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Abstract: The construction of new wastewater treatment plants and the modernization of existing
ones lead to the expansion of sewage networks, resulting in a sharp increase in the volume of
municipal sewage sludge, which translates into a global problem of sludge management. The
solution to this problem could be the recovery of energy from sewage sludge in the cement industry
to exploit its energy potential. The aim of the present study was to examine the results of laboratory
research on the production of alternative fuels based on municipal sewage sludge, plastic waste from
end-of-life vehicles, and wood waste (sawdust) from carpentry enterprises. The tests were carried
out for waste mixtures designated as PAZO I, PAZO II, PAZO III, and PAZO IV fuels, differing in the
percentage of waste used and the type of plastic waste. The following parameters were evaluated in
fuels: water content, ash content, sulfur content, and calorific value. Water content of the obtained
fuels ranged from 17.1% to 19.4%, the ash content ranged from 2.5% to 3.4%, while PAZO II fuel
was characterized by the highest ash content, which was 17.6%, but it remained within the limits
permissible for alternative fuels.The sulfur and chlorine contents did not exceed the permissible
values for alternative fuels. The calorific value of alternative fuels obtained was high and ranged from
16.5 MJ/kg to 33 MJ/kg. Furthermore, the composition of the individual fuel mixtures was selected
to avoid energy-intensive sludge drying, whereas the fuel met the requirements for alternative fuels.
The energy properties and water content of the obtained fuels indicate that the maximum amount
of sewage sludge should not exceed 25% to maintain the parameters permissible for alternative
fuels. Therefore, the analysis of the results leads to the conclusion that the obtained fuels, based
on municipal sewage sludge, plastic waste, and wood waste (sawdust), meet the requirements for
alternative fuels used in the cement industry. Today, the fuels based on municipal sewage sludge
can be more of an alternative to conventional fuels used in the cement industry. The application of
the fuels produced in the cement industry eliminates the formation of combustion byproducts in the
form of slag and ash since they become a component of clinker. As an additional source of energy, the
use of fuels in the cement industry will create an opportunity to move toward the circular economy.

Keywords: municipal sewage sludge; plastics; waste; alternative fuels

1. Introduction

The dynamic development of sewage systems results not only from the need to
improve the quality of life of the inhabitants but mainly from the need to ensure the quality
of the natural environment and to meet the requirements of the national legislation on
sewage management. The construction of new sewage systems and municipal wastewater
treatment plants and the expansion and modernization of existing ones lead to an increase
in the volume of sewage sludge generated [1]. It is estimated in the National Waste
Management Plan that the amount of municipal sewage sludge per dry matter will increase
each year by ca. 2.5% [2]. In Poland, data from Statistics Poland indicate that from 2000 to
2020, the total amount of municipal sewage sludge increased by about 58% [3]. The
production of municipal sewage sludge is not the purpose of wastewater treatment plant
operation but it is a residue from the wastewater treatment process, being an integral part
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and a special category of waste [1]. Sewage sludge is characterized by varying physical,
chemical, and biological properties, with their variability depending on the type and
composition of wastewater, concentration of pollutants in the wastewater that flows into
the treatment plant, and technologies of wastewater and sludge treatment [4]. Municipal
sewage sludge exhibits a significant proportion of organic and mineral matter, high water
content, and the ability to rot. Furthermore, it contains heavy metals or toxic substances,
i.e., polycyclic aromatic hydrocarbons (PAHs), polychlorinated biphenyls (PCBs), and
dioxins [5]. The composition of municipal sewage sludge includes both microorganisms
that are neutral for sanitation and pathogenic microorganisms that pose a threat to humans
and the environment [6]. Therefore, taking into account the composition and properties of
sewage sludge, its significant impact, and the risks it may pose to human health and the
environment, it is necessary to employ appropriate methods for sewage sludge treatment
and subsequent management.

