. These methods
contribute to deepening knowledge on the
kinetics of thermal destruction and heat
generation [23].

The subjects of the study were packaging
paper, 4 types of cardboard from packaging
boxes and disposable tableware, fragments of a
polyethylene  terephthalate  (PET)  bottle,
polyethylene film and biodegradable film based
on corn starch from food bags, 3 types of textiles
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of different origins, 2 types of genuine leather,
faux leather, and pine wood (Table 1). Before the
study, all materials were kept for a long time in
the air environment of the laboratory at 20 °C
and relative humidity of 45%, and were crushed
to a linear particle size of <0.5 mm.

Thermal destruction of materials was studied
in a conical platinum crucible without a lid when
heated from ambient temperature to 1000 °C at a
rate of 7.4 K/min and the resolution of the scales
is 0.5 mg in the presence of air oxygen. Data
collection and processing was carried out using
“Derivatograph” computer application program.

Based on the results of thermal analysis, data
on changes in temperature (T) and mass (TG) of
the sample, rate of change of mass (DTG) and
heat generation (DTA) (Fig. 1-5) were obtained
during the heating process. Processing and anal-
ysis of experimental data made it possible to de-
termine the temperature ranges of dehydration
and thermal decomposition of organic (OS) and
mineral substances (MS), moisture and ash con-
tent in the samples (Table 1), and the rate of de-
composition of OS (Table 2).

Conditional specific thermal effects (STE) of
thermal decomposition of OS (Table 1) were
determined for estimating heat generation in the
process of thermal decomposition of combustible
components of the MSW using the “Deri-

vatograph” program. STE is the part of the area
(mV s) of the integral thermal effect divided by
the mass (mg) of the OS of the sample. The inte-
gral thermal effect was calculated as the area
determined by the trapezoidal method between
the DTA curve and the predicted baseline. The
straight line connecting the points of complete
dehydration and completion of heat release on
the DTA curve was taken as the baseline.

RESEARCH RESULTS AND
DISCUSSION

Figure 1 shows a complete derivatogram of a
thin packaging cardboard sample, as an example
for better understanding of the processes that
occur during the heating of samples of
combustible components of municipal solid
waste, represented by the DTG and DTA curves
in Figs. 2-5.

The thermal destruction of paper and card-
board samples (Table 1, Fig. 2) is the same type.
Dehydration is completed between 163 and 176
°C, depending on the type of material. It is ac-
companied by heat absorption (DTA curves, Fig.
2). Cardboard from a cup has the narrowest de-
hydration range, and corrugated cardboard has
the widest.
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Fig. 1. Derivatogram of the sample of thin packaging cardboard.
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Table 1
Thermal characteristics of MSW components
Thermal de- Thermal decom- | Ash STE,
Water removal composition position content, |[mV-s-mg*
of OS of MS %DM |DM
Sample range, |moisture fange,  |con-  frange, content,
°C content, °C tent, °C %
% % DM
DM
Paper 20-166 | 6.02 | 166-495 | 90.05 |495-1000 | 3.68 | 6.27 | 31552
Thin packaging 20-169 | 6.0 169-493 | 87.64 [493-1000 | 489 |7.47 | 395.62
cardboard
Corrugated card-
board from packag- | 20-176 | 6.81 | 176-488 | 86.82 |488-1000 | 458 |8.60 | 479.87
ing boxes
gj‘gdboard froma |0 163 | 673 | 163517 | 96.65 |517-1000 | 1.59 | 1.76 | 437.77
;Z;‘gboard froma | 50169 | 5.83 | 160-545 | 78.76 |545-1000 | 5.16 | 16.08 | 468.51
Pine wood 20-171 | 6.94 | 171-525 | 98.47 |525-1000 | 0.68 | 0.85 | 488.61
Polyethylene film — o 211-516 | 95.86 |516-1000 | 2.16 | 1.98 | 456.86
PET bottle material | — | 0 247-572 | 98.76 |572-1000 | 1.06 | 0.18 | 339.68
Biodegradable film | 23-122 | 1.77 | 122-573 | 81.61 |573-1000 | 8.37 | 1002 | 327.02
Wool fabric 19-149 | 8.62 | 149-646 | 96.93 |646-1000 | 1.75 | 1.32 | 522.44
Synthetic fabric 20-178 | 7.96 | 178-542 | 97.05 |542-1000 | 1.90 | 1.05 | 496.99
Cotton fabric 19-162 | 430 | 162-513 | 97.53 |513-1000 | 1.35 | 1.12 | 365.23
Cotton fibers 20-169 | 4.04 | 169-465 | 98.0 |465-1000 | 1.11 | 0.89 | 47157
fezPh”e'Pem'Ck 20-156 | 10.08 | 156-595 | 95.32 [595-1000 | 1.42 |3.26 | 622.92
Sre”“'”“h'” leath- | 50152 | 1079 | 152-501 | 94.03 |501-1000 | 2.00 |3.88 | 533.44
Faux leather I 0 141-597 | 69.57 |597-1000 | 16.78 | 13.65 | 293.02

