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Abstract

The paper presents an analysis of the status and development trends of Polish Waste-
to-Energy (WtE) installations in the context of improving the level of energy recovery
measured by the R1 indicator of the Waste Framework Directive (R1 is a regulatory indi-
cator of the R1/D10 classification, not the thermodynamic efficiency of the installation).
Based on the standardised annual operating energy balances of six mature municipal waste
incineration plants from 2020 to 2024 and partial data for 2025, electricity and heat produc-
tion, auxiliary media consumption and waste fuel parameters were compared, and R1 was
calculated in the Ep, Ef, Ew and Ei systems. The R1 values were then compared with heat
collection conditions and modernisation implementations (integration with the heating
network, exhaust gas condensation, advanced control/predictive algorithms), treating the
‘before/after’ comparisons as an observational assessment, without inferring strict causality.
The average R1 for the facilities studied in 2020–2024 was 0.864, with the highest values
recorded for installations in Kraków (R1 = 1.123 in 2024). The results indicate that a high
and growing R1 is primarily associated with cogeneration and stable heat management in
district heating systems, and that upgrades aimed at additional heat recovery and process
stabilisation can further support this trend, in line with the ‘energy efficiency first’ principle.
A novelty of the study is the standardised, long-term benchmarking of full-scale data for
six installations using a uniform R1 methodology.

Keywords: R1 formula; municipal solid waste incineration; circular economy; energy
recovery; district heating

1. Introduction
1.1. State of the Art

The latest scientific literature reveals a growing interest in technologies for recovering
energy from municipal waste, a direct result of increasing regulatory requirements and
the need to increase the use of waste energy in national energy systems. In recent years,
several papers have been published systematising current knowledge in this area. In [1],
the authors present a broad overview of thermochemical waste treatment methods—in
grate combustion, fluidised bed combustion, or alternative technologies based on pyrol-
ysis or gasification—emphasising that despite the intensive development of alternative
technologies, waste-to-energy (WtE) combustion remains the most mature and scalable
technology for the management of residual fractions through energy recovery. More opti-
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mistic conclusions are also formulated by [2], which points to the growing role of hybrid
and multi-stage configurations in thermal waste conversion.

The authors of the analysis [3] note that WtE technologies, both traditional and newly
developed, are assuming an increasingly important role in the energy systems of coun-
tries where the scale of municipal waste generation necessitates stable forms of energy
recovery. At the same time, their effectiveness depends on systemic conditions and the
regulatory environment.

The topic of energy integration from municipal waste recovery is an essential element
of the analyses in [4,5], where the authors emphasise the importance of systemic conditions,
such as access to local heating networks for heat collection, load stability, and energy market
characteristics, for the achieved levels of energy recovery efficiency. They also point out that
upgrades to existing installations, including exhaust gas moisture condensation systems
and advanced combustion automation systems, are currently key factors in improving
efficiency rates in operating facilities. These results are consistent with observations con-
cerning installations operating in Northern Europe, where heat recovery directed to local
heating systems is the basic mechanism for increasing the R1 indicator.

Another trend in the literature involves systematic analyses and reviews of the energy
efficiency of existing waste-to-energy installations. In a systematic review of studies
covering the years 2015–2025 [6], the authors point to the insufficient number of publications
based on full-scale operational data. The authors note that most available studies focus on
model analyses. In contrast, real data are necessary to assess the impact of fuel variability,
operating conditions, and technological upgrades on energy efficiency levels. This summary
confirms the validity of conducting multi-year analyses covering several installations, such
as those presented in this paper.

Publications [7,8], which analyse waste conversion from the perspective of the circular
economy, are also crucial for assessing the role of WtE in waste management systems.
The authors emphasise that WtE facilities, as long as they operate in accordance with
the “energy efficiency first” principle, complement rather than compete with recycling,
ensuring the management of residual waste fractions while producing district heating
and electricity. These publications also highlight that EU regulations, particularly the
requirements of Directive 2008/98/EC [9], underscore the importance of the uniform R1
indicator as the primary tool for evaluating energy recovery levels in EU countries.

It is also worth noting the results of the study [10], which presents an analysis of the
energy efficiency of Polish WtE installations based on actual operating data and compares
them with European practices. Additionally, study [11] demonstrates that municipal
waste incineration plants can achieve high levels of energy recovery even outside the EU,
confirming the universal nature of the key factors influencing efficiency.

The above analyses are supplemented by the latest reviews of technological solutions
and implementation challenges, including works [12,13], which point to the growing role
of hybrid technologies, low-temperature heat recovery systems, and advanced predictive
automation. The authors emphasise that the modernisation of existing installations can
bring significant energy benefits in a short time without the need to change the basic
technology of thermal waste conversion. In turn, study [14] highlights the importance of
implementation aspects, such as risk allocation and investment instruments, in the form of
a PPP (Public–Private Partnerships) model, which in practice determine the pace and scope
of WtE technology implementation.

An additional stream of recent research focuses on advanced thermal pre-treatment
and conversion pathways for waste-derived and biomass-based materials, which may
indirectly influence the performance and design of waste-to-energy systems. In particular,
recent work has analysed wet torrefaction processes applied to complex waste biomass
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streams, demonstrating how controlled hydrothermal treatment can significantly modify
fuel properties, including moisture content, energy density, and combustion behaviour.
Such studies highlight the growing interest in complementary thermal processing routes
that may support improved integration of waste-derived fuels into energy systems and
enhance the overall efficiency of downstream energy recovery processes. Although these
approaches do not directly address the R1 indicator, they contribute to a broader un-
derstanding of how upstream fuel conditioning and thermal conversion strategies may
affect the operational performance and future development pathways of waste-to-energy
installations [15].

Based on the above literature review, it can be noted that the scientific literature on the
subject still lacks a single study simultaneously meeting all of these criteria in the Polish
context, covering several WtE installations operating simultaneously in a single national
energy system, based on actual operational and (where available) maintenance data from
several years of operation, and taking into account the impact of specific technological
upgrades on the R1 index value. While multi-year multi-plant R1 assessments have
been reported for selected Polish facilities, many available studies focus on individual
installations, model analyses, or do not quantitatively link specific upgrades to changes
in R1 over multi-year full-scale operation. This work fills this gap by presenting a multi-
year comparative analysis of the operation of Polish WtE installations and an assessment
of the effects of implemented upgrades such as integration with local heating systems,
flue-gas condensation, and advanced automation systems. This study aims to analyse the
operating experience of recent years and to quantitatively assess the effects of technological
upgrades on the R1 index in Polish WtE installations, with a focus on increased energy
recovery performance.

1.2. Problem Context and Study Rationale

Energy efficiency is one of the leading indicators for every heating system on the
path towards energy transition [16,17]. This path is set out in a series of European Union
regulations [18,19]. On 14 July 2021, the European Commission tabled Fit for 55—its
legislative package under the European Green Deal [20,21]. The legal measures included
in this package are intended to deliver the key climate objective. That result should be
reached by cutting greenhouse gas emissions across EU member states by no less than
55% by 2030 relative to the 1990 baseline, as well as achieving climate neutrality by 2050.
Therefore, in EU climate policy, this indicator plays a leading role in the energy transition
and is defined by the EU as the principle of “energy efficiency first” [22,23].

Any increase in the beneficial effect of a given heating installation, in the form of
increased electricity and heat production with no change in the primary energy input
required to achieve this effect, is an optimal solution for reducing carbon dioxide emissions
and other pollutants released into the environment [24,25].

The issue of achieving optimal energy efficiency is also significant for over 500 WtE
plants operating in EU countries, Norway, Switzerland and the United Kingdom [26].
These incinerators process more than 100 million tonnes each year of municipal waste that
cannot be recycled to produce energy [27,28]. Municipal solid waste (MSW) incineration
plants in these countries serve as the cornerstone of modern waste management [29,30].
They provide both volume reduction and energy recovery. As urbanisation and waste
generation increase globally, the efficiency of these plants becomes critical, not only for
energy sustainability but also for environmental protection and climate goals [31]. While
global waste volumes continue to rise, the European Union has developed one of the most
advanced and standardised frameworks for energy recovery from waste [32]. Therefore,
the discussion narrows from the global context to the EU context, where WtE plays a
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structurally defined role [33]. Europe, particularly its northern regions, has set benchmarks
in energy recovery through policy-driven integration with district heating and combined
heat and power (CHP) systems [34,35]. However, significant regional disparities and
technological challenges persist worldwide, necessitating a comprehensive review of key
efficiency indicators and the operational performance of MSW incineration plants, as
well as the strategies available for their improvement [36–38]. In Europe, WtE facilities
can supply locally available, dispatchable output that complements variable wind and
solar generation, while treating the residual municipal-waste fraction remaining after
recycling [39]. Estimates for 2035 indicate ~189 TWh/year of usable energy from WtE,
which is of the same order as ~19.4 billion m3 of natural gas in primary-energy terms [40].

Meanwhile, WtE plants play an important role in many EU Member States that
integrate thermal treatment within their waste-management systems in a manner consistent
with the waste-hierarchy framework [9].

The analysis of the increase in energy recovery performance for Polish WtE plants
constitutes the subject and purpose of this publication. It was prepared based on collected
data on energy consumption and recovery in the municipal waste incineration process,
which were recorded in the IT systems of the Polish waste incineration plants considered
in this study and operated between 2020 and 2025.