The large increase in the amount of generated municipal sewage sludge creates a
problem with its management [1]. Sewage sludge accounts for about 3% of the volume
of treated wastewater, and the cost of appropriate treatment and management that meets
environmental requirements can be as much as half of the operating costs of wastewater
treatment plants [7]. Municipal sewage sludge is subject to the national acts on waste
and the EU Waste Framework Directive from the time it becomes waste. As it meets the
definition of waste, it is subject to all regulations for treatment and final waste management.
It is subject to the waste management hierarchy, which emphasizes the pursuit of waste
prevention or reuse at the point of waste generation after appropriate preparation as the
highest priority [1]. Another method of managing municipal sewage sludge is recycling
and other recovery processes, such as energy recovery. In the waste management hierarchy,
methods such as incineration and landfilling should be used last. The methods of munici-
pal sewage sludge management in Poland are largely determined by legal requirements
resulting from the country′s membership in the European Union [8]. The National Waste
Management Plan, which coordinates the implementation of EU commitments adopted by
Poland on the management of municipal sewage sludge, sets targets for sludge treatment
and management [1]. The plan assumes a complete cessation of landfilling of municipal
sewage sludge [9], an increase in the amount of sludge recovered in composting or biogas
plants and its direct use in soil, and an increase in the amount of sludge subjected to thermal
processing in waste incineration or co-incineration plants (including cement plants) [1].

Currently, the most frequently used form of municipal sewage sludge management is
its agricultural and natural use [10]. On the one hand, the use of municipal sewage sludge
as a fertilizer has a positive impact on the environment, but, on the other hand, it can
also have a negative effect on people and soil productivity [11–14]. According to Statistics
Poland, the country is also seeing an increase in the use of thermal methods of municipal
sewage sludge management. In 2020, more than six times the amount of municipal sewage
sludge was transformed using these methods compared to 2010. However, a decrease
was found in the use of municipal sewage sludge in agriculture and growing crops for
compost production [3]. Municipal sewage sludge has soil-forming properties when it has
a high content of organic matter, micronutrients, and biogenic compounds. Unfortunately,
increasing requirements to meet sanitary and chemical safety conditions set by legislation
are reducing their use for land reclamation for agricultural purposes. Therefore, the issue
of both the high content of heavy metals in municipal sewage sludge and the presence
of pathogenic microorganisms becomes a significant problem [8]. Harmful substances,
including heavy metals, entering the soil in excessive amounts can cause an increase in soil
pollution. They migrate to groundwater and accumulate contaminants in plants consumed
by animals and humans [7]. Therefore, when discharging municipal sewage sludge into
the environment, it is advisable not only to consider the content of chemical pollutants and
ecotoxicity, but also to estimate its effect on microorganisms, vegetation, and animals [5].

The environmental and agricultural use of sewage sludge [8], despite the fact that it
is permitted after meeting certain legal requirements regarding the content of pathogenic
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microorganisms and toxic substances, is still a controversial issue in European countries [15].
Thermal methods may be an alternative to the agricultural use of sewage sludge, but they
should ensure optimal utilization of the energy it contains [16]. An important property of
municipal sewage sludge in this regard is its calorific value, which is determined by the
degree of dryness. Moreover, the content of organic dry matter determines the calorific
value of sewage sludge. With relevant regulations, the cement industry allows dried sewage
sludge to be used for energy generation. Co-combustion of sludge can be used in clinker
kilns because, as an energy source that is neutral to CO2 emissions, it reduces the associated
additional costs [1]. In clinker production, there is the possibility of using alternative fuels
based on municipal sewage sludge. This is a solution that allows sewage sludge to burn
safely and helps reduce CO2 and NOx emissions into the atmosphere. Furthermore, in
economic terms, it combines the effects of recovering waste materials from other industries
and the preservation of natural resources and fossil fuels [17].

A waste raw material that can also be used as a component of alternative fuels burned
in cement furnaces is plastic waste from the dismantling of end-of-life vehicles (ELVs).