The thermal decomposition of OS occurs in
stages in the range of 163-545 °C and conven-
tionally includes low-temperature and high-
temperature stages. The maximum rate of OS
decomposition is registered at the first stage in
the range of 300-336 °C for all samples (Fig. 2).
The determined average rate of OS decomposi-
tion is ~2% of dry material (DM) per minute for
most samples (Table 2). Only cardboard from a
plate has a 1.3 times lower decomposition rate
compared to other samples of paper and card-
board. In paper and cardboard, the low-
temperature stage is characterized by a greater
intensity of decomposition.

Thermally unstable MS present in the sam-
ples decompose in the range from 488 to 1000 °C

(Table 1). The highest content of decomposing
MS is observed in cardboard from a plate (5.16%
DM), and the lowest amount is observed in card-
board from a cup (1.59% DM). An increase in of
the decomposition rate is observed at a tempera-
ture of 645-750 °C in samples of cardboard and
paper, except for the cardboard from a cup. This
is accompanied by an endothermic effect. This
temperature range corresponds to that of the
temperature of thermal dissociation of calcium
carbonate (chalk) used in the technology of
manufacturing paper products. The ash content
varies from 1.76 (cardboard from a cup) to
16.08% DM (cardboard from a plate).
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1 — pine wood; 2 — paper; 3 — cardboard from a plate; 4 — cardboard from a cup;
5 — thin packing cardboard; 6 — corrugated cardboard from packaging boxes.

Fig. 2. Combined DTG and DTA curves of samples.

Table 2

Temperature ranges, proportions of decomposed OS and
average rates of decomposition of MSW components

First stage Second stage
Average rate
range, propor- d_e_compo— range, propor- d_e_compo— of decompo-
Sample °C tion of gition rate, [°C tion of [sition rate, sition,
0S, % % 0S, % DM/min o, DM/min
DM/min %

Paper 166-349 | 70.65 | 2.94 349-495 | 29.35 | 1.18 2.04
gg;? dpaCkag'”g card- 1169344 | 66.82 | 280  [B44-493 | 3318 | 1.2 2.01
Corrugated cardboard

from r?ackaging DOXES 176-347 | 65.68 | 2.77 347-488 | 34.32 | 1.40 2.08
Cardboard fromacup |163-346 | 66.49 | 2.91 346-517 | 33.51 |1.28 2.04
Cardboard from a plate | 169-360 | 69.38 | 2.28 360-545 | 30.62 | 0.90 1.55
Pine wood 171-346 | 59.55 | 2.75 346-525 40.45 | 1.52 2.07
Polyethylene film 211-402 | 21.24 | 0.85 402-516 | 78.76 | 4.42 2.33
PET bottle material 247-456 | 84.74 | 3.07 U56-572 15.26 | 0.92 2,26
Biodegradable film 122-419 | 76.06 | 2.29 419-573 | 23.94 | 0.86 1.35
Wool fabric 149-398 | 46.83 | 1.39 398-646 | 53.17 | 1.52 1.45
Synthetic fabric 178-338 | 48.70 | 2.33 338-542 | 51.30 | 1.74 1.98
Cotton fabric 162-378 | 80.18 | 2.79 378-513 | 19.82 | 1.01 2.07
Cotton fibers 169-359 | 70.37 | 2.89 359-465 | 29.63 | 1.83 2.47
Genuine thick leather | 156-367 | 43.45 | 1.56 367-595 | 56.55 | 1.67 1.62
Genuine thin leather 152-350 | 53.97 | 2.08 350-501 | 46.03 | 1.95 2.02
Faux leather 141-346 | 71.40 | 1.83 346-597 28.60 | 0.59 1.14

The DTG and DTA curves of paper and card-
board repeat the nature of the curves of pine
wood (Fig. 2, curve 1). This is quite natural,
since cellulose is the main raw material compo-
nent in the production of paper and cardboard.

Cardboard from a cup is the closest to wood in
terms of the nature of thermal destruction.

