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Abstract: The aim of this study was to determine the role of an installation based on biodrying
of municipal waste in a Circular Economy by taking into account the quantitative and qualitative
changes in its selectively collected waste stream. As a case study, the Mechanical-Biological municipal
waste treatment installation in Olsztyn, Poland, was selected, which is equipped with a separate
section for valorizing the selectively collected waste stream. The scope of the work included a
complete mass balance of the waste treatment plant, an assessment of the technological efficiency of
the municipal waste biodrying installation, and determination of the changes in the main waste from
2016 to 2020. This paper proposes an empirical method for estimating process loss during biodrying
and provides many technological results. The average process loss was 23.47%, and on average, 88.9%
of the waste produced by biodrying consisted of the Refuse-Derived Fuel fraction. The recovery of
commercial assortments from selectively collected waste increased from 84.82% in 2016 to 89.26% in
2020. Considering the current morphology of municipal waste in this region, the maximum share of
waste subjected to material and organic recycling processes in the analyzed region could be increased
to around 60%, which indicates that Circular Economy targets can be achieved. This work should
provide a compendium of information for countries implementing a Circular Economy.

Keywords: circular economy; municipal waste; biodrying; mechanical-biological treatment; mass
balance; waste recovery; waste stream reduction

1. Introduction

The concept of a ‘Circular Economy’ was first used in the literature by Pearce and
Turner in 1990 [1]. Their publication, entitled ‘Economics of Natural Resources and the
Environment’, explains the process of transformation from a conventional (linear, open)
economic system to a circular one. Authors suggested reducing the consumption of
raw materials, designing products so that they can be easily disassembled and reused
(eco-design), extending product life through maintenance and repairs, using secondary
raw materials in products, and recovering raw materials from waste streams [2,3]. The
implementation of a Circular Economy in the European Union entails new challenges
in waste management [4,5]. For example, by the end of 2035, EU Member States will be
required to recycle 65% of the municipal waste stream and will only be allowed to landfill
10% of municipal waste.

Due to the great importance of a Circular Economy for sustainable development, it
is necessary to assess the level of circularity in the Member States of the European Union.
Underscoring the importance of this assessment is the fact that circular economies are
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becoming a global phenomenon, as they are developed in not only European countries
but also in Asian ones [6,7]. The key questions are: (1) at what stage are the EU countries
currently in terms of meeting the Circular Economy requirements, and (2) what are the
main challenges on the road to achieving circularity in Europe? Eurostat data [8] show that
material and organic recycling of the municipal waste stream averaged 48% in the EU-27
in 2019, and landfilling of municipal waste streams averaged 26%. The highest level of
recycling was achieved by Germany, which was the only country that met the Circular
Economy requirements in 2019. Among the European countries that are not members of
the EU, a relatively high level of material and organic recycling (over 40%) takes place
in Switzerland, Great Britain and Norway. In turn, 18 EU member states were below the
EU-27 average in 2019 (Figure 1).

Figure 1. Methods of municipal waste management in European countries, * data from 2018; source:
Eurostat database [8].

High recycling rates can be misleading or insufficient indicators for assessing circular-
ity in European countries. These rates do not directly reflect the amount of cross-border
waste flow, nor do they require the possession of documents confirming that all the
waste was recycled. These are important issues, because, until 1 January 2018, China and
other Asian countries were the world’s leading importers of plastic waste. According to
Wang et al. [9], these countries collected about 70% of the plastic waste produced in highly
developed European countries. Currently, the main recipients of plastic waste are countries
such as Malaysia and Indonesia [9,10]. In these countries, the actual amount of European
waste that is recycled is difficult to determine and is subject to some doubts. Hence, to reli-
ably assess the level of circularity of a given country, macro- and microeconomic indicators
should be considered, as well as indicators of economic competitiveness and innovation.
For example, Saidani et al. [11] identified 55 different sets of circularity indicators. Similarly,
Kasztelan [12] developed and verified an empirically aggregated circular index of national
economies (INEC), which uses 14 different indicators of circularity. That author estimated
that the INEC value for 24 EU countries averages 0.3021, which, given that it can range
from 0 to 1, indicates the low level of circularity that has been achieved in Europe.

