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Abstract

This study investigates whether the optimal utilization of the biomass potential contained
in municipal solid waste (MSW) can support the implementation of circular economy
(CE) principles and contribute to climate policy objectives, particularly the reduction in
greenhouse gas (GHG) emissions in the waste management sector. The analysis evaluates
whether waste-to-energy recovery can support the objectives of the European Green Deal,
including a 55% reduction in GHG emissions by 2035 and the achievement of climate
neutrality by 2050. The assessment was conducted for two MSW streams generated in
a Polish municipality: separately collected biowaste and residual MSW remaining after
meeting European reuse and recycling targets. The study summarizes the results of detailed
experimental investigations of the physicochemical and fuel properties of these waste
streams. Proven and commercially available energy recovery technologies, including
anaerobic digestion (AD) of biowaste and incineration of residual waste, were analyzed.
GHG emissions were assessed using a life cycle assessment (LCA) approach, taking into
account both direct emissions and avoided emissions resulting from the substitution of
conventional energy and fertilizer production. The experimental results revealed significant
variability in the biodegradability and energy potential of individual biowaste fractions,
with the highest biogas yields observed for kitchen waste. Residual waste exhibited a
considerable calorific value and a significant share of renewable energy due to its biomass
content. The results indicate that the share of renewable energy in electricity generated
from waste is expected to increase from 46.1% in 2025 to 49.9% in 2040. In relation to the
total electricity demand of the analyzed city, energy recovered from waste accounts for
1.8 + 0.3% in 2025 and 1.3 &£ 0.2% in 2040. Scenario-based modeling demonstrated that
the target system, maximizing energy recovery from both biowaste and residual waste,
achieves a consistently negative GHG emission balance throughout the analyzed period
(2025-2040), ranging from —72 + 15 kg CO,-eq/ton in 2025, through the most favorable
value of —81 + 17 kg CO;-eq/ton in 2035, to —57 + 12 kg CO;-eq/ton in 2040, expressed
per ton of total managed biowaste and residual waste.
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1. Introduction

Energy demand is steadily increasing worldwide, while growing pressure is being
placed on reducing greenhouse gas (GHG) emissions and limiting dependence on fossil
fuels. Current European and global climate strategies aim to achieve climate neutrality (net-
zero GHG emissions) by 2050, supported by ambitious intermediate emission reduction
targets. Under the European Climate Law and the “Fit for 55” package, the European Union
has committed to reducing net GHG emissions by at least 55% by 2030 compared with
1990 levels. Furthermore, the European Commission is currently discussing an additional
intermediate target for 2040 corresponding to approximately 90% net emission reduction
relative to 1990 levels [1]. Achieving these objectives requires a profound transformation of
the energy, industrial, transport, and waste management sectors.

In this context, mixed or residual waste, i.e., waste remaining after material recovery
processes, is increasingly recognized as an important locally available source of renew-
able and low-carbon energy, particularly for fractions that cannot be feasibly reused or
recycled [2-6]. Life cycle assessment (LCA) studies demonstrate that properly designed
waste-to-energy (WtE) systems, including incineration with energy recovery, gasification,
anaerobic digestion (AD) and pyrolysis, can simultaneously reduce landfilling, replace
fossil fuels and significantly decrease GHG emissions compared with conventional waste
disposal and energy generation pathways [2,4-8]. Residual MSW is typically a hetero-
geneous mixture of biogenic components, such as food waste, paper and garden waste,
together with fossil-derived materials including plastics and synthetic textiles. According
to the IPCC guidelines, the proportions of biogenic carbon (Cy;,) and fossil carbon (Cyp;o)
in municipal waste are among the key factors determining GHG emissions from waste
treatment processes. As CO, emissions originating from the biogenic fraction of waste are
generally considered carbon-neutral, a higher biomass content in municipal waste increases
the share of recovered energy that can be classified as renewable.

At this point, it is important to acknowledge the ongoing scientific debate regarding
the assumption of carbon neutrality for biomass combustion. In LCA studies, waste-
derived biomass is commonly treated differently from biomass intentionally cultivated for
energy production. Most waste-based LCA approaches apply the so-called “zero-burden”
assumption, according to which waste enters the system without upstream environmental
impacts associated with its generation. Consequently, only emissions related to waste
collection, transport, treatment, and subsequent material or energy recovery are included
in the system boundaries [9-12]. This approach is widely applied to municipal solid waste,
food waste, and sewage sludge, which are generally considered by-products of other
human activities rather than purpose-produced energy resources [9-12]. In contrast, when
biomass is cultivated specifically for energy generation or bio-based products, LCA studies
generally include upstream environmental impacts such as cultivation inputs, fertilizer use,
land-use change and transport [13-16].

However, several studies have emphasized that this assumption may become prob-
lematic when waste-derived biomass has a significant economic value or competes with
alternative material or energy uses [9,10,17]. Therefore, a broadly accepted approach within
the research community is to apply the zero-burden assumption only to genuine waste
or by-product biomass streams with low economic function, while fully accounting for
upstream emissions in the case of purpose-grown biomass intended for energy recovery.
Under this framework, waste-to-energy (WtE) systems characterized by a higher biogenic
fraction may achieve more favorable GHG balances through the displacement of fossil
fuel-based electricity and heat production [2,3,5,18-20].
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The IPCC Guidelines (2006) provide average values of biogenic carbon content for
individual municipal waste fractions, on the basis of which the share of biogenic carbon
in European MSW is estimated to range from approximately 33% to 50% [21]. Direct
measurements conducted at Swedish waste incineration plants indicated that the average
share of fossil carbon in combusted waste was approximately 47-48% [22], while in the
Netherlands, the fossil carbon share in waste incineration is assumed to be approximately
51% [23]. However, the data currently applied in IPCC methodologies may be partially
outdated due to changes in material production, packaging composition and consumption
patterns. Moreover, the IPCC methodology does not provide detailed information regard-
ing the biogenic carbon content in fine waste fractions (<20 mm), despite their potentially
significant contribution to the overall waste stream. Therefore, reliable assessment of the
renewable energy share and GHG emissions associated with waste treatment requires
detailed site-specific waste characterization studies. In particular, determination of biomass
content and its chemical energy potential in residual MSW remains essential for accurate
estimation of renewable energy recovery and climate impacts [24-28].

