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Abstract: The issue of enhancing energy recovery efficiency is a key concern within the European
Union’s climate protection efforts. In particular, it applies to all processes and plants for the harvesting,
gathering, and conversion of energy. The abandonment of fossil fuels in favour of alternative energy
sources, and the increasing of energy efficiency and its recovery, is now a widely accepted direction of
energy development. This study focuses on facilities that recover and process energy from municipal
waste left after recycling processes, known as waste-to-energy (WtE) plants. These plants” energy
recovery efficiency is governed by the R1 Formula in EU countries. This report is based on an analysis
of four years of operational data from selected Polish municipal waste incinerators, supplemented by
a discussion of various studies on energy recovery efficiency. The primary objective of this report is
to evaluate the effectiveness of these plants in contributing to sustainable waste management and
energy recovery. The main effect of the developed report is the set of results of the energy recovery
efficiency factor values, determined based on the R1 formula valid in the EU legislation, tabulated and
graphically illustrated, and calculated for five selected Polish waste-to-energy plants. The presented
results, with their graphical interpretation, discussion, and conclusions, provide insights into several
factors influencing the value of the R1 efficiency factor. They can be a valuable contribution to
operators of waste-to-energy plants, especially those operating in countries outside the EU.

Keywords: waste to energy; waste incineration; circular economy; R1 formula; Polish incineration
plants; municipal solid waste; energy efficiency

1. Introduction

The EU'’s climate policy draws significant attention to the problem of any implementa-
tion of increased efficiency in energy recovery and use, which is the most effective way to
reduce greenhouse gas emissions. The EU Commission’s actions in this regard are included
in the regulatory package called Fit for 55, announced as part of the European Green Deal
on 14 July 2021 [1,2]. The regulations adopted in this package aim to achieve the primary
climate target of reducing European greenhouse gas emissions by at least 55% by 2030 from
1990 levels and to achieve climate neutrality by 2050. The regulations proposed as part
of the Fit for 55 package are also relevant to the energy sector, including an update of the
Energy Efficiency Directive [3] requiring member states to reduce energy consumption in
several industries. In one of these industries, specifically the energy sector, is the waste-to-
energy (WtE) sector; hence, the topic of this publication seems most justified. It aims to
analyse the efficiency of energy recovery contained in municipal waste incinerated in WtE
plants, presented in the aspect of its possible increase concerning specific WtE installations
operated in Poland.

Waste-to-energy plants, treated in this publication as installations for recovering the
chemical energy contained in municipal waste (municipal waste incinerators with energy
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recovery), are not a primary source of electricity and heat, as producing electricity and heat
is not their primary purpose. The share of such installations in electricity production in EU
countries does not exceed 2% on average, and more than 10% of thermal energy is supplied
to district heating networks, and in some EU countries, up to 50% [4]. The electricity
generated by WtE plants operating in European countries meets the needs of more than
19 million inhabitants, and the district heating produced and transmitted represents an
independent and sovereign source of heat, compared to natural gas or coal, because of the
current energy transition. European WtE plants provide a local source of reliable (baseload)
energy that complements intermittent renewable energy sources such as wind or solar
while treating non-recyclable waste [4]. By 2035, WtE plants could produce 189 TWh of
helpful energy per year, equivalent to 19.4 billion m3 of natural gas in primary energy [5].

At the same time, WtE plants fulfil an indispensable role, in line with the waste hierar-
chy in force in European Union countries, in the practice of comprehensive, sustainable
management of municipal waste [6].

The Waste Framework Directive (Directive 2008/98/EC on waste), as amended in
2018 [6], considers waste incineration either as a disposal technique (D10—incineration on
land) or a recovery technique (R1—used principally as a fuel or other means to generate
energy). In such a case, the requirement for minimum energy efficiency is laid down.
Article 10.4 of the abovementioned directive states the following: “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
procedure for determining the value of the minimum energy efficiency coefficient, known
as the R1 formula, is defined in the annex of the Waste Framework Directive [6].

If the value of this coefficient for WtE plants put into operation after 31 December
2008 exceeds 0.65, energy recovery, known as R1, is involved. If the value is less, then the
waste incineration process is a D10 process and does not differ in its nature from the lowest
treated waste management method in the waste hierarchy, which is landfilling, also known
as D10. This view is indeed disputed by opponents of the waste-to-energy idea, especially
those representing Zero Waste advocates [7]. On the other hand, the waste-to-energy and
R1 formula ideas are widely represented in EU countries, where more than 500 WtE plants
are in operation. An example is Germany, where the development of more than 100 WtE
plants is planned by 2040, including an essential consideration of the importance of the R1
formula [8]. One of the first R1 formula analyses in Poland, based only on the available
data for project WtE plants in Poland in 2010-2012, is included in the paper [9]. There are
also examples of R1 formula analysis for WtE plants in non-EU countries, such as in the
UK [10,11] or Turkey [12], and from outside Europe, even in South Korea, as evidenced by
a very interesting R1 coefficient analysis [13].

In the following part of this publication, the R1 formula will be extensively described
and commented on regarding the correctness of its definition and practical use for the
classification of a given municipal waste incineration process. Based on the definition of
the R1 formula, the energy efficiency coefficients for selected WtE plants in Poland will be
determined and presented for the years 2020 to 2023 within this publication. These results
will be extensively analysed regarding their potential for increasing energy efficiency or
the reasons for its current state.

The analysis, which constitutes this publication’s substantive (and title) content, has
been developed based on collected data recorded in the information systems of selected
Polish WtE plants operated in the years 2020 to 2023. On their basis, using the R1 formula,
the values of the R1 coefficient have been determined. A description of the current state of
WHE development in Poland has also been presented, together with the prospects for further
development because of the requirements arising from the circular economy 2035 policy,
which applies to EU member states. These are the main objectives of this publication.