The above observations raise the question of the main obstacles to achieving a Circular
Economy in Europe. The principal challenges seem to include the need to build new instal-
lations for material recycling, to remodel the existing installations and municipal plants
to serve as recycling centers, and to implement adequate social education. In this regard,
Poland can serve as a useful example of the challenges facing many countries in Europe and
around the world. In this country, 98% of municipal waste management in 2003 was based
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on landfilling [8], and in 2007, over 25% of the country’s population was still not served by
an organized waste collection system [13]. As a result, the cost of modernizing the Polish
waste management system during the years 2011–2020 was estimated to be 4947 million
Euros in 2010 [14]. These investments allowed about 200 plants for Mechanical–Biological
Treatment (MBT) of municipal waste to be built, as well as seven waste incineration plants
with a total capacity of 1074,000 Mg/year (1,458,324 MWht/year) [15] and many recycling
installations. This infrastructure allowed the amount of waste sent for landfilling to be
reduced to 42%, and the levels of material recycling and energy recovery to be increased
25% and 21.43%, respectively (Figure 2).

Figure 2. Municipal waste management in Poland; source: Eurostat database [8].

However, the main goal of the above-mentioned transformations of the Polish waste
management system was not to meet the requirements for a Circular Economy but to meet
the requirements of Directive 1999/31 EU [16], which ordered the EU member states to limit
the stream of biodegradable waste sent for landfilling. Hence, during the modernization
of waste management in Poland, most of the installations were designed for aerobic
stabilization and biodrying of municipal waste. While it is possible to transform waste
stabilization installations (linear economy) into organic recycling installations (Circular
Economy), the roles of biodrying installations and waste-to-energy (WtE) installations
in a Circular Economy constitute interesting questions. The requirements for a Circular
Economy, including 65% recycling and 10% landfilling, suggest that a Circular Economy
is not possible without thermal treatment of waste. The example of Germany (Figure 1)
suggests that WtE processes in a Circular Economy may be responsible for the management
of more than 25% of the waste stream. The issue of the role of thermal waste treatment
in a Circular Economy seems to be a global problem. As of December 2018, more than
2450 WtE plants were in operation worldwide, with a processing capacity of approximately
368 million tonnes per year. It is estimated that, by 2028, there will be more than 2700 WtE
plants [17]. However, it is difficult to determine the number of operating installations
for biodrying of municipal waste. According to Ragazzi et al. [18], in 2007, there were
20 biodrying installations in Europe with a total capacity of 2,372,000 Mg/year. Since
then, however, this technology has expanded in many EU countries, including Poland. In
Poland alone, biodrying installations have a total capacity of at least 500,000 Mg/year and
constitute a significant part of the national municipal waste management system.

According to Psaltis and Komilis [19], typical industrial biodrying in MBT is a tech-
nique of autothermal drying shredded municipal waste for a period of 7–15 days. The
process of initial waste shredding is used by EcoDeco (200–300 mm shredder, windrows
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biodrying) [20], by Future Fuels (80–120 mm shredder, rotary biodrying) [21] or by Herhof
(200 mm shredder, batch reactor biodrying) [22]. Moisture losses in a typical biodrying
process amount to about 30% w/w [23], while the reduction of organic matter ranges from
2% to 30% w/w [24–26]. The final stage of the industrial biodrying process is valorization
of the produced RDF fuel, consisting in the separation of ferro- and paramagnetic metals
as well as removal of inert contaminants. Rada et al. [27] recognized the average capacity
of a typical industrial biodrying installation at around 95,000 Mg/year for a region with a
population of 500,000 inhabitants.

With the requirements for a Circular Economy, several questions arise regarding, for
example, the maximum share that biodrying processes play in the processing of communal
waste, or the possibility of recovering commercially valuable materials during pre- and
postprocessing of waste in such a technological line. These are extremely important
technological parameters that would constitute useful knowledge for future designers and
specialists addressing problems in global waste management.

Hence, the aim of this study was to prepare a mass balance for a municipal waste
biodrying installation, including the flow of waste, and to determine the mass of waste
prepared for material recycling in the installation.