In addition to residual waste, separately collected municipal biowaste represents
another important source of waste-derived renewable energy. Source-separated kitchen
waste, food waste, garden waste and other biodegradable fractions are particularly suitable
for AD processes leading to biogas and/or biomethane production [29-31]. The energy
recovery potential of such waste streams depends strongly on their biodegradability, as it
is directly linked to methane generation potential, which is commonly evaluated through
biogas or methane potential tests [31,32]. Easily degradable fractions, such as food waste,
generally exhibit substantially higher methane yields than lignocellulosic or structurally
complex materials such as garden waste, which are often more suitable for thermochemical
conversion technologies [31,32]. Consequently, both the quantity of separately collected
biowaste and its material composition, particularly the share of easily biodegradable organic
matter, determine the actual renewable energy potential of this stream [17,18,30-32].

Waste management is recognized as a significant contributor to global GHG emissions;
therefore, assessment of current emissions and evaluation of mitigation potential under
future management scenarios are essential. A recent global LCA study estimated aver-
age emissions from municipal waste management at 89.70 kg CO,-equivalent per ton of
waste handled, ranging from 49.27 kg CO;-eq/ton in high-income countries to 128.11 kg
COy-eq/ton in low-income countries [33]. Open dumping was identified as the dominant
source of emissions, contributing nearly 70% of total GHG emissions, followed by collection
and transport, unmanaged landfills, sorting operations, controlled landfills, sanitary land-
fills and composting. In contrast, recycling of recoverable fractions and energy recovery
through AD and waste incineration may provide substantial environmental benefits and
emission reductions.

Recent EU scenario modeling demonstrated that highly integrated waste management
systems may even transform the MSW sector into a net carbon sink [34]. The lowest net
GHG emissions were estimated for Austria (—490 kg CO,-eq/ton), whereas the highest
values were reported for Greece (539 kg CO,-eq/ton), with an average value of 49 kg
CO,-eq/ton, consistent with the findings of [33]. In these systems, GHG emissions are
primarily associated with landfilling, incineration and recycling operations, with landfilling
contributing up to 74% of total emissions. Conversely, GHG savings are mainly associated
with material and nutrient recovery (15-64%), as well as energy recovery processes (0—22%).
However, most existing large-scale studies are based primarily on literature data, national
statistics and databases such as Eurostat, and therefore involve a relatively high level of
generalization. As a consequence, they often do not adequately account for local conditions,
including specific waste composition, collection efficiency or the operational performance
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of waste treatment facilities. In the context of increasing climate-related challenges, there is
a growing need for more detailed local analyses capable of accurately estimating current
GHG emissions and forecasting the effects of future waste management scenarios.

Therefore, this study presents an approach for assessing GHG emissions associated
with municipal waste management in a city in Poland, taking into account both residual
MSW and separately collected biowaste streams. The main objective of the study is to
perform a detailed analysis of actual waste composition and waste characteristics in order
to provide more accurate data regarding the energy recovery potential of the analyzed
waste streams. Furthermore, the study aims to evaluate the potential contribution of these
streams toward achieving climate policy objectives, including a 55% reduction in GHG
emissions by 2035 and climate neutrality by 2050. Accordingly, the study includes analyses
of waste quantity and composition, fuel properties, and renewable energy potential, which
together determine the overall environmental performance of the waste management
system. Finally, future waste management scenarios are evaluated in terms of energy
recovery potential, renewable energy share, and associated GHG emissions, with reference
to long-term climate neutrality targets.

2. Materials and Methods

The study addressed three key areas relevant to the evaluation of waste management
systems: (i) morphological composition of selectively collected and residual municipal
waste; (ii) biomass content and biodegradability of waste, including residual MSW, se-
lectively collected biowaste; and (iii) fuel properties and renewable biomass content in
residual MSW.

2.1. Study Location

The research was conducted in a Polish municipality with approximately 650 thousand
residents and nearly 1 million inhabitants in the metropolitan area. The waste samples were
collected over 12 months throughout 2023 to account for significant seasonal fluctuations
in waste composition and technological properties.

2.2. Sampling

Samples were collected from fresh municipal waste delivered to a waste treatment
facility. An approach of stratified sampling was used, with stratification based on the
city’s typical residential areas: (1) single-family housing, (2) multi-family estates, and
(3) city center areas. Both residual waste and biowaste samples were collected directly
after unloading from collection vehicles representing different collection routes (from the
above-mentioned 3 typical residential areas). A composite sample (~100 kg) was prepared
by combining ten subsamples (10 kg each) collected from evenly distributed sections of a
~0.5 m high waste pile, according to the method described in den Boer et al. [35].

2.3. Granulometric and Morphological Composition

The morphological composition of mixed municipal waste was analyzed using a
methodology recommended by the Polish Ministry of Environment for waste characteriza-
tion in projects funded by the National Fund for Environmental Protection [35-38]. The
sampling scheme is shown in Figure 1. The research included granulometric analysis using
80 mm, 40 mm, 20 mm, and 10 mm sieves, morphological analysis of the >40 mm fraction,
and physicochemical analysis of combustible material fractions with granulation of >40 mm
(individually for each material) and fractions 20—40 mm (separation to biodegradable and
non-biodegradable components), 1020 mm, and <10 mm.
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Figure 1. Sampling schedule of sorting analyses (modified from [35]).

