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Abstract: The study deals with the possibilities of using alternative types of fuels to produce electricity.
Power Plant Vojany (PPV) is a thermal power plant (TPP) in eastern Slovakia, which is part of the
company Slovenské elektrarne, a. s. (SE). PPV primarily used black coal to produce electricity, which
had to be imported from abroad (the Russian Federation). This activity has become inefficient both
economically and environmentally, due to the high price of CO, permits and the high emission
factor of this type of fuel. PPV decided to co-combust biomass and refuse-derived fuel (RDF), which
resulted in much better economic conditions due to their price, economic efficiency, and partly
closed CO, cycle. The aim of the paper is to explore the possibilities related to the production of
energy in the cleanest possible way and with the least possible damage to the environment in coal
thermal power plants using the example of operating Power Plant Vojany located in eastern part of
Slovakia and to inspire each other for the modern transformation. For the purposes of hypothesis
verification, analytical methods focused on overview studies of average fuel prices, comparisons, and
the balance of fuels in connection with eliminated CO, emissions, as well as municipal waste (MW)
management in the EU and V4 countries, were used. The authors also focused on the energy recovery
and combustion of MW and tracking the achieved CO, savings in connection with the development
of fuel sources in PPV. The results point to the fact that PPV is one of the power plants that could use
biomass and RDF as fuel, which confirms the economic advantages of this procedure. The results
confirm that the potential of RDF production in Slovakia is sufficient to ensure the operation of PPV
at planned, even higher volumes of electricity production. The transformation to cleaner operation of
coal thermal power plants represents a significant contribution of this study.

Keywords: thermal power plant; refuse-derived fuel; multi-fuel mix; black coal; SDG 2030

1. Introduction

The EU has set an ambitious goal of achieving net zero CO, emissions in the near
future [1]. This requires a rapid increase in RES share in the energy mix, as stated in all
2050 EU energy mix decarbonisation scenarios of the European Commission [2,3].

Hand in hand with this requirement, a solution for retiring coal power plants, tradi-
tional centralised power sources in many EU countries, is sought [4,5]. In line with the
zero energy from black coal target of the EU and given the simple fact that power produc-
tion from black coal becomes non-economic, these power plants face various options [6]:
gradual shut down, replacement by more efficient power sources based on cleaner fuels, or
reconstruction and repowering aimed at increasing their energy efficiency as well as pro-
longing their operation before shutdown [7,8]. A viable alternative for the carbon footprint
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reduction of power production is represented by large power plants refit to co-firing of
various biomass and waste materials or even to full fuel switch from black coal to other,
more environmentally friendly, fuels [9].

Biomass fired and co-fired in TPPs can originate from several sources, such as the
residues from silviculture and agriculture, or can be grown for this purpose [10,11].
Among other calorific materials suitable for this purpose [12], SRF is a promising can-
didate [13] as a highly heterogeneous mixture of waste fractions produced according to the
EU specifications. The spatial and seasonal variability of both potential fuels together with
extensive fuel requirement (2 to 3 million tons per annum per a single fully fuel-switched
600 MWe power plant) can limit their contributions to energy sector decarbonisation [14].
In addition, the supply chain of potential fuels was identified as another key factor in
achieving net greenhouse gas (GHG) emissions reduction [15].

The Central European region has traditionally relied on power production from black
coal in TPPs built in the former Soviet era; for Poland and the Czech Republic especially,
black coal is still an important item in their national energy mix [16]. At the same time,
it is a region known for its agricultural, silvicultural, and industrial production coupled
with the availability of residual biomass and various calorific by-products and wastes from
biomass-processing facilities [17].

The aim of the paper is to explore options to produce energy in the most environmen-
tally friendly way, minimising CO, emissions in coal thermal power plants, based on the
real operational data of the Power Plant Vojany located in eastern Slovakia.

The authors of the paper consider hypotheses related to energy production in the
cleanest possible way and with the least possible damage to the environment, thus becom-
ing an inspiration for similar power plant transformations in other regions. This study and
its results contribute to the discussion on the use of alternative sources and fuels for power
plants in the V4 region.