This paper contributes (i) a consistent R1-based benchmarking of six mature Polish
WtE plants using measured full-scale operational data for 2020–2024 (and partially 2025),
(ii) a quantitative comparison of performance dispersion across plants (average and variabil-
ity), and (iii) a case-based assessment of upgrade effects, including the post-commissioning
impact of flue-gas condensation and AI-assisted combustion optimisation on R1.

The objectives of this article are as follows: (1) to describe the development and
current status of Polish WtE plants; (2) to determine their energy recovery performance
(R1 values); and (3) to analyse technological and operational paths for further improving
energy recovery performance (increasing R1 value).

2. Methodology
Primary performance indicators for waste-to-energy plants include the R1 energy

recovery factor (regulatory indicator) and exergy efficiency (thermodynamic efficiency met-
ric), which are the most widely used metrics for evaluating municipal waste incineration
plants. R1 energy recovery factor focuses on the proportion of energy recovered (electricity
and heat), while exergy efficiency provides a thermodynamic assessment of system per-
formance. Exergy efficiency measures the useful work potential of energy flows and thus
offers a thermodynamically rigorous evaluation of plant performance [9,41]. In the present
study, particular emphasis is placed on the R1 energy recovery factor, which constitutes the
primary indicator used in subsequent analyses.

The European Union’s Waste Framework Directive (Directive 2008/98/EC on waste),
as revised in 2018 [9], classifies waste incineration as either a disposal technique (D10:
incineration on land) or a recovery technique (R1: use mainly as a fuel or other means to
generate energy). According to those classifications, this directive establishes a requirement
for minimum energy-recovery performance, expressed by the R1 formula. Article 10.4:
“Member States shall take measures to ensure that waste that has been separately collected
for preparing for re-use and recycling is not incinerated, with the exception of waste
resulting from subsequent treatment operations of the separately collected waste for which
incineration delivers the best environmental outcome”. The calculation method for the
minimum energy efficiency factor, called the R1 Formula, is set out in the Annex to the EU
Waste Framework Directive [9]. If the value of this factor for WtE plants commissioned
after 31 December 2008 is over 0.65, then this is referred to as energy recovery, designated
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as R1. If it is lower, then the municipal-waste incineration process is classified as disposal
D10. In the waste-management hierarchy, it is therefore treated within the disposal tier,
alongside other disposal operations such as landfill (D1).

2.1. The EU R1 Formula: Regulatory Energy-Recovery Indicator

The European Commission released interpretative guidance under the title “Guide-
lines on the Interpretation of the R1 Energy Efficiency Formulae for Incineration Facili-
ties Dedicated to Processing Municipal Solid Waste According to Annex II of Directive
2008/98/EC on Waste” [42]. According to that guidance, the formula for calculating the R1
energy-recovery indicator of a facility, referred to as the R1-formula, is expressed as follows
(Equation (1)):

R1 =
Ep − (Ef + Ei)

0.97(Ew + Ef)
(1)

where [42]:

• Ep denotes the annual energy delivered as heat (Ep_heat) or electricity (Ep_el). It is
calculated by multiplying the energy in the form of electricity by a factor of 2.6 and the
heat delivered for commercial use by a factor of 1.1 (in units of GJ/year). For clarity, in
the rest of the text, we treat Ep_el = 2.6·E_el and Ep_heat = 1.1·E_heat as two weighted
components of Ep (Ep = Ep_el + Ep_heat).

• Ef denotes the annual energy input to the system from fuels used for steam generation
(GJ/year).

• Ew denotes the annual energy content of the waste treated, calculated on the basis of
its lower calorific value—LHV (GJ/year).

• Ei denotes the annual energy imported into the system, excluding Ew and Ef (GJ/year).
• 0.97 represents energy losses associated with bottom ash and radiation.

The R1 value was calculated using weighting coefficients that reflect the different
qualities of thermal and electrical energy. Additionally, external energy imports, including
startup/support fuel and purchased electricity, were included in the assessment of the
waste incineration process.

The equivalence (weighting) factors applied to electricity and heat are specified in
the Waste Incineration BREF (BAT Reference Document) [43] and in the Commission
Guidelines [42]; their interpretation is summarised below:

• For electricity, the weighting factor of 2.6 reflects a reference conversion efficiency
of about 38% for coal-fired power generation; in other words, producing 1 kWh of
electricity corresponds to roughly 2.6 kWh of primary energy input.

• For heat, the factor of 1.1 is linked to a reference efficiency of around 91% for dedicated
heat-only plants.

• The R1 factor is not a thermodynamic efficiency in the strict physical sense; it is just
a regulatory performance metric indicating the extent of energy recovery achieved
by a WtE plant. R1 is a dimensionless indicator [42]. Therefore, throughout this
paper, we refer to R1 as an energy-recovery performance indicator (R1 value) to
avoid confusion with thermodynamic efficiency. The term “efficiency” is reserved for
thermodynamic/exergy metrics (e.g., exergy efficiency), whereas R1 is treated as a
regulatory indicator and is not directly comparable to the physical efficiency of other
energy technologies.

The present study is a retrospective, indicator-based assessment of full-scale opera-
tional performance using the legislated R1 framework, rather than a predictive or calibrated
process model. Therefore, no model calibration is performed; the computations follow
Annex II of Directive 2008/98/EC and the European Commission’s R1 guidance, based on
harmonised annual plant balances described in Section 2.2.
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In some EU Member States, where the climate is warmer, the operation of WtE plants
in cogeneration (CHP—combined heat and power) may be limited due to lower demand
for district heating. In such cases, the R1 value tends to be lower, as the Ep term is reduced.
To compensate for this structural disparity, a climate correction factor (CCF) is applied in
accordance with the R1 guidance. The CCF adjusts the calculated R1 value for countries
where heat utilisation is constrained by climatic conditions. The local climate correction
factor is obtained by contrasting the average winter temperature for the reference year
against the long-term average winter temperature calculated over an extended multi-year
period [44,45]. Although the climate-correction factor is relevant only for WtE plants in
warmer EU countries, where structural limitations on heat recovery reduce the achievable
R1 values, its description is included here to clarify how the R1 formula operates across
different climatic contexts, even though it does not apply to Polish installations.

Concerning Polish WtE plants, the authors of this paper calculated and presented
in their work [10] the R1 values obtained in the years 2020 to 2023, described by the R1
factor, for five selected WtE plants. In this paper, the R1 values for Polish waste-to-energy
(WtE) plants, determined from 2020 to mid-2025, are presented and discussed, serving as a
starting point for exploring possible ways to improve this indicator.

The R1 Energy Recovery Factor is analysed for waste incineration plants in many
countries in Europe and beyond. Factor R1 for WtE plants in Denmark, Austria and
Germany routinely achieve values above 0.8, with optimised systems reaching >1.0 through
advanced heat extraction (such as low-temperature heat recovery “including latent heat” via
flue-gas condensation/condensing economisers and, where applicable, heat-pump-assisted
integration with district heating return lines), and integration with district heating [46].

Examples of R1 value analyses for WtE plants in non-EU countries can also be found,
such as in the United Kingdom [44,47] and Turkey [48], and even outside Europe, in
South Korea, as evidenced by a very insightful analysis of the R1 coefficient contained
in publication [49,50]. Meanwhile, in the region of Poland, according to CEWEP’s 2022
overview [51], in the Czech Republic operated 4 plants (0.72 Mt/year), 2 in Slovakia
(0.23 Mt/year), 1 in Hungary (0.37 Mt/year) and 3 in Lithuania (0.62 Mt/year). According
to the authors’ data, Poland operated 10 municipal waste-to-energy plants (approximately
1.4 Mt/year) at the end of 2025. The regional context emphasises that Poland has already
reached a scale where it makes sense to compare the results of different plants within R1.

2.2. Data Sources and Quality Control

The analysis was based on full-scale operational data from six Polish municipal waste
thermal treatment plants covering the years 2020–2024 (and partial data for 2025). The data
sets included annual balances of key variables necessary to calculate the R1 indicator: the
mass of waste sent for incineration, auxiliary and imported energy, as well as energy output
in the form of electricity and useful heat. The data were obtained from the plants’ operating
systems, specifically their DCS/SCADA (Distributed Control System/Supervisory Control
and Data Acquisition) systems. They were also collected from operation logs and from
calibrated measurement systems used for energy accounting. All values were then mapped
to the components of the R1 formula (Ep, Ef, Ew, Ei) in accordance with the definitions and
balance limits specified in Annexe II to the Waste Framework Directive, as interpreted by
the European Commission’s guidelines on the application of the R1 formula [42].

The chemical energy value of the waste stream (Ew) was determined based on the
annual mass of waste incinerated and its lower heating value (LHV). Where installation
data were available, the results of routine laboratory analyses carried out as part of plant
monitoring were used. Methodologically, the determination of the calorific value was based
on an approach compliant with ISO 21654:2021 [52] for determining the calorific value of
alternative fuels, ensuring consistency in the method used for Ew calculations.
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The LHV value used to determine Ew refers to the entire combustion stream (mixture
of 20 03 01 + 19 12 12), so the impact of the variable RDF share is included in Ew through
the measured LHV. However, the lack of uniform annual data on the RDF share for all
installations makes it impossible to analyse it separately as an independent variable.