2.4. Physicochemical Characterization

Most physicochemical analyses were conducted at the Laboratory of Water and
Wastewater Treatment and Waste Management at the Wroctaw University of Science and
Technology using standardized PN-EN and PN-ISO methods and calibrated analytical
equipment. All analyses were performed in accordance with standard methods commonly

applied in waste characterization. Prior to analysis, waste was shredded and homogenized
with the RETSCH SM 2000 cutting mill.

Standard analytical procedures were applied. Moisture content was determined by the
oven-drying method (PN-EN 15934:2013 [39]). Loss on ignition (LOI) was measured accord-
ing to PN-EN 15935:2013. Ash content was determined at 550 °C (PN-EN 15403:2011 [40])
and 815 °C (PN-ISO 1171:2002 [41]). The biomass content analyses were performed us-
ing the selective dissolution method (PN-EN 15440:2011 [42]). The scheme of analyses
according to PN-EN 15440:2011 method is shown in Figure 2.

Two laboratory samples of fuel
(waste fraction)

v

Determination of the fuel’s (waste)
calorific value and ash content in waste
in a dry state

Selective dissolution

A 4

A /

Selective dissolution procedure on a
sample of dried fuel (waste)

Drying and determination of the
mass of solid residue

A

s

4

Determination of ash content in
the sample according to
EN 15403

Determination of ash content in
solid residue according to
EN 15403

Determination of the calorific value and
ash content in the dissolution residue

A 4

Calculation of

content of biomass in the fuel

the weight

A 4

Calculation of the biomass content as a
share of the chemical energy of the fuel
(waste)

Figure 2. Procedure for determining the biomass content by weight (left) and the chemical energy
content in the biodegradable and non-biodegradable fraction (right) using the selective dissolution

method (PN-EN 15440:2011).
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Biodegradability /biogas potential tests. Biogas potential (GB21) was determined
according to VDI 4630 (2016) [43] by measuring biogas production over 21 days in eu-
diometers at 35 °C. Results were normalized to standard conditions and expressed per
unit of dry mass. Additional experiments were conducted in a 20 L pilot-scale bioreac-
tor (BFB 20, ROTAMETR, Gliwice, Poland) under controlled conditions (mixing 20 rpm,
pH 6.5-7.0, temperature 35 °C). Biogas production and composition (CHy, CO,, H,S, Oy)
were monitored using a portable analyzer (MRU OPTIMA, Fuchshalde, Germany), with the
following accuracies: +0.3 vol. % absolute or 3% reading, both for CHy and CO,; £2 ppm
H,S absolute or 5% reading and £0.2 vol. % O, absolute, or £2% reading. The reactor was
operated in fed-batch mode, with tests running for 21 days, excluding the initial lag phase.
Approx. 1.5 kg biowaste samples were inoculated with 10 L of sewage sludge digestate
and filled with distilled water (approx. 8 L). Net biogas production from biowaste was
calculated by subtracting the biogas potential of the digestate.

Fuel properties and biomass content. Fuel properties (calorific value, ash, elemental
composition) were determined according to PN-EN standards using a bomb calorimeter.
Biomass content was assessed by selective dissolution (PN-EN 15440:2011), including
drying, acid digestion, filtration, and ash determination. Results were expressed as mass
and energy shares of biodegradable and non-biodegradable fractions.

2.5. Quality Control

To address the heterogeneity of municipal waste, measurements were performed in
triplicate, and the obtained results are presented as mean values with standard deviations.
Seasonal variability was addressed by determining the physicochemical properties for
samples collected in four seasons and calculating annual average values together with
variability ranges.

3. Results and Discussion

The following section presents the results of our investigations on the energy recovery
potential of municipal waste generated in a selected Polish city, taking into account two
waste streams: residual waste and separately collected biowaste.

3.1. Waste Composition

The energy potential of residual MSW depends on waste composition and fuel proper-
ties of individual waste fractions. In the following, the results of the yearly waste sorting
analyses are presented. On an annual average, the highest share in the mass of waste is
recorded by kitchen biowaste (17.0 & 4.4%), plastics (14.4 + 3.4%), paper and cardboard
(13.4 & 3.9%) and the 20-40 mm fraction (12.9 £ 4.1%), which mostly contains kitchen
biowaste. The share of biowaste in fraction >40 mm is 18.2 + 4.0%. However, the fines
fraction also comprises significant shares of biowaste. Sorting of fraction 20-40 mm to
biodegradable and non-biodegradable materials revealed very strong uniformity of this
fraction, as the biodegradable materials’ share was (97.8 & 8.4%). Moreover, as sorting
of the <20 mm fraction was not possible due to its high visual homogeneity, the overall
biowaste content in this fraction was based on its organic matter content, amounting approx.
to 50% (the exact data is presented in the following sections). Thus, the overall biowaste
share amounts to approx. 35.9 & 6.1%.

Waste composition shows significant fluctuations across seasons. Seasonal changes
result primarily from different consumption patterns and vegetation growth, which are
related to weather conditions. Thus, for the purposes of further assessment and to improve
the clarity and comprehensiveness of data interpretation, the morphological composition
and fuel properties of the waste were averaged across the four seasons. Figure 3 presents
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Autumn
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Season

|
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Winter

|

the seasonal composition of residual MSW. Summer months can be characterized by the
highest shares of material categories comprising beverage packaging (plastics—16.1 & 3.8%,
glass—7.5 & 2.7% and composite materials—6.5 & 2.2%), which is associated with higher
temperatures and greater beverage consumption compared to other seasons. Moreover, it
is accompanied by the highest paper and card share (15.9 & 4.7%) and the lowest kitchen
waste share (13.6 £ 3.6%). The latter may be attributed to the fastest biodegradation and
disintegration of this fraction, which already takes place during waste collection. The other
seasons show generally lower dry recyclables contents and higher kitchen waste shares,
which strongly influence the energy content of residual MSW across seasons.

|

0%

mKitchen waste
Textiles
® Other waste

T

10%

20% 30% 40% 50% 60% 70% 80% 90% 100%
Waste composition [% weight]
B Garden waste Paper & card Composites Plastics
B Glass Metals u Inerts = Wood
Hazardous waste # Fraction 20—40 mm # Fraction 10-20 mm = Fraction <10 mm

Figure 3. Variability of the morphological composition of mixed (residual) municipal waste.

