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The article presents the rationale, method of manufacturing and obtaining composite biofuel
in the form of pellets based on municipal waste, as well as methods used to determine its main
thermal characteristics. Traditional methods of utilizing sewage sludge, which remains for years
in sludge landfills, and fallen leaves are inefficient from an economic and environmental point
of view or are prohibited. Given the strict environmental standards and high costs of waste
processing in Ukraine, their disposal becomes a critical problem due to mass production and
large volumes. Utilization of sludge sediments of municipal wastewater treatment plants with
their use as a source of thermal energy is one of the promising areas. Adding fallen leaves to the
sediments will allow the production of environmentally safe composite biofuels with improved
physical and thermal characteristics. The production of granular fuel was carried out using
sewage sludge from municipal wastewater treatment plants of the Dnipro-Kirovograd Industrial
Complex and fallen maple leaves of the city of Kropyvnytskyi. The main thermal characteristics
of composite pellets were experimentally established, namely: density, strength, moisture and ash
content. A mixture of sewage sludge and fallen leaves in proportions from 10/90% to 50/50%,
respectively, allows obtaining sufficiently high-calorie pellets with a heat of combustion of
18.0 MJ/kg. The resulting composite pellets are environmentally friendly fuel, are low-cost and
have sufficiently high thermal characteristics. The use of such alternative biofuels is appropriate
for use not only in residential heating systems, but also in industrial plants for the production of
thermal and electrical energy in the agro-industrial, municipal and energy sectors.

Key words: sewage sludge, fallen leaves, recycling, biofuel pellets, thermal processing

Kpaguenxo B. 1 Xapaxkmepucmuka e1acmueocmeii aibmepHAMUGHO20 NAIUEA,
CMBOPEHO20 3 8i0X00i6 KOMYHAIbHUX RIONPUEMCIE

Y emammi npedcmasneno obrpynmyeanns, cnocio 6ucomoeieHHs i OMPUMAHHA KOMNO-
3UMH020 Oionanuea y eueisidi neiem Ha OCHOBI 8I0X00i68 KOMYHANbHUX NIONPUEMCME, d MAKONC
Memoou, Wo SUKOPUCTNOBYIOMbCA Ol BUSHAUEHHS 1020 OCHOBHUX MENI0MEXHIYHUX XapaKme-
pucmux. Tpaduyiuni memoou ymunizayii 0cadie CmMiuHUX 800, WO 3ATUUAIOMbCS POKAMU HA
MYIOBUX 36ATUUYAX, MA ONATO20 TUCHSL MATOEPEKMUBHT 3 eKOHOMIUHOI Ma eKONOSTYHO TMOUKU
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30py abo 3a6oponeni. Bpaxogyrouu cyeopi exonociuni Hopmu ma 6uUcoKi gumpamu Ha nepepooxy
810X00i6 8 YKpaini, ix ymunizayis cmae KpumuuHoio npooiemoio 4epes3 Macose supoOHUYmeo ma
6enuxi obcsau. Ymunizayis mMyno8ux 0cadié KOMyHANbHUX OYUCHUX CHOPYO i3 3ACMOCYBAHHAM iX
5K QdHcepea 00epiCanHs Meniosol enepaii € 0OHUM 3 NePCNeKMUBHUX HANPAMKIS. [looasatts 00
0Cadie onanoeo AUCMA 003601UMb GUSOMOBIAMU eKONO2INHO be3neune KOMNo3ummue 0ionanugo
3 NOKpaweHuUMY PI3UdHUMU | MEPMIYHUMU XAPaKmepucmukamu. Bucomognenns epanynboeanozo
nanuea 6yno npogeoeHo 3 GUKOPUCTNAHHAM 0CaAdy CMIYHUX 800 KOMYHANbHUX OYUCHUX CHOPYO
OKBII «/ITninpo-Kiposoepady ma onanozo nucms kieny micma Kponusnuyvkuil. Excnepumen-
MANLHUM WNAXOM 6CIMAHOBIIEH] OCHOBHI MENI0MEeXHIYHI XapaKmepucmuKy KOMRO3UMHUX neiem,
a came: wWinbHiCMb, MIYHICMb, 60102iCmb Mma 30abHicmb,. Cymiu 3 0cadie cmiuHux 600 ma ona-
71020 UCms Yy nponopyiax 8ionogiono 6io 10/90% 0o 50/50% oozeonse ompumamu 00cmamuso
BUCOKOKANOPIUHI neiemu i3 meniomoio 32opanns 18,0 M]c/ke. Ompumani KOMRO3UmHi neiemu
€ eKON0CTUHO HeUKIONUBUM NATUBOM, BIOPIZHAIOMbCA MALOK0 8APMICIIO MA MAIOMb 00CMAMHbLO
BUCOKI MENIOMeXHIUHI XapaKxmepucmukamu. Bukopucmanus maxo2o anrvmepHamusno2o diona-
JUBO € OOYINbHUM OJ1A 3ACMOCYBAHHA He MINbKU Y JICUMIOBUX CUCTIEMAX ONANeHHs, a 1y npo-
MUCTOBUX YCMAHOBKAX OJIsL BUPOOHUYMBA MEN080I | eleKmpUdHol enepeii 6 acponpomMuciosomy,
KOMYHANbHOMY Ma eHepeemUuiHOMY CEKMOPax.