For the purpose of the study, this paper is divided into the following six parts:
Section 1 presents introduction; Section 2 shows theoretical background, including relevant
information on the topic of the paper, e.g., biomass and RDF-to-energy routes or power
production from black coal; Section 3 describes methodological approach used in this paper;
the major findings are presented in the Section 4; presented results are discussed in the
Section 5; and in the last Section 6 concluding remarks are presented.

2. Theoretical Background
2.1. Biomass and RDF-to-Energy Routes, Combustion, and Co-Combustion in TPP Boilers

A variety of technological routes can be employed to convert biomass and waste
fractions to electrical energy (EE). The most straightforward and technologically mature
method is combustion and co-combustion in TPP boilers [18]. To overcome the technical
and thermodynamic limitations of the water steam cycle and exploit the potential of a
combined cycle plant, the thermochemical conversion of solid fuels into clean combustible
gas or liquid is necessary [19]. Moreover, plans for the construction of such poorly reputed
plants [20] are often hindered by low public acceptance. The inhabitants of neighbouring
settlements and non-governmental bodies voice fears of increased pollution, noise, and
traffic caused by the operation of such plants [21] with several cases of halted plant projects
reported in Slovakia in recent years [22,23].

RDF is produced in waste management plants as a fraction rich in paper and plastic
wastes [24] with a minor share of biomass, textile, and other components [25,26]. Its com-
bustion and co-combustion in TPPs in Western and Northern Europe are well established,
as well as its application as alternative fuel in clinker and cement production [27] or in the
iron and steel industry [28].

The terms RDF and SRF are often confused [29,30], but SRF differs from RDF by
complying with the European Standard EN ISO 21637:2021 [31]. SRF production potential
in Europe is estimated to be over 60 MT per year [32], but its current production is much
lower [29], which opens possibilities of its production increase and subsequent conversion
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to EE and heat, following the principles of a circular economy (CE). Biomass and RDF
combustion and co-combustion in TPPs have a range of benefits [33,34], including lower
greenhouse gas emissions than those generated in black coal combustion, especially in the
cases of CO; and SOx.

Lifecycle analyses performed by Al-Qayim et al. [35] and Glushkov et al. [36,37]
revealed that GHG emissions can be cut down by up to 76% compared to the black coal use
baseline. Both biomass and RDF generate less ash than black coal and lower the associated
disposal costs; ash produced from co-combustion has interesting properties, making it
useful in construction, thus further reducing waste generation and contributing to CE [38].

Zhang et al. [39] developed a combined cooling, heating, and power (CCHP) system
that integrates plasma gasification, a solid oxide fuel cell (SOFC), a gas turbine, a supercriti-
cal carbon dioxide (5-CO;) cycle, and a double-effect absorption refrigeration cycle (ARC)
to solve the environmental problems associated with municipal sludge incineration and
landfilling. In this context, another study by Zhang et al. [40] is focused on the processing
of food waste, where the authors propose a new combined cooling, heating, supply, and
dehumidification system based on the plasma gasification of food waste (PG).

2.2. Power Production Structure in V4 Countries

The V4 countries, including Poland, the Czech Republic, Slovakia, and Hungary, are
an example of enhanced international cooperation in Central Europe. In line with the
recommendations of the European Commission as one of the means to reach the goals of
the Paris Agreement, the agenda of V4 cooperation includes meeting EU goals on green
energy production using alternative fuels. This is an extraordinary actual cooperation
topic, as the industry, together with EE and heat production, is responsible for the major
share of total CO, emissions in all V4 countries [41]. The V4 countries took different paths
to accomplish this task. Slovakia has significantly increased its climatic goals regarding
greenhouse gas emission reduction lately [42], while the other V4 countries have increased
their contributions to the EU renewable energy production goal. Nevertheless, the share
of Polish power sources in total EU energy sector emissions has increased as, unlike other
EU countries, Poland still heavily relies on power from black coal [43]. Six out of ten of the
largest GHG sources in the EU in the power production sector are Polish power plants [44].

