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Abstract: Tackling climate change, implementing the principles of sustainable development and
a closed-loop economy, and creating an economically and environmentally efficient waste manage-
ment system are the most serious environmental and economic challenges today. One of the biggest
problems with waste is that it causes water, soil, and air pollution. The combination of precipitation
and septic processes produces leachates containing heavy metals and acids, which negatively affect
surface and groundwater, changing their composition and pH, among other things. According to
the Polish waste database, there are more than 2500 waste incineration plants operating worldwide,
including more than 500 in Europe, while there are 8 in Poland. The concept of a closed-loop economy
is based on the rational use of resources, i.e., less consumption of raw materials and energy by
creating a closed loop of processes in which waste becomes raw materials in subsequent production
stages. The aim of this study was to develop forecasts of electricity recovery from municipal waste
using a prediction method based on an approximating function. The predictions made show that in
2023, the forecast of energy recovery from biodegradable municipal waste will be 6566 TJ. Projections
of energy recovery from municipal waste for the future are steadily increasing, with planned recovery
in 2030 at 9943 T7J.
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1. Introduction

Power shortages in the energy market currently exist throughout Europe [1-3]. Vir-
tually the entire continent is worried about planned and unplanned power outages. The
current situation is the result of Russia’s decision to halt gas supplies via Nord Stream. As
a result, gas and energy prices have risen significantly, and the energy crisis has deepened.
This situation has been further complicated by gas leaks from Nord Stream1 and Nord
Stream2. There is not enough coal and gas in Europe; therefore, if demand does not de-
crease, companies in particular are at risk of having their energy supply cut off. The amount
of energy obtained from other sources is still relatively small to replace the use of fossil
fuels [4-9]. With current climate and regulatory challenges and the high cost of purchasing
carbon allowances, it is advisable to seek and produce energy from other sources, including
municipal waste [10,11]. Revenues from the sale of heat generated from municipal waste in
2020 in Poland amounted to PLN 140 million. The average price of heat from municipal
waste was PLN 34.91/G]J. This is the second lowest rate of all fuels after lignite [6]. It is also
becoming necessary to transform to zero-emission technology and maximize the use of
renewable energy sources.

Energy transition plays a very important role in the transition to a circular economy.
It is to be expected that in the coming years, there will be an increasing share of energy
production from clean sources, as well as from renewable sources, e.g., solar, wind, biofuels,

Energies 2023, 16, 2732. https:/ /doi.org/10.3390/en16062732 https:/ /www.mdpi.com/journal/energies


https://doi.org/10.3390/en16062732
https://doi.org/10.3390/en16062732
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/energies
https://www.mdpi.com
https://orcid.org/0000-0002-1659-0610
https://doi.org/10.3390/en16062732
https://www.mdpi.com/journal/energies
https://www.mdpi.com/article/10.3390/en16062732?type=check_update&version=1

Energies 2023, 16, 2732

20f15

and municipal waste. The transition to a closed-loop economy should take place at many
levels, including at the household level [12-16].

A very important issue in a closed-loop economy is regeneration. Consumption of
raw materials and energy should be minimized by creating closed processes. Waste from
one process would then become raw materials in other processes. This would ensure
the least possible consumption of resources and reduce waste production. For a closed-
loop economy to work properly, meticulous planning and modernization of production
processes are necessary [17-20]. In 2015, the European Commission adopted a roadmap
for a circular economy, which should be competitive and generate continued growth
and jobs. The adopted plan includes five priorities: critical raw materials; food waste;
plastics; biomass and bioproducts; and construction and demolition waste. Reducing
waste production, increasing the use of biological components, and advances in recycling
should be the most important challenges for a modern and environmentally friendly
economy [21-26]. A closed-cycle economy is a model for running an economy in which
all products, materials, and raw materials should be used for as long as possible. The
closed-loop economy strategy aims to bring benefits of environmental protection, increased
innovation, and business competitiveness [27,28]. All this can be achieved by increasing
the efficiency of the recycling system, reducing waste and emissions of harmful pollutants,
and reducing energy consumption.