Wood dehydration occurs in the range from
20 to 171 °C, with a maximum rate at 77 °C. At
the second stage, OS decomposes in two stages
(low temperature (171-346 °C) and high temper-
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ature (346-525 °C)). This is accompanied by
intense heat generation. The maximum average
rate of decomposition (2.75% DM/min.) is regis-
tered at the first stage. A further temperature in-
crease causes the decomposition of a small
amount of mineral substances (0.68% DM) with-
in the range of 525-1000 °C. The ash content in
the pine wood sample was determined to be
0.85% DM.
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Plastic waste is on the same level as paper
and cardboard in terms of content in the MSW.
Fragments of a PET bottle and a polyethylene
film were used in the study (Fig. 3). Thermo-
gravimetric analysis showed the absence of wa-
ter in the plastic samples within the used sensi-
tivity limits of the scales (Table 1).
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1 — polyethylene film; 2 — PET bottle material; 3 — biodegradable film.

Fig. 3. Combined DTG and DTA curves of samples.

Thermal destruction of polyethylene film be-
gins with a glass transition at 126 °C, at which
polyethylene transforms into an elastic state.
Thermal decomposition with the loss of mass of
the sample begins at 211 °C and has a staged
nature (Tables 1 and 2). The first stage is com-
pleted at 402 °C and has a maximum decomposi-
tion rate at 381 °C. At this stage, only 21.24% of
OS is decomposed at a relatively low rate
(0.85% DM/min). A further increase in tempera-
ture causes intensive formation of gaseous sub-
stances. They leave the crucible at a certain tem-
perature (~436 °C).

This leads to a sharp loss of heat and a de-
crease in the temperature of the crucible with the
sample. This is reflected in the DTA curve as an
endothermic peak with a maximum at 459 °C.
The second stage is characterized by a signifi-
cantly higher average rate (4.42% DM/min) and
depth of OS decomposition of 78.76% DM.

Mineral substances were found in the poly-
ethylene film. Their decomposition is observed
in the range of 516-1000 °C (Table 1). Most of
MS (1.62% of DM) decomposes in the range of
638-713 °C and has a pronounced endothermic
character (DTA curve).

This is most likely due to the dissociation of
calcium carbonate.
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The thermal decomposition of a sample from
a PET bottle (Tables 1 and 2, Fig. 3) begins sim-
ultaneously with the achievement of the glass
transition at 247 °C and occurs in two stages. A
higher intensity of decomposition is observed at
the first stage with a maximum rate at 407 °C.
Intense gas formation occurs in the range of
387456 °C. It was found that the content of de-
composing mineral substances of the sample is 2
times less, and the ash content is 11 times less
than in the sample from polyethylene film.

A thermal analysis of the biodegradable film
of Comserv Ukraine LLC, made from modified
corn starch and biodegradable petroleum prod-
ucts, was performed. Packages from such a film
are quite common in the Ukraine.

Dehydration of the biodegradable film is ob-
served up to 122 °C (Fig. 3, Table 1). After the
water is removed, the decomposition of OS be-
gins immediately. It occurs in several stages,
differing in decomposition rates (DTG) and as-
sociated thermal effects (DTA). The maximum
rate of decomposition was registered at 392 °C.
Intense gas formation is observed in the range of
325419 °C. The decomposition of OS ends at
573 °C. The endothermic process is registered
reaching 636 °C during the decomposition of
MS. Its rate increases up to 740°C and ends at
760°C. The temperature range of the registered
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endothermic peak coincides with the tempera-
tures of thermal dissociation of calcium car-
bonate. The ash content of the studied biode-
gradable film is quite high (~10% DM) com-
pared to polyethylene film (Table 1).

The thermal destruction of textiles was stud-
ied on samples of cotton, wool and synthetic fab-
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rics (Table 1 and 2, Fig. 4). Wool fabric has the
most narrowest dehydration temperature range
(19-149 °C), while synthetic fabric has the wid-
est range (20-178 °C). At the same time, the
longest decomposition of organic compounds
was registered in wool fabric.
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Fig. 4. Combined DTG and DTA curves of samples.

Destruction of cotton fabric begins immedi-
ately after dehydration at a temperature of 162
°C (Fig. 4, curve 2). The first stage is character-
ized by greater intensity due to powerful gas
formation in the range of 280-357 °C with a
maximum rate at 331 °C. Comparison of the ob-
tained results with data on the decomposition of
cotton fibers (Fig. 4, curve 1) as a raw material
for the fabric production showed that the decom-
position range of OS is narrower by 55 °C, and
intensive gas formation is not registered. This is
most likely due to the presence of synthetic im-
purities in cotton fabric.

The ash content in the textile samples is in the
range of 1.05-1.32% DM.

The nature of the derivatographic curves of
thermal decomposition of genuine leather
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(Fig. 5) is similar to the curves of cardboard and
fabric. Water removal occurs up to 152 and
156 °C, depending on the type of skin (Table 1).
Due to hydrophilicity, genuine leather has a fair-
ly high equilibrium moisture content (10.08—
10.79%) and relatively low thermal stability
(152-156 °C).