According to the implementation of the EU’s circular economy policy, the share
of recycling in municipal waste management in 2035 should be 65%, and the share of
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appropriately treated waste allowed to be landfilled should be no more than 10%. The only
method that can make up for the missing share of 25% in this balance is WtE. This thesis has
been proven many times, with the guiding concept of circular economy, a waste-to-energy
initiative (document: The role of waste to energy in the circular economy) adopted in
2017 [14] as a confirming example among much of the literature and many international
conference presentations. This guide states: “When waste cannot be prevented or recycled,
recovering its energy content is usually better than landfilling it”.

The share of WtE can be higher than 25% if one considers that part of the share
attributable to landfilling of treated waste is also diverted to incineration. It should be
emphasised that WtE plants only make energetic use of non-recyclable municipal waste,
which represents an essential source of energy in the form of the chemical energy contained
in this waste [14]. It is estimated that currently, according to 2022 data, there are about
525 WHE plants installed in 23 European countries, making energetic use of more than
100 million tonnes of non-recyclable municipal waste per year [15,16]. Germany, Sweden,
Denmark, the Netherlands, Austria, and EU-associated Switzerland and Norway, are
leading the way.

Among the EU policies currently being implemented for managing municipal waste,
the decisions and strategies directly related to climate protection play an essential role [4,5].
In terms of WLE plants, this is the case with the already well-advanced and ready-to-
be-implemented CO2-capturing technologies of Carbon Capture and Storage (CCS) and
Carbon Capture and Utilisation (CCU). Numerous European WtE plants are exploring
usage (CCU) and storage (CCS) technologies, which have the potential to further reduce
the carbon footprint of the sector or even to make it carbon negative [17,18].

The efficiency of waste energy recovery directly related to WtE issues is also implied by
the EU Implementing Decision (Commission Implementing Decision (EU) 2019/2010/EU
of 12 November 2019) on BAT Conclusions for WtE installations. The BAT (Best Avail-
able Techniques) Conclusions for waste incineration (WI) were published on 3 December
2019 [19]. All requirements established therein had to be complied with by all existing WtE
installations before 3 December 2023. The adopted BAT conclusions that establish methods
for increasing the energy efficiency of waste incineration include BAT 19-BAT 20 [19]. The
calculation of the R1 factor is defined in Article 3 of the aforementioned Waste Framework
Directive in its revised form [6]. Detailed information and guidance on the determination
and interpretation of the complex components that can be entered into the general formula
for calculating the R1 factor are clearly defined in the guide [20].

Emphasising the primary purpose of this report, which is to analyse and discuss
the value of the energy recovery efficiency coefficient in the example of selected waste-
to-energy plants operated in Poland, the Authors discuss the procedure in force in EU
legislation for calculating this coefficient based on the so-called R1 formula; present the
verified operating parameters of the analysed Polish incineration plants, which is necessary
for the determination of this coefficient; and, above all, tabulate and graphically illustrate
the results of their research, supported by a discussion and the most important conclusions.
This structure of the manuscript will allow it to achieve its intended purpose and, at the
same time, give a view of the efficiency of recovery of energy contained in the thermally
transformed waste represented in Polish incinerators. The authors hope this view will will
be interesting for operators of the numerous waste incineration plants already in operation
or undergoing the process of construction in many non-European countries.

2. Waste-to-Energy Plants in Poland

Poland is not among the leading countries in the EU regarding the share of WtE in
their municipal waste management systems. On the other hand, it is a leader in this aspect
among CEE countries, which, together with Poland, joined the EU in May 2004 (Cyprus,
Czech Republic, Estonia, Hungary, Lithuania, Latvia, Malta, Slovakia, and Slovenia,) as well
as in January 2007 (Bulgaria and Romania) and in 2013 (Croatia). Among these countries,
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Poland has by far the largest share of WtE in municipal waste management systems, as
will be further demonstrated numerically.
A graphic illustration of the distribution in Poland of the analysed WtE plants, shown

in Table 1 in positions from 1 to 12, is presented in Figure 1.

Table 1. Overview of Poland’s current potential 2024 WtE plants (own study).

No WHE Plant Launch Capacity Kind Technology,
: Name Year Mg/Year of Waste Comments
ZUOK non-recyclable waste, code 1 line,
L. Biatystok December 2015 120,000 200301 and 191212 (RDF) moving grate boiler technology
ZTPOK non-recyclable waste, code 2 lines,
2 Bydgoszcz February 2016 180,000 200301 and 191212 (RDF) moving grate boiler technology
ZTUOK non-recyclable waste, code 1 line,
3 Konin December 2015 94,000 200301 and 191212 (RDF) moving grate boiler technology
2 lines, moving grate boiler
ZTPO non-recyclable waste, code technology
4 Krakow June 2016 220000 500301 and 191212 (RDF) Planned 3rd line—100 tys.
Mg/year
ITPOK non-recyclable waste, 2 lines,
5 Poznan December 2016 210,000 code 200301 moving grate boiler technology
ZTUO non-recyclable waste, code 2 lines,
6 Szczecin January 2018 150,000 200301 and 191212 (RDF) moving grate boiler technology
1 line, moving grate boiler
ITPOE non-recyclable waste, code technology
7. Rzesz6w December 2018 100,000 553301 3nd 191212 (RDF) Planned 2nd line—80 tys.
Mg/year
ZUSOK 1 . non-recyclable waste, 1 line,
8. Warszawa April 2001 40,000 code 200301 moving grate technology
Total capacity of items 1-8 1,114,000
co-incineration of
9. E?;;L;rga%gg Sepztgiréber 250,000 non-recyclable waste, code circulation fluidised bed (CFB)
191212 (RDF)
Total capacity of item 9 250,000
non-recyclable waste, code 1 line,
10. ITPO Olsztyn February 2024 110,000 191212 (RDF) moving grate boiler technology
3 non-recyclable waste, code 1 line,
1L ZTPO Gdafisk March 2024 160,000 191212 (RDF) moving grate boiler technology
2 lines
ZUSOK 2 Planned for non-recyclable waste, code Y .
12. 265,000 moving grate boiler technolo
Warszawa December 2024 200301 and 191212 (RDF) TUSOR P extonsion gy
Total capacity of items 10-12 535,000
Co-incineration Co-incineration of
13. in cement AChé%;Zd n 1,100,000 non-recyclable waste, Clinker-burning furnaces
furnaces code 191212
(high-quality RDF)
Total Poland’s potential 3,000,000
2024 in terms of WtE Mg/year