According to data from the European Environment Agency (EEA), the bioeconomy
sector in the EU is growing quite well [29]. In 2014, it provided 9% of employment, and
more than 25% of total material flows were in involved biomass. Today, these values are
much higher. Agriculture provides about 63% of the EU’s total biomass, forestry provides
36%, and about 1% comes from fisheries. More than 62% of biomass from agriculture is
used for food production, and almost 20% is used for energy and materials. In contrast,
more than 1/3 of biomass from forests is used directly for energy production. Nearly half
of the EU’s demand for wood products (such as paper) comes from recycling. Annual
timber harvesting amounts to nearly 72% of annual forest growth [30-34].

The bioeconomy strategy includes research and innovation programs aiming to in-
crease the use of biomaterials in an environmentally sustainable way [35-40]. In the EU,
the most commonly used biomaterials are wood products, polymers, textiles, and fibers in
composite materials. A particular challenge is to extend the life of biological products by
putting them into recycling. Each year in the EU, approx. 140 million tons of biowaste are
produced, of which about 100 million tons are food waste. In contrast, only about 25% of it
is recycled; the rest ends up in landfills or is incinerated. This situation poses a threat to
the environment, is a source of infectious diseases, and leachate from landfills can pollute
surface and groundwater [41-43].

The last few years have seen rapid development of renewable energy sources (RESs),
mainly wind and photovoltaic. Unfortunately, they are highly dependent on meteorological
conditions. In turn, the diversity and number of these sources create new problems for
transmission system operators, distribution system operators, and commercial operators. It
is crucial for these companies to forecast production from RESs over different time horizons.
Reliable forecasts positively influence energy market stabilization, power grid operation
planning and development, and are an important element in ensuring the security and
stability of the power system [44-50]. Because the number of energy sources is considerable
and their unit power is relatively small, it makes economic sense to seek other forms of
energy generation, including from municipal waste.

Currently, renewable energy is a very rapidly growing field of energy in Poland and
worldwide. Preliminary estimates indicate that by 2050, half of energy will be produced
from wind or solar power. This will happen thanks to a reduction in the cost of building
power plants by up to 71%. Then, the cost of energy from wind can decrease by up to 58%.
Wind conditions for energy purposes in Poland are described as average, but high enough
to provide a potentially efficient source of renewable energy. For the country as a whole,
annual average wind speeds range from 2.6 m/s to 3.8 m/s [51,52].
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The development of energy storage technology is also not without significance [53,54].
In recent years, Poland has seen a significant increase in the total installed capacity of power
plants using renewable energy sources. According to data from the Energy Regulatory
Office, in mid-2018, the installed capacity of wind power plants was 5.856 GW (1199 wind
installations), while for photovoltaic power plants, this value was 110.563 MW (602 pho-
tovoltaic installations). At the end of 2019, there was an increase in installed capacity,
especially of photovoltaic power plants of 478 MW and slightly smaller wind power plants
of 5.917 GW. The draft Energy Policy of Poland until 2040 indicates a further increase in the
share of RESs in gross final energy consumption to at least 23% in 2030 [55]. Currently, RESs
meet about 16% of energy demand (an increase of 2.5% compared to 2018) [56-59]. The
main renewable energy sources in Poland are wind, biomass, solar, hydropower, biogas,
and geothermal. Solar energy is an increasingly used renewable energy source worldwide.

With the development of renewable energy sources, it is necessary to develop tools to
support operators in the efficient management of the grid. These tools include forecasting
models of energy production from power plants using renewable energy sources. Cur-
rently, there is a rapid development of topics related to forecasting the volume of energy
production, especially wind and photovoltaic power plants. Current forecasting methods
relate mainly to single sources of energy production. The forecast of energy production
is determined on the basis of point forecasts of meteorological conditions. Using such
methods is quite labor-intensive and expensive due to the need to create a predictive model
for a single source and due to the need to obtain such a meteo forecast. Therefore, taking
into account the above problems and the increase in interest in electricity recovery from
municipal waste, a statistical study was undertaken to create such a forecast. While there
are many prediction models for wind and solar energy recovery in the literature, there are
still relatively few such predictions for municipal waste. Therefore, the aim of this study
was to develop forecasts of energy recovery from municipal waste using adaptation and
prediction methods made on the basis of an approximating function.