This trend is documented in Table 1, elucidating the net power production structure in
V4 countries in 2019, stating that, in 2019, almost 75% of net power produced in Poland and
almost 45% in the Czech Republic originated from black coal combustion. Both countries
declared the intent to continue with power production from black coal even with the
supposed coal phase-out being dated to 2030 in the Czech Republic [45] and to 2049 in
Poland [46]. Slovakia and Hungary announced an earlier black coal phase-out [47], with
Slovakia already having accomplished this at the end of 2023 [46].

The share of black coal in power production sources in the remaining two V4 countries
was much lower, especially in Slovakia and Hungary, while other sources, especially nuclear
power, had an eminent share in it. Both natural gas, as a transition fuel, and renewable
sources played only a minor role in all V4 countries [48]. Recently, discussions on the future
installations of small modular nuclear reactors intensified in Slovakia, highlighting their
potential in providing heat and power for the industrial sites and for municipalities [49].

Poland was the only one of V4 countries that did not meet the 2020 greenhouse gas
emission goals, even though it was, like other V4 countries, allowed to increase its emission
levels compared to those in 2005. In 2018, GHG emissions in Hungary and Slovakia were
below the 2020 limit, at 82% and 84.5%, respectively, while the Czech Republic reached
95.4% of the limit [50].
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Table 1. Net power production structure in Visegrad countries in 2019 expressed in % of feedstock consumed.

Feedstock Czech Republic Slovakia Poland Hungary
Black coal 442 8.5 73.9 11.6
Natural gas 6.8 10.2 9.3 25.1
Other sources except RES 34.6 54 0 48.2
RES total, out of which: 12.7 23.3 15.6 13.9
Biofuels 5.8 3 4.2 6.1
Hydropower 2.7 17.6 14 0.7
Solar energy 3.4 2.6 0.5 49
Wind energy 0.8 0 9.4 2.2

Source: Own elaboration, adapting data from [51-53]; note: RES—renewable energy sources.

2.3. Power Production from Black Coal in Slovakia

Two large coal power plants were operated for decades in Slovakia, PPN and PPV,
both are a part of SE—the primary power producer in Slovakia. PPN was located in the
Upper Nitra region and combusted local brown coal. Its installed power output of 266
MWe was cut down to 46 MWe in 2015 and was completely shut down in 2023.

Unlike PPN, PPV relied on black coal imports from Ukraine and the Russian Federation
at its founding, as it is situated in Eastern Slovakia, close to the Slovakia—Ukraine state
border. Its actual installed power output is 2 x 110 MWe (two identical units of 110 MWe),
and it operates with subcritical steam parameters [54]. Its operation capability in the range
of 2x (40 to 110) MWe enables the provision of both base load power and ancillary services
for the National Transmission Operator. Besides coal, heavy fuel oil and natural gas were
co-combusted in the plant’s boilers in the past; biomass co-combustion was introduced in
2009. The fuel mix was extended by including RDF in 2020 after a successful test run.

Currently, in the case of PPV, high-quality RDF (class A), in compliance with all
requirements according to decree no. 228/2014 [55] and its amendments pursuant to decree
no. 365/2015 [56], is used. This high-quality RDF has currently reached an end of waste
state according to national legislation and the fulfilment of strict criteria for producers and
suppliers. So, it is no longer waste but fuel that can be (co-)burned in standard incinerators
and not only in waste incinerators or waste co-incineration plants.

SE’s continuous aim is to lower its environmental footprint, and the company was
awarded the Europe’s Climate Leader 2021 award by the Financial Times [57], and, ad-
ditionally, in 2022 [58], ranked among the top 300 climate leaders in Europe—the only
enterprise from the V4 countries to achieve this. The aim of this award is to highlight
companies that managed to lower their emission intensity (ratio of emitted greenhouse
gases to incomes) substantially between 2014 and 2019 [57]. The company also achieved
this in 2022. In the rankings of the prestigious Financial Times newspaper, SE have been
ranked among the top thirty energy companies in Europe that pay strict attention to the
climate and emissions for two years in a row [58].