Quality control was performed before R1 calculations and comparative statements.
Firstly, the units (GJ/year) were standardised, and the definitional compliance of the input
data with the requirements of the R1 formula (balance limits, energy stream classification,
and conversion factors) was verified based on the Commission’s directives and guidelines.
Secondly, data reliability checks (range checks and year-on-year consistency) were applied.
Where possible, annual totals were compared with independent accounting documents
(e.g., energy sales statements and annual reports). Periods identified as unrepresentative
due to incomplete recording (e.g., missing data) were flagged and included in compara-
tive analyses only when it was possible to reconstruct annual balances based on billing
data reliably.

Assumptions used in the calculations:

• All variables are reported on an annual basis (GJ/year) and mapped to Ep, Ef, Ew and
Ei according to the R1 definitions;

• Where 2025 data cover only the first half-year, these values are reported explicitly and
are not included in multi-year averages unless stated otherwise;

• “useful heat” refers to heat exported for commercial use in line with the R1 guidance;
• Reported annual totals are based on metered export/import figures, where available,

supplemented by plant operational logs for gap identification and consistency checks.
• In the comparative illustrations, we use the R1 level for the installation in Konin solely

as an example of a case with permanently limited heat consumption (despite techni-
cal connection to the municipal network), and not as a generalised ‘reference point
without a heating network’ or as a basis for quantitative, statistically generalisable
determination of the integration effect.

Limitations: Cross-plant comparability and year to year interpretation may be affected
by heterogeneity in district-heating conditions (heat-demand profiles, supply/return tem-
peratures and dispatch rules), operational constraints (planned and unplanned outages),
variability in waste fuel quality (including LHV, moisture content and RDF share), heat
offtake regimes (including periods when low temperature recovery is bypassed), turbine
availability/operating mode, and plant-specific reporting practices. Consequently, the
comparisons are intended as benchmarking within the common R1 framework, not as
causal attribution of observed R1 differences to single technical measures. Any percentage
contrasts presented for illustrative purposes should therefore be interpreted in the context
of these boundary conditions.

In addition, the analysis is based on annual aggregated balances derived from SCADA
and settlement/billing data. Consistent instrument-level uncertainty budgets for Ep, Ef,
Ew and Ei (e.g., meter accuracy classes and LHV repeatability statistics) were not available
across all facilities; therefore, formal uncertainty propagation and statistical significance
testing of small year-to-year differences were beyond the scope of this study. Consequently,
changes on the order of a few percent (e.g., 2–4%) are interpreted as indicative fluctuations
within inter-annual variability rather than statistically significant trends.

3. Results
The dynamic development of WtE plants in Poland dates back to 2008. At that

time, extensive public information campaigns were conducted in connection with plans
to build incineration plants in major Polish cities. In parallel, significant financial support
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for such installation was obtained under the Operational Programme Infrastructure and
Environment 2007–2013 [53].

Poland is currently the leader among the Central and Eastern European countries
that joined the EU in May 2004 (Cyprus, the Czech Republic, Estonia, Lithuania, Latvia,
Malta, Slovakia, Slovenia, and Hungary) and later, in January 2007 (Bulgaria and Romania),
and in 2013 (Croatia). Among these countries, Poland has by far the largest share of WtE
plants in municipal waste management systems. Poland is a regional leader in the use of
waste-to-energy methods, considering the percentage share of waste incineration methods
compared to other waste management methods, such as recycling or landfilling, rather
than per capita indicators.

As a result of the plans implemented in 2008, six municipal waste incineration plants
were commissioned in large Polish cities (Białystok, Bydgoszcz, Konin, Kraków, Poznań,
and Szczecin) in 2015 [54]. In 2018, another project was completed in Rzeszów. By 2025,
further WtE projects in Olsztyn, Gdańsk and Warsaw had reached the construction and
commissioning stage, with individual installations entering operation at different times
during that year.

The current potential of WtE plants in Poland, calculated as their total capacity, includ-
ing the capacity of the multi-fuel unit at the Fortum CHP plant in Zabrze (2018), where it
is possible to co-incinerate (co-incinerated) approximately 0.250 million tonnes of refuse-
derived fuels, is approximately 1.375 million tonnes per year [55]. Suppose we add to this
potential the possibility of incinerating approximately 0.535 million tonnes of RDF fuel
in the newest incineration plants in Olsztyn, Gdańsk, and Warsaw. In that case, the final
potential will increase to approximately 1.9 million tonnes per year by 2025. It should
also be noted that the cement industry in Poland currently uses approximately 1.1 million
tonnes of fuels produced from municipal waste, such as RDF, for the energy-intensive
process of clinker burning [55].

As a result, the cement industry in Poland covers approximately 85% of its energy
demand through the use of energy recovered from waste-derived fuels (RDFs), which
represents one of the leading achievements in this field worldwide [56]. Summing up the
above data, the combined thermal treatment potential for municipal-waste-derived streams
in Poland in 2025 is approximately 3 million tonnes per year: (1.375 + 0.535 + 1.1), as shown
in more detail in Table 1. This total reflects both the processing of mixed municipal waste
and the utilisation of RDF fuels that are produced from municipal waste streams, which
justifies presenting the combined figure as the overall thermal-treatment potential derived
from MSW.

Figure 1 provides a graphical illustration of the distribution of the WtE plants analysed
in Table 1, items 1 to 12, on the map of Poland.

Table 1. Overview of Poland’s current potential 2025 WtE plants (own study).

No. WtE Plant
Name

Launch
Year

Capacity.
Mg/Year

Kind
of Waste

Technology,
Comments

1. ZUOK
Białystok December 2015 120,000 non-recyclable waste, code 20 03 01 and 19

12 12 (RDF)
1 line,

moving grate boiler

2. ZTPOK
Bydgoszcz February 2016 180,000 non-recyclable waste, code 20 03 01 and 19

12 12 (RDF)
2 lines,

moving grate boiler

3. ZTUOK
Konin December 2015 94,000 non-recyclable waste, code 20 03 01 and 19

12 12 (RDF)
1 line,

moving grate boiler

4. ZTPO
Kraków June 2016 230,000 non-recyclable waste, code 20 03 01 and 19

12 12 (RDF)
2 lines, moving grate boiler

Planned 3rd line—100,000 Mg/year

https://doi.org/10.3390/en19051143

https://doi.org/10.3390/en19051143


Energies 2026, 19, 1143 9 of 30

Table 1. Cont.

No. WtE Plant
Name

Launch
Year

Capacity.
Mg/Year

Kind
of Waste

Technology,
Comments

5. ITPOK
Poznań December 2016 210,000 non-recyclable waste,

code 20 03 01
2 lines,

moving grate boiler

6. ITPOE
Rzeszów December 2018 100,000 non-recyclable waste, code 20 03 01 and 19

12 12 (RDF)
1 line, moving grate boiler

Planned 2nd line—80,000 Mg/year

7. ZTUO
Szczecin January 2018 150,000 non-recyclable waste, code 20 03 01 and 19

12 12 (RDF)
2 lines,

moving grate boiler

8. ZUSOK Warszawa April 2001 40,000 non-recyclable waste,
code 20 03 01

1 line,
moving grate

Total capacity of items 1–8 1,124,000

9. Fortum CHP Plant
Zabrze September 2018 250,000 co-incineration of non-recyclable waste,

code 19 12 12 (RDF) circulation fluidised bed (CFB)

Total capacity of item 9 250,000

10. ITPO Olsztyn February 2025 110,000 non-recyclable waste,
code 19 12 12 (RDF)

1 line,
moving grate boiler

11. ZTPO Gdańsk March 2025 160,000 non-recyclable waste,
code 19 12 12 (RDF)

1 line,
moving grate boiler

12. WWE Warszawa November 2025 265,000 non-recyclable waste, code 20 03 01 and 19
12 12 (RDF)

2 lines,
moving grate boiler
ZUSOK extension

Total capacity of items 10–12 535,000

13. Co-incineration
in cement furnaces Achieved in 2024 1,100,000

co-incineration of non-recyclable waste,
code 19 12 12

(high-quality RDF)
clinker burning furnaces

Total Poland’s potential
2025 in terms of WtE

3,000,000
Mg/year

Comments for Table 1:

– The name of each WtE plant refers to its official designation currently in force in Poland.
– The stated capacity corresponds to the design-rated throughput. It is used for bal-

ancing the current national WtE potential; in several plants, the actual operational
capacity is slightly higher due to post-commissioning modernisation works.

– The incineration feedstock consists of mixed municipal waste (code 20 03 01) together
with mechanically treated waste, including the RDF fraction (code 19 12 12). Under the
Polish Regulation on the catalogue of wastes [57], these codes correspond to those used
in the European Waste Catalogue (EWC) [58]. Across Polish MSW incinerators, the
fraction of code 19 12 12 in the feedstock differs substantially and typically accounts
for 20–55 wt.% of the total waste incinerated. Since we use the measured annual LHV
of the entire fuel mixture in the Ew calculations, the variability of the 19 12 12 share
affects Ew indirectly (through LHV), but is not analysed separately because there is
no consistent annual data on the share of RDF in the entire sample of installations.