2. Materials and Methods

The research was conducted based on data from the Central Statistical Office in Poland
from 2008-2021 [60]. Acquisition of total primary energy in 2017-2020 in most of the EU-27
member states decreased, while there was an increasing trend in the acquisition of primary
energy from renewable sources. In Poland in 2021, the amount of selectively collected
waste per capita was 143 kg, including the following [60]:

- Biodegradable waste: 49 kg per capita (42 kg in 2020);

- Glass: 21 kg per capita (19 kg in 2020);

- Bulky waste: 20 kg per capita (19 kg in 2020);

- Mixed packaging waste: 16 kg per capita (14 kg in 2020);
- Paper and cardboard: 14 kg per capita (13 kg in 2020);

- Plastics: 14 kg per capita (13 kg in 2020).

In cities, 158 kg per capita was collected selectively in 2021, while in rural areas, 122 kg
per capita was collected.

According to a morphological composition survey conducted in 2021 by the Insti-
tute of Environmental Protection, it was found that the highest share was reached by
kitchen waste (18.3%). Another significant share was found for plastics (16.1%). Paper
waste accounted for 12.8% and garden waste accounted for 11.8%. In the range of 5-10%,
shares of morphological components were recorded for glass waste “other categories” and
fractions < 10 mm. Analysis of the morphological composition of the category of paper
waste accepted at municipal facilities confirmed the dominance of cardboard (almost 40%).
Half the share was recorded for the fraction of other non-packaging paper (22.7%). The
share of other subcategories was recorded at almost 20%. Analysis of the morphologi-
cal composition of the category of plastic waste in mixed municipal waste showed that,
of the subcategories highlighted, high-density polyethylene (PE-HD) and low-density
polyethylene (PE-LD) film dominated at 45%. A much lower share was obtained by the
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polypropylene and polystyrene fraction (16.1%). Shares of less than 10% were found for
the following: clear PET; household chemical packaging; other non-packaging; and blue
PET. The lowest contents at 1.9% were obtained for green PET and PET mix. The share of
colorless glass packaging in the main category of glass waste was almost 60%. The share of
brown glass packaging was shown to be 22.7%, and other glass packaging was shown to be
18.6%. On the other hand, in the category of metal waste, the highest share was obtained
for iron packaging (45.5%) and 40.9% for aluminum packaging.

In order to approximate the development of the trend in energy recovery from
biodegradable municipal waste consumption in Poland (in TJ) over time, the develop-
ment trend was assumed to be linear. The model of the development trend has the form
of an equation in which the only explanatory variable is the time variable. This is a time
series model in which there is a development trend and there are random fluctuations. The
role of the explanatory variable in the equation is played by the time variable, which is
not directly responsible for changes in the value of the forecast variable but synthesizes
the influence of certain factors (including COVID-19) and yields a description of these
changes in a quantitative way. One of them is the additive model, a linear model of the
development trend, without taking into account periodic fluctuations. This model makes
the following assumptions:

(1) The model of the development trend is built on the basis of the time series {Y;; t =0,
1, n — 1}, when the elements of Y; do not contain periodic fluctuations;

(2) Random fluctuations are superimposed on the trend in the phenomenon in an ad-
ditive manner.

The general form of this model is described by the following equation:

Yt=H(t)+€t;(t=O,1,...,1’171), (1)

where H; = E(Y}) trend function describing the development trend in the phenomenon
under study, and {; represents the random variable, representing random fluctuations
resulting from, among other things, pandemics.