A major part of the emission intensity cut achieved by SE can be attributed to both PPN
and PPV plants: PPN cut down its installed power output in 2015 and power production
in PPV stagnated for several years. The economics of power production in PPV was
negatively affected by black coal prices, its transportation costs, and, in the last few years,
by continuously increasing CO, prices. As documented in Table 2, power production
decrease in PPV escalated in 2020, accompanied by the lowest annual hours in service
by far. Only successful test drives with RDF in August 2020 and subsequently obtained
integrated permission for trial operation from SIE allowed PPV to resume its operations [59].
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Table 2. Power production structure in PPV in 2016-2022.

Parameter/Year 2016 2017 2018 2019 2020 2021 2022

Net power generated from alternative
feedstock (GWHh) 5.89 20.99 21.64 20.67 12.91 22.64 15.13

Total net power generated (GWh) 43144 607.08 693.94 313.70 74.20 30847  227.40
Hours in service * (thousands of h) 8.39 10.85 12.24 5.95 1.64 7.20 5.25

Averagenetoutput per unit whenin .\ o0 oc49 6020 6190 5720 5283 5433
service (MW)

Source: own elaboration based on unpublished materials from PPV. *—counted for both units independently and
then summed up.

Since then, PPV has gradually adjusted and diversified its fuel mix, has lowered the
its black coal share, and is on the way to becoming a multi-fuel plant, relying mostly
on alternative fuels. Thus, it contributes to the environmental protection of the Eastern
Slovakia region and produces power without receiving any subsidy. In 2021, the fuel energy
mix consisted of 50% black coal and 50% RDF and biomass mix, at a ratio of 2:1.

2.4. Summary
Theoretical overview presented above indicates following key findings:

e  Ageing fossil power plants offer possibilities for conversion to multi-fuel power plants
or their infrastructure can be reused for establishing modern cleaner power sources;

e  Production capacities of alternative solid fuels in Europe are not fully exploited and
there is potential for their extension, especially in countries that still landfill a signifi-
cant share of produced waste;

e A major share of such fuels is currently used in cement and clinker plants, replacing
fossil fuels;

e A gap exists between the use of such fuels for power production and existing produc-
tion capacities;
The development of an alternative feedstock supply chain could contribute to regional CE;
Black coal still plays an important role in power generation in the V4 region, and the
approaching black coal phase-out poses a challenge for socio-economic transformation
of the entire region.

Out of Slovakia’s two coal power plants, one (PPN) will be irrevocably phased-out
in 2023 and the other one (PPV) has gradually optimised its fuel mix to avoid permanent
shutdown due to unfavourable power production economics.

3. Materials and Methods

The present study, (1) quantifying the available alternative fuels for power production
in the broader region of Slovakia (V4 region) and (2) exploring the economics of a model
coal power plant transformation, can inspire similar transformations in other power plants
in the region in order to achieve improved waste management, including landfilled waste
share decrease with a significant contribution to cleaner and sustainable power production.
The following operational hypotheses were defined for the purpose of this study:

1. Hl1—Regional biomass and RDF sources are sufficient to ensure future coal-free
operation of PPV.

2. H2—Power production from alternative feedstock in transformed power plants is
cost competitive.

Solving the established hypotheses based on the identification of the scientific problem
and the transformation to a cleaner operation of coal-fired power plants (especially in the
broader area of Slovakia, as part of the V4 region) represents a significant contribution to
the investigated issue, based on the expected results of this study.

The research method has been assembled to ensure the usability of results not only at
the corporate level (PPV) but also on a European scale, to be used in other power plants.
The use of statistical models required a survey of contemporary literature sources, followed
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by the classification and specification of suitable variables for economic calculations for
2022 conditions. Subsequently, the necessary variables were specified for their economic
expression in the analysed year 2022.

In this study, input data from the Power Plant Vojany (PPV) operated in eastern
Slovakia were used.