The continuous development of the automotive industry is affecting the number of
vehicles present on the roads. It should be noted that motor vehicles are the most common
means of transportation used in most areas of the economy and in most households,
especially in small towns [18]. Demand for used cars is also on the rise while interest in
them is mainly driven by economic aspects. Cars are therefore a product used extensively
by humans, diverse in age and condition [19]. Many of them end their useful life and
become end-of-life vehicles, which in turn generate waste [20]. Today, the automotive
industry is replacing, to a greater extent, a percentage of steel or cast iron components
with plastic materials that reduce the vehicle′s weight [21]. The reduction of harmful
emissions into the environment and compliance with the EURO standards indirectly
require a higher proportion of plastics in the vehicle weight. A 100 kg reduction in vehicle
weight results in a 7.5 g/km reduction in CO2 emissions and a 0.3 to 0.5 l/100km reduction
in fuel consumption [22]. Plastics account for ca. 21% of the materials making up the
vehicle weight. These data allow for the estimation of the amount of waste plastics to be
managed [23]. The solution to this problem can be to exploit the energy potential of plastic
waste by producing alternative fuels.

Another type of waste characterized by energy potential is wood waste. The develop-
ment of the timber industry has led to an increase in the volume of wood waste in furniture
factories, particle board manufacturing, and the pulp industry, but the largest amount
is generated in the sawmill industry. Sawmill waste, despite its high variability, shows
high purity, so it is suitable for reprocessing and use as fuel in the power industry. In
contrast, the wood waste generated in wood processing plants is a byproduct resulting
from the technological processes used in wood processing and poses a major management
problem [24]. The waste created during mechanical processing such as cutting, milling,
planing, drilling, turning, sanding, or polishing of wood or furniture boards is used in
the construction industry in the form of wood chips and sawdust for the manufacture of
various construction products. In agriculture, sawdust waste is used as fertilizer and bed-
ding in animal husbandry, and chip waste is used in horticulture as fertilizer for growing
plants. Another example of the use of wood waste is energy production. The waste, which
is the residue from logging and wood processing (accounting for up to 27% of the weight
of wood), can be extracted in an amount of up to precisely 42% for energy purposes, due to
its corresponding calorific value ranging from 18.5 MJ/kg up to 20 MJ/kg [25].

The aim of the present study is to present an innovative method to produce alternative
fuels under laboratory conditions based on municipal sewage sludge, plastic waste from
end-of-life vehicles, and wood waste without pre-drying or drying of municipal sewage
sludge, which meet the requirements for fuels used in the cement industry. The developed
method of fuel production allows for the management of municipal sewage sludge with low
calorific value and various types of waste and offers the opportunity to use new alternative
fuels as a substitute for conventional raw materials used in the cement industry.
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2. Materials and Methods
2.1. Materials Used in the Study

The study was conducted using municipal sewage sludge, plastic waste, and wood
waste. The municipal sewage sludge was derived from the WARTA wastewater treatment
plant in Czestochowa. The sludge sample for the study was obtained by thoroughly mixing
single samples taken at equal intervals from different locations of sludge dewatered using
mechanical presses. A sample of the test sludge is shown in Figure 1.
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Figure 1. Municipal sewage sludge.

Plastic waste such as polypropylene (PP), polyethylene terephthalate (PET), polycar-
bonates (PC), and polyethylene (PE) was obtained from end-of-life vehicles (ELVs). The
waste represented the components made of different plastics characterized by different
properties. These were usually components that performed specific functions in the vehicle,
e.g., headlights, bumpers, fuel tanks, dashboards, etc. The plastic waste from ELVs is
shown in Figure 2.
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Figure 2. Plastic waste from ELVs.

Wood waste (sawdust) was obtained from a joinery plant, which produces wood
products and processes wood products through cutting, sanding, and polishing. Wood
waste in the form of sawdust is presented in Figure 3.
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Figure 3. Wood waste (sawdust).

PAZO I, PAZO II, PAZO III, and PAZO IV fuel mixtures were obtained by mixing mu-
nicipal sewage sludge with plastic waste and wood waste (sawdust) in specific proportions.
The component contents of each fuel mixture in percentage terms are shown in Tables 1–4.

Table 1. Percentage of components in the PAZO I fuel mixture.

Percentage % of PAZO I Components
Test

I II III IV

Sewage Sludge 50 40 30 25
Sawdust 25 20 30 25

PP 25 40 40 50

Table 2. Percentage of components in the PAZO II fuel mixture.

Percentage % of PAZO II Components
Test

I II III IV

Sewage Sludge 50 40 30 25
Sawdust 25 20 30 25

PET 25 40 40 50

Table 3. Percentage of components in the PAZO III fuel mixture.