2. Materials and Methods
2.1. Subject of the Case Study

As a case study, the Municipal Waste Management Plant in Olsztyn, Poland, was
selected, which serves approximately 500,000 inhabitants in the central part of Warmia
and Mazury Voivodeship. The plant is served by three reloading stations located in a
distance of around 50 km from the plant. The waste treatment installation in the Municipal
Waste Treatment Plant consists of a Mechanical–Biological Treatment line with a capacity
of 95,000 Mg/year, and a line for processing the selectively collected municipal waste
with a capacity of 16,000 Mg/year. The plant perfectly meets the criteria for a biodrying
installation of average capacity, adopted in the work of Rada et al. [27] (500,000 inhabitants,
95,000 MgMSW/year).

The Mechanical-Biological Treatment line in Olsztyn focuses on the production of
alternative fuel from solid waste, and also enables material recovery of secondary raw
materials. The line is divided into a mechanical section, a biological section and a section
for valorization of the alternative fuel. The mixed waste is received and unloaded in a
storage space with a capacity of 2600 m3. After mechanical pre-treatment, the waste is
directed to the biological processing segment, which has the installations for autothermal
biological drying. During this stage, process loss occurs because of evaporation of water,
including metabolic water contained in the municipal waste. The last stage is valorization,
during which pre-RDF fuel is prepared and ballast, i.e., the fraction sent for landfilling or
stabilization and recovery, is separated. The devices in this final segment enable separation
of a flammable fraction, a non-flammable fraction and raw-material metals and non-metals.

The line for processing selectively collected municipal waste focuses on the recovery
of recyclable commercial assortments, such as PET bottles, polypropylene, polyethylene,
Tetra PAK, paper and glass. The installation works in an alternating fashion: after sorting
out the plastic packaging, it is converted for the recovery of paper, and then for glass. It
is a relatively simple installation equipped with a bag ripper and a ballistic sorter, which
separates the waste stream into two parallel streams: a stream of flat waste and a stream
of waste with greater depth (so-called 2D and 3D waste, respectively). Both streams flow
through a dedicated optical sorter. When sorting plastics, the 2D optical sorter selects
foil waste, and the 3D sorter selects PET bottles. For sorting paper, the respective sorters
select paper and cardboard. Sorting of glass waste consists only of manual removal of
plastic bags. The whole is complemented by three-stage manual sorting of commercial
assortments. The first sorting cabin is located directly after the bag ripper, and the other
two sorting cabinets are located after the 2D and 3D sorters. Non-recyclable packaging is
treated as ballast. Due to the high energy value of the ballast, the sorting plant is integrated
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with an alternative fuel valorization section, thanks to which the ballast waste is mixed
with pre-RDF and used for energy recovery.

The flow of waste streams in the installation in this study is presented in Figure 3.

Figure 3. Technological flow of the Municipal Waste Management Plant in Olsztyn, Poland; * RDF—Residual Derived Fuel,
RDF 30—Residual Derived Fuel of <30 mm, PVC—Polyvinyl chlorine, PUR—Polyurethane.

2.2. Scope of the Research

The analysis was performed based on data contained in 120 waste dispersion reports
of the Municipal Waste Management Plant in Olsztyn in the period from 1 January 2016, to
31 December 2020. The waste dispersion reports were used to analyze the mass flow of
waste, including the amount of waste fractions sorted for material and energy recovery,
and amount of ballast produced. The above balance allowed for the calculation of the
process loss obtained during the biodrying stage.

2.3. Calculation Methods

To determine the process loss, a method for empirically determining the effectiveness
of the biodrying process was developed. When analyzing the flow of the streams presented
in Figure 3, the overall mass balance of the Mechanical-Biological Treatment line of the
Municipal Waste Management Plant in Olsztyn can be described as follows:

InputStr = pre-RDF + MatRecMTS + MatRecVS + Ballast + ProcLoss + ExcStr, (1)

where InputStr is the total mass of municipal waste brought to the plant; pre-RDF is the
mass of alternative fuel produced; MatRecMTS is the mass of the commercial assortments
for material recovery/recycling sorted in the mechanical section; MatRecVS, the mass
of commercial assortments for material recovery/recycling sorted in the alternative fuel
valorization section; Ballast, the mass of ballast obtained in the alternative fuel valorization
section; ProcLoss, process loss (mainly H2O) during the biodrying stage; and ExcStr, the
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mass of excess waste collected by external commercial companies. All the above values are
expressed in Mg.