– All Polish MSW dedicated incineration plants (items 1–8 and 10–12) are based on
moving grate boiler technology, which represents the most mature solution and
complies with the current BAT standards [43]. This technology dominates worldwide
WtE applications, with an estimated share of around 90% [28,59,60].

– Item no. 13 is labelled as “Co-incineration in cement furnaces”. It is actually not
a waste incineration plant. This information pertains to the utilisation of energy
contained in waste. This energy is used for the energy-demanding process of clinker
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burning in cement kilns. This way of using waste energy is defined by the legislation
of the European Union as co-incineration of waste. It constitutes a type of thermal
conversion of waste.

– Using RDF-type fuels for co-incineration in Fortum CHP and in cement kilns generally
requires a more extensively prepared fuel. This preparation concerns both physical
form and chemical properties. At Fortum CHP Zabrze, the key acceptance criteria are
the fuel’s calorific value (LHV) and an upper limit on particle size. In cement plants,
compliance is assessed mainly by LHV and the specified chemical composition.

Figure 1. Municipal solid waste incineration plants in Poland—operating and under development.

Figure 1 shows Polish WtE plants that have been in operation for approximately
7 to 10 years, as well as well-advanced projects for further municipal waste incineration
plants. These are predominantly lower-capacity installations intended for smaller towns
and regions, where they will replace the heavily decapitalised coal-fired grate boilers
currently used as sources of district heating and electricity. The implementation of these
plans, expected by 2035, is expected to increase the capacity of Polish WtE plants by
approximately 1.1 million Mg/a.

Analysis of the R1 Energy-Recovery Coefficient

Taking into account the definitions of the R1 formula and the guidelines contained in
Guidelines on the interpretation of the R1 formula [42], the R1 Energy Recovery Coefficient
was determined for selected Polish WtE plants.

The research and analysis focused on the six waste incineration plants that are rep-
resentative in terms of operational performance and have been in stable operation for
approximately 8 to 10 years (listed in Table 1, numbered 1 to 6). The incinerators marked
with numbers 7 and 8 in Table 1 were excluded because the necessary parameters for deter-
mining the R1 value were not measured sufficiently. Partial data for 2025 were presented
solely to illustrate emerging operational trends. They were not used in any averaged R1
calculations, ensuring full consistency with the requirement to rely only on complete and
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reliable datasets. The installation marked with number 9 in Table 1 was also not taken into
account, as it is a co-incineration plant and is not subject to the R1 formula under EU law.

Furthermore, incineration plants with numbers 10–12 were not taken into account
because they have only been in operation for a few months (Olsztyn, Gdańsk). The
incineration plant in Warsaw only began operation at the end of 2025, which means that
these incineration plants do not yet provide reliable information on their energy recovery
performance. However, they all operate in integration with local heating systems. Based
on this and by analogy with WtE plants in Denmark [46], R1 coefficients above 0.8 are
achievable. Our research provides evidence supporting this assumption.

Therefore, the R1 values for Polish WtE plants, during their operation from 2020 to
2024 (and partially 2025), were determined for six WtE plants: ZUOK Białystok, ZTPOK
Bydgoszcz, ZTUOK Konin, ZTPO Kraków, ITPOK Poznań, and ITPOE Rzeszów.

Table 2 shows the average annual values of the R1 coefficient for the Polish municipal
waste incineration plants described above, operated between 2020 and 2025.

Table 2. Comparison of R1 coefficient values for the studied Polish incineration plants from 2020
to 2025.

2020 2021 2022 2023 2024 ½ 2025
2020–2024

AVG STD

WtE Plant ZTPOK Bydgoszcz 0.8510 0.8627 0.8439 0.7694 0.6600 0.6700 0.7974 0.0851
WtE Plant ZUOK Białystok 0.8960 0.9930 0.9660 0.9990 1.0230 1.0380 0.9754 0.0488
WtE Plant ITPOK Poznań 0.8304 0.8770 0.9395 0.9442 0.8735 1.0103 0.8930 0.0483
WtE Plant ZTUOK Konin 0.6528 0.6717 0.6606 0.6955 0.6668 0.6930 0.6696 0.0162
WtE Plant ITPOE Rzeszów 0.7904 0.8220 0.9720 0.7360 0.7710 0.8940 0.8182 0.0914
WtE Plant ZTPO Kraków 0.9700 1.0400 1.0000 1.0300 1.1230 1.1890 1.0272 0.0590

Where: AVG—average value, STD—standard deviation.

In this study, STD is used as an empirical proxy for combined inter-annual variabil-
ity (operational variability and potential data uncertainty); therefore, small year-to-year
differences on the order of a few percent should not be over-interpreted as statistically
significant trends.

The average value of the R1 coefficient, as calculated in this table, spans the period
from 2020 to 2024. The R1 coefficient value presented for the first half of 2025 has not been
included, as this value, which is the average value for the months from January to the
end of June, may differ from the R1 coefficient value for the second half of 2025. These
differences may result from the fact that the first half of the year is associated with a higher
value of heat production directed to the heating network during the winter period for each
Polish incineration plant, and thus with a higher value of the Ep parameter, which directly
determines the value of the R1 coefficient.

The research results are presented graphically in Figures 2–5.
The summary of results in Table 2 and Figures 2–5 allows for a direct comparison of the

energy-recovery performance (R1 values) of the analysed WtE installations over many years.
The differences between individual installations result primarily from varying degrees of
integration with local heating systems, heat consumption structures, and the technological
solutions used, which is consistent with observations presented in the literature on Euro-
pean WtE installations operating in CHP systems [5,16,30]. This comparative approach,
based on the analysis of the values and trends of the R1 indicator, is commonly used in
studies on the energy recovery performance of waste thermal treatment plants, particularly
in analyses that cover multiple facilities and longer periods of operation [5,30,31].
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Figure 2. Comparison of R1 coefficient values from 2020 to 2024 (and 2025H1) for ZTPOK Bydgoszcz
and ZUOK Białystok.

Figure 3. Comparison of R1 coefficient values from 2020 to 2024 (and 2025H1) for ITPOK Poznań and
ZTUOK Konin.
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Figure 4. Comparison of R1 coefficient values from 2020 to 2024 (and 2025H1) for ITPOE Rzeszów
and ZTPO Kraków.

Figure 5. Average value of the R1 coefficient for the analysed Polish incineration plants from 2020 to
2024 (and 2025H1).

The analysis of the graphs in Figures 2–5, showing the change and comparison of R1
values for individual Polish incineration plants operated between 2020 and 2025, allows
the following observations to be made:

• All analysed Polish WtE plants operate in a cogeneration system, producing electricity
and heat, and are integrated with local heating systems. This operating model ensures
a sufficiently high R1 value. However, there are visible exceptions to this rule in the
case of ZTUOK Konin and ZTPOK Bydgoszcz.

• In the case of ZTUOK Konin, limited heat offtake from the district heating network
remains the primary factor constraining the achievable R1 value; however, several
additional variables, including operational settings and plant configuration, may
also contribute to this effect. In this case, priority is given to another source of heat
supplied to the district heating network in Konin, specifically a heating plant that is
fired exclusively with biomass. The lack of heat production by ZTUOK Konin, for
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which there is no market, is therefore directly visible in the low R1 values. Therefore,
Konin should be interpreted in this study as a case of limited useful heat utilisation
(low and unstable heat consumption) rather than as a representative example of an
incineration plant without a heating network. In the case of the ZTPOK Bydgoszcz
incineration plant, an apparent decrease in the R1 coefficient has been observed since
the end of 2023. It is the result of a steam turbine failure, resulting in lower electricity
production and heat being directed to the district heating network in the city of
Bydgoszcz. The turbine failure has not yet been effectively resolved. Replacing its
basic components has not yet improved the situation.

• High R1 values are observed for WtE plants in Białystok and Poznań. In both cases,
these incinerators are the leading source of heat supply for the district heating networks
of these cities.

• A separate discussion is required for the effects of operation in terms of R1 for WtE
plants in Kraków and Rzeszów, as shown in Figure 4. At the ITPOE Rzeszów incinera-
tion plant, the installation of an exhaust gas condensation system was already planned
as part of the project. At ZTPO Kraków, the exhaust gas condensation system was
installed as part of the modernisation of this incineration plant and commissioned at
the beginning of 2024, as described in more detail later in this publication. As shown
in Figure 4, the WtE plant in Kraków demonstrates an increase in the R1 coefficient,
which is visible from 2024 onwards, and remains visible in the first half of 2025. It is
larger than the typical inter-annual variability reported in Table 2. Preliminary first-
half 2025 data suggest that the elevated level persists; however, partial-year values
are not used for forecasting or quantitative conclusions. Since this increase occurs
immediately after the start of exhaust gas condensation and is significantly greater
than typical inter-annual variability (STD), the most likely mechanism is an increase
in useful heat export to the grid (Ep_heat) resulting from heat recovery (including
latent heat); however, the exact scale of the effect is influenced by heat reception
conditions, system availability, and fuel variability (LHV/moisture). The flue gas
condensation installation for the WtE plant in Rzeszów showed an additional increase
in the R1 coefficient in 2022, which is consistent with latent heat recovery; however,
subsequent operational failures indicate that the observed year-to-year values reflect
actual performance under varying availability rather than an isolated technology effect.
In subsequent years, due to numerous failures of the flue gas condensation installation,
this effect is no longer visible.