The data presented in Figure 3 represent aggregated results derived from a more
detailed analysis of individual granulometric fractions, as shown in Figure 4. Figure 4
illustrates the seasonal variability of the morphological composition of residual waste
in the >80 mm and 40-80 mm fractions, as well as the mass share of sieve fractions
below 40 mm. The >80 mm and 40-80 mm fractions were analyzed separately due to
the intended applicability of the results for future prognostic and scenario analyses. The
>80 mm fraction accounted for 52.9-57.0% of the total residual waste mass, with an average
share of 54.7 + 1.9%. This fraction was dominated by combustible materials, primarily
plastics, paper and cardboard, and kitchen biowaste. As discussed in the following sections,
the physicochemical properties of materials contained in this fraction are generally more
favorable for energy recovery compared with the corresponding properties of the 40-80 mm
fraction. However, the share of the >80 mm fraction in residual MSW is expected to decrease
with increasing efficiency of separate waste collection systems and material recycling.
Therefore, from a prognostic perspective, determination of the contribution of individual
granulometric fractions is essential for predicting future changes in the energy recovery
potential of residual waste streams.

https://doi.org/10.3390/en19112716


https://doi.org/10.3390/en19112716

Energies 2026, 19, 2716

8 of 21

Granulometric fraction

Autumn
Z  Summer
=
v m Kitchen waste
£ .
Winter ® Garden waste
Autumn [FEEEEEEEE
§ — B Paper & card
2 Summer [FFEEFIREE
S — Composites
& Spring [EREEEREES
- ; Plastics
Winter EEEs
Autumn / = Textiles
E —
Z  Summer m Glass
< .
4 Spring [FAFIZZ777A Metals
] —]
Winter % Inerts
_ Autumn | mWood
- Er——
5 ummer F Other waste
0
I Sprin; |
L= pring | ! Hazardous waste
Winter | .
| B Fraction 2040 mm
Autumn I — |
= | [ | B Fraction 10—20 mm
g Summer | | |
; m Fraction <10 mm
3\00 Spring | = Fraction <10 mr
Winter | h
0 10 20 30 40 50 60
Material composition [% weight]

Figure 4. Variability of the material composition of the >80 mm and 40-80 mm fractions of
residual waste.

The 40-80 mm fraction constituted between 17.0 and 27.2% of the waste mass, with an
average share of 22.8 + 4.5%. This fraction consisted mainly of kitchen biowaste, paper, and
cardboard. The share of the 20-40 mm fraction ranged from 9.4% in spring to 17.9% in win-
ter, with an annual average of 12.8 £ 3.6%. The 10-20 mm fraction accounted for 4.9 & 0.2%
of the waste mass, while the <10 mm fraction represented 4.7 &= 1.6%. As expected, the fine
fraction content was lowest in summer (2.9%) and highest in autumn (6.9%).

3.2. Waste Properties

In addition to waste composition, the variability of the technological properties of
waste was also evaluated. To enable further prognostic analyses and scenario development,
the technological properties were determined separately for each morphological material
category and granulometric fraction. It can be expected that in the future the composition of
residual MSW will change due to, inter alia, higher separate collection and recycling rates,
as stipulated by the CE goals. The determined physicochemical properties of individual
morphological /granulometric fractions will be used to estimate the properties of residual
waste characterized by different morphological compositions, thereby enabling simulation
and forecasting of waste properties under projected future waste management scenarios.
Figure 5 presents the calorific values (lower heating values, LHV) of granulometric waste,
averaged across the seasons.
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Figure 5. Seasonal changes in the calorific value of the granulometric fraction of residual waste
during the year.

Opverall, the >80 mm fraction exhibited the highest calorific value, ranging from 11.3 to
15.0 MJ /kg, with an average value of 12.8 + 1.6 MJ /kg. This fraction consists predominantly
of combustible and recyclable materials; therefore, its composition and fuel properties are
expected to change with the further development of separate collection systems and in-
creasing recycling rates of municipal solid waste (MSW). The 40-80 mm fraction showed
an average calorific value of 8.8 &= 1.8 MJ/kg, ranging from 7.6 to 11.5 MJ /kg, indicating
that this fraction also possesses significant energy recovery potential. Its lower calorific
value compared with the >80 mm fraction is primarily associated with a lower content of
high-calorific materials, such as plastics and composites, as well as higher moisture content.
Fractions below 40 mm exhibited substantially lower calorific values, generally below the
threshold for autothermal combustion (5.8 MJ/kg), mainly due to their relatively high
moisture content. This results from a strong domination of these fractions by the biodegrad-
able organics. In the current state, those fractions are not suitable for energy recovery.
The overall calorific value of residual waste was highest in spring (11.8 & 1.4 MJ/kg) and
lowest in autumn (8.4 + 0.9 MJ/kg), with an annual average value of 9.8 £ 1.5 M] /kg.
An important aspect of energy recovery from waste is the biomass content. The biogenic
fraction in waste was determined using the selective dissolution method in accordance
with PN-EN 15440:2011. The biomass content can be expressed as: mass share, energy
share (calorific value or heat of combustion), and total carbon share. In this study, shares of
biomass and energy from biomass fractions have been evaluated. Results of the selective
dissolution of individual waste fractions are presented in Table 1.