From Formula (1), it is possible to calculate the total weight of the commercial assort-
ments prepared for the recycling/recovery process:

MatRecTOT = MatRecMTS + MatRecVS (2)

The mass of excess waste is understood as the mass of waste that could not be
processed because it exceeded the processing capacity of the biodrying line. Hence, taking
into account the recovery of some commercial assortments in the mechanical section, the
mass of waste actually subjected to the biodrying process (BiodStr) is:

BiodStr = InputStr - MatRecMTS — ExcStr (3)

3. Results
3.1. Mechanical-Biological Treatment Line
3.1.1. Primary Mass Flow of The Raw Waste Stream in The Municipal Waste
Management Plant

The amount of mixed municipal waste generated in the region served was over
130,000 Mg in 2016–2018, 121,000 Mg in 2019 and 113,000 Mg in 2020; this amount exceeded
the allowable processing capacity of the installation throughout the analyzed period. As
a result, the excess stream had to be transferred to commercial companies for further
management. The amount of waste disposed of by external companies was highest in 2018,
approximately 53,956 Mg. As a result, the stream of waste directed to the biodrying process
in 2018 amounted to 79,616 Mg. In the remaining years, it was at least 92,000 Mg/year
(Figure 4a).

Figure 4. Characteristics of mixed municipal waste stream accepted at the Municipal Waste Management Plant in Olsztyn;
(a) input stream components; (b) process loss resulting from the biodrying process.

The process loss in the biological section remained constant until 2019, when it in-
creased from 22,338 Mg to 24,345 Mg. In 2020, it decreased to 20,571 Mg, most likely caused
by a decrease in the hydraulic efficiency of the biofilter. The percent efficiency was highest
in 2018, 29%, and lowest in 2016, around 20%. The relatively weak correlation between
the process loss expressed in Mg and the process loss expressed as a percentage (0.569)
may be particularly important in the analysis of the effectiveness of the biodrying process
(Figure 4b). The weight of PVC ballast obtained during the valorization of the waste stream
after biodrying was relatively constant, averaging 0.75% per year.

3.1.2. Recovery of Commercial Assortments during the Mechanical-Biological Treatment of
Municipal Solid Waste

The selection of commercial assortments for recovery took place in two places on the
Mechanical-Biological Treatment line: in the mechanical section and in the valorization
section. In the pre-sorting cabin in the mechanical section, manual selection was made
directly from the mixed waste, from which PET, glass and scrap metals were separated.
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In the valorization section, assortments were selected from the pre-RDF stream both
automatically, by paramagnetic (Para-aut.) and ferromagnetic (Ferro-aut.) separators, and
manually, in the secondary segregation cabin section (Ferro-man.).

In the analyzed period, the total mass of commercial assortments separated in the
mechanical section (MatRecMTS) ranged from 381.60 kg to 765.33 kg per year, constituting
0.33–0.71% of the [InputStr—ExcStr] stream, respectively. For comparison, the weight of
commercial assortments separated during the valorization of pre-RDF fuel (MatRecVS)
ranged from 233.13 kg per year to 777 kg per year, constituting 0.20–0.97% of the [InputStr—
ExcStr] stream, respectively. In both cases, the highest values were obtained in 2017, when
the total mass of commercial assortments prepared for the recovery process (MatRecTOT)
was 1539.28 Mg, i.e., 1.65% of the [InputStr—ExcStr] stream (Figure 5a–c).

Figure 5. Technological flow of the Municipal Waste Management Plant in Olsztyn; (a) recovery of commercial assortments
in the mechanical processing section; (b) recovery of commercial assortments in the valorization section; (c) recovery of
commercial assortments in total; (d) average composition of segregated commercial assortments for 2016–2020.

The average morphological composition of MatRecTOT over the years 2016–2020 is
presented in Figure 5d. On average, the total mass of commercial assortments consisted
mostly of glass (42.77% of MatRecTOT) and ferromagnetic metals (32.34% of MatRecTOT).