Finally, the form of the linear model of the development trend, without taking into
account periodic fluctuations, is presented in the following equation:

Y =at+ B+, where: (t =0,1,,...,n — 1), ()

Random fluctuation analysis was calculated using the following formula:

®)

The value of the standard deviation of the residuals tells how much, on average, the
values of the phenomenon observed in each period deviate from the theoretical values of the
phenomenon due to random fluctuations resulting from, among other things, the pandemic.

Projections were made based on the classical linear trend model, according to the
following equation:

Yr=aT+p+ir, )

where T = n — 1 + w forecast period, with w denoting the length of the forecast. The
estimator of the average forecast error was determined using the following formula:

1 (T-%)7°
s(YTP) =S, 1+n+nil(t—t)2, ®)

t=0
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The most common linear function with one variable is used in the models, which
has the form Y =« + a1 X. The parameter «y is interpreted as the level of the endogenous
variable Y with zero level of the explanatory variable, while an increase in the value of the
explanatory variable X by a unit causes a change in the value of the explanatory variable Y
by a1 units [61-65].

The study used measured data from 14 years, so it was possible to account for the vari-
ability in energy recovery from municipal waste. The CSO data were the primary sources of
information for forecasting models of energy recovery from waste. They may be subject to
error and inaccuracy due to information obtained from annual waste management reports.

3. Results and Discussion

The increase in the share of renewable energy in total primary energy in 2020, com-
pared to 2017 for Poland, was 7.3 percentage points, while in the EU-27, it was slightly
higher at 7.9 percentage points.

The largest increases were in the Netherlands (12.5 p.p.), Germany (10.9 p.p.), and
Slovakia (7.8 p.p.) (Figure 1). In 2020, in Poland, the share of renewable energy in total
primary energy was 21.6%, while in the EU-27, it was 40.7%. The average annual growth
rate of this indicator in 2017-2020 was 14.7% in Poland and 7.5% in the EU-27.

2726

683 ‘ 722

Czechia Finland  France NetherlandsLit Slovak taly

| 2017 - 2020

Figure 1. Share of energy from renewable sources in total primary energy in 2017 and 2020. Source:
Renewable energy in 2021, CSO, Warsaw, 2022.

The shares of renewable energy in final energy consumption in the EU-27 and Poland
were 11.8% and 12.8%, respectively, in 2020. Between 2017 and 2020, there was an increase
of 1.5 p.p. in the EU-27, and an increase of 4.1 p.p. in Poland. The increase in the share
of energy from renewable sources in total energy consumption in EU countries in 2020,
compared to 2017, was recorded in particular in Slovakia, Poland, and the Czech Republic
(5.4, 4.1, and 3.7 p.p., respectively). A decrease in the share of renewable energy in total
energy consumption was recorded only in Austria (by 0.2 percentage points). In the EU-27,
the increase was 1.4 percentage points.

In 2020, the structures for obtaining energy from renewable sources in Poland and the
EU-27 differed. Both Poland and the EU were dominated by solid biofuels, but in the case
of Poland, they accounted for as much as 71.6%, while in the EU, this rate was only 40.1%.
A more similar share was accounted for by the use of wind energy, with 10.9% in Poland
and 14.7% in the EU. In third place in Poland are liquid biofuels (7.8%), while in the EU,
this is water energy (12.8%) (Figure 2).
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Figure 2. Production of energy from renewable sources by carriers in Poland in 2020. Source:
Renewable energy in 2021, CSO, Warsaw, 2022.

Energy from renewable municipal waste according to the National Statistical Reporting
on Fuel and Energy Management also includes waste fuels from combustible industrial
and municipal waste, such as rubber, plastics, waste oils, and other similar products
(Figure 3). These are in solid or liquid form and are classified as renewable or non-renewable
fuels, depending on whether they are biodegradable or not. Renewable fuels used in the
generation of electricity and/or heat include municipal waste of biological origin, burned
in appropriately adapted facilities. These are waste from households, hospitals, and the
service sector (waste biomass) that contain biodegradable organic fractions.