The main period of development of WtE plants in Poland was in the years
2007-2013, during which, with the significant support of one of the most extensive budgeted
EU support programmes, the Operational Programme Infrastructure and Environment
2007-2013 [21], the construction of WtE plants in large Polish cities was subsidised [22].
At that time, a so-called indicative list of projects for constructing incinerators (municipal
waste incinerators) in large Polish cities was established, and these projects were prioritised
among other applications for environmental infrastructure development projects. In its
original version, in 2007, the indicative list included the construction of 12 WtE plants. For
various reasons, mainly due to problems with public acceptance for WtE plants, six projects
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were eventually implemented in large Polish cities (Biatystok, Bydgoszcz, Konin, Krakow,
Poznan, and Szczecin) [22]. In later years, with the support of EU funds, projects were
implemented in Rzeszéw (2018). At the beginning of 2024, the latest WtE plants projects
in Gdansk, Olsztyn, and Warsaw, currently in their final phases of investment, are being
finalised (as of February 2024).

Olﬁtiyn
110,000 Mg/year
~ ﬁzcz Biaﬁto
180,000 Mg/year 120,000 Mgl/year
Pozpan
6 Kaopin Warszaya Current State
,000 Mg/year % * -
94,000 Mglyear 40,000 Mg/year @ Existing MSWI
@ cHP Codnc.
@ NewMswWI

Figure 1. The location of analysed WHE plants in Poland, their capacities, and current state. Abbre-
viations: MSWI (Municipal Solid Waste Incineration), CHP Co-Inc. (Combined Heat and Power
Co-Incineration).

The current potential of WtE plants in Poland, calculated by their total capacity, tak-
ing into account the capacity of the mentioned incinerators and the multi-fuel unit at
the Fortum CHP Plant in Zabrze, which has been in operation since 2018 and which
can potentially co-incinerate about 250 thousand tonnes of Refuse Derived Fuels, is
about 1365 thousand tonnes per year [23]. Adding the possibility of incinerating about
535,000 tonnes of RDF fuel in the newest incineration plants in Olsztyn, Gdansk, and
Warsaw; that potential will reach about 1.9 million tonnes per year in the second half of
2024. It should also be noted that the cement industry in Poland currently uses about
1.1 million tonnes of RDF fuel produced from municipal waste for the energy-intensive
clinker-burning process [23]. On average, the cement industry in Poland bases almost 85%
of its energy needs on the recovery of the energy contained in suitably adapted RDF fuel,
one of the world’s leading achievements in this respect [24].

Adding up the currently available potential for municipal waste management through
WHE in Poland, it would amount to 1.365 + 0.535 + 1.1 (million Mg/year) = 3 million tonnes
per year, as shown in more detail in Table 1.

Comments for Table 1:

- The name of a given WE plant should be understood as the official name in force for
that WtE plant in Poland;

- The given capacity of the incineration plant is the nominal design capacity, which
is considered in terms of the balance of the current WtE potential in Poland. Cur-
rently, in many Polish WtE plants, this capacity is a few percent higher as a result of
modernisation (upgrading) work undertaken after start up;
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- Among the non-recyclable wastes directed to incineration, there are two types of mu-
nicipal waste. Mixed municipal waste with code 20 03 01 and other wastes, including
mixtures of materials, from mechanical waste treatment with code 19 12 12. These
waste codes, according to the Polish regulation on the catalogue of wastes [25], are
consistent with the European Waste Catalogue (EWC) [26]. The share of waste with
code 19 12 12 varies for Polish MSW incinerators, ranging from 20% to 55% by weight
of the total waste incinerated;

- All Polish WtE plants are based on the most technically advanced moving grate boiler
technology, which meets the current BAT standards [19] for moving grate boiler technol-
ogy and has a global share of approximately 90% in WtE plant technologies [16,27,28];

- In Table 1 under number 13, the item described as “Co-incineration in cement furnaces”
is not a real waste incineration plant. It only a item, which provides the balanced
information on the use of energy contained in waste for the energy-intensive clinker-
burning process carried out in cement furnaces, as applied in Poland. Such use of
waste energy is referred to in EU legislation as waste co-incineration and is also a type
of thermal waste treatment;

- Co-incineration of RDF-type waste fuels at Fortum CHP and in cement furnaces re-
quires more physically and chemically processed types of waste fuels. For Fortum
CHP Zabrze, these requirements relate to the calorific value of waste and the permissi-
ble geometric size of the fuel components, and for the cement industry, in terms of
calorific value and required chemical composition.

7

Taking into account the data given in Table 1 regarding Poland’s WtE potential for 2024,
amounting to 3 million tonnes per year, and based on the data presenting the amount of mu-
nicipal waste generated annually in Poland in 2023, amounting to 13.4 million tonnes [29],
this results in a 22% share of WtE in municipal waste management in Poland, which once
again confirms its role as a leader among the countries admitted to the EU after 2004 and
that it is also ahead of other so-called old EU countries.

In conclusion, of the presented current (2024) assessment of the WtE share in sustain-
able municipal waste management in Poland, the necessity for further development of WtE
and an increase in that share should be mentioned. The need for an increase of the current
WHE share is a direct consequence of the necessity mentioned in the introduction, in which
Poland must achieve the 65% share of municipal waste recycling required by EU law in
2035, which defines the circular economy in municipal waste management [30]. Assuming,
based on the National Waste Management Plan 2028 [31], a 30% share of WtE plants to
meet the requirements of circular economy in 2035 and assuming that 16 million tonnes
of municipal waste will be generated in 2035 [23], then the target WtE potential should be
about 4.8 million tonnes per year.