• It should be emphasised that, as shown in Figure 4, the waste incineration plant in
Kraków is the leader in energy recovery among Polish WtE plants. The next section of
this paper will present a more detailed analysis of this particular case.

• Figure 5 presents a summary of the average R1 coefficient values for Polish incineration
plants operated between 2020 and 2024. The determined average R1 coefficient value
of 0.864 is within the upper range reported for European WtE plants.

The obtained R1 values can be compared to the results presented in the existing
literature on energy recovery in waste thermal treatment plants. Published analyses indicate
that European WtE plants integrated with district heating networks typically achieve R1
values in the range of approximately 0.75–0.95, while values exceeding 1.0 are mainly
reported for plants equipped with advanced heat recovery systems, in particular flue gas
condensation systems and intensive integration with district heating systems [5,16,30,31].

However, it should be emphasised that most of the available studies are based
on model analyses, studies of individual installations, or limited observation time hori-
zons [5,16–21]. In contrast, the results presented in this paper are based on standardised,
long-term operating data (2020–2024 and 2025H1) from six full-scale WtE installations
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operating under the same regulatory and climatic conditions. The average R1 coefficient
value of 0.864 and the observed variation between plants are therefore consistent with
the trends described in the literature, while providing a more solid empirical basis for
inter-plant comparisons and benchmarking on a national scale.

4. Discussion
4.1. Increasing the R1-Based Energy-Recovery Performance of WtE Plants

Improving the performance of energy recovery from municipal waste is a trend that is
already clearly visible in many incineration plants operating in Europe and beyond. This
trend in Europe is a response to several EU regulations on climate and environmental pro-
tection. In incineration plants outside Europe, the increase in energy recovery performance
is also evident. However, it stems from a rational approach to operating waste incineration
plants as sources of electricity, heat, or cooling, which is transferred through district cooling.
A review of the literature in this area identifies several key methods for enhancing the
performance of energy recovery from municipal waste subjected to incineration.

These include:

• The extensive integration of waste incineration plants with district heating systems
and cooling transmission systems [61,62].

• The use of Multi-Utility Models integrated with desalination, cooling, and hydrogen
production maximises resource use [36,62].

• The use of Hybrid cycles, combining incineration with gas turbines or engines, can
increase energy recovery by 50% or more [63,64].

• The use of the exhaust gas condensation process, based on the recovery of latent heat
of vaporisation, is implemented by installing moisture condensation systems at the
end of the exhaust gas duct [65].

• The use of heat pumps working in conjunction with exhaust gas condensation systems,
or, for example, heat from wastewater discharge from wet exhaust gas treatment
systems [66–69].

• The increasingly widespread use of machine learning enables the real-time optimisa-
tion of combustion, emissions, and energy output, reducing reagent use and improving
stability [70,71].

• The use of AI (Artificial Intelligence), advanced DCS/APC (Distributed Control Sys-
tem/Advanced Process Control) automation systems, which ensure LSTM (Long
Short-Term Memory), CNN (Convolutional Neural Network) and other models can
enhance optimisation, grate speed, flue gas recirculation, and waste fuel LHV (Lower
Heating Value) stabilisation [72–74]. In addition, modern automation systems enable
predictive control, LSTM, CNN and other models enhance pollutant forecasting and
process efficiency [75,76].

• To clarify the structure of this section, we note that CCU (Carbon Capture and Utilisa-
tion)/CCS (Carbon Capture and Storage) technologies belong to a different category
than operational optimisation tools, as they do not affect R1 performance but address
CO2 emission reduction.

In addition, the above-mentioned trends in energy recovery performance growth
already include advanced technologies such as CCU/CCS, which are designed to reduce
CO2 emissions and are being developed and piloted not only in waste incineration plants
in Europe but also outside Europe [77–81].

It is therefore clear that the path to higher R1-based energy recovery performance
in municipal waste incineration lies in a holistic approach—combining robust indicators,
advanced technology, intelligent control, and supportive policy. While Europe leads,
global adaptation and innovation are both necessary and feasible, especially as new hybrid
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and multi-utility models emerge to meet the dual challenges of waste management and
sustainable energy [36,38,82,83].

4.2. R1 Improvement Paths in a Multi-Site Context and an Illustrative Example of an Installation
in Kraków

In this section, we first summarise the conclusions from the analysis of six Polish
installations (2020–2024 and 2025H1), and then present Kraków as an illustrative example
(case study)—due to its unique modernisation sequence and the availability of ‘before/after’
data. We provide the names of suppliers (e.g., Yokogawa, ABB) solely to clearly identify
the implementations and sources described, and we formulate our conclusions at the
level of technological functions and boundary conditions, not as a recommendation of
specific products.

4.2.1. Flue Gas Condensation at the WtE Plants

Among the numerous possible ways to improve energy recovery performance pre-
sented above, one of the leading methods is the condensation of moisture contained in
exhaust gases leaving the purification system. This process refers to the definition of higher
heating value (HHV). It is implemented through a dedicated latent heat recovery system.
Systems of this type have been proven technical solutions used in Europe for many years,
mainly in Scandinavian countries, where they operate in power plants and in combined
heat and power plants, as well as increasingly in waste incineration plants. Examples
include the Lahti Energia power plant in Finland (Kymijärvi III), where the heat recovery
system can recover about 30–45 MWth from flue gases [84,85], and the biomass-fired com-
bined heat and power plant Ørsted (formerly DONG Energy) in Herning, Denmark, where
the flue gas condenser heat recovery unit adds 41 MWth [86].

Another example is the WtE Plant Brescia, Italy, which recovers 60 MW of heat through
exhaust gas condensation. The Brescia incineration plant covers 80% of the municipal
heating network’s demand [77,87]. Scandinavian incinerators are also frequently equipped
with exhaust gas condensation systems, which increase the R1 coefficient by approximately
15% [88].

The implementation of such units across Europe has yielded the desired results in terms
of additional energy recovery, which would otherwise be lost as chimney waste in traditional
combustion processes through the release of moist exhaust gases into the atmosphere.

In Polish municipal waste incineration plants, the use of the flue gas condensation
process, based on the recovery of latent evaporation heat, implemented through the instal-
lation of moisture condensation systems at the final stage of the flue gas treatment process,
is used in integration with municipal heat transmission systems in:

• Municipal waste incineration plant in Kraków: installation for condensing moisture
contained in exhaust gases in the temperature range of 140 ◦C to 65 ◦C, with the effect
of additional recovery of approximately 14.6 MWth of heat directed to the Kraków
district heating network [89] together with the use of a 2.4 MWth absorption heat
pump [90].

• Municipal waste incineration plant in Gdańsk: installation for condensing moisture
contained in exhaust gases, in the temperature range from 140 ◦C to 65 ◦C, with the
effect of obtaining additional heat in the amount of 8 MWth directed to the heating
network of the city of Gdańsk [91].

• Municipal waste incineration plant in Rzeszów: installation for condensing moisture
contained in exhaust gases, in the temperature range from 140 ◦C to 65 ◦C, with the
effect of obtaining additional heat in the amount of 4 MWth directed to the heating
network [92].
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In addition to utilising the latent heat of vaporisation, Polish municipal waste incin-
erators also employ machine learning to enhance energy recovery performance, enabling
real-time optimisation of combustion, emissions, and energy output. This method is
supported by AI-based, advanced DCS/APC automation systems and predictive control
models, including LSTM and CNN, which ensure the optimisation of the broadly un-
derstood waste incineration process. Such systems are used in most Polish incineration
plants, and below we cite two examples documented in sources (Kraków and Gdańsk)—the
names of suppliers are given for identification purposes only, and the conclusions refer to
technological functions (DCS/APC, emission monitoring) that can also be performed by
other solutions:

• The incineration plant in Kraków has an extensive DCS/APC system: sources [93,94]
also describe the implementation of an APC/AI solution (FuzEvent by Yokogawa) that
supports the stabilisation and optimisation of the combustion process under variable
fuel quality conditions.

• The incineration plant in Gdańsk uses a DCS (ABB Ability System 800xA, ABB Ltd.,
Zürich, Switzerland) and CEMS (continuous emission monitoring) system, integrating
emission control and measurement: the aim of this integration is to increase operational
stability and the availability and consistency of operational data [95].

Among the various ways to increase the R1 value of incinerators, this paper discusses
two leading methods in detail. The first is based on the use of exhaust gas condensation
systems. The second one utilises machine learning, supported by AI-based advanced
DCS/APC automation systems and LSTM and CNN predictive control systems, to optimise
the waste incineration process. In this paper, we use Kraków as an illustrative example (case
study)—because two measures improving R1 (exhaust gas condensation and advanced
APC/AI control) were implemented there within a short period of time—to show the
mechanism of the impact of such modernisations on the components of the R1 formula;
this is not a recommendation of specific products or suppliers. The analysis is a “before–
after” comparison under actual operating conditions, so it does not formally separate
the contribution of all accompanying factors; however, it indicates the consistency of the
observed changes with the expected mechanism of action (in particular for exhaust gas
condensation) and allows the most likely levers for R1 growth to be identified.