Based on the results obtained, the shares of the biodegradable fraction in the dry

cal__ghare

mass (xg) of waste and the shares of energy from the biodegradable fraction (Xg
of renewable energy) were determined. The mass shares of the biodegradable fraction
are the highest for wood; kitchen and garden biowaste; fraction 20-40 mm and paper
(89.1 £ 3.2; 85.8 = 5.4; 85.7 + 3.4 and 76.5 £ 1.2%TS, respectively), and the lowest for
plastics (12.0 £ 12.7%TS). The share of the biodegradable fraction in plastics is related to
the presence of biodegradable contaminants and packaging components (labels, adhesives).
In the energy assessment, the highest shares of renewable energy sources are recorded by:
wood; fractions 20-40 mm and <20 mm; paper; and kitchen and garden biowaste (99.1 & 0.4;

92.0 £ 4.1 and 91.9 + 4.1%). Similarly, the lowest value of the renewable energy source

https:/ /doi.org/10.3390/en19112716


https://doi.org/10.3390/en19112716

Energies 2026, 19, 2716

10 of 21

(RES) index was found for plastics (6.7 & 7.3%). The obtained results can be compared with
literature data. Below, in Table 2, the commonly reported values for the mass and energy
share of biomass in respective materials are provided.

Table 1. Energy characteristics of biodegradable components present in fractions >40 mm of residual
waste, in accordance with PN-EN 15440:2011.

Parameter

Share of Biomass Calorific Value of Calorific Value of Share of Energy from

Fraction Non-Biomass Fraction Biomass Fraction Biomass (RES Index)
Norm-based designation XB qNB,daf qB,daf Xgal
Unit %TS M]/kg VS M]/kg VS Y%
Kitchen and garden 85.8 + 5.4 405 +25 177+ 15 91.9 + 4.1
biowaste
Paper and card 76,5+ 1.2 248 +34 174 +1.7 92.0+4.1
Composites 624+24 38.1+32 143 £27 47.1+10.3
Plastics 12.0 £12.7 39.0+1.1 17.6 £ 0.5 6.7+73
Textiles 684 +£5.1 39.8+£1.9 209 £ 0.6 575+ 11.6
Wood 89.1+3.2 191+ 1.8 19.14+0.8 99.1+04
Other waste 514+ 6.0 347 +42 164 + 0.6 417 £ 8.6
20-40 mm 85.74+ 3.4 34+06 17.6 £ 1.6 97.8 £ 2.1
<20 mm 515+ 2.1 28+0.3 175+ 19 96.9 £45

TS—total solids; VS—volatile solids; daf—dry, ash free.

Table 2. Reported mass and energy shares of biomass in waste components.

Share of Biomass Share of Energy from

Fraction (Examples) Fraction—Xg (%TS) Biomass X! (%) Source
Kitchen/ garden 86-89 92-99 [17,44]
biowaste, wood
Paper and card 77 92 [45,46]

Plastics 12 7 [47-49]

Textiles, composites, 51-68 4258 [47-49]

other waste

High shares of biomass and energy from biomass for kitchen waste, paper and wood
are consistent with their mainly biogenic origin and high degradable organic carbon con-
tent [17,45,46]. Plastics show low biomass share and very low renewable energy share,
matching studies where plastics dominate the fossil fraction in mixed fuels [47-49]. Inter-
mediate values for textiles, composites and “other waste” reflect mixtures of biogenic (e.g.,
cotton, wood) and fossil (e.g., synthetic fibers, plastics) materials [47—49].

Similar ranges for overall waste-derived fuels (around 40-50% biomass energy share)
are reported when comparing selective dissolution (SD) and radiocarbon (14C) methods,
though SD can overestimate biomass in some cases [47-49].

Figure 6 presents the average calorific values of residual waste components and the
energy shares of the biomass fraction (RES) in the analyzed MSW, which can be used to
calculate the fuel properties and RES share for waste of various compositions.
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Figure 6. Variability of calorific values and renewable energy content in residual waste from a city.

The share of renewable energy sources (RES) in the evaluated residual municipal
waste ranged from 36.6 &+ 2.8% in spring to 44.2 + 4.8% in autumn, with an annual average
of 39.5 & 3.6%. The RES content in residual waste is of key importance in the context of
climate protection and GHG reduction targets. Based on the presented research results, a
forecast of the renewable energy share generated through thermal recovery processes from
residual waste will be developed, taking into account changes in the material composition
of this waste stream.

3.3. Energy Recovery from Biowaste

Another important source of energy is separately collected biowaste. Biowaste can gen-
erally be considered biomass, except for contaminants, which are predominantly plastics.
AD is the most common process used for energy recovery from biowaste, with the resulting
digestate subsequently applied for land fertilization. In contrast to composting, this option
enables not only the closure of the organic matter cycle but also provides an additional
benefit in the form of renewable energy production. However, AD is also associated with
certain environmental impacts, resulting, inter alia, from excessive feedstock pretreatment
as well as unavoidable methane emissions. The determination of RES potential from
separately collected biowaste differs from the assessment of residual waste intended for
incineration, as energy in this case is recovered through microbial conversion processes. To
establish the overall energy balance of AD systems, data on the biogas potential of biowaste
is required. The following section therefore presents the results of the biogas potential
assessment of municipal biowaste.