Percentage % of PAZO III Components
Test

I II III IV

Sewage Sludge 50 40 30 25
Sawdust 25 20 30 25

PC 25 40 40 50

Table 4. Percentage of components in the PAZO IV fuel mixture.

Percentage % of PAZO IV Components
Test

I II III IV

Sewage Sludge 50 40 30 25
Sawdust 25 20 30 25

PE 25 40 40 50
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The differences in the composition of the fuel mixtures were due to both the percentage
of components used and the type of plastic waste. As components of individual fuels (PAZO
I, PAZO II, PAZO III, and PAZO IV), PP, PET, PC, and PE waste were initially shredded to
obtain homogeneous fuel mixtures as shown in Figure 4.
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For testing, PAZO I, PAZO II, PAZO III, and PAZO IV fuels with the appropriate
composition of each type of waste were granulated as shown in Figure 5.
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Figure 5. Alternative fuels PAZO I, PAZO II, PAZO III, and PAZO IV in the form of granulates.

2.2. Methodology

The first stage of the research was to determine the properties of municipal sewage
sludge, plastic waste, and wood waste (sawdust) used to produce alternative fuels by
performing technical and elemental analyses and determining their calorific values. For the
tests, PP, PET, PC, and PE waste was ground on a high-speed mill, thus obtaining fractions
of 2 mm to 3 mm in diameter.

The next stage was to select the waste in terms of its percentage composition to allow
for obtaining fuel mixtures. Selected components of the PAZO I, PAZO II, PAZO III, and
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PAZO IV fuels with appropriate proportions were mixed and then subjected to granulation
by depositing them into a conical tank equipped with a granulating chamber dispenser.
The scale installed in the dispenser made it possible to set the mixture flow rate. Then, the
material from the dispenser was moved to a drum and, using a pair of rollers, was pressed
into the cylindrical holes of a flat die.

The final stage of the study was to determine the basic fuel parameters of the obtained
PAZO I, PAZO II, PAZO III, and PAZO IV fuels, with a view to their energetic use in the
cement industry.

Technical analyses of municipal sewage sludge, plastic waste, and wood waste (saw-
dust) and fuel parameters of PAZO I, PAZO II, PAZO III, and PAZO IV mixtures were
carried out under laboratory conditions following Polish standards. Both determination of
water content using the dryer method (Part 3) and determination of water content in the
general analytical sample were conducted according to PN-EN 15414-3:2011 [26]. Volatile
content was determined based on PN-EN 15402:2011 [27], and ash content was determined
according to PN-EN 15403:2011 [28]. ISO 29541:2010 standard [29] was followed to de-
termine the elemental content of carbon and hydrogen using the LECO Tru Spec CHN
automatic analyzer, whereas ISO 19579:2006 [30] was used to determine the elemental
content of sulfur, also using the LECO Tru Spec CHN automatic analyzer. The chlorine
content was determined based on the PN-ISO 587:2000 standard [31], while the heat of
combustion was determined according to the current ISO 1928:2009 standard [32].

3. Results and Discussion

The results of the technical analysis obtained for water, volatile matter, and ash
contents, elemental analysis for carbon, hydrogen, sulfur, and chlorine contents, and
determination of the calorific value of municipal sewage sludge, plastic waste, and wood
waste (sawdust) are shown in Tables 5–7, respectively.

Table 5. Propertiesof municipal sewage sludge.