The calculations were based on data on waste production in 2020 obtained from
EUROSTAT for the EU and V4, and EU targets for municipal waste, where, by 2035, at
least 65% of municipal waste (MW) should be materially recovered and less than 10% of
MW should be landfilled (65 + 10 = 75; the difference (25%) remains for other uses, e.g., for
energy purposes. In the case of a landfill rate less than 10%, the percentage of energy use
could be even higher). Recycling includes both material recycling and composting.

The input data (as summarised in Table 3) allowed us to calculate the energy recovery
and combustion of MW in V4 countries expressed by following results:

Total energy recovery and its percentage;

Energetically usable potential of up to 25% of produced municipal waste;

Usable energy potential, with the calorific value of municipal waste at the level of
13 GJ/t (13 in the case of less calorific fuel, such as RDF as the calorific value of the
RDF fuel supplied to PPV was at the level of 22.45 in 2021 and 19.5 GJ/t in 2022);

e According to operational data, energy from waste required to produce electricity
in MWh was calculated based on the heat rate 12.37 GJ /t:13 = 0.951 t (So, to produce
1 MWh of EE, 0.951 tons of waste with calorific value of 13 GJ/t are required);

Black coal savings (taking into account calorific value of coal at a level of 26 GJ-t~1);
Reduced production of CO,, resulting from the reduced combustion of black coal.
(A value of 2.12 for the emission factor of CO, production by burning 1 t of black coal
was used).

Table 3. Data and parameters of fuels combusted in 2022.

Year
Parameter
2021 2022
Coal price, EUR-t ! 102.65 180
RDF price, EUR-t! 13.82 8.66
Biomass price, EUR-t ™! 48.56 49
Assumed yearly average electricity price, EUR-MWh~! 61.37 123
CO, allowances cost, EUR-t~1 4257 80
Net heat rate of PPV, G]-MWh*1 12.30 12.37
Average coal LHV, GJ -t ! 24.84 24.56
Average RDF LHY, G]-’c*1 22.45 19.50
Average biomass LHV, GJ-t~! 11.40
Coal CO, emission factor, t-t~1 2.12
RDF CO, emission factor, t-t—! 1.30
CO, released from biomass combustion, t-t~! 1.36

Source: own elaboration based on unpublished materials from PPV; note: PPV—Power Plant Vojany, LHV—lower
calorific value, RDF—refuse-derived fuel.

4. Results

PPV operates two units with rated power output of 110 MWe each, employing a
subcritical (13.5 MPa, 521 °C) steam cycle. Fluid boilers were set into operation 20 years
ago and were designed to combust low-sulphur semi-anthracite black coal, with limestone
dosing in the combustion chamber for sulphur entrapment in ash. As a moderate-size
subcritical plant with a net thermal efficiency of 29% (a heat rate of 12.4 GJ.MWh™1!),
its purpose was to act as a flexible power source, providing peak power and balancing
the national power transmission network rather than to provide base load only. Power
production in PPV has become economically less attractive in the last few years compared
to in the past. This is documented in Table 4, showing the values of normalised working
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times of both power plant units (units no. 5 and 6). The year 2020 was critical, with unit no.
5 operated only for a fraction of year and unit no. 6 being shut down all year long.

Table 4. Normalised working time of Power Plant Vojany blocks: 0 = not in service; 1 = uninterrupted
operation all year long.

Normalised Working Time 2016 2017 2018 2019 2020 2021
Unitno. 5 0.7 0.6 0.7 0.4 0.2 0.5
Unit no. 6 0.2 0.6 0.7 0.3 0 0.3

Source: own elaboration based on unpublished data from PPV.

As a result of the unstable electricity market situation, PPV sought optimal fuel mix
to avoid being shut down. The amounts of fuels combusted in 2016-2022 along with
avoided CO; emissions are provided in Table 5. Black coal prevailed over all other fuels
consumed in the whole evaluated period of 2016 to 2022. Biomass consumption peaked in
2017 to 2019, but its share in fuel consumption was the highest in 2020, accompanied by the
lowest PPV time in service (Table 5) and the lowest amount of power produced (Table 2).
The largest amount of biomass was consumed in 2021. Natural gas was consumed during
steam boilers startups (unit no. 5), which were very frequent in 2020 and 2021. The PPV
plant was granted a permit for RDF co-combustion in 2020, and since 2021, RDF has become
part of its fuel mix. Reduced CO; emissions follow the biomass consumption trend with
small variations due to unstable biomass composition and calorific value.