6 008 6223

2017 2018 2019 202~ 2021

- Total inland consumption: - transformation sector - final energy consumption

Figure 3. Consumption biodegradable municipal waste. Source: Renewable energy in 2021, CSO,
Warsaw, 2022.

The energy balance of biodegradable municipal waste is shown in Table 1. Between
2017 and 2021, there was a 60.8% increase in total domestic consumption (from 3871 TJ
to 6223 TJ) and a 26.1% decrease in final consumption (from 2451 TJ to 1811 TJ). During
the years in question, the largest increase in final consumption was recorded in trade and
services (by 815%), while the mineral industry recorded a decrease of 98%. In addition,
there was a more than three-fold increase in energy consumption per energy conversion
input (from 1420 TJ to 4411 TJ) in industrial and commercial thermal power plants.
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Table 1. The balance of renewable energy commodities in the years 2017-2021 (renewable munici-
pal waste).

Specification

2017 2018 2019 2020 2021 2018/17 2019/18 2020/19 2021/20
wTJ w %

Indigenous Production
Inland Consumption

3871 4117 4271 6008 6223 106.4 103.7 140.7 103.6
3871 4117 4271 6008 6223 106.4 103.7 140.7 103.6

Transformation Sector 1420 1544 2055 3576 4411 108.7 133.1 174.1 123.4
Final Energy Consumption: 2451 2573 2216 2432 1811 104.9 86.1 109.7 74.5
Industry Sector 2411 2554 2214 2422 1445 105.9 86.7 109.4 59.7

Commerce and Public Services 40 19 2 11 366 47.5 10.5 550.0 3327.3

Source: own compilation based on CSO data 2017-2021.

From 2017 to 2021, there was an increase in heat production from renewable energy
carriers to 23,511.4 T] in 2021 (Figure 4). It should be noted that in 2017-2021, the share of
solid biofuels in heat production remained at a similar level (the share in 2017 was 89.6%,
and in 2021, the share was 89.08%). At the same time, there was a 3.3 p.p. increase in biogas
and renewable municipal waste energy production (from 457 TJ in 2017 to 1599 TJ in 2021).

0.02

Liquid biofuels

He 0.02

at pumps
o 10 20 30 40 20 &0 70 80 90 100%

Figure 4. Share of renewable energy carriers in heat production in 2021. Source: Renewable energy in
2021, CSO, Warsaw, 2022.

The share of renewable energy in a country’s gross total energy consumption measures
the extent to which renewable energy sources have been used and, consequently, the extent
to which renewable fuels have replaced fossil and nuclear fuels and thus contributed to
the decarbonization of the EU economy. The indicator also illustrates the progress of EU
countries in achieving one of the Europe 2020 strategy’s renewable energy targets. In 2020,
with the share of renewable energy in gross final energy consumption at 16.1%, Poland
was in 22nd position among EU countries. The highest share of renewable energy in final
electricity consumption was recorded, as in previous years, in Sweden (60.1%), while the
lowest was in Malta (10.7%), Luxembourg (11.7%), and Belgium (13.0%).

Generated municipal waste includes waste collected from property owners and se-
lectively collected municipal solid waste. Waste collected from all residents is considered
generated waste due to the inclusion of all property owners of waste management systems
by municipalities as of 1 July 2013. In 2021, 13,674 thousand tons of municipal waste were
generated, and there was a 4.2% increase in generation compared to the previous year. This
means an increase in the amount of municipal waste generated per Polish resident from
344 kg in 2020 to 360 kg in 2021. The amount of municipal waste generated depends not
only on the population, but also on consumption patterns. In 2021, there was a marked
difference between provinces in the western part of the country and the eastern provinces.
The western provinces produced significantly more municipal waste per capita than the
eastern provinces. An even greater variation was seen among municipalities in terms of
the amount of waste generated. With an average of 360 kg per capita in Poland in 2021,
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24% of municipalities received less than 200 kg of municipal waste per capita (mainly rural
municipalities), while 58% of municipalities generated between 200 and 400 kg per capita.
On the other hand, between 400 and 600 kg per capita fell within 16% of municipalities.
The largest amounts of municipal waste were generated in tourist municipalities—nine of
them collected more than 1000 kg of municipal waste per capita.