Multi-site results indicate that the level and variability of R1 in Polish installations are
primarily determined by the actual heat consumption by the network (share of Ep_heat),
and that upgrades such as exhaust gas condensation or advanced control systems only act
as ‘levers’ for R1 growth against this background and when certain boundary conditions
are met (demand profile, return temperature, installation availability, fuel properties).

4.2.2. Flue Gas Condensation Using the Example of the Municipal Solid Waste Incineration
Plant in Kraków

Launched in 2023 and taken into operation in 2024, the two-line installation for
recovering heat from condensation of moisture contained in exhaust gases is built into
the central part of the Kraków incineration plant, at the final stage of exhaust gas flow, in
the immediate vicinity of the exhaust gas extraction fans. The purpose of the installation,
which was put into operation after eight years of operation at the Kraków incineration
plant, was to increase its energy recovery performance, primarily by reducing chimney
losses. The impetus for the implementation of this installation was an audit carried out
at the Kraków incineration plant, which confirmed that a significant part of the energy
generated during the incineration of wet municipal waste, with a moisture content of
35–45%, is lost to water evaporation, which resulted in significant chimney loss, consisting
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of heat emissions into the atmosphere along with the exhaust gases, and thus resulted in
significantly lower R1 values.

This installation consists of two independent, structurally identical lines for con-
densing moisture from exhaust gases—one for each of the two technological lines of the
incineration plant. Their common element is the condensate treatment installation.

The installation enables energy recovery from both the direct exhaust gases and the
heat generated by the condensation of water vapour contained within the exhaust gases.

Figure 6 illustrates a block diagram of the technological process for recovering heat
from the condensation of moisture in exhaust gases.

 

Figure 6. Block diagram of the technological process of the heat recovery system from moisture
condensation contained in exhaust gases, launched at the WtE Plant in Kraków. Thermal power
14.6 MWth.

The operation of the heat recovery unit depends on the parameters of the heating
water returning from the municipal heating system of the city of Kraków. When the return
water temperature is too high to recover heat from the condensation of steam contained
in the exhaust gases, the heat recovery unit is switched off, and the incinerator operates
as if there were no exhaust gas condensation unit. That can happen when the outside air
temperature drops below −10 ◦C. When the return water temperature from the Kraków
heating system is suitable for heat exchange, which is the case during most of the heating
season and throughout the summer for domestic hot water heating, the flue gas is directed
to the flue gas condensation unit, where it is cooled to saturation point in a quench cooler
and then brought into contact with the circulating liquid in a diaphragm-free exchanger
(condenser). Contact between the circulating fluid and the heating water returning from
the heating network occurs through a plate exchanger installed on the return pipeline of
this network. As a result of this contact, the circulating fluid is cooled and then condensed,
while the water returning from the heating network is preheated.

After leaving the condenser, the exhaust gases are directed to the chimney. The
condensate produced during the condensation process is directed to the condensate buffer
tank and then to purification. Condensate treatment is a multi-stage process consisting
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of cooling, pre-filtration, ultrafiltration, reverse osmosis, and membrane degassing. The
treated condensate is used for the waste incineration plant’s processes as a substitute for
mains water.

The exhaust gas condensation system is controlled automatically by the master DCS
system. If it is physically impossible to recover heat from the exhaust gas condensation, the
system is shut down, and the exhaust gases are directed to the chimney via a bypass.

The technology used allows for significant cooling of the exhaust gases to a tempera-
ture slightly higher than the temperature of the water returning from the heating network.
It is possible due to the direct contact between the condensate leaving the plate exchanger
and the exhaust gases in the upper part of the condensation tower. The operating parame-
ters of the installation, and above all, the heat output of approximately 14.6 MWth and the
amount of condensate, are the parameters that depend on several parameters, mainly:

• Exhaust gas temperature at the inlet to the system;
• Moisture content in the exhaust gas;
• Exhaust gas flow rate;
• Temperature of water returning from the heating network;
• Mass flow rate of network water flowing through the system.

The effects of using an exhaust gas condensation system include the recovery of
additional heat, accounting for approximately 30% of the heat flow generated without
this system. At the same time, the operation of this system increases its own electricity
consumption. These data will be used to contextualise the increase in the R1 coefficient
observed after commissioning and during operation of the exhaust gas condensation
system, as discussed further below.

4.2.3. The Use of AI-Based Advanced Process Control for Combustion Optimisation in the
WtE Plant in Kraków

Another method to increase energy recovery performance used at ZTPO Kraków is
Yokogawa’s FuzEvent technology, which was implemented at this incineration plant in
2023 [94].

The waste combustion optimisation system, called FuzEvent and based on fuzzy logic,
was implemented in cooperation with Dublix. That system, based on artificial intelligence
and fuzzy logic using predictive control, can predict changes in the combustion process
of heterogeneous waste and optimise operating parameters in real time. This system is
designed to stabilise and optimise the combustion process of heterogeneous waste (e.g., by
improving process control under variable fuel conditions), which in practice can reduce
operating losses and promote higher energy recovery (in terms of R1—primarily through
its impact on Ep and auxiliary losses). In the following section, we show how the change
in the R1 value developed after the implementation of this solution in the operating data.
It may also improve the environmental impact by reducing pollutant emissions. This
AI-based system is also widely used in other waste incineration plants in Europe and
around the world, e.g., in the Ferrara WtE plant in Italy [96] and in the Mallorca WtE plant
in Spain [97].

4.2.4. Analysis of Observed Changes in the R1 Coefficient Using the Example of the WtE
Plant in Kraków

In the Kraków case study, we analyse the change in R1 observed during the years when
two modernisations were launched: the advanced process control system (APC/AI) and
the exhaust gas condensation installation. Before-and-after comparisons based on annual
balances are not a controlled experiment, so we do not formally separate the contribution of
all accompanying factors. At the same time, it should be emphasised that the material and
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process parameters like LHV, waste composition, heat recovery regimes, downtime, and
turbine operating mode are not omitted in R1—they directly affect the components Ew and
Ep and the annual energy values. They are therefore included in the R1 value as a net effect.
Therefore, we interpret the changes in R1 as the actual result of full-scale operation after
modernisation. We formulate their attribution to technology mechanistically: for exhaust
gas condensation, there is a direct path of R1 growth through an increase in Ep_heat, while
for APC/AI, the impact is indirect and expected mainly through process stabilisation and
loss reduction.

The analysis was carried out based on the following assumptions:

• When discussing the change in the R1 coefficient around the commissioning of APC/AI
system, the R1 coefficient for 2023 was compared with the average value of this
coefficient for the years 2020 to 2022.

• When discussing the change in the R1 coefficient after commissioning of the exhaust
gas condensation unit, the R1 coefficient for 2024 was compared with that for 2023 (the
year immediately preceding the start-up of flue gas condensation, while the APC/AI
system was already in place).

Increase in R1 Value Observed After Implementing APC/AI System

Assumptions:

• The average value of R1 from 2020 to 2022 is R1 = 1.003. It should be noted that this
value reflects the optimal integration of heat production at the Kraków WtE plant with
the Kraków heating system, which serves as a basis or standard for the increase in the
value of the R1 coefficient.

• The average value of the R1 coefficient for 2023, when the APC/AI system was
implemented, is R1 = 1.030.

These values indicate an increase in R1 of 2.7% in 2023 compared to the average for
2020–2022, which coincides with the launch of the APC system. Since this is a difference of a
few percent, and the full uncertainty budget for Ep/Ef/Ew/Ei was not available for formal
error propagation, we treat it as a small net effect, consistent with the expected direction of
control optimisation (combustion process stabilisation, loss reduction, potentially higher
availability), rather than as an isolated and statistically proven causal measure.

Increase in R1 Value Observed After Implementing an Exhaust Gas Condensation Unit

Assumptions:

• The average value of R1 from 2023: R1 = 1.030, and is used here as the “pre-
condensation” reference year (i.e., a full operating year without flue gas condensation,
following the process-optimisation upgrade described in Section “Increase in R1 Value
Observed After Implementing APC/AI System”).

• The value of R1 from 2024: R1 = 1.123, and was higher than in 2023, in the first full
year following the implementation of an exhaust gas condensation system.

Unlike control modernisation, exhaust gas condensation has a direct impact on R1:
the recovery of additional (low-temperature) heat increases Ep (in particular Ep_heat) in
the definition of R1, thus raising the value of the indicator even when the amount of waste
incinerated remains unchanged. Therefore, we interpret the observed jump in R1 in 2024 as
largely the effect of the launch of exhaust gas condensation, with annual factors (LHV, heat
recovery, downtime) potentially modulating its magnitude.

After commissioning of the exhaust gas condensation unit, which constitutes a further
second stage of energy recovery improvement, the R1 coefficient increased by 9%, which is
lower than expected. One of the reasons for this was the top-down limitation to 80% of the
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thermal power obtained through exhaust gas condensation, which could be transferred
to the municipal heating network of the city of Kraków. The remaining ~20% of thermal
power from the condensation process was used to support electricity generation; however,
the decomposition of Ep (Table 3) shows that, in weighted terms, the increase in Ep in 2024
is dominated by the increase in Ep_heat (useful heat recovery), with the contribution of
Ep_el being secondary. It is worth noting that, in the case of exhaust gas condensation, there
is a direct mechanism that influences R1: the additional recovered heat is transferred to the
network as useful heat, increasing Ep_heat and thus the R1 formula numerator. However,
the scale of the observed increase depends on the heat-reception conditions (e.g., power
limitations), return water temperature, waste moisture/LHV, and the availability of the
condensation installation.