Table 5. Fuel balance and avoided CO, emissions in PPV.

Year 2016 2017 2018 2019 2020 2021 2022
Biomass (t) 6035 20,974 20,263 20,666 12,906 24,453 14,296
RDF (1) - - - 1550 4900 68,391 30,005
Black coal (10° t) 208 282 331 151 33 99 104
Natural gas (10° m?) 539 833 625 404 349 2602 1158
Avoided CO,

.. 6173 22,122 19,245 24,546 14,270 103,081 34,161
emissions (t)

Source: own elaboration based on internal data from PPV.

Reasons for the declining power production and the fuel mix shift from black coal
are apparent from average fuel and CO, prices presented in Table 6. Both black coal and
biomass chips experienced price increases in the period of 2016 to 2022; the increasing
CO; price made the power production from black coal unfeasible. Natural gas, despite its
gradual price decrease, was still too expensive to use for power production. The CO; price
is expected to increase further. An association of large French enterprises predicted its rise
to 230 EUR-t~! by 2050 [60]. Operations in 2022 were influenced primarily by the increase
in energy prices, fuels used for energy production, and the conflict in Ukraine. Production
and other management-secured processes were carried out in agreement with the IPPC
permits with acceptable technological problems.

Table 6. Average prices of fuels and CO;.

Year 2016 2017 2018 2019 2020 2021 2022

Wood chips (EUR-t~1) 43.77 43.83 43.16 54.47 47.26 48.56 62.91
RDF (EUR-t™1) - - - 31.26 23.65 13.82 12.00

Black coal (EUR-t~1) 63.97 81.66 94.75 98.45 97.87 102.65 261.98
Natural gas (EUR/m?) 1.15 0.75 0.94 0.61 0.52 0.69 0.86
CO, (EUR-t"1) 525 5.77 15.89 24.87 24.76 4257 66.63

Average ash processing
costs (EUR-t™1)
Source: own elaboration based on available market prices.

3.80 3.80 478 5.69 13.17 5.67 6.76
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Test runs performed in 2019 and the subsequent biomass, black coal, and RDF co-firing
mode in 2021 and 2022 confirmed the technical feasibility of multi-fuel mix co-firing at
PPV. Steam boilers proved capable of full range operation without any impact on produced
steam quality and all emission limits were kept. The higher dosing of calcium-based
sulphur- and chlorine-entrapment additives proved necessary to compensate for higher
chlorine content in the RDF compared to black coal or biomass. A secondary sorbent
(Ca(OH),) was introduced for the same purpose. Ash formed during biomass and RDF
combustion is finer than black coal ash, and a larger amount is formed in the combus-
tion chamber as fly ash, which resulted in the need for external fluidising agent dosing.
Ash from a black coal settling tank can also serve this purpose. In cases of an insufficient
ash bed, sand or a slag-ash mixture can be used.

Steam boilers are capable of biomass—RDF fuel mix combustion; however, to achieve
complete black coal phase-out, additional equipment needs to be installed and a metering
system upgrade is necessary.

Municipal Waste Management in V4 Countries

The production of MW and other waste in 2020 and methods of MW management
in the countries of the Visegrad Group (V4)—the Slovak Republic, the Czech Republic,
Hungary, and Poland are presented in Table 7. Table 8 contains data on the methods of MW
management in the EU and V4 countries.

Table 7. Municipal and other waste in V4 countries.