Knrwwuosi cnosa: ocaou cmiynux 600, onane aucms, ymunizayis, Oionaiueni neiemu, mep-
MiuHa nepepooka.

Introduction. Today, environmental problems in the existing water management
systems of settlements in Ukraine are gradually expanding and remain relevant due to
the growing volume of waste. The management of sewage sludge (SS), which is a resi-
due formed during the wastewater treatment process at municipal wastewater treatment
plants, is one of the most complex problems in the field of wastewater management [1].

Analysis of recent research and publications. The Law of Ukraine “On Water Dis-
posal and Wastewater Treatment” of 12.01.2023 and EU directives have significantly
limited the use of sewage sludge in agriculture and have imposed a ban on its storage.
Therefore, today it is necessary to find solutions for the safe neutralization and disposal
of these materials [1].

Given the limited natural resources and the rising cost of fossil fuels, thermal con-
version of SS into energy and alternative fuels is considered one of the most attractive
technologies for processing the growing amount of sludge [2,3]. The thermochemical
process is able to provide not only a significant reduction in the volume of SS, but also
effective destruction of pollutants.

Another unresolved problem of solid municipal waste processing in Ukraine is the
utilization of fallen leaves, which can also be used as an energy source. The use of
fallen leaves as biomass has a number of advantages. The main ones are renewability,
availability and low carbon dioxide emissions during combustion. Thus, in large cities
of Ukraine, about 120,000 m3 of fallen leaves are collected annually, which need to be
disposed of [4].

Traditional methods of processing fallen leaves are mainly storage, composting,
briquetting, and burning [4,5]. However, this biomass in its usual form is difficult to
store and transport due to the low bulk density, which requires significant areas for its
placement. Currently, natural ravines or specially dug land ditches are used for storage
of fallen leaves, which is often a violation of current legislation, as is burning leaves in
the open atmosphere [6].

Although fallen leaves contain a large amount of organic matter and after decom-
position turn into a nutrient fertilizer, such a process, in particular composting, requires
a long period, and the construction of large-scale structures and their maintenance will
require significant operating costs.

The calorific value of pressed fallen leaves is estimated at 17.6-17.8 MJ/kg [7], so
it can be effective for the production of thermal and electrical energy [2]. However,
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the technology of briquetting fallen leaves currently also does not have enough proven
technical solutions, and the known methods with the addition of starch [8] or wax [7] as
a binder significantly increase the cost of such fuel.

The specified waste of SS and fallen leaves can be characterized by different prop-
erties and variability of composition. Therefore, it is advisable to mix them and convert
them into the form of a suitable fuel so that they are suitable for the thermal utilization
process. In this case, the synergistic effect of the protein contained in SS [9] and lignin
of fallen leaves can be a mechanism for the compatible combination and adhesion of
these substances.

In the process of granulating or briquetting a mixture of SS and fallen leaves, it is
possible to obtain fuel of a given shape, which will not only make it possible to effec-
tively dispose of waste, but also increase the thermal characteristics of the pressed com-
posite biofuel and simplify its transportation and storage operations [9,10].

The aim of the study. To experimentally determine the properties of the manufac-
tured alternative composite biofuel in the form of pellets based on SS and fallen leaves
for its thermal utilization in thermal energy production plants.

Presenting main material. In experimental studies on the production of composite
granular biofuel, samples of SS provided by the regional municipal production enter-
prise (OKVP) “Dnipro-Kirovograd” in Kropyvnytskyi were used: raw sludge (SS-1)
and excess activated sludge (SS-2). The sediment samples after centrifugation had a
humidity of 75-80%, therefore, before producing granular biofuel from them, they
were prepared by thermal and mechanical treatment. After treatment, the samples were
destroyed with the formation of individual particles, of which the majority (60-70%)
had a size of 3-5 mm and a humidity of 16%.

The choice of fallen maple leaves as a component of the composite fuel was due to
the fact that one of the most common ornamental trees in the city of Kropyvnytskyi is
maple. After its collection, it was crushed and sieved through a laboratory sieve No. 9
with round holes with a diameter of 9 mm.

In experimental studies of the production of biofuel samples from a mixture of SS
and fallen maple leaves, the following technological sequence was used: collection of
fallen leaves, separation of foreign objects from them; drying of SS and fallen leaves
and their crushing; preparation of a mixture of components; pressing into a closed
matrix; study of the surface of the pellets; determination of the heat of combustion and
ash content of the produced pellets.

To produce pellets from a mixture of SS and fallen maple leaves in a closed matrix,
a universal testing machine YBM-50 and a press device with a mold and a punch
d =16 mm were used, the general appearance of which, as well as the process of man-
ufacturing biofuel samples, are given in [1].

Fractographic study of the surface structure of biofuel granules made from SS and
fallen maple leaves was carried out using an optical-digital unit consisting of a stereo-
scopic microscope model MBC-9, a Web camera and a computer. The general appear-
ance of the optical-digital unit for fractographic studies is shown in Figure 1.