Figure 6 shows the change in MatRecTOT (quantity of commercial assortments re-
covered from the mixed waste stream) in 2016–2020. Figure 6a–e show the total monthly
levels of commercial assortment recovery in particular years, Figure 6f represents the
average monthly values of these levels in a five-year term (i.e., over the entire period under
examination). When analyzing the levels of recovery on an annual basis, the lowest values
of recovery of commercial assortments were recorded in the first 9 months of 2016, in
which the weight of assortments amounted to 20–70 kg per month. The highest recovery
values were recorded in 2017, when the average monthly level of recovery of commercial
assortments amounted to 128 kg. For comparison, the average monthly level of recovery in
the following years ranged from 102 to 104 kg. Considering the five-year recovery level
(Figure 6f), the recovery of commercial assortments was the lowest in May (72.6 kg on
average). A high correlation was observed between the mass of recovered commercial as-
sortments in tonnes (MatRecTOT [Mg]) and the level of recovery expressed as a percentage
(MatRecTOT [%]). The correlation coefficient in 2016–2019 amounted to 0.98, 0.81, 0.89
and 0.92, respectively. In 2020, the correlation coefficient was lower and amounted to 0.58.
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The highest levels of recovery of commercial assortments were achieved in the periods of
February–April and September–November.

Figure 6. Monthly mass of commercial assortments sorted during the mechanical and biological treatment of municipal
waste in 2016–2020; (a) 2016; (b) 2017; (c) 2018; (d) 2019; (e) 2020; (f) average for 2016–2020.

3.1.3. Mass balance of the Mechanical-Biological Treatment Line

The mass balance of the Mechanical-Biological Treatment line presented in Figure 7
shows the average values for 2016–2020, calculated at each stage of the technological chain.
The average mass of waste collected in the analyzed period was 126,772.59 Mg, of which
approximately 63% was collected in the Olsztyn commune, and 37% in the remaining
36 communes. Due to the limited processing capacity, 28,304.08 Mg of waste required
external management. This resulted in mechanical-biological processing of 98,468.51 Mg in
average (with a nominal processing capacity of the line of 95,000 Mg/year). In the analyzed
period, the average process loss was 23.47% of the BiodStr stream. On average, 88.9% of
waste produced by biodrying consisted of pre-RDF fraction. In total, out of 98,468.51 Mg
of municipal waste, 1172.75 Mg of commercial assortment was segregated and sent for
recycling. Ultimately, the average weight of pre-RDF fuel obtained during valorization of
the waste stream after biodrying was 66,932.88 Mg.
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Figure 7. Average mass balance of the Municipal Waste Management Plant in Olsztyn for years 2016–2020 in the Mechanical-
Biological Treatment Section; * RDF—Residual Derived Fuel, RDF 30—Residual Derived Fuel of <30 mm, PVC—Polyvinyl
chlorine, PUR—Polyurethane.

3.2. Selectively Collected Waste Valorization Line
3.2.1. Characteristics of the Generated Stream of Selectively Collected Waste

In the analyzed period of 2016–2020, the section for valorization of selectively collected
municipal waste accepted an amount of waste exceeding its design capacity. In 2016, the
amount of the selectively collected stream (paper, glass, plastics and metals) was 11,530 Mg.
Since 2016, the average annual increase of the selectively collected waste stream was
2308 Mg. In 2020, the amount of selectively collected waste in the analyzed region was
20,100 Mg. A separate issue is the quality of selective collection, understood as the share
of recyclable packaging (commercial assortments) in the selectively collected waste. In
2016, the share of commercial assortments in the stream averaged 84.82%; in 2018, it was
81.73%; and in 2021, only 74.04%. In 2020, this ratio increased to 89.26% due to the large
increase in the glass and paper streams, which have a high degree of recovery (99% for
glass and approx. 85% for paper). The changes described above are presented in detail in
Figure 8a. The degree of recovery of individual commercial assortments is presented in the
next subsection.