The organic substances of the leather also de-
compose in two stages. In comparison with thick
leather, thin leather has a narrower decomposi-
tion range by 90 °C and, accordingly, a 1.2 times
greater rate of OS decomposition (Table 2). De-
composition of a small amount of MS is ob-
served in samples of thin skin after 501 °C and
thick skin after 595 °C. The ash content directly
depends on the thickness of the leather (Table 1).
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Fig. 5. Combined DTG and DTA curves of samples.
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The decomposition of faux leather begins
with thermal destruction of OS at 141 °C and has
2 stages. Moreover, the rate of decomposition is
3 times higher at the first stage than in the sec-
ond (Table 2). Decomposition of MS occurs up-
on reaching 597 °C. The content of thermally
unstable MS in faux leather is quite high com-
pared to all studied samples. A significant con-
tent of chalk was registered; therefore, the ash
content is also high (Table 1).

The studies have shown that dehydration of
moisture-containing combustible components of
the MSW can be observed up to 178 °C. Howev-
er, each of the components has its own tempera-
ture of complete dehydration, after reaching
which thermal decomposition begins (Table 1).
The temperature of the beginning of thermal de-
composition is often called thermal stability.

Thermal stability is an important characteris-
tic of a material that must be considered when
developing fuel production technology to avoid
ignition during drying.

Due to the long stay of the samples in the
laboratory, their moisture content reached
equilibrium values in the range of 0-10.8% and
depends on the type of components.

Thermal ~ decomposition  of  organic
compounds occurs in several stages, which differ
in kinetics and magnitude of accompanying
thermal effects.

At a certain temperature, in some samples
(polyethylene and biodegradable films, PET and
cotton fabric), gaseous substances are intensively
formed, which quickly leave the boundaries of
the crucible. This is reflected in the DTA curves
as endothermic and leads to an underestimation
of the actual thermal effects of thermal decom-
position.

Thermally unstable MS, such as CaCOs,
MgCQs, etc., which are present in among the
investigated components of the MSW as fillers,
decompose in the range from 488 to 1000 °C and
not only increase the ash content of the fuel, but
also reduce its calorific value due to heat con-
sumption on their thermal dissociation.

Analysis of the kinetics of thermal decompo-
sition of organic substances of the MSW compo-
nents (Table 2) showed that most samples de-
compose more intensively at the first stage, at
lower temperatures. Only polyethylene film,
wool fabric and genuine thick leather are charac-
terized by intensive decomposition in the second
stage. Under the same heating conditions, PET
bottle material has the highest decomposition
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rate in the first stage, and polyethylene film has
in the second.

If we compare the overall average rate of de-
composition, it turned out to be the highest in the
samples of polyethylene film and cotton fibers
(2.33% and 2.47% DM/min, respectively), and
the lowest in the faux leather (1.14 % DM/min).

Analysis of the calculated values of STE
showed that genuine thick leather has the largest
value, and faux leather has the smallest value,
which is a consequence of its high ash content
and thermally unstable MS (Table 1). The values
of STE calculated from the area under the DTA
curves are clearly underestimated in samples of
PET bottles, polyethylene and biodegradable
films, as well as cotton fabric due to the loss of
heat of thermal decomposition with gases.
Therefore, it is necessary to determine the calo-
rific value of MSW components in a calorimetric
bomb [24] for the final thermal assessment of
them as raw components of fuel.

However, the conditional STE of the thermal
decomposition of a sample of pine wood (Ta-
ble 1), the thermal characteristics of which are
known (in particular, the heat of combustion)
[25], was compared with the values of the STE
of all investigated combustible components of
the MSW. This comparison made it possible to
verify that almost all samples, except faux
leather, have satisfactory properties and can be
used as the RDF components.

CONCLUSIONS

The thermal analysis of the combustible
components of municipal solid waste made it
possible to determine the characteristic tempera-
tures of dehydration, thermal decomposition of
organic and mineral substances.

The content of water, organic and thermally
unstable mineral substances, and ash was deter-
mined by the method of thermogravimetry. Data
on the kinetics of thermal decomposition of or-
ganic substances were obtained.

Differential thermal analysis made it possible
to evaluate the thermal effects of thermal de-
composition of combustible components of mu-
nicipal solid waste and the kinetics of heat gen-
eration.

Knowledge of conditional specific thermal ef-
fects and kinetics of thermal decomposition of
organic substances of the MSW components
make it possible to select fuel with certain ther-
mal characteristics. During the development of
the RDF, certain characteristics will make it pos-
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sible to satisfy the needs of fuel consumers both
in terms of calorific value and combustion kinet-
ics.

The obtained results indicate the possibility
of using the investigated combustible compo-
nents of the MSW as components of the RDF.
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