Assuming further that, by 2035, the cement industry in Poland, using energy-adapted
RDF waste, will increase the share of these fuels derived from municipal waste from the cur-
rent amount equal to 1.1 million tonnes of RDF (Table 1) to 1.3 million tonnes per year [24],
then the investment gap for WtE plants will be [4.8 — (3.0 + 0.2)] = 1.6 million tonnes per
year for 2035 [23].

A graphical illustration of the balance of the WtE plants” investment gap towards
the requirements of circular economy 2035 is shown in Figure 2. In that figure, the bold
line indicates the most relevant direction of growth in WtE'’s share in Poland’s municipal
waste management as of 2024. Subsequent blocks are assigned colours specific to the waste
treatment methods: grey—landfilling, green—recycling, and red—waste to energy. Blue
and purple describe the next steps in describing the balance of WtE potential in Poland.
Yellow blocks describe the realistic forecasts for WtE share growth and the investment gap
in this area.

In order to mitigate this gap as much as possible, intensive measures led by the
Warsaw-based National Fund for Environmental Protection and Water Management have
already been undertaken, as of 2021 [32].
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Figure 2. WtE Polish WtE plants vs. circular economy—perspective 2035 (the meanings of colours
and line thickness are explained in the paragraph above).

In addition to the fundamental objective of meeting the requirements of a circular
economy by 2035, the existing investment gap in WtE plants is to be filled primarily by
small local incineration plants that will use locally produced RDF waste fuel, of which there
is an excess compared to the current potential of WtE plants. At the same time, small local
WIHE plants will be replaced, have already been heavily decapitalised and, moreover, are not
conducive to climate change, with local coal-fired heating plants located in various towns
and cities in Poland. According to the plans, 17 local WtE plant projects with a total capacity
of 770,000 tonnes/year, ranging from a single treated capacity of 16,000 tonnes/year to
100,000 tonnes/year of RDF fuel, are qualified for implementation at the beginning of
2024 [32]. These plans include the far-fetched project to build three waste incineration lines
with a capacity of 100,000 tonnes/year for the WtE Plant ZTPO Krakéw [33]. Independently
of these plans, constructing two waste incineration lines with a capacity of 80,000 tonnes
was started at WtE Plant ITPOE Rzeszow at the beginning of 2024 [34]. Also, the third
largest city in Poland in terms of population, £6dz, has realistic plans to build a WtE
plant with a capacity of 200,000 tonnes per year [35]. Realistic plans for constructing the
mentioned WHE plants in the 2035 timeframe will bridge the investment gap by 1.05 million
tonnes. That will leave WtE plants with a target capacity of 550,000 tonnes to be further
planned (Figure 2).

3. R1 Energy Efficiency Formula

The basic definition of energy efficiency in EU law states: “Energy efficiency—means the
ratio of outputs, services, goods or energy produced to energy input” [3]. An energy efficiency
indicator can classify each process associated with a particular waste treatment method.
However, it is only logical to compare installations in terms of the energy efficiency achieved
if they involve the same type of installation and the same type of waste being transformed.
Assessing the energy efficiency of a given type of installation should primarily enable
the selection of technological solutions that maximise the potential of the waste being
treated. In the case of municipal waste incineration plants (MSWI), their potential is
primarily determined by their ability to generate a certain amount of energy during waste
incineration, which is defined as energy efficiency. The energy efficiency index quantifies the
amount of recovered energy, in its utilisable forms, recovered from the total chemical energy
contained in the transformed waste. The essential mathematical relationship describing
energy efficiency can be represented by the following general Formula (1):

Heat energy + Electrical energy
Chemical energy in wastes

1)

Energy efficiency =

The relationship defined by Formula (1) can only be used to make an elementary com-
parison between a waste incineration plant and any other plant that allows the extraction
of heat or electricity from the chemical energy contained in the fuel.
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Due to the higher complexity of waste to energy compared to conventional energy
sources, a special R1 formula has been developed for calculating the energy efficiency
of MSWL

According to the WFD [6], incineration facilities which process non-hazardous residual
waste can be regarded as “Recovery” operations if the energy efficiency of the plant is
greater than 0.65 (for plants permitted after January 2009). That is referred to as achieving
“R1 status”. Plants that do not meet the energy efficiency criterion are classed as “Dis-
posal” operations and, therefore, are considered equivalent to landfills in terms of the
waste hierarchy.

The European Commission has published guidance titled “Guidelines on the Inter-
pretation of the R1 Energy Efficiency Formulae for Incineration Facilities Dedicated to
Processing Municipal Solid Waste According to Annex II of Directive 2008/98/EC on
Waste” [20]. Within the European Commission guidance, the formula to calculate the
efficiency of a facility is explained as follows. It is called R1 formula, and expressed by
Formula (2):

E,— (Ef + E,-)

o= 0.97(Ew + Ey)

()

where [20] the following definitions apply:

e E, means annual energy produced as heat or electricity. It is calculated with energy in
the form of electricity being multiplied by 2.6 and heat produced for commercial use
multiplied by 1.1 (units of GJ /year);

e  Eymeans annual energy input to the system from fuels contributing to the production
of steam (units of GJ/year);

e E, means annual energy contained in the treated waste calculated using the lower
calorific value of the waste (units of GJ/year);

e E;means annual energy imported, excluding E;, and E; (units of GJ/year);

e The value of 0.97 accounts for energy losses due to bottom ash and radiation.

For determining the energy efficiency R1 value, weights were adopted to distinguish
between thermal and electrical energy quality. In addition, the needs of the waste incin-
eration process for external forms of energy, such as fuel for initiating or supporting the
process and electricity, were taken into account.