During the analyzed period, the amount of glass in the separately collected waste
stream increased the most (4140 Mg), followed by paper (2350 Mg) and plastics (1470 Mg).
However, when thinking about the volume of waste, it should be remembered that the
bulk density of selectively collected plastic waste is low (about 100 kg/m3). The mass of
selectively collected metal waste did not change much in comparison to the other materials
(Figure 8b).
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Figure 8. Characteristics of the selective waste stream generated in 2016–2020; (a) mass of selective waste and of recovered
commercial assortments; (b) mass of different waste fractions; - glass, - paper, - plastic, - metal.

3.2.2. Recovery of Individual Commercial Assortments from Selectively Collected Waste

The stream of selectively collected waste can be divided into:

- A stream of correctly segregated waste (commercial assortments);
- A waste stream that is correctly segregated, but not suitable for recycling (ballast);
- A waste stream that is incorrectly segregated (out-of-class waste stream).

The stream of correctly segregated waste, or commercial assortments, is in most cases
the predominant stream in terms of mass. After the process of mechanical processing,
ballast no longer contains commercial assortments and, after valorization, becomes a high-
calorific component of the fuel. It should be noted, however, that it is possible to recycle
ballast, but this depends mainly on the technological capabilities of the local recycling
companies. Therefore, a gradual increase in the management of this stream is possible.
The share of the out-of-class waste stream is not constant, and it is largest in the stream of
plastics (about 30% of the stream) and paper (about 10% of the stream) (Figure 9).

Figure 9. Quality of selectively collected individual waste fractions—values for 2020; (a) glass;
(b) paper and carboard; (c) plastic; (d) metals.

3.2.3. Mass Balance of the Selectively Collected Waste Valorization Line

The average mass of selectively collected waste during 2016–2020 was 14,670 Mg, of
which about 63% was collected in the Olsztyn commune, and 37% in the remaining 36
communes, similarly to what was observed with the mixed waste. As presented in Section
3.2.1, most of the selectively collected waste was a commercial recyclable assortment
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(81.74% by weight of InputStr). The main source of the products was the manual and
optical-ballistic part of the line, labelled in Figure 10 as MTOBS. The MTVS valorization line
received additional assortments amounting to 0.4% of InputSTr. Ballast waste and out-of-
class waste accounted for 2542 Mg. It should be noted that, apart from PVC/PUR waste, the
entire stream of selectively collected waste was managed by recycling or energy recovery.

Figure 10. Average mass balance of the Municipal Waste Management Plant in Olsztyn for the years 2016–2020 in the
section for processing selectively collected waste (integrated with the valorization section of the MBT line); * RDF—Residual
Derived Fuel, RDF 30—Residual Derived Fuel of <30 mm, PVC—Polyvinyl chlorine, PUR—Polyurethane.

4. Discussion
4.1. Change Trends in Municipal Waste Stream

In the analyzed period, the stream of collected raw mixed waste decreased from
140,155 Mg in 2016 to 113,647 Mg in 2020. This may be due to demographic reasons as
well as changes in waste collection methods. In the recent years, the region’s population
decreased by an average of 1454.6 inhabitants per year, but at the same time, the unit waste
accumulation index increased by 0.5809 kg/cap/a on average (Figure 11a), which kept the
waste stream relatively constant. The data in the graph are averaged for all types of building
densities, hence, the linear character of the graph. According to Malinauskaite et al. [28],
the unit waste accumulation rate also increased from 2005 to 2019 in the Baltic countries of
Latvia, from 320 to 439 kg/cap/a, and Lithuania, from 387 kg/cap/a to 472 kg/cap/a. An
additional factor influencing the change in the structure of generated waste could be the
outbreak of the COVID-19 pandemic. According to Filho et al. [29], one of the effects of
the pandemic was the increase in the accumulation of municipal waste associated with the
need to stay at home, including an increase in the generated food and packaging waste by
43% and 53%, respectively. In the studied area (Olsztyn), these factors seem to have similar
characteristics. It is also worth emphasizing that Poland still has among the lowest levels
of waste generated in Europe, with an average of 319 kg per person in 2005 and 329 kg
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per person in 2018, whereas the EU-28 produced 506 kg per capita on average in 2005 and
492 kg per person in 2018 [30].