Parameter Value

Water content W % 80.22
Volatile matter content V % 59.75

Ash content A % 33.54
Carbon content C % 30.50

Hydrogen content H % 3.60
Sulfur content S % 1.36

Chlorine content Cl % 0.08
Calorific value Qi MJ/kg 0.89

Based on the evaluated properties, significant differences were found in their calorific
value. It is the most basic and most important parameter that determines the possibility of
using waste, including municipal sewage sludge used as fuel [33]. The calorific value signif-
icantly depends on the content of combustible components, ash, and water content [34]. The
calorific value was 16.85 MJ/kg for wood waste (sawdust) and ranged from 21.57 MJ/kg to
52.05 MJ/kg for individual types of plastic waste. The varying results in the calorific value
of PP, PET, PC, and PE waste were due to the variability in water content. The calorific
value of municipal sewage sludge was very low (0.89 MJ/kg) compared to the other types
of waste. The tested sewage sludge exhibited high water content of 80.22%, and such a
low value resulted in a correspondingly lower calorific value.The calorific value of sewage
sludge with such high water content is very low and does not indicate the possibility of
using the sludge as fuel. Sewage sludge dewatered to 50% dry matter and containing 50%
organic matter has a calorific value of 4 MJ/kg, while sludge dewatered to 50% dry matter
and containing 75% organic matter has a calorific value of 6.5 MJ/kg. A possibility for
dewatering sludge for use as an alternative fuel in the cement industry is to mix it with
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other waste [35]. This solution helps to simultaneously increase the calorific value of the
obtained fuel and manage different types of waste.

Table 6. Propertiesof plastic waste.

Parameter
Value

PP PET PC PE

Water content W % 0.30 0.44 0.52 0.20
Volatile matter content V % 98.99 76.95 89.99 99.60

Ash content A % 1.00 22.95 0.30 0.30
Carbon content C % 45.10 41.67 68.15 41.37

Hydrogen content H % 7.55 3.85 4.88 7.38
Sulfur content S % 0.35 0.00 0.00 0.00

Chlorine content Cl % 0.09 1.26 0.02 0.04
Calorific value Qi MJ/kg 51.40 21.57 34.78 52.05

Table 7. Properties of wood waste (sawdust).

Parameter Value

Water content W % 7.84
Volatile matter content V % 93.55

Ash content A % 0.92
Carbon content C % 55.08

Hydrogen content H % 6.25
Sulfur content S % 0.06

Chlorine content Cl % 0.01
Calorific value Qi MJ/kg 16.85

In addition to water content, another parameter that affects the ignition process of a
combustible substance is ash content [34]. Based on the test results presented in Tables 5–7,
it was found that municipal sewage sludge had ash content of 33.54%, which was higher
compared to its value for wood waste (sawdust) (0.92%), and PP, PC, and PE waste (0.3%
to 1%). Only PET plastic waste had an ash value of 22.95%, which was significantly higher
and approached the value for municipal sewage sludge. Therefore, it should be noted that
the high ash content of sewage sludge and PET waste can reduce the calorific value of
the fuels produced from them, thus affecting the combustion process. The proportion of
volatile matter in fuels also determines the course of its combustion process since fuels
with low volatile content are more difficult to ignite [36].The tests showed high content of
volatile matter both in plastic waste (76.95% to 99.60%) and wood waste (sawdust) (93.55%).
In contrast, the volatile content for municipal sewage sludge was 59.75%. The results
obtained from the elemental analysis of municipal sewage sludge, PP, PET, PC, and PE
waste, and wood waste indicate carbon content of 30.50% for sewage sludge, varying levels
from 41.37% to 68.15% for plastics, and 55.08% for wood waste. Carbon content affects
the amount of heat released during the combustion process [36]. Chlorine and sulfur are
parameters whose levels should be negligible due to their corrosive effects [34]. The sulfur
content of the sewage sludge was higher compared to other types of waste tested (1.36%).
For the remaining types of waste, the sulfur content was below 1%, and for PET, PC, and
PE waste, the results indicated no sulfur content. Furthermore, the proportion of chlorine
in the study was 1.26% for PET waste and between 0.02% and 0.09% for other types of
plastic waste. The sulfur content of the sludge analyzed was 0.08%, whereas that of wood
waste (sawdust) was 0.06%.

During the analysis of the results of the tests on the properties of municipal sewage
sludge, PP, PET, PC, and PE waste, and wood waste (sawdust), their percentage contents in
the obtained alternative fuel mixtures (PAZO I, PAZO II, PAZO III, and PAZO IV) were
computed.Based on the relatively low calorific value of sewage sludge and its high water
content, as well as the high calorific value and volatile content of the remaining waste,
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an attempt was made to mix them and create an alternative fuel for use in the cement
industry. The assumption of the study remained the same: municipal sewage sludge would
be used without pre-drying or drying. According to the literature [37–40], only dried
municipal sewage sludge is used as a component of alternative fuels with other materials.
It is characterized by a higher calorific value of 14 MJ/kg [33,38,40]. Drying sewage sludge
reduces the water content of the sludge and increases its calorific value. It prepares the
sludge for further use by reducing its weight and volume [41]. Thermal drying of sewage
sludge is a costly process because it consumes significant amounts of heat. The demand for
energy, whose sources include gas and oil, for example, grows as the sludge becomes more
hydrated [42].