In Poland, of the municipal waste collected and received in 2021, 8.2 million tons were
destined for recovery (60% of municipal waste generated), of which 3.7 million tons (27%)
were destined for recycling, 2.7 million tons (20%) were destined for thermal transformation
with energy recovery, and 1.8 million tons (13%) were destined for biological treatment
processes (composting or fermentation). A total of almost 5.5 million tons were diverted
to disposal processes, of which 5.3 million tons were destined for land filling, and the
remaining 0.2 million tons (1%) were destined for disposal by thermal conversion without
energy recovery.

The amount of municipal waste collected selectively is increasing year by year. In
2005, selective collection accounted for only 3% of municipal waste collected (295,000 tons).
In 2021, almost 5.5 million tons (40% of total municipal waste generated) were collected
selectively, a 9% increase from the previous year (Figure 5).

0.2
2021 | 10,1 14.4 9.6 | 13.8 33.9 18.0

0.1
2020 | 10.0 14.7 9.9 | 14,3 324 185

o8
2&15| 9.6 16.7 1.9 I 10,3 259 248
2.0
2010 | 198 251 144 12,0 211 5.6
2.4 0.0
2uu5| 324 336 140 I 116 |60
0 10 20 30 40 50 &0 o 80 90 1 00

Paper and cardboard  Glass Plastics Metals Bulky  Biodegradable Other

Figure 5. Structure of separately collected municipal waste by waste fraction. Source: Environmental
Protection 2022, CSO, Warsaw, 2022.

The ability to make forecasts with a selected time horizon depends on the available
input data. Due to the collected dataset, models dedicated to forecasts with a horizon of
several years or more have been proposed.

t — nyt
w = 2V ©)
Y t2 —nt
) :y—ﬂclf )

Based on the decomposition of the series, it was noted that there is an increasing
development trend and random fluctuations in the time series of the variable under study.
Performing graphical analysis, it was found that a straight line adequately describes the
trend in growth in the recovery of electricity from municipal waste in Poland over time.
The necessary intermediate calculations are shown in Table 2. The parameters of the
linear trend function were estimated using the classical least-squares method. Using
Equations (6) and (7), the following model parameter values were obtained: a; = 482.44,
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ag = —1153.2. Thus, the equation of the linear trend function describing the development of
energy yield from biodegradable municipal waste consumption in 20082021 is as follows:

Y, = 482.44 — 1153.2t 8)

The calculated coefficient a; = 482.44, called the elasticity coefficient, informs that
a 1-year increment in time caused an increase in energy recovery from biodegradable
municipal waste of 482.44 T] during the period under study.

Table 2. Supporting calculations for determining the parameters of the trend function of energy
recovery from biodegradable municipal waste consumption in (TJ) from 2008 to 2021.

Year t yt ytt t? gt (yt — 912 (yt — yv)?
2008 1 9 9 1 —575.09 341,161.13 6,032,284.76
2009 2 29 58 4 ~116.58 21,193.54 5,934,441.92
2010 3 123 369 9 341.93 47,930.34 5,485,296.57
2011 4 1338 5352 16 800.44 288,970.75 1,270,289.04
2012 5 1360 6800 25 1258.95 10,211.10 1,221,181.92
2013 6 1391 8346 36 1717.46 106,576.13 1,153,628.51
2014 7 1544 10,808 49 2175.97 399,386.08 848,371.79
2015 8 1673 13,384 64 2634.48 924,443.79 627,376.47
2016 9 2554 22,986 81 3092.99 290,510.22 7908.37
2017 10 3871 38,710 100 3551.5 102,080.25 1,976,636.35
2018 11 4117 45,287 121 4010.01 11,446.86 2,728,869.42
2019 12 4271 51,252 144 4468.52 39,014.15 3,261,379.55
2020 13 6008 78,104 169 4927.03 1,168,496.14 12,552,345.90
2021 14 6223 87,122 196 5385.54 701,339.25 14,122,030.37
- t=75 yt = 2465.07 Y.368,587 Y1015 - Y.4,452,759.742  ¥57,222,040.93

Source: own compilation based on data from CSO 2008-2021.