Figure 11. Change in the amount of municipal waste collected, demographic factors and the level of selective collection
in the 37 municipalities served by the Municipal Waste Management Plant in Olsztyn, Poland; (a) demographic factors;
(b) selective collection of waste.

The amount of collected waste is presented in Figure 11b, which takes into account the
data from the dispersion reports. As the mass of the mixed waste stream decreases, that of
the stream from separate collection increases, hence, there was a strong negative correlation
(correlation coefficient = −0.93). As this negative correlation suggests, the total mass of
generated waste remained relatively constant, averaging 142,000 Mg during the examined
period. It should be noted that Poland is a developing country, which could explain the
observed increase in waste accumulation. Further increase in the unit waste accumulation
index is expected in both Poland and other European countries as the consequence of
increasing urbanization, a rising standard of living, and changing patterns of social habits
and behavior that are mainly related to higher consumption [31]. The association between
economic factors and the production of municipal waste has been known for years and
widely described in the scientific literature [32–35]. Zaleski and Chawla [36] reported that
3.5% GDP growth is associated with a 1.5% increase in the mass of municipal waste. In
several studies, the amount of MW has been connected with household-level factors (i.e.,
economic status, per-capita income, size of household, employment rate, or location of
household in rural or urban areas), commune-level factors, or with individual consumption
patterns [37–40].

4.2. Selective Waste Collection and a Circular Economy

Achieving the requirements of a Circular Economy would be impossible if the mass of
waste susceptible to material and organic recycling that was contained in the municipal
waste stream did not exceed 65% w/w. The case of Germany shows that these require-
ments are achievable; however, the morphological composition of municipal waste in
the European Union countries (and not only in the EU) is not identical. Moreover, in
individual countries, the morphological composition may be related to certain internal
demographic factors. Table 1 shows the shares of the components of raw material waste
in areas of different building density in the Warmińsko-Mazurskie Voivodship, as well
as their average shares in the waste generated by the entire region included in this study.
This analysis of the morphological composition of the waste was based on the data in the
Waste Management Plan for the Warmińsko-Mazurskie Voivodeship for 2016–2022 [41]
and the fact that the mass balance analysis (above) showed that waste collected in the
Olsztyn commune (city > 100,000 inhabitants) account for 63% w/w of the total waste
stream generated in the region.
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Table 1. Morphological content of recyclable waste in the municipal waste stream generated in the
analyzed region.

Component
Location

Larger City Small Communities Analyzed Region
A B 63%·A + 37%·B

Paper and carboard 19.10% 9.70% 15.62%
Glass 10.00% 10.20% 10.07%

Metals 2.60% 1.50% 2.19%
Plastics 15.10% 11.00% 13.58%

Tetra Pak 2.50% 4.00% 3.06%
Kitchen/garden

waste 28.90% 36.70% 31.79%

Green waste 5.30% 5.30% 5.30%

Total 81.61%

As the total share of raw material and organic waste is 81.61%, the requirements of a
Circular Economy could be met in this region. For comparison, the share of these morpho-
logical components in the Świętokrzyskie Voivodeship was 77.68% at approximately the
same time [42].

On average, the selectively collected waste stream provided 94.1% of all commercial
assortments obtained by the Municipal Waste Management Plant, which means it was
the main source of waste sent for recycling. Moreover, the changes in this waste stream
(marked in blue in Figure 11b) correlated strongly (0.9937) with the weight of the acquired
commercial assortments (marked in red in Figure 12). The effectiveness of selective waste
collection in a Circular Economy is therefore a key factor in Poland and, it seems, in the
other EU countries with a similar degree of advancement in waste management. According
to the data provided by Latosińska et al. [39], the average level of selective collection in
the European Union is 47.7%. The highest values are found in Germany, Slovenia, the
Netherlands and Belgium: 66.7%, 59.2%, 56.9% and 54.7%, respectively. In Central Europe,
however, the results are worse, with levels of 33.3% in the Czech Republic, 30.8% in Estonia,
38.5% in Slovakia, 35.9% in Hungary, 31.5% in Bulgaria and 30.2% in Croatia [8].