In order to clearly show whether the observed increase in R1 is mainly due to heat
recovery or an increase in electricity production (with coefficients of 1.1 and 2.6 in Ep),
Table 3 presents a decomposition of Ep into Ep_heat and Ep_el, together with their shares
and the Ep_heat/Ep_el ratio.

Table 3. Ep components and their shares (%) and the Ep_heat/Ep_el ratio after successive retrofits:
district heating network integration (2021–2022), APC/AI (2023), and flue-gas condensation (2024).

Year E_el
(GJ)

E_heat
(GJ)

Ep_el =
2.6·E_el

(GJ)

Ep_heat =
1.1·E_heat

(GJ)

Ep
(GJ)

Share
of Ep_el

(%)

Share
of Ep_heat

(%)

Ep_heat
/Ep_el

(-)

2021 * 363,205.40 1,077,015.00 944,334.04 1,184,716.50 2,129,050 44.35 55.65 1.25

2022 * 354,608.96 1,067,452.00 922,214.87 1,174,197.20 2,096,412 43.99 56.01 1.27

2023 ** 341,762.22 1,154,844.00 888,581.77 1,270,328.40 2,158,910 41.16 58.84 1.43

2024 *** 365,608.00 1,324,213.00 950,580.80 1,456,635.36 2,407,217 39.50 60.50 1.53

* integration with the district heating network (in place since the WtE plant was commissioned); ** +commissioning
of the APC/AI system; *** +commissioning of the flue gas condensation unit.

Table 3 shows that between 2023 (the reference year before condensation) and 2024
(the first full year after condensation was introduced), Ep increased by 11.5%. This increase
is mainly due to the increase in Ep_heat: Ep_heat increased by 14.7% (≈+186,000 GJ),
while Ep_el increased by 7.0% (≈+62,000 GJ). This means that approximately 75% of the
increase in Ep comes from the heat component and approximately 25% from the electricity
component. At the same time, the share of Ep_heat in Ep increased from 58.84% to 60.50%,
and the Ep_heat/Ep_el ratio from 1.43 to 1.53. This confirms that the observed increase
in R1 after modernisation is predominantly the result of increased recovery and export of
useful heat, and not primarily an increase in electricity generation.

In 2024, after the commissioning of the APC/AI system (2023) and the exhaust gas
condensation unit (2024), the Kraków WtE plant reached R1 = 1.123. Relative to the already
very high value of this coefficient, amounting to R1 = 1.003 (average for 2020–2023, when
the plant operated with year-round integration with the Krakow district heating network),
this corresponds to an overall increase of about 12%.

Taking as an illustrative “low point” in the analysed sample, we will assume an
average value of R1 = 0.669 for ZTUOK Konin (2020–2024)—resulting primarily from the
very limited heat consumption by the city’s heating system (despite the technical connection
of the installation)—the difference between Kraków (R1 = 1.123 in 2024, after commissioning
the APC/AI system and exhaust condensation unit) and Konin is approximately 68% in
terms of the R1 index. We would like to emphasise that this is a comparison of two specific
operating cases (high vs. low utilisation of useful heat) and is illustrative in nature: it shows
the sensitivity of R1 to the actual level of heat consumption and modernisation measures,
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but does not constitute a statistically generalisable measure of the “integration effect” for
the population of installations.

Figure 7 provides a graphical illustration of the increase in R1 values achieved at the
WtE plant in Kraków after subsequent technological upgrades.

Figure 7. Increase in the R1 coefficient at the ZTPO Kraków facility observed after subsequent
technological upgrades.

In order to compare the very high R1 values obtained at the ZTPO Kraków plant,
Figures 8 and 9 show analogous illustrations for the two plants with the highest average R1
values in the analysed sample: ITPOK Poznań (Figure 8) and ZUOK Białystok (Figure 9).
In both cases, the high R1 values are primarily related to their dominant role as sources of
district heating and to the high and stable heat consumption by the heating network (i.e.,
high share of useful heat in Ep), rather than to the mere fact of “having” a connection to
the network.

Figure 8. Comparison of R1 values between ITPOK Poznań (dominant district heating supplier) and
ZTUOK Konin (negligible heat offtake).
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Figure 9. Comparison of R1 values between ZUOK Białystok (dominant district heating supplier)
and ZTUOK Konin (negligible heat offtake).

Figures 8 and 9 are for illustrative purposes only and show the range of R1 values
in the sample analysed, depending on the actual level of heat utilisation in the district
heating system. The visual ‘low point’ is the average value of R1 = 0.669 for ZTUOK Konin
(2020–2024), which reflects the conditions of a permanent reduction in heat consumption
(despite the technical connection of the installation to the network, due to, among other
things, competition/priority of other sources in the city). The R1 formula itself is universal
for waste incineration plants, but the comparisons between installations in this study are of
a benchmarking/case study nature; we do not treat Konin as a statistically representative
‘reference without a district heating network’ and do not draw generalised quantitative
conclusions about the effect of integration on this basis.

To illustrate the level of the R1 indicator achieved by ITPOK Poznań—as the dominant
source of heat in the municipal network and with high, stable heat consumption—the
average R1 value for 2020–2024 was assumed to be 0.893 (Figure 8). Similarly, for ZUOK
Białystok, an average R1 value for 2020–2024 of 0.975 was assumed (Figure 9).

A comparison of the illustrations in Figures 7–9 suggests that the larger R1 increase
observed in Kraków is consistent with the additional measures implemented there (low
temperature heat recovery and advanced control); however, the comparison is illustrative
and does not isolate causal contributions of individual upgrades.

4.3. Key Findings

Many countries, both within and outside the EU, are currently in an advanced stage
of energy transition aimed at achieving specific climate protection goals. Among the series
of EU regulatory packages adopted in the context of climate protection and reaching the
target for reducing carbon dioxide emissions by 2050, the slogan “energy efficiency first”
prevails. That is a highly appropriate slogan, indicating one of the fundamental directions
for implementing the adopted energy transition goals.

The slogan “energy efficiency first” has been applied in this paper to selected Polish
WtE plants, which recover energy from municipal waste that can no longer be recycled
and generate electricity and heat for local heating networks. Six Polish WtE plants, which
have been in operation for approximately 10 years, were studied, allowing for reliable
conclusions to be drawn about their R1-based energy-recovery performance. It should be
emphasised that all municipal waste incineration plants operated in EU countries, but also
in countries associated with the EU, such as Switzerland, Norway, and Iceland, define the
energy recovery from waste uniformly, based on the formula (1) presented in this publica-
tion and enshrined in the Waste Act applicable to EU countries. This formula is based on
several monitored operating parameters that quantify the energy recovery performance
under the EU R1 framework for municipal waste incineration plants, regardless of their
size, determined by their annual or hourly capacity.
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The collected and analysed results of R1 assessments from six Polish incineration
plants, covering the period of their operation from 2020 to 2024 (and partially 2025), made
it possible to define not only a specific average value for a given year of operation, but
also to analyse the possibility of increasing this value by using the methods discussed in
Section 4. The results of the research are illustrated graphically in Figures 2–5 and 7–9.

The results of the R1 coefficient assessments for selected Polish WtE plants are dis-
cussed in detail in Section “Analysis of the R1 Energy-Recovery Coefficient”. The conclu-
sions summarising these results can be formulated as follows:

• All analysed Polish WtE plants operate in a CHP (Combined Heat and Power) system,
with a significant share of heat transferred to local heating networks. Poland’s climatic
conditions are conducive to this model of utilising energy recovered from waste.
In many cases, the transferred heat is also used to heat domestic water in numerous
homes and nearby residential areas. It can therefore be concluded that, in terms of
increasing their R1 values, heat generation and transfer are standard practice in Polish
WtE plants. As a result, Polish WtE plants achieve R1 values close to the average R1
value for over 500 incinerators operating in the EU and associated countries.

• The Polish heat market is regulated, as exemplified by the R1 value for the Konin
WtE Plant—see Figure 3 below. In the case of the city of Konin, the leading, legally
privileged source of district heating is the biomass-fired heating plant located in the
town. It has priority in transmitting heat to the heating network. Hence, the R1
coefficient for the Konin WtE Plant is significantly lower than that of other Polish
waste incineration plants. This situation may improve if the heat generated in Polish
waste incineration plants is designated as waste heat, thereby elevating the value of
such heat. Measures are currently being taken to amend Polish domestic legislation in
this regard.

5. Conclusions
An important focus of this paper, highlighted in the title, is the achievable increase

in the R1 value (energy-recovery indicator). The results in this regard are illustrated
graphically in Figures 7–9, which allows us to draw the following conclusions.

From a practical point of view, the most important conclusion is that improving the R1
ratio in WtE installations is primarily determined not by the “combustion technology itself,”
but by stable heat consumption conditions. That means that the highest priority measures
should include: ensuring the most constant heat load possible (contracts, heat storage,
cooperation with network operators), reducing the return temperature in the network
(which determines the efficiency of flue gas condensation), and increasing the availability
of low-temperature heat recovery systems through proper maintenance and monitoring.
In practice, these steps, without increasing waste fuel consumption, translate into higher
functional energy recovery and more stable cogeneration operation.