The equivalence factors for electricity and heat generation, which are taken directly
from the BAT References Document for Waste Incineration [19] and Guidelines [20], can be
explained as follows:

e The factor 2.6 for electricity is based on an average European coefficient of 38% of
coal plants, which means an energy demand of 2.6 kWh for producing one kWh
of electricity.

o  The factor 1.1 for generated heat is based on an average European coefficient of heat
plants of 91%.

The R1 formula is not strictly speaking to an expression of efficiency in physics but a
performance indicator for the level of energy recovery from waste in a plant dedicated to
the incineration of municipal solid waste (MSWI).

For EU countries with a warmer climate the operation of WtE plants in cogeneration
(which can be defined as CHP) is not justifiable as there is no need for district heating or
other forms of heat. In these countries the energy efficiency R1 value will be low, as the E,
factor will be low. To compensate for the disparity resulting from a comparison with the
energy efficiency R1 value of WtE plants operated in EU countries with a colder climate,
a climate correction factor (CCF) has been introduced, by which the energy efficiency R1
value for WtE plants determined for countries with a warmer climate is multiplied. The
local climate correction factor comes from comparing the average winter temperature for
the reference year and the average for the winter period over a long period (for example,
30 years in France and 20 years in Germany). This issue is addressed in papers [36,37].
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According to data available on the Eurostat website, the average number of heating
degree days (HDD) for Poland from the 20 years preceding the year for which the coefficient
is determined (e.g., for the R1 for 2020, the years 1999-2018) was 3358 [38]. Based on the
above, the climate correction factor (CCF) is assumed to be equal to 1.0, which does not
result in an increase in the determined energy efficiency index (according to Annex II of
Directive 2008/98/EC of the European Parliament and of the Council on waste [6,20]).

The R1 formula does not apply to co-incineration plants and facilities dedicated to
the incineration of hazardous waste, hospital waste, sewage sludge, or industrial waste.
The system boundaries for the calculation of the R1 formula are the incineration facility as
defined in Figure 3, including the incineration furnace, combustion chamber(s), boiler(s),
the flue gas cleaning system and, often, energy transformation and recovery equipment
such as the heat exchangers feeding a district heating or cooling network, or a turbine
generator [20].

Input (imported) Output (exported)

o Fuel* E, Electricit; o)
Energy contributing —— 1> Thermal cexp
To steam production Waste* E, process Steam O, ,, ..,
_— with energy >
conversion Heat O
) | steam/syngas "g"’
Energy input ruel E”'""—» procueen Syngas O,
to the process Steam E,, ... imp
and not to — > Total energy losses
steam production Electricity E,, -
> Flue gas v
Heat E,,,, cleaning
B —— process
Others E,, ., and other
E .} EXcin:
X circ

Figure 3. Energy efficiency system boundaries of R1 formula [20].

The meanings of variables and symbols in Figure 3 are listed as follows [20]:

e Er—annual energy input to the system from fuels contributing to the steam production,
as defined by the Formula (2) parameters;

e E,—annual energy contained in the treated waste calculated using the lower calorific
value of the waste, as defined by the Formula (2);

e  Efjyp—annual energy consumption at the burner during start-up and shut-down
periods. It is roughly 50% of Eg;

®  Epuplimps Eeimps Enimp, Eot imp—electricity, other kinds of imported non-fuel energy
such as steam and hot water, and the fuel used during start-up and shut-down pro-
cesses before connecting and after disconnecting to the steam grid;
E. cir—energy circulated in heat or/and electricity;
Oe expr Onp,mp,ip expr Oh expr Onfexp—annual exported energy of electricity, other kinds
energy such as steam and hot water, heat, syngas (combined total of heat plus electricity
as equivalents).

4. Analysis of Energy Efficiency R1 Values for Polish WtE Plants

Based on the EU regulatory framework in previous chapters and the guidelines on
interpreting the R1 formula [20], R1 values were determined for selected Polish WtE plants.
In order to achieve the purpose of this report, the five most characteristic incinerators in
terms of their performance (described in Table 1 with numbers 1-5) were selected. The
incinerators labelled in Table 1 with numbers 6-8 were not considered as installations with
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capacities that coincide with those already selected. The plant labelled in Table 1 with the
number 9 was not considered since as co-incineration, it is not subject to the R1 formula in
EU law. Incineration plants numbered 10, 11, and 12 were also not included because they
are only in trial operation (numbers 10 and 11) or the final stage of investment (number 12)
and thus there is not any information on the efficiency of their operation. Thus, the values
of the R1 coefficient for Polish WtE plants in the years 2020 to 2023 were determined for the
following plants:

WHE Plant ZUOK Bialystok, shown in Table 1, item 1;
WHE Plant ZTPOK Bydgoszcz, shown in Table 1, item 2;
WHE Plant ZTUOK Konin, shown in Table 1, item 3;
WHE Plant ZTPO Krakéw, shown in Table 1, item 4;
WHE Plant ITPOK Poznan, shown in Table 1, item 5.

The calculated and verified coefficients for the components Ej, Ef, Ey and E; necessary
to determine the final energy efficiency R1 are given for the Polish WtE plants studied
in Tables 2-6. It should be emphasised that all calculations were based on verified and
measured values and the calculation of the energy efficiency R1 was conducted according to
the guidelines on the interpretation of the R1. All the facilities studied were commissioned
after 2008 (Table 1), so the energy efficiency R1 value should be above 0.65 for a WtE plant
to be considered R1.

Table 2. Constituent factors Ep, Ef, Ey and E; for WtE Plant ZUOK Biatystok, 2020-2023.