The properties of selectively collected biowaste were determined using samples col-
lected after transportation to the treatment facility. However, observations made during the
sampling campaign indicated that, at that time, only garden waste was being separately
collected to a significant extent. Although the collection of kitchen waste together with
garden waste had already been implemented, it had not yet resulted in a noticeable change
in the composition of the collected biowaste stream. Most kitchen waste was still found

https:/ /doi.org/10.3390/en19112716


https://doi.org/10.3390/en19112716

Energies 2026, 19, 2716 12 of 21

in the residual waste fraction. Therefore, the following section primarily presents the
characteristics of green waste. Nevertheless, it is expected that the share of kitchen waste
in the separately collected biowaste stream will gradually increase in the future. To obtain
data representative of the future biowaste stream potential, kitchen biowaste used for the
analyses was additionally separated from residual waste. At the time the research was
conducted, this was the only feasible approach to obtain data on the kitchen biowaste
stream. However, these data should be interpreted with caution, as they may involve a
certain degree of bias. Nevertheless, this approach enabled the inclusion of kitchen waste in
the subsequent scenario modeling, assuming that the separately collected biowaste stream
would also contain this fraction in the future.

The seasonal variability of the properties of selectively collected biowaste throughout
the year is illustrated in Figure 7. The figure presents the moisture content, organic matter
content, and biogas potential determined during the 21-day test (GB21). Clear seasonal
trends in moisture content can be observed, with the lowest water content recorded in
summer (27.6 = 1.1%) and the highest in autumn (57.6 = 3.6%). The loss on ignition of green
waste ranged from 70.4 =+ 2.6% VS in winter to 78.15 & 2.8% VS in summer. Interestingly,
these results do not directly correspond to the observed biogas potential, which was highest
in spring (165.7 4+ 11.3 dm3/kg TS) and lowest in winter (62.3 + 7.2 dm?/kg TS). This
can be explained by the different composition and characteristics of garden waste during
the vegetation season, when the biomass consists mainly of fresh grass and other green
plant material, in contrast to the relatively dry and partly decomposed plant residues
dominating in the autumn and winter periods. Consequently, the biogas yield per unit
mass is substantially lower in autumn and winter than in the spring and summer seasons.
The average annual biogas yield from garden biowaste was 111.4 + 35.5 dm?/kg TS, with
an average methane content of 63.8 &= 1.2%.

100 180
165.7+11.3

90 i 160
S 138.3+£9.3
w80 : 140 ¢,
e & 70 [
s 120 on
= 2 60 =
S 2 100 g
= 5050
=~ O 4
X 62.3£7.2 0240680 2
%5 0
2= 30 )
3 a0 ©
— 20

10 20

0 0
Winter Spring Summer Autumn
mmmm Water content = Loss of ignition — ess=GB21

Figure 7. Variability of technological properties of collected garden waste depending on the season.

In the case of kitchen waste, the average technological properties exhibited lower
seasonal variability. The moisture content ranged from 56.1 & 4.1% to 74.2 &= 3.1% (Figure 8).
The loss on ignition was lowest in summer (72.9 £ 4.1%TS) and remained relatively
stable during the other seasons, ranging from 84.9 + 2.1%TS to 86.8 &+ 1.9%TS. Biogas
production was highest in winter (377.0 + 12.1 Ndm?/kg TS) and lowest in autumn
(277.2 & 11.8 Ndm?/kg TS). The average annual biogas yield from kitchen biowaste was
317.9 4 42.7 Ndm?/kg TS, with an average methane content of 68.3 = 1.3%.
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Figure 8. Variability of technological properties of collected kitchen waste depending on the season.
Overall, it should be emphasized that kitchen waste exhibits an average annual biogas
production potential (317.9 + 42.7 Ndm?/kg TS) nearly three times higher than that of
green waste (111.4 & 35.5 Ndm?/kg TS). This makes kitchen waste significantly more
suitable for energy recovery through biogas production via AD.
The overall energy potential of waste was evaluated for a selected municipality in
Poland, taking into account the current quantities of separately collected biowaste and
residual waste. In forecasting future waste quantities, it was assumed that, in order to meet
the European CE targets, increasing amounts of waste materials will be diverted to material
recycling in order to satisfy the 2035 65% MSW recycling target. Consequently, the residual
waste stream is expected to decrease significantly (Figure 9). This quantitative forecast was
combined with a projected change in waste composition, representing a worst-case scenario
in terms of energy recovery. However, many uncertainties remain regarding whether such
a scenario is realistic and achievable in practice. From the current perspective, it may be
considered an idealized scenario reflecting the full implementation of CE objectives.
250,000
200,000
=
2
Z 150,000
-
c
@
&
e 100,000
(%)
@©
=
50,000
0,000
2025 2030 2035 2040
Recyclables (material recycling) M Residual waste (WtE) 1 Biowaste

Figure 9. Waste streams available for material recycling and energy recovery.
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The main results of these analyses are presented below in order to place the obtained
analytical data on energy potential into a broader context. The efficiency coefficients applied
for the energy recovery operations were based on literature data from existing AD plants
operating in Germany and Poland [31,50].

Based on previously established waste energy potentials and taking into account the
average efficiencies of energy recovery, the total energy balance was calculated for the
given scenario. Figure 10 presents the share of RES in electricity generated from waste in
the years 2025-2040, which overall increases from 46.1 £ 3.9% to 49.9 £ 4.1%. In relation to
the total electricity demand for the analyzed municipality, energy from waste accounts for
1.8 £ 0.3% in 2025 to 1.3 =+ 0.2% in 2040.

—
-

<
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MWh/ye

Electricity produced [
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5,000
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¥ Incineration of residual waste - RES M Incineration of residual waste - fossil AD of biowaste - RES

N

A\

2025

“ni

2030 2035 2040

Figure 10. Prognosis of net electricity production in the waste-to-energy scenario in 2025-2040.

The total amount of electricity that can be extracted in 2025 is 49,413 + 345 MWh,
with 89.3 + 3.1% coming from residual MSW. Subsequently, a gradual decline to
42,429 4 328 MWh is forecast by 2040. During this period, the share of electricity generated
through AD increases (from 10.7 £ 1.3% in 2025 to 19.4 £ 2.2% in 2040). All energy gen-
erated through AD comes from renewable energy sources. In the case of an incineration
plant, this depends on the share of energy from biomass in the final energy balance. Based
on the residual waste composition prognosis, the share of renewable energy in residual
waste changes during this period from 39.7 4= 3.3% in 2025 to 37.8 4= 2.9% in 2040.