Country Total Other Waste MW Per Other Waste Per Inl\lllgi)ni]t:’aerft:fto
MW 2020 (t) (t) 2020 Capita (kg) Capita (kg) 1 January 2020
Slovak 2,366,000 12,340,055 433 2261 5,457,873
Republic
Czech 5,814,000 36,726,679 543 3434 10,693,939
Republic
Hungary 3,931,000 15,493,646 403 1586 9,769,526
Poland 13,177,000 167,978,822 346 4425 37,958,138
EU (27) 231,249,000 2,055,470,000 517 4595 447,319,829

Source: own processing according to EUROSTAT [61]; note: EU (27) means total number for 27 EU member states,
MW-—municipal waste.

Table 8. MW management in the EU and V4 countries in 2020 in t.

Compostin Landfilling and
Total Material Energy P 8 . Other Waste Collected
Country and Decom- Combustion
MW Recovery Recovery osition Management Waste
4 Methods
Slovak 2,366,000 675,000 188,000 324,000 0 1,175,000 4000
Republic
Czech
. 5,814,000 1,886,000 735,000 753,000 5000 2,774,000 -
Republic
Hungary 3,931,000 873,000 466,000 384,000 4000 2,124,000 80,000
Poland 13,117,000 3,499,000 2,656,000 1,578,000 166,000 5,218,000 60,000
EU (27) 231,249,000 69,723,000 60,037,000 41,724,000 1,117,140 54,658,000 3,989,860

Source: own processing according to EUROSTAT [61]; note: EU (27) means total number for 27 EU member states,
MW-—municipal waste.

The proportions of material recovered waste in V4 countries are as follows: the Slovak
Republic (28.58%), Poland (26.68%), Hungary (22.68%), and the Czech Republic (30.63%).
The performance of all V4 countries was worse in comparison with the average of the EU
(30.68%). In terms of energy recovery, it was achieved to the largest extent in Poland and
to the smallest extent in the Slovak Republic. The share of energy recovery in Slovakia
is significantly lower than in other countries. This is because Slovakia does not have an
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adequate number of waste-to-energy facilities. Out of the V4 countries, composting and
digestion are most used in Slovakia, namely 13.69%.

Combustion without energy use is the least frequently used method in all V4 countries.
Poland combusts the most MW (1.27%), while Slovakia combusts none. Landfilling and
other methods of MW management are the most used methods. Hungary landfills the most
waste at 55.15%, the Slovak Republic landfills 49.75%, the Czech Republic landfills 45.12%,
and Poland landfills the least at 39.78%. Collected waste, which is waiting for its further
disposal, is listed separately in Table 8.

According to the current WMP SR, Slovakia should recycle 55% of MW by 2025, 60%
by 2030, and 65% by 2035. It is difficult for the Slovak Republic to meet these goals due to
the lack of facilities to process such a quantity of waste [62].

In 2020, up to 50% of the total amount of MW was landfilled in Slovakia, which is an
alarming amount as by 2035 only a max. 10% of MW should be landfilled [63]. Based on
clearly defined EU goals, possibilities for the remaining part of MW for energy recovery
of up to 25%, or even more of the total MW production, are created on the condition that
at least 65% of material recovery and recycling and less than 10% of MW is landfilled.
Calculations in Table 9 consider the average calorific value of MW of 13 GJ/t for the
determination of the usable amount of MW energy;, its calorific potential in GJ, the potential
amount of electricity produced in MWHh, the reduced extraction and consumption of black
coal, and reduced CO, production by avoiding black coal combustion.

Table 9. Energy recovery and combustion of MW in V4 countries.

Actual Actual

Energy Energy Energetically  Energetically Potential Redu‘ced
Total Production of
Country Amount of Recovery Recovery Usable Usable Amount of Saved Black CO; by Not
MW (0 and and Potential of Potential of  EE Produced Coal (b) Combustin
Combustion ~ Combustion MW (b MW (G)) (MWh) &
P Black Coal (t)
®) in (%)
Slovak
: 2,366,000 188,000 7.95 403,000 5,239,000 423,524 201,500 427,180
Republic
Rggfgllic 5,814,000 740,000 12.73 714,000 9,282,000 750,363 357,000 756,840
Hungary 3,931,000 470,000 11.95 513,000 6,669,000 539,123 256,500 543,780
Poland 13,117,000 2,822,000 21.51 457,000 5,941,000 480,274 228,500 484,420
Total V4 25,228,000 4,220,000 16.73 2,087,000 27,131,000 2,193,284 1,043,500 2,212,220

Source: own processing according to EUROSTAT [60], note: MW—municipal waste, EE—electrical energy.