Factor 2020 2021 2022 2023
Ep—annual energy produced as heat or electricity [G]/year] 889,011.2 890,557.8 892,589 822,000.2
Ey—annual energy contained in the treated waste [G]/year] 1,015,911 919,464 947,393 837,985
Ef—annual energy input to the system from fuels [G]/ year] 866.5 610.5 620.9 2425.3
E;—annual energy imported [G]/year] 4183 3785.9 3827.8 5933.1
Climate correction factor CCF [-] 1.0 1.0 1.0 1.0
Energy Efficiency R1 [-] 0.896 0.993 0.966 0.998
MY (mass yield)—mass of thermally treated waste [Mg/year] 107,600 111,132 113,067 107,308
ALHYV (average lower heating value) [M]/kg] 9.44 8.27 8.38 7.81

Table 3. Constituent factors Ep, Ef, Ey and E; for WHE Plant ZTPOK Bydgoszcz, 2020-2023.

Factor 2020 2021 2022 2023
Ep [G]/year] 1,002,232 1,085,988 1,090,687 968,569
Ew [G]/year] 1,203,556 1,289,506 1,320,670 1,291,688
Ef[G]/year] 0.00 0.00 0.00 0.00
E; [G]/year] 8779.7 6947.5 9538.7 4595.7
CCF [] 1.0 1.0 1.0 1.0
R1[-] 0.851 0.863 0.844 0.769
MY [Mg/year] 159,104 157,645 160,327 161,168
ALHV [M]/kg] 7.56 8.18 8.24 8.02

Table 4. Constituent factors Ep, Ef, Ey and E; for WE Plant ZTUOK Konin, 2020-2023.

Factor 2020 2021 2022 2023
E, [G]/year] 582,450 614,851 595,803 631,463
Ew [G]/year] 914,241.6 938,660.3 924,886.4 929,734.7
Ef [G]/year] 2152.7 2003.7 1922.8 2.502.6
E; [G]/year] 0.00 0.00 0.00 0.00

CCF[-] 1.0 1.0 1.0 1.0
R1[-] 0.653 0.672 0.661 0.699
MY [Mg/year] 81,314 83,910 85,468 89,494

ALHV [M]/kg] 11.24 11.18 10.82 10.39
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Table 5. Constituent factors Ep, Ef, E, and E; for WE Plant ZTPOK Krakéw, 2020-2023.
Factor 2020 2021 2022 2023
E, [G]/year] 2,043,406 2,129,051 2,096,412 2,158,921
Ey [G]/year] 2,144,465 2,098,802 2,152,884 2,105,967
Ef [G]/year] 7796.6 6446.7 9368.8 24,895
E; [G]/year] 0.00 0.00 0.00 0.00
CCF [] 1.0 1.0 1.0 1.0
R1[-] 0.97 1.04 1.00 1.03
MY [Mg/year] 224,082 232,429 230,335 232,215
ALHV [M]/kg] 9.57 9.03 9.34 9.08
Table 6. Constituent factors Ep, Ef, Ew and E; for WtE Plant ITPOK Poznan, 2020-2023.
Factor 2020 2021 2022 2023
E, [G]/year] 1,402,109 1,450,103 1,540,909 1,576,216
Ew [G]/year] 1,713,895 1,696,988 1,679,500 1,715,228
E;[G]/year] 1171.8 932.3 963.6 824.1
E; [G]/year] 4966.2 5172.4 8477.0 3624.7
CCF [] 1.0 1.0 1.0 1.0
R1 [-] 0.830 0.877 0.940 0.944
MY [Mg/year] 210,000 212,697 209,818 205,963
ALHV [M]/kg] 8.20 7.98 8.00 8.33

Comments on the measurement results from Table 2:

The weight of the waste was determined from measurements taken at the weighbridge
at the WLE plant;

The lower caloric value was determined either based on the balance in the DCS system
or based on the Regulation of the Minister of the Environment of 8 June 2016 on the
technical conditions for qualifying part of the energy recovered from thermal treatment
of waste (Journal of Laws of 2016, item 847) [39].

Comments on the measurement results from Table 3:

Supplying energy to the system was unnecessary; other fuels were used for steam
production. E¢ = 0;

The bleed-condensing steam turbine failed in 2023. That significantly reduced the
annual energy produced as heat or electricity and decreased the E, value and, thus,
the energy efficiency R1 value.

Comments on the measurement results from Table 4:

Annual energy imported excluding Ey, and E, i.e., E; = 0.00;
The annual energy contained in the treated waste (Ey;) was obtained by measuring the
energy contained in the steam produced in the boiler and determining the efficiency

of the steam boiler: Eyy = % ;

WHE Plant ZTUOK Konin has not been the leading supplier of heat to the local district
heating network for many years. The local biomass-fired heating plant fulfils that role.
Therefore, the value of the E,, coefficient and, consequently, energy efficiency R1 is low.

Comments on the measurement results from Table 5:

The annual energy imported excluding E;, and Ef, i.e., E; =0.00;

The measurement of annual energy contained in the treated waste (E,) was made
based on direct waste tests carried out by an accredited laboratory;

Currently, at the end of 2023, a significant upgrade has been carried out in terms of
commissioning the installation for the condensation of the moisture contained in the
treated flue gases and the resulting heat recovery. This will decisively increase the
energy efficiency of ZTPO Krakow’s WtE Plant. The modernisation and its effects are
worthy of a separate subsequent publication.
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Comments on the measurement results from Table 6:

e The annual energy contained in the treated waste (E;) was obtained by measuring
the energy in the steam produced in the boiler and determining the efficiency of the
steam boiler;

o  WiE Plant ITPOK Poznani shows a systematic increase in the generation and sale of
district heat from 2020 onwards, resulting in a systematic increase in the value of
annual energy produced as heat, which confirms the upward trend in the E,, coefficient
and thus the systematic increase in energy efficiency R1.

5. Discussion

As mentioned in Section 4, five Polish WtE plants described in Table 1, items 1 to 5,
were tested for the value of R1. Their total nominal (design) capacity for thermal treatment
of municipal waste is 824 thousand Mg/year. It represents about 75% of the capacity of
all Polish incineration plants operating for at least six years. Therefore, it can be assumed
that the comments presented hereafter and the discussed conclusions resulting from these
studies are, to a similar extent, representative of all Polish incineration plants listed in
Table 1, items 1 to 9.