A prerequisite for the use of alternative fuels in cement plants is that they meet the
following quality criteria: calorific value ≥21 MJ/kg, water content ≤20%, ash content
<20%, sulfur content <0.5%, and chlorine content ≤0.8% [43]. Analysis of the results of
Tests I, II, III, and IV of the basic fuel parameters of the obtained PAZO I, PAZO II, PAZO
III, and PAZO IV fuels presented in Tables 8–11 revealed that the water content of the fuel
mixtures ranged from 17.10% to 41.47%, and was much lower than for municipal sewage
sludge (80.22%).

Table 8. Fuel parameters obtained in Test I.

Parameter Unit
FUEL

PAZO I PAZO II PAZO III PAZO IV

Water content W % 41.47 40.61 40.97 39.81
Volatile matter content V % 91.72 79.05 90.31 90.05

Ash content A % 6.35 16.45 6.30 6.00
Carbon content C % 35.59 26.41 31.80 37.24

Hydrogen content H % 9.29 6.99 7.38 9.35
Sulfur content S % 0.26 0.21 0.22 0.36

Chlorine content Cl % 0.04 0.35 0.01 0.025
Calorific value Qi MJ/kg 17.18 10.41 14.29 17.96

Table 9. Fuel parameters obtained in Test II.

Parameter Unit
FUEL

PAZO I PAZO II PAZO III PAZO IV

Water content W % 30.67 31.59 32.10 39.81
Volatile matter content V % 91.46 79.84 93.70 90.05

Ash content A % 4.90 18.20 4.60 6.00
Carbon content C % 41.02 29.85 39.01 37.24

Hydrogen content H % 9.48 6.60 7.03 9.35
Sulfur content S % 0.15 0.12 0.11 0.36

Chlorine content Cl % 0.065 0.42 0.12 0.03
Calorific value Qi MJ/kg 23.43 12.44 17.38 24.26

The water content results of the PAZO I, PAZO II, PAZO III, and PAZO IV fuel mixtures
at 50% municipal sewage sludge (SS), 25% wood waste (WW), and 25% plastic waste (PW)
obtained in Test I ranged from 41.47% to 39.81%. Analysis of the results of Tests II, III, and
IV found a further significant decrease in the water content of PAZO I, PAZO II, PAZO III,
and PAZO IV. The lowest values, ranging from 17.10% to 19.22%, were obtained for the
proportions of 25% SS, 25% WW, and 50% PW in Test IV. The results indicated that mixing
hydrated municipal sewage sludge with waste that had lower moisture content yielded
fuel mixtures with 50% lower water content in Test IV than in Test I.

Significant differences were also observed in the ash and volatile contents of PAZO
I, PAZO II, PAZO III, and PAZO IV fuels compared to their values for municipal sewage
sludge.The varying composition of the mixtures led to much lower ash content of between
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4.60% and 18.20% in all tests compared to its level for SS (33.54%). The results obtained
in Test IV indicated the lowest ash content in PAZO I, PAZO III, and PAZO IV fuels (2.5%
to 3.40%), while the ash content in the PAZO II fuel mixture with PET waste was higher
(17.60%). High volatile content ranging from 79.05% to 96.90% was obtained in Tests I, II,
III, and IV of PAZO I, PAZO II, PAZO III, and PAZO IV fuels and was significantly higher
compared to SS (59.75%).

Table 10. Fuel parameters obtained in Test III.