The results also point to a clear regulatory implication: if the goal is to implement the
“energy efficiency first” principle in the heating sector, then the heat market framework
should reward sources that ensure high, actual waste heat recovery, including from WtE.
In particular, it is crucial to eliminate barriers that hinder the uptake of heat from WtE
plants, despite their technical availability (e.g., transmission priorities, dispatching rules,
waste heat classification). Otherwise, even a technologically advanced plant may show an
underestimated R1 for strictly systemic reasons, which weakens both energy and climate
policy effects.

Among the factors discussed in Section 4 that influence the increase in the R1 coefficient
for such specific sources of electricity and heat generation as waste incineration plants, the
following play a leading role in relation to Polish WtE plants: integration with the district
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heating network, exhaust gas condensation, and the use of modern waste incineration
process control and monitoring systems. As a result, having started only a decade ago in
Poland with the construction and operation of the first modern waste incinerators, it has
already been possible to achieve an R1 coefficient close to 1.0, and even higher in the best
installations. The integration of Polish incinerators with district heating systems, featuring
exhaust gas condensation systems and advanced automation systems, enables these plants
to be viewed as a crucial component in both sustainable waste management systems and as
local sources of heat and electricity, utilising a sovereign source independent of fossil fuels.

In the analysed sample of six installations, different facilities illustrate different R1
growth levers: Poznań and Białystok show the effect of high and stable heat consumption
in the district heating system, while Kraków—as an illustrative example—shows additional
growth possible thanks to low-temperature heat recovery (exhaust gas condensation) and
process control modernisation. In addition to the standard integration with the district
heating system introduced when the plant began operating in 2016, the waste incineration
control and monitoring system was modernised in 2023, and an exhaust gas condensation
system has been in operation since 2024.

Figures 8 and 9 present a similar graphical analysis, which, in contrast to Figure 7,
illustrates a lower, yet equally significant, effect of increased energy recovery observed
with the integration of two Polish incineration plants, which supply heat to local heating
systems, into the heating network.

It can be stated that the analysis of the current state and growth of R1 values presented
on the example of Polish waste incineration plants is consistent with the trends introduced
by the EU through relevant legal regulations and fully confirms the validity of the slogan
“energy efficiency first” by applying it in operational practice.

The use of waste incineration plants for district heating production is very beneficial
for residents in terms of social benefits. First and foremost, it is essential to highlight the
competitive price of 1 MJ of heat generated from waste compared to that from other types
of fuels. District heating produced from non-recyclable municipal waste or RDF fuels
can be a cost-competitive heat source under Polish market conditions, compared to heat
generated from fossil fuels (such as coal and natural gas) or electricity. That is one of the
key advantages of WtE installations as local sources of heat for district heating networks.
From a socioeconomic perspective, these effects contribute to greater price stability of
district heating, improved energy security at the municipal level, and reduced exposure of
households to volatility in fossil fuel markets.

From the perspective of practical benefits for everyday life, the increase in heat re-
covery in WtE installations observed with integration with the district heating network,
exhaust gas condensation, and advanced automation is also significant. The resulting bene-
fits translate into greater supply and availability of local district heating for households and
public facilities. With fuel consumption from waste remaining unchanged, a larger number
of residents can be supplied with district heating. That is important because, on an EU scale,
space and water heating accounts for the majority of household energy consumption, and
the decarbonisation of the heating and cooling sector is one of the key directions of energy
policy. Consequently, improving the performance of energy recovery in WtE can support
the stability of local heating systems, make them more economically viable, reduce the
demand for fossil fuels, and enhance the resilience of cities to energy price fluctuations and
the risks associated with conventional fuel supplies. It should be noted that fuels produced
from waste, which is the result of daily consumption by residents, have the characteristics
of a sovereign fuel that is widely available and independent of a range of economic or
political changes.
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At the same time, it should be emphasised that the presented effects of R1 growth
should be interpreted in the context of the boundary conditions of the installation’s opera-
tion, in particular the heat demand profile and network parameters. Therefore, compar-
isons between configurations with different heat consumption are primarily illustrative
and serve to show the sensitivity of R1 to integration with the heating network, rather
than as a universal, “technologically assigned” improvement that can be easily transferred
between facilities.

However, in line with the title and purpose of this article, the limitation of the presented
analysis is that it focuses mainly on the R1 indicator, i.e., a measure of the process- and
technology-dependent nature of energy recovery from waste. As a result, it does not take
into account the broader picture of technical, cost, and environmental efficiency (e.g., eco-
nomic analysis, LCA, exergy). Furthermore, the results obtained should be interpreted in
the context of the specific boundary conditions of the plant’s operation, particularly the
availability and characteristics of heat consumption (network demand profile, supply and
return temperatures, and temperature fluctuations depending on climatic conditions).

In further research, it is reasonable to extend benchmarking to a broader sample of
European WtE installations and to combine R1 analysis with environmental and economic
metrics, as well as with higher temporal resolution data. Additionally, it is worthwhile to
quantitatively assess the combined effect of low-temperature heat recovery technologies,
including flue gas condensation and supporting solutions (e.g., heat pumps based on waste
heat transformation), on enhancing heat recovery and improving process efficiency.

Author Contributions: Conceptualisation, M.B. and T.P.; methodology, T.P. and M.B.; software,
M.B.; validation, T.P., M.B. and W.W.; formal analysis, T.P., M.B. and J.C.; investigation, M.B. and
T.P.; resources, W.W.; data curation, W.W.; writing—original draft preparation, T.P., M.B. and J.C.;
writing—review and editing, M.B., T.P. and J.C.; visualisation, M.B.; supervision, T.P. and M.B.;
funding acquisition, M.B. and T.P. All authors have read and agreed to the published version of
the manuscript.

Funding: This study was financed by the AGH research project no. 16.16.130.942 supported by the
Polish Ministry of Education and Science.

Data Availability Statement: All data presented in this text are available from the corresponding
author upon reasonable request.

Acknowledgments: The authors would like to thank the management of six Polish WtE Plants, who
were willing to provide data on selected indicators of WtE exploitation used in this report.

Conflicts of Interest: Author Wojciech Wróbel was employed by the Krakowski Holding Komunalny
S.A. The remaining authors declare that the research was conducted in the absence of any commercial
or financial relationships that could be construed as a potential conflict of interest.

References
1. Quan, C.; Ravelomanantsoa, V.S.; Olazar, L.; Santamaria, L.; Lopez, G.; Liu, L.; Gao, N. Thermochemical Conversion of Waste into

Energy: A Review. Environ. Chem. Lett. 2025, 1–26. [CrossRef]
2. Christian, U.; Bhalerao, Y.P.; Patel, J.; Mehta, P.; Tejani, G.G.; Singh, S.; Varshney, D. A Comprehensive Review of Waste-to-Energy

Technologies: Pathways for Large Scale Applications. Appl. Chem. Eng. 2024, 7. [CrossRef]
3. Alao, M.A.; Popoola, O.M.; Ayodele, T.R. Waste-to-energy Nexus: An Overview of Technologies and Implementation for

Sustainable Development. Clean. Energy Syst. 2022, 3, 100034. [CrossRef]
4. Soni, A.; Gupta, S.K.; Rajamohan, N.; Yusuf, M. Waste-to-Energy Technologies: A Sustainable Pathway for Resource Recovery

and Materials Management. Mater. Adv. 2025, 6, 4598–4622. [CrossRef]
5. Abedin, T.; Pasupuleti, J.; Paw, J.K.S.; Tak, Y.C.; Islam, M.R.; Basher, M.K.; Nur-E-Alam, M. From Waste to Worth: Advances in

Energy Recovery Technologies for Solid Waste Management. Clean Technol. Environ. Policy 2025, 27, 5963–5989. [CrossRef]
6. Maphuhla, N.G.; Oyedeji, O.O. From Trash to Treasure: Systematic Evaluation of Potential and Efficiency of Waste-to-Energy

Incineration for Electricity Generation. Waste 2025, 3, 39. [CrossRef]

https://doi.org/10.3390/en19051143

https://doi.org/10.1007/s10311-025-01889-6
https://doi.org/10.59429/ace.v7i4.5578
https://doi.org/10.1016/j.cles.2022.100034
https://doi.org/10.1039/D5MA00449G
https://doi.org/10.1007/s10098-025-03204-x
https://doi.org/10.3390/waste3040039
https://doi.org/10.3390/en19051143


Energies 2026, 19, 1143 27 of 30

7. Rezania, S.; Oryani, B.; Nasrollahi, V.R.; Darajeh, N.; Lotfi Ghahroud, M.; Mehranzamir, K. Review on Waste-to-Energy
Approaches toward a Circular Economy in Developed and Developing Countries. Processes 2023, 11, 2566. [CrossRef]

8. Zueva, S.; Ferella, F.; Corradini, V.; Vegliò, F. Review of Organic Waste-to-Energy (OWtE) Technologies as a Part of a Sustainable
Circular Economy. Energies 2024, 17, 3797. [CrossRef]

9. Directive (EU) 2018/851 of the European Parliament and of the Council of 30 May 2018 Amending Directive 2008/98/EC on
Waste. Available online: https://eur-lex.europa.eu/eli/dir/2018/851/oj (accessed on 22 October 2025).
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