The ash content was assessed using a muffle furnace. The crucible with the installed
sample was placed in a muffle furnace and ashed with subsequent holding in it at a tem-
perature of 800 °C for 1-1.5 hours (until the carbon was completely burned out) [11].

During the study, the main thermal characteristics of composite pellets were deter-
mined: density, calorific value and ash content. The results of experimental studies are
given in Table 1.
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Fig. 1. Optical-digital unit for fractographic studies

Table 1
Main results of experimental studies
% of raw Pellet dens31ty P8
. cm Heat of
material . Ash
NoNe Raw in the Pressure | Pressure | combustion content. %
mixture 130.5 217.5 0, MJ/kg, i
MPa MPa
Maple leaves 90
81 3S-1 10 1,04 1,09 16,7 15,7
Maple leaves 70
92 3S-1 30 1,09 1,15 17,3 22,1
Maple leaves 50
13 3S-1 50 1,17 1,23 18,0 29,2
Maple leaves 90
14 ) 10 1,05 1,08
Maple leaves 70
15 352 30 1,09 1,18
Maple leaves 50
16 352 50 1,15 1,29

The general appearance of pellets made from a mixture of OSW and fallen maple
leaves is shown in Figure 2.

When producing composite fuel from a mixture of raw sediment and excess sludge
(SS-1 and SS-2) with fallen leaves with a humidity of = 15% in different proportions at
final pressures of 130.5...217.5 MPa, pellet samples with a sufficiently smooth surface
were formed (Fig. 2), which had a density P, of more than 1.0 g/cm3 (Table 1) and met
European standards [12].

The nature of the structure of the surface of the pellets and the density of the gaps
between the particles of the raw material after pressing were studied on samples of dif-
ferent densities using a microscope and an eyepiece with a scale. A photo of the surface
structure of composite pellet samples is presented in Figure 3.
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a b c d

Fig. 2. General view of pellet samples (diameter 16 mm) made from a mixture of OSW and
maple leaves, the content of which is respectively: a, b (30/70%); c, d (50/50%),
a, ¢ — pressure 130.5 MPa; b, d — pressure 217.5 MPa

B ,l

Fig. 3. Photo of the surface structure of composite pellet samples and c — general view of their
ash residue after combustion: a — outer surface of a sample made of SS and fallen maple
leaves with a final pressure of 130.5 MPa, b — the same with a final pressure of 217.5 MPa

The results of fractographic studies showed that with increasing pellet density (at
final pressures of 130.5 and 217.5 MPa), the distance between particles on the surface
decreases from 0.075 mm (Fig. 3a) to 0.02 mm (Fig. 3b). The sufficiently high density
and strength of the manufactured pellet samples is due to the protein content in the SS
and lignin in the leaf, and increasing pressure contributes to a decrease in the number of
existing boundaries between particles.

The general appearance of the ash residue after combustion of composite pellets
with raw sediment (SS-1) and leaves is shown in Figure 3c, and its values are given in
Table 1. The ash content of fuel samples was determined experimentally after their com-
bustion with subsequent conversion to dry mass. The ash content of composite pellets
increases with an increase in the sediment content in them. Thus, when the concentra-
tions of fallen maple leaves and SS-1 change from 90/10% to 50/50%, the ash content
increases from 15.7% to 29.2% (Table 1). The ash residues after combustion of the
samples (at a temperature < 800 °C) had a brittle structure and were easily destroyed
with minor efforts with a transition to a heterodisperse state (Fig. 3c).
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The higher calorific value Q¢ of the studied pellets, which is given in Table 1, was
determined by the calculation method taking into account the obtained experimental
data on ash content. To determine the higher calorific value, the equation of D. Mende-
leev was used [13].

The results given in Table 1 show that the value of O, of pellets made from SS-1
and maple leaves increases with an increase in the sediment content from 16.7 to
18.0 MlJ/kg.

Conclusions. Using pre-mixing of prepared sewage sludge from municipal treat-
ment plants and fallen leaves from settlements, samples of alternative biofuel were pro-
duced in the form of composite pellets.

As aresult of experimental studies, it was determined that from the prepared mixture of
SS and fallen maple leaves, when compressed to final pressures of 130.5...217.5 MPa in
apress device, pellet samples with a high-quality texture and density of 1040-1290 kg/m3
are formed, which meets the requirements of European standards p >1.0 g/cm3.

The determined ash content of the manufactured pellet samples was 15.7-29.2%, and
the calculated heat of combustion per dry mass was 16.7-18.0 MJ/kg, which is compara-
ble to the heat of combustion of briquettes from wood waste, brown coal, peat.

The creation of a composite fuel from sewage sludge and fallen leaves will contrib-
ute to solving the problem of municipal waste disposal and increasing the production of
renewable energy. The use of such biofuel is cost-effective, has environmental benefits
and will be effective for use not only in small-scale residential heating systems, but also
in industrial installations for the production of thermal energy in the agro-industrial,
municipal and energy sectors.
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