Parameter Unit
FUEL

PAZO I PAZO II PAZO III PAZO IV

Water content W % 23.67 22.44 22.93 23.09
Volatile matter content V % 96.19 80.91 94.97 95.84

Ash content A % 3.50 16.10 3.20 3.40
Carbon content C % 48.93 35.54 45.03 42.12

Hydrogen content H % 9.61 6.03 6.70 7.84
Sulfur content S % 0.69 0.075 0.056 0.18

Chlorine content Cl % 0.054 0.037 0.011 0.03
Calorific value Qi MJ/kg 28.09 15.12 20.41 28.65

Table 11. Fuel parameters obtained in Test IV.

Parameter Unit
FUEL

PAZO I PAZO II PAZO III PAZO IV

Water content W % 17.10 18.60 18.30 19.22
Volatile matter content V % 96.90 81.48 96.80 96.25

Ash content A % 3.40 17.60 2.60 2.50
Carbon content C % 55.50 38.51 51.13 46.45

Hydrogen content H % 10.03 5.76 6.40 8.02
Sulfur content S % 0.085 0.085 0.09 0.16

Chlorine content Cl % 0.07 0.5 0.01 0.03
Calorific value Qi MJ/kg 32.472 16.505 23.435 33.40

The calorific value of PAZO I, PAZO II, PAZO III, and PAZO IV fuels in Tests I, II, III,
and IV was another parameter that indicated their potential for use in the cement industry.
All fuel mixtures had higher calorific values, ranging from 10.41 MJ/kg to 33.40 MJ/kg,
compared to SS (0.89 MJ/kg). In Test IV, PAZO I fuel mixtures with the addition of PP
and PAZO IV with the addition of PE obtained the highest calorific value of 32.47 MJ/kg
and 33.40 MJ/kg, respectively, similar to the level for hard coal (24 MJ/kg–28 MJ/kg).
The results obtained for the other fuel parameters confirmed their potential for generating
energy in the cement industry. The calorific value of alternative fuels depends on the
contents of their components. PAZO I, PAZO II, PAZO III, and PAZO IV fuels showed
high heating values compared to other fuels reported in the literature. Smoliński et al. [44]
obtained a fuel based on sewage sludge and coal waste with a calorific value of 14 MJ/kg
to 18 MJ/kg, whereas Chen et al. [45] obtained fuel from sewage sludge and wood dust
with a calorific value of 21 MJ/kg to 23 MJ/kg.

The requirements contained in EN ISO 21640:2021 “Solid secondary fuels: Specifica-
tions and classes” for alternative fuels divide fuels into classes. The lowest calorific value of
the fuel should not exceed 3 MJ/kg (Class 5) [46]. The hydrated municipal sewage sludge
used in the study had too low a calorific value to be included in Class 5. The alternative
fuels obtained in Test IV had the heating value required for Class I (≥20 MJ/kg) for PAZO
I (32.47 MJ/kg) and PAZO IV (33.40 MJ/kg), with a 25% proportion of municipal sewage
sludge in the fuels.
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4. Conclusions

The presented research results show the possibility of obtaining alternative fuels from
municipal sewage sludge, plastic waste, and wood waste (sawdust), which can be used in
the cement industry as a substitute for conventional fuels. The fuels meet the technological
requirements for alternative fuels used in the cement industry. The novelty of the presented
research is the possibility of producing fuels based on municipal sewage sludge without
pre-drying or drying.

The following conclusions can be drawn based on the research on obtaining fuel from
municipal sewage sludge:

• The fuels had high calorific values, ranging from 16.5 MJ/kg to 33.4 MJ/kg;
• The maximum proportion of sewage sludge in the obtained fuels should not exceed

25% in order to meet the quality requirements for waste fuels;
• The use of fuels as an energy source in the cement industry will offer the opportunity

for the transition to the circular economy and significantly reduce carbon emissions;
• Thermal conversion of municipal sewage sludge in cement plants can be a method

more often used to manage sludge unsuitable for use in nature as a solution that does
not pose a threat to the environment;

• There is an opportunity for further research on the use of obtained fuels based on
municipal sludge for co-combustion with coal in the industrial energy sector or power
boilers due to the high calorific values of 23 MJ/kg to 33 MJ/kg.

5. Patents

The presented method of producing fuels from municipal sewage sludge has been
patented—PATENT PL 237997 B1.
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Poland, 2016.
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