Tables 8 and 9 consider only the production and disposal of MW in the V4 countries.
Data presented here do not consider the total production of waste, as waste is considerably
heterogeneous and specific in individual countries, even though part of this waste, which
cannot be used for material recovery, can be used energetically.

5. Discussion

In this study, the feasibility of burning a fuel mix consisting of black coal, wood chips,
and RDF is demonstrated based on real results from PPV. Also, the use of fuel mix is an
advantage from an environmental point of view due to the closed cycle of CO, when
burning biomass. Several authors draw attention to the positive or negative aspects of the
use of fuel mixes and fuel produced from waste or the use of waste for energy production.
Due to the typically high share of organic components in waste (>50%), MSW has high
moisture content, which reduces the recovery of materials and increases the operating
costs of combustion [64]. To overcome these problems and improve material and energy
recovery from the waste stream, several processes can be applied. Composting and other
biostabilisation processes lead to the degradation of easily degradable organic matter,
while the biological drying of MSW increases its calorific value by reducing its moisture
content. However, RDF is an alternative fuel made from energy-rich MSW materials that
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are converted in landfills [65], and it can be used as an alternative to conventional fossil
fuels in industrial sectors [66].

The analysis of the current state of the art shows that the burning of composite fuels
containing 10-20% of MSW enables the decrease in MSW by 20-30%. The above approach
is economically efficient because free combustible waste replaces expensive fossil fuels
to produce EE and heat energy [67]. The design, development, and implementation of
promising technologies require an in-depth study of the technical, environmental, and
economic aspects of this new approach to waste disposal [37]. The combustion mechanisms
and properties of solid fossil fuels and fuel mix (a mixture of industrial waste, MSW, and
waste oil) are similar, and therefore it is possible to burn them using operational black coal
boilers. Substantial modernisation is necessary, especially in case of raw material storage
systems, fuel preparation, and fuel handling systems [68].

Within the study prepared for EC [69], which assessed the implementation by the
EU Member States of certain provisions of Directive 1999/31/EC on the landfilling of
waste (regulations on landfill waste in EU member states), it was found that 15 member
states did not fully fulfil the obligations set out in the directive, namely, to treat waste
before landfilling [70]. The Slovak Republic is one of the countries that does not process
waste before disposing it in landfill. It should be emphasised that as early as 2019, in the
Slovak legislation, a legislative amendment to the Waste Act (§ 13 paragraph 9 Act No.
79/2015 Coll. Act on Waste and on Amendments and Supplements to Certain Acts in
the Commercial Code) [71] was adopted, which stipulates that from 1 January 2023, it is
prohibited to dispose of untreated waste by landfilling. There is an assumption, according to
European Commission [72], that after the introduction of this regulation, waste that cannot
be used for materials recovery will be used to produce energy. However, it is questionable
as to how the Slovak waste management system will fulfil this obligation since several
“infringements” in this area have already been issued by the European Commission against
Slovakia for serious deficiencies regarding the introduction of new European directives
into Slovak waste legislation. These infringements were related, for example, to compliance
with the hierarchy of waste management and waste processing; in this context, Slovakia
faces high fines [73].

Strategic documents from this environmental area also draw attention to the need to
solve the problem of proper waste management. WPM SR for 2016-2020 in Measure 20
already emphasised the goal “To support the production of alternative fuels made from
mixed MW within the framework of supporting the use of renewable energy sources if
their material recovery is not environmentally suitable”. According to the WMP SR for
2021-2025, the main goal of waste management in the Slovak Republic by 2025 is to divert
waste from disposal by landfilling, especially for MW [74]. As one of the tools for diverting
waste from landfills