In order to justify the high degree of representativeness of the results obtained for
the value of the R1 coefficient, it should be added that the study covered two incineration
plants of the lowest capacity (ZTUOK Konin and ZUOK Bialystok), one of medium capacity
(ZTPOK Bydgoszcz) and the two largest plants in terms of capacity (ITPOK Poznan and
ZTPO Krakéw). Thus, studies on the value of the R1 coefficient were carried out across
the entire cross-section of Polish incineration plant capacities. In addition, all conclusions
were based on studies carried out for four years of operation of Polish incineration plants,
analysed from 2020 to 2023. For reasons beyond the control of the authors of this report,
the incineration plants listed in Table 1 under items 6 to 8 were not analysed. Also, for
obvious reasons, the incineration plants listed in Table 1 under items 10, 11 and 12 were
not analysed.

Figures 4-7 are graphical illustrations of the test results obtained. All figures contained
in the graphs presented in these figures are taken from Tables 2—6.
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Figure 4. Summary of annual average R1 values for WtE plants under study.
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Figure 5. Summary of changes in R1 values for the incineration plants studied (A) and the trend line
of R1 values with confidence band at the 99.5% level (B).
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Figure 6. Change in LHV of waste incinerated at different Polish incineration plants (A) and the trend
line of changes in average LHV value with confidence band at the 99.5% level (B).
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Figure 7. Dependence of the value of R1 on the value defined by the parameter E;,, accompanied by
a confidence band at the 99.5% level.

A summary of the values of the R1 coefficient for each of the incineration plants under

study over its operating period from 2020 to 2023 is presented in Figure 4, thus providing a
baseline and starting point for further analysis of the value of this coefficient for a given
incineration plant under study.

The bars presented in Figure 4, showing the annual average R1 values for the surveyed

Polish incineration plants operated from 2020 to 2023, lead to the following conclusions:

Each of the analysed incineration plants meets the primary criterion for qualifying an
incineration plant as recovering, as for each of the analysed incineration plants and
each year of operation, the R1 coefficient is greater than 0.65, which is the primary
statutory condition for this qualification [6]. However, significant differences can be
seen, for example, when comparing the value of the R1 coefficient for the WtE Plant
ZTPO Krakéw and the WtE Plant ZTUOK Konin;

The apparent differences in the value of the R1 coefficient are primarily the result of
the mode of operation of a given incineration plant and, more specifically, depend on
the reciprocal relationship of cogeneration, the simultaneous generation of electricity
and heat in a given incineration plant, which, if such a relationship is met, leads to an
increase in the energy efficiency of a given incineration plant and, at the same time,
an increase in the value of the R1 coefficient. Such an incineration plant can then be
considered as having the character of a combined heat and power plant (called WtE
CHP—waste-to-energy combined heat and power plant) and, as mentioned at the
beginning of this publication, the climatic conditions in Poland are favourable for a
highly efficient mode of operation of incineration plants such as this;

In most cases, Polish incineration plants operating as WtE CHP plants have no prob-
lems selling the heat generated in cogeneration. However, there are cases where there
may be significant competition from other sources of district heating generation in the
region where the incinerator is operating. Such is the case at the WtE Plant ZTUOK
Konin, where the competing source of district heating is a biomass-fired heat plant,
which prioritises heat sales. Hence, the values of the R1 coefficient for WtE Plant
ZTUOK are very low;
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e An interesting case of an orderly increase in R1 over the years 2020 to 2023 is WtE
Plant ITPOK Poznar, where there has been a systematic increase in and sale of district
heating in cogeneration operation since 2020 for heating and in the summer season for
the domestic hot water needs of the city of Poznan;

e  Also worth commenting on is the high value of R1 for WtE Plant ZUOK Biatystok,
which is the result of network heat sales systematised from 2021 to 2023. A similar
conclusion could also be drawn for WtE Plant ZTPOK Bydgoszcz. However, in 2023,
there was a failure of the steam turbine and generator (steam turbine-driven generator),
resulting in a significant decrease in heat and power production and, thus, a decrease
in R1;

e Itis also easy to see that WtE Plant ZTPO Krakow represents the highest value of
R1. That is due to modernising this incineration plant by extending it with a flue gas
condensation heat recovery installation. Additional heat is then generated; thus, the
parameter E,’s value means annual energy produced as heat or electricity increases.
At the same time, there is no change in the value of the parameter E;, which is the
annual energy contained in the treated waste, which, according to the R1 formula,
directly increases the value of the R1.

A summary comparison of the R1 coefficient values for the WtE plants under study, is
presented in Figure 5. It illustrates the annual change of R1 in each WE plant (Figure 5A),
and the common average trend of R1 accompanied by a confidence band at the 99.5% level
(Figure 5B).

Figure 5 confirms all the conclusions and comments based on the graphical relation-
ships presented in Figure 4. What is interesting here, however, is the upward trend line of
the R1 value—shown in Figure 5B. This trend is primarily the result of increased production
and sale of heat generated at Polish incineration plants due to the recovery of chemical
energy contained in waste.

Another graphical illustration of the analysed results of energy efficiency studies
of Polish incineration plants is presented in Figure 6, which gives an overview of the
changes from 2020 to 2023 in the annual average lower heating value (LHV) of waste
incinerated at each of the studied incineration plants. Figure 6A shows the changes in each
individual plant, and Figure 6B shows the average trend of these changes, accompanied by
a confidence band at the 99.5% level.