Figure 12. Change in the weight and the degree of recovery of commercial assortments obtained
from municipal waste in 2016–2020 in the Municipal Waste Management Plant in Olsztyn, Poland.

Figure 12 shows the change in weight and the degree of recovery of all commercial
assortments obtained from municipal waste in 2016–2020 in the analyzed region. The
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share of commercial assortments grew linearly until 2018, at about 0.83% per year, and
then increased exponentially, reaching over 14% of the mass of the entire municipal waste
stream in 2020. Assuming that this rate of increase remains constant, in 2035, the degree of
recovery of commercial assortments would be about 40% of the mass of the municipal waste
stream, which is insufficient to meet the requirements for a Circular Economy. Therefore, a
growth rate of selective waste collection that is too low may be an obstacle to achieving
a Circular Economy. Abis et al. [43] reached similar conclusions in their work, which
attempted to assess the synergy between recycling and thermal treatment in municipal
waste management in Europe. Those authors considered the need to increase the recycling
quotas for specific MSW fractions via separate collection to be one of the crucial issues in
the achievement of Circular Economy action plan targets.

Benefits associated with new business models are indeed substantial. Meyer [44]
estimated that resource efficiency improvements across different value chains could provide
raw material savings of 17–24% and costs savings of around €630 million in Europe. Based
on product-based modelling, EMF [45] suggested that boosting circular economy business
models could increase the EU GDP by 3.9% by 2030.

4.3. Biodrying and the Achievement of a Circular Economy

This paper proposes an empirical method for estimating the process loss during
bio-drying. Based on the analysis of 120 dispersion reports, the average process loss in
2016–2020 was estimated at 23.47%. These results are consistent with those presented by
Economopoulos [46], who reported the efficiency of the biodrying process in a Mechanical-
Biological Treatment installation to be about 25%, and the share of alternative fuel produc-
tion to be 73%. An interesting issue is the lack of a correlation between the process loss
expressed in mass units and the process loss expressed as a percentage (Figure 4b). It is also
important to consider the technological aspects of the biodrying process, and in particular,
the possibilities for optimizing the hydraulic properties of the system. In 2019, for example,
the bed filling the biofilter chambers at the Municipal Waste Management Plant in Olsztyn
was depleted. The reduction of process loss during this period suggests that optimization
of a biodrying process should begin with a basic technical review of the installation.

According to some authors, the key factor in meeting the requirements of a Circular
Economy is increasing the selective collection of organic waste [47]. This is associated with
a gradual decrease of recyclable waste in the mixed waste stream. From a technological
point of view, the question then arises as to what is the minimum share of organic waste
that would still allow the biodrying process to be carried out. The data presented by
Rada et al. [48] indicate that the biodrying of municipal waste is still exothermic with a
share of organic matter over 29% w/w. Those authors also obtained satisfactory production
of alternative fuel during biodrying with a share of organic matter of 8% w/w. According
to those authors, drying of municipal waste with such a low share of the organic fraction
is mainly based on physical, not biological, effects. Even if we assumed that, in the
case presented here, the share of organic matter directed to the biodrying process is at
a minimum level of 8%, the share of waste subjected to material and organic recycling
processes would amount to (81.61–8 %) × 81.74%, which gives 60.11%. On the one hand,
the results presented here indicate that it is not possible to meet the requirements of a
Circular Economy at present, but on the other hand, they indicate that achieving 65%
recycling is “within reach”. The question, however, is what activities should be undertaken
to make this possible by 2035 [49].

5. Conclusions

The technological results of the biodrying process presented here seem to be consistent
with those presented in the literature. Thus, this analysis allows for the assessment of the
possibility of using an installation based on biodrying of municipal waste in modern waste
management. The results seem to indicate that there is a strong possibility of reconciling
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municipal waste management based on the WtE technology with management based
on recycling.

The requirements for a Circular Economy, including 65% recycling of the generated
municipal waste stream by the end of 2035, may be difficult to achieve for many European
Union countries. In many places around the world, conversion to a Circular Economy
will require intensive educational and modernization efforts. The key factor in a Circular
Economy seems to be the efficiency of selective waste collection, and a constant increase in
selective collection of municipal waste is required around the world.
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