In the case of heat production, the situation is quite similar. In 2025, the amount of
heat that can be recovered from waste is the highest, at 199,7 &+ 12.8 MWh, decreasing
to approximately 167.3 + 10.8 MWh by 2040. The share of heat generated by the WtE
is even slightly higher than that of electricity, accounting for 92.1% in 2025 and 85.1% in
2040 of the total amount of heat recovered from waste. In this case, the total share of heat
from renewable energy sources ranges from 44.5% in 2025 to 47.0% in 2040. The total heat
demand for the city that can be substituted by energy from waste is very similar to that of
electricity, ranging from 1.9% in 2025 to 1.2% in 2040.

3.4. Carbon Footprint of Energy Recovery from Municipal Waste (Residual Waste and AD
of Biowaste)

Figure 11 shows the GHG emission balance for the analyzed residual waste and
biowaste management options. These data do not include emissions related to the recycling
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of raw materials selectively collected and separated from residual waste, as these processes
were assumed to be the same for both options and are not included in the analysis. The
obtained results present a comparison of the emission balance calculated according to
the IPCC methodology under the assumptions described previously, without taking into
account avoided emissions from substituted fossil energy sources. The results are presented
as an overall waste management system and as unit emission per ton of treated waste.
The base year (1988) was based on the sole landfilling of all waste without any separate
biowaste collection. Overall, GHG emissions from the waste management system decreased
from 767 £ 42 kg CO,-eq/ton to 415 £ 23 kg CO,-eq/ton when the energy recovery
system was included. This is a result of changes introduced in waste management over
the last three decades—particularly the requirement to process the entire waste stream
before landfilling. The emission forecast from the analyzed waste management options
indicates the possibility of achieving further reductions. Total projected emissions are
87.823 £ 4729 ton CO,-eq/year (390 & 21 kg CO,-eq/ton) in 2040, representing a 37.6%
reduction compared to the base year. In this scenario, the thermal process generates by far
the highest emissions.

0.000

1988

20.000 40,000 60.000 80.000 100,000 120,000 140.000 160.000

030 [ 400£22 kg CO-eq/ton
2035 [ 384221 kg COs-eq/ton
200 [ | 390221 kg CO;-eq/ton
® Incineration-emission Collection & transport ® Landfilling-base year AD-emission

GHG emissions [ton CO,-eq/year]

767=42 kg CO;-eq/ton

Figure 11. Cumulative and specific GHG emissions when implementing energy recovery from
residual MSW and biowaste.

According to the IPCC methodology, the GHG balance includes emissions generated
during the analyzed processes but does not include credits from avoided products such as
energy or fertilizers. This methodology was developed to balance global emissions, not
individual subsystems. Generally, products obtained from waste have a positive impact
on a global scale by replacing conventional processes (e.g., energy production), which
contributes to reducing total GHG emissions. The LCA methodology, in accordance with
the standard (ISO 14044:2006, 2006) and its application guidelines, allows for the inclusion
of benefits associated with the generation of by-products and services in the analyzed
system. If the waste management system produces additional products (e.g., fertilizer
or electricity), the credits related to these should be taken into account as environmental
benefits resulting from replacing conventional processes for producing these products in
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the economy;, in the form of so-called “avoided emissions” referred to as “credits”. These
are calculated in amounts proportional to the amount of “recovered” materials or energy
(ISO 14044:2006, 2006). Figure 11 considers only emissions associated with each waste
management option. In Figure 12, avoided emissions associated with replacing artificial
fertilizers with compost and liquid digestate resulting from AD of biowaste are also taken
into account. Furthermore, the replacement of electricity and heat by energy recovered from
waste is also taken into account, both in the AD plant and in the incineration plant. In the
latter case, avoided emissions resulting from the recycling of metals from slag are also taken
into account. The total GHG emission balances, after taking into account avoided emissions,
are negative, meaning that the replaced emissions exceed the actual GHG emissions from
the analyzed waste management processes. Overall, net GHG emissions in the waste-to-
energy variant are —17,534 & 3682 ton CO,-eq/year in 2025, and then the benefits are
reduced to —12,829 £ 2694 ton CO,-eq/year in 2040, which is associated with a reduction
in the stream of residual waste directed for energy recovery. The unit emission factor is
most favorable for 2035 (—81 £ 17 kg CO,-eq/ton) and becomes reduced to —51 £ 12 kg
CO,-eq/ton, due to assumed diversion of waste to material recycling. Nevertheless, over
the entire 2025-2040 period, the waste-to-energy system demonstrates a negative emission
balance, so it is beneficial in terms of climate protection goals.

-150.000

=72 + 15 CO,-eq/ton

=77 = 16 CO,-eq/ton

Time [year]

—81 = 17 CO,-eq/ton

-s7212co-eren NN [

m Landfilling-base year m Collection & transport AD-emission

AD-credit ® Incineration-emission Nncineration-credit

GHG emissions/credits [ton CO,-eq/rok]
-100.000 -50.000 0,000 50,000 100,000 150,000 200,000

oss [ - - o<
AN |
NN
AN\

Figure 12. Cumulative and specific GHG emission balance when implementing energy recovery from
residual MSW and biowaste.

These findings can be confronted with the global LCA study reported in [33], which
estimated average emissions from municipal waste management in high-income countries
at 49.27 kg CO,-eq/ton of waste handled, while also emphasizing the substantial environ-
mental benefits associated with recycling and energy recovery processes. The present study
similarly confirms that recovery-oriented waste management strategies may substantially
reduce net climate impacts, and the results may be more beneficial due to assumed high
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energy recovery efficiencies from residual MSW, which are related to the relatively new
WHE infrastructure in Poland.