Energy recovery forecasts for which the calculated ex-ante or ex-post forecast errors
were determined for periods earlier than the period of the evaluated forecast were consid-
ered sufficient, acceptable, and appropriate for use in practice. In order to build a forecast
of energy recovery of biodegradable municipal waste consumption for 2023-2030, data
from 2008-2021 were used (Table 2). Smoothing the level of energy recovery from waste,
i.e., elimination of fluctuations and extraction of the development trend, was conducted
using the analytical method.

By determining forecasts using analytical models, function values were calculated
for a future moment or period of time. Some important assumptions were made, the
adoption of which determines how the forecast is made (extrapolation of the model) and
how its quality is evaluated ex ante. The stability of structural relations over time was
assumed, which means that the analytical form of the model and the values of its parameter
evaluations do not change.

Energy recovery from the consumption of biodegradable municipal waste in Poland
in 2008-2021, including the trend line, is shown in Figure 6. The square of the correlation
coefficient, called the coefficient of determination, close to unity (0.925), indicates a good fit
of the trend function in energy recovery of biodegradable municipal waste consumption in
the years studied.

In order to optimally manage renewable energy in Poland, forecasts of energy recovery
until 2030 were built based on the determined trend function (Table 3).
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Figure 6. Trend equation of energy recovery from biodegradable municipal waste consumption (in
TJ) in 2008-21.

Table 3. Forecasts and forecast errors of energy recovery from municipal waste until 2030.

Years 2023 2024 2025 2030
Biodegradable municipal waste 6565.79 7048.23 7530.66 9942.85
consumption forecasts in T]
Mean residual error 609.149 609.149 609.149 609.149
Coefficient of residual variation in % 0.2471 0.2471 0.2471 0.2471
Convergence coefficient 0.0747 0.0747 0.0747 0.0747

Projections of energy recovery from waste consumption have been steadily increasing
in subsequent years and should be at 7530.66 TJ in 2025 (Figure 7). Calculated errors,
including the coefficient of convergence, indicate that only 7.47% of the information on
energy recovery from waste was not explained by the describing variable.
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Figure 7. Prediction of energy recovery from biodegradable municipal waste (in TJ).



Energies 2023, 16, 2732

110f15

In order to confirm the hypothesis of whether there is a trend in the studied time series,
the null hypothesis a1 = 0 was verified against the alternative hypothesis a1 # 0.

Null hypothesis: the parameter of the trend function—the trend coefficient is statisti-
cally significant, Ho: a7 = 0.

Alternative hypothesis: the parameter of the trend function—the trend coefficient is
not statistically significant, Hj: a1 # 0.

The test value of the null hypothesis was t = 11.946. The result obtained was confronted
with the critical value read from the tables of Student’s t-distribution at the confidence level
« = 0.05 and 12 degrees of freedom, which was to.052° = 2.179. Thus, the null hypothesis
Ho was rejected in favor of the alternative hypothesis Hj because the test value of the null
hypothesis is greater than the critical value read from the tables of Student’s t-distribution
(11.946 > 2.179). The trend coefficient was statistically significant, confirming the presence
of a trend in the time series under study:.

The Durbin-Watson (DW) test was used to test the hypothesis that the linear regression
estimators satisfy Gauss—-Markov assumptions. For the predictor k = 1 occurring in the
model and the number of observations n = 14, the values dl = 1.04 and dg = 1.35 were read
from the Durbin-Watson distribution tables. These values allowed us to determine the
range of results, on the basis of which it was determined whether there was autocorrelation
of the residuals. Formula (9) was used to calculate the DW test, and the calculations are
shown in Table 2.