As reported in Section 2, Table 1 and as the comments to this table, a waste mix is
incinerated in Polish incineration plants: mixed municipal waste code 200103 and fuels
from waste code 191212 [25]. Waste with code 191212, referred to as RDF, has a significantly
higher value of lower heating value (LHV) than non-recyclable mixed waste with code
200103. The share of fuels with code 191212 is varies periodically, depending on the demand
for this type of waste fuel. The share of this type of fuel reaches an average of 55% in
Polish incineration plants. In some incineration plants, it can be higher; e.g., at WtE Plant
ZTUOK Konin, resulting in a calorific value for this incineration plant that is high for Polish
conditions—shown in Figure 6A—of about 11 MJ /kg on average. A relatively high calorific
value is also presented by the WtE Plant ZTPO Krakéw, which is also due to the high share
of RDF-type waste fuels, reaching 55%. The other Polish WtE Plants analysed—ZUOK
Biatystok, ZTPOK Bydgoszcz and ITPOK Poznafi—present a similar heating value in the
years 2021 to 2023, contained within the range of 7.8 to 8.4 MJ/kg.

Considering the above comments, the logical conclusion, presented in graphical form
in Figure 6B, is the trend line of the LHV calorific value for the analysed Polish WtE plants.
The noticeable slight decrease in the average calorific value for the analysed Polish WtE
Plants in the years 2020-2023 is the result of a slight decrease in the share of combustion
of RDF-type waste, code 191212, while the calorific value of mixed municipal waste, code
200103, stabilised in this period. The slight decreasing trend of LHYV, visible in Figure 6B,
can also be explained by the thermal protection of boilers of Polish WtE Plants against the
too high thermal output of the fuel mix with the share of RDF-type fuels.
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Figure 7, presented at the end of this discussion, provides additional insight into the
analysed R1 values for Polish WtE plants. It illustrates the dependence of the R1 coefficient
on the E;, value, meaning the annual energy contained in the treated waste is calculated
using the lower calorific value of the waste. At the same time, the E,, parameter is also a
direct illustration of the scale of efficiency of the WtE plant under analysis.

The trend shown in Figure 7 of an increase in the value of R1 with an increase in
the value of the E,, parameter can be explained primarily by an increase in the share of
heat production in the cogeneration operation of Polish WtE plants. The other parameters
mentioned in the formula for R1 Formula (2), such as E, which means annual energy input
to the system from fuels contributing to the production of steam, and E;, which means
annual energy imported, excluding E, and Ef, do not play a significant role here.

For high-capacity incineration plants (ZTPO Krakéw and ITPOK Poznari), and thus
with a high value for the parameter E;, the share of cogeneration heat production is
significantly higher compared to other incineration plants. These are incineration plants
operated in large Polish cities (Krakéw and Poznari) and have the potential to sell more
significant amounts of district heat, which significantly increases the value of the parameter
Ep, which means annual energy produced as heat or electricity in the formula for R1
Formula (2). In addition, the increasing trend of the line depicted in Figure 7 is influenced
by the minimal share of heat in the cogeneration operation of the WtE Plant ZTUOK Konin,
the reasons for which are explained by presenting the results of the R1 Formula for this
incineration plant in the comments under Figure 4. Thus, the upward trend in the value
of the R1 coefficient as a function of the E;, parameter shown in Figure 7 is mainly due
to the varying shares of heat generated in the cogeneration mode of the analysed Polish
WIE plants.

6. Summary and Conclusions

This publication has the typical character of a report analysing the Polish WtE plants
in many dimensions regarding the efficiency of recovery of energy contained in thermally
transformed municipal waste. In outlining the report’s aim, as stated in the title, the
report discusses the European Union’s climate protection legislation in detail and the
consequent need to increase the efficiency of energy recovery from various sources of
energy production, particularly in municipal waste incineration plants. Poland’s current
potential for municipal waste management, supported also by waste to energy, is presented,
and the necessary capacity potential of municipal waste incineration plants in Poland
because of the requirements of a circular economy applicable by 2035 is outlined.

The essential chapters of this report, however, are the chapter presenting the rela-
tionship known as the R1 Formula Equation (2) and, above all, the subsequent chapters
presenting the results of the R1 value tests, together with a detailed graphical presentation
of these results and an extensive discussion of them.

The energy recovery efficiency ratio R1 values were tested for five Polish WtE Plants.
These WtE plants represent 75% of the capacity of all incineration plants operated in Poland
for at least six years, assuming a similar representativeness of the obtained test results for
all incineration plants in Poland operated under this assumption. The 4-year operation
period of the selected five incineration plants was studied.

When discussing the results obtained from the study of the R1 coefficient values,
all due care was taken resulting from the theory of thermal cycles characteristic of WtE
CHP plants.

The obtained results of the values of the efficiency coefficient of energy recovery R1
studied and presented for selected Polish incineration plants, it can be said that these
results do not differ in any way from the typical values of the R1 coefficient represented
by incineration plants in such European countries as Germany, Denmark, Switzerland
or Scandinavian countries, where waste incineration plants have been in operation for
decades. In Poland for about 8 years. At the same time, it is fully justified to conclude that
the values of the R1 coefficient for Polish incineration plants, through the high efficiency of
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recovery of energy contained in waste, fit very well into the legal regulations and plans for
climate protection that are in force in the countries of the European Union. Considering the
highly energy-efficient Polish waste-to-energy industry, that is a very valuable prognosis in
this aspect.

In addition to graphically illustrating and extensively discussing the results of the R1
factor study, the presented report also presents a detailed characterisation of the current
state of Poland’s waste-to-energy potential, including the prospects for its development
implied by the circular economy requirements envisaged for EU countries in 2035. This
report confirms that specific projects are already being undertaken in Poland to build
more waste-to-energy plants. Taking into account the three newest Polish incineration
plants, two of which are already in the start-up phase and the third will be launched at the
end of 2024 (Table 1), as well as taking into account further projects to expand Poland’s
waste-to-energy potential, one can be optimistic about Poland’s fulfilment of its climate
protection obligations under EU law for 2030 and 2050.

At the same time, the authors of this report hope that, through its content, this publi-
cation will be interesting reading for waste-to-energy specialists from Asian countries and
beyond, where municipal waste incineration plants are increasing at a very high rate.
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