The obtained results are also in general agreement with the EU scenario model-
ing study [34], which demonstrated that highly integrated waste management systems
may potentially transform the MSW sector into a net carbon sink. The unit emission
factors obtained in the present analysis fall within the range reported for European
countries, although they are less extreme than the lowest value estimated for Austria
(—490 kg CO,-eq/ton). Nevertheless, in the current study, only two waste streams were
considered, and primarily for energy recovery purposes. If material recycling were also
included, the overall emissions would have been even lower.

At the same time, the present results provide additional insights into the temporal
change in the role of WtE systems under CE conditions. Similar to the conclusions of [34],
the reduction in residual waste quantities resulting from increased recycling leads to
a gradual decrease in the climate benefits associated with energy recovery. As more
recyclable fractions are diverted from residual waste streams, the energy potential of the
remaining waste decreases, reducing the magnitude of avoided emissions. This explains
the observed reduction in net GHG savings between 2025 and 2040. Nevertheless, despite
lower waste quantities and lower energy recovery potential, the system maintained a
negative emission balance throughout the entire analyzed period, indicating that WtE may
continue to provide complementary climate benefits even in highly recycling-oriented
waste management systems.

Although energy recovery from waste is not a priority within the CE, it is a desirable
option for managing waste that cannot be recycled. Biowaste and residual waste constitute
the largest waste streams that can be used to produce energy. At the same time, due to
their biomass content, they are partially considered climate-neutral. The overall yearly
average calorific value of residual waste indicated in this study is 9.8 & 1.5 M]/kg. The
prognosis results show that throughout the analyzed period, residual waste, despite being
separated into a raw material waste stream for recycling, has a calorific value that allows it
to be subjected to energy recovery processes. In the case of selectively collected biowaste,
the biogas potential of kitchen waste shows an average annual biogas production potential
(317.9 £ 42.7 Ndm?3/kg TS), being nearly three times higher than that of green waste
(1114 £ 35.5 Ndm?/kg TS). This makes kitchen waste significantly more suitable for
energy recovery through biogas production via AD, which is beneficial in terms of the
predicted growth of the separate collection efficiency of this particular stream.

All energy generated in the AD process comes from renewable energy sources. In the
case of incineration, this depends on the share of energy from biomass in the final energy
balance. Based on waste collection results in 2025, 89.3 & 3.1% of the total energy recovery
balance consists of energy obtained from residual MSW. Considering the development of
separate collection and recycling levels, and subsequent energy recovery from biowaste
and residual MSW, the total share of renewable energy in electricity generated from waste
between 2025 and 2040 increases from 46.1% to 49.9%. By 2040, the projected share of
electricity generated in the AD process will increase to 19.4 £ 2.2%. It demonstrates the
relation of both streams in terms of energy potential. Despite an increase in biowaste
separate collection, the energy potential of residual MSW remains much higher. Based
on the study results, the share of renewable energy from residual MSW changes over this
period from 39.7% =+ 3.3% in 2025 to 37.8 & 2.9% in 2040.

Relative to the city’s total electricity demand, energy from waste accounts for
1.8 + 0.3% in 2025 and 1.3 & 0.2% in 2040.

The study verified the feasibility of reducing GHG emissions by 55% by 2030 com-
pared to 1990 and, in the longer term, contributing to achieving complete climate neu-
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trality in waste management. The unit GHG emission factor (related to one ton of to-
tal managed biowaste and residual waste) is negative throughout the period 2025-2040,
ranging from —72 + 15 kg CO;-eq/ton in 2025, through the most favorable value of
—81 £ 17 kg CO,-eq/ton in 2035, to —57 £ 12 kg CO,-eq/ton in 2040. This means that
the environmental benefit of recovering energy from waste is significant, and the waste
management system generates negative emissions. In this context, the waste management
system already meets the European Green Deal targets, both by 2030 and for climate
neutrality in 2050.

However, it should also be underlined that despite a positive role of waste-to-energy
in mitigating GHG emissions, air pollutant emissions—including PM, acid gases, heavy
metals, dioxins/furans—remain as central environmental concerns associated with waste
incineration [51-53]. While modern emission controls have reduced many regulated pollu-
tants to low levels in developed countries [54], challenges remain regarding the following:

s Emerging contaminants: New toxic organics are being discovered that may not be
fully regulated or understood in terms of health impact [53];

m  Ash management: Fly ash remains a hazardous by-product requiring careful stabiliza-
tion/disposal due to its heavy metal /dioxin content [54,55];

m  Socio-political aspects: Public opposition persists due to perceived health risks and
environmental justice concerns—especially where plants are sited near marginalized
communities or where regulatory enforcement is weak [56].

This should be carefully taken into consideration when planning waste manage-
ment strategies.

4. Conclusions

The study demonstrated that both residual MSW and separately collected biowaste
constitute significant and complementary sources of renewable energy, supporting the role
of WtE systems in the transition toward a circular and climate-neutral economy. Despite
increasing recycling rates and separate collection efficiency, residual waste will remain
the dominant energy carrier in the analyzed period due to its substantial calorific value,
while kitchen biowaste shows particularly high suitability for renewable biogas production
through AD. The analyzed waste management system achieved a consistently negative
GHG emission balance throughout 2025-2040, confirming that optimized energy recovery
from waste can substantially contribute to the European Green Deal objectives, including
the reduction in GHG emissions and the achievement of climate neutrality. At the same
time, the relatively limited contribution of WtE to total city electricity demand indicates
that its strategic importance lies primarily in sound waste management, renewable energy
substitution, and emission mitigation rather than large-scale energy supply. Nevertheless, en-
vironmental and social concerns related to waste incineration, including pollutant emissions,
hazardous ash management, emerging contaminants, and public acceptance, must remain
key considerations in the planning and development of future waste management systems.
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