Y e — ff(i))2

n 2
i=15(i)

DW =

, where : e = (y; —,) )

where DW refers to the Durbin-Watson test; e;) refers to the residual in the regression
model; e(,1) is the subsequent residual in the regression model; and 7 is the number of
observations.

The results obtained, DW < 2 and DW < dl, indicate the presence of positive autocorre-
lation. In many applications, the residuals of the model are correlated. This is especially
true for models estimated from time series data. One of the main assumptions of regression
analysis is that the predictors are not collinear. To verify this assumption, the collinearity
index (VIF) was calculated using Formula (10):

1

VIF= ——
1-R?

(10)

The calculated collinearity coefficient was in the range of 1 < VIF < 10, indicating the
presence of slight collinearity among the predictors.

According to forecasts by other authors, global energy consumption will increase by
44% by 2035 (compared to an increase of 55% over the previous 23 years), with 95% of
the increase going to developing countries [66]. Another forecast to 2050, according to
the BP Energy Outlook 2020 report, also assumes an increase in global energy demand.
However, the structure of energy demand will change fundamentally as the role of fossil
fuels will decrease, while the share of renewable energy and the importance of electricity
will increase [67]. This should be seen as an opportunity to better manage municipal
medium-calorie waste (including used disposable diapers and other nuisance hygiene
waste) for energy purposes.

4. Conclusions

Waste is a huge, still untapped source of energy raw materials. Part of the waste is
classified for reuse as a secondary raw material, while those that have sufficient energy
value can be used to produce alternative fuels. Such fuels are obtained from recycled
industrial and municipal waste (e.g., containing rubber, paper and plastics), from dried
sewage sludge, from tires, and from bone and animal meat. The use of alternative fuels
brings tangible environmental benefits; it saves non-renewable natural resources, helps
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solve the problem of landfill, and reduces greenhouse gas emissions. In this way, industrial
production is carried out in accordance with the idea of sustainable development, in which
future generations should have access to the kind of natural environment we have today.
The novelty of the article is the development and testing of models that yield predictions of
energy recovery from municipal waste in a closed-loop economy.

There is optimism in the fact that forecasts for energy recovery from biodegradable
municipal waste for the next few years are steadily increasing. The planned recovery for
2030 is at 9943 TJ, an increase of 66% compared to 2020. The low coefficient of convergence
(0.075) indicates that the trend function describes the energy recovery from municipal waste
during the period studied well.

The amount of selectively collected waste varies widely in Poland and depends largely
on how the system of collecting this type of waste has been organized by local authorities. In
2021, eighteen municipalities achieved a selective collection rate of more than 90% against
all waste collected and received, while three municipalities collected selectively less than
10% of waste. However, mixed municipal waste dominates the waste generated. In 2021,
this amounted to 8.2 million tons, or 60% of all municipal waste generated. Mixed waste is
the main waste stream requiring disposal by land filling. The share of this waste handling
process, despite a decrease from the previous year, is still too high. In 2021, it reached 38.7%
(in 2020, it reached 39.8%). The number of active landfills is steadily decreasing and, at the
end of 2021, there were 265 landfills accepting municipal waste (271 at the end of 2020). In
2021, eight landfills with a total area of 31 hectares were closed.

The energy recovery forecasts developed are important for strategic planning of the
country’s development, not only in the area of the circular economy, but also in the areas
of energy security, environmental protection, and production costs. They form part of
the information base on which national evidence-based strategies and policies are shaped
and modified. The solutions developed and tested can be an important reference for
Polish policymakers, who can use them to assess the effectiveness of their actions and the
need to adjust them if necessary. In addition, the developed forecasts can significantly
simplify municipal waste management options for a closed-loop economy at the regional
and national levels. Energy recovery from municipal waste is the only waste management
method capable of closing a waste management system that meets the requirements of
a closed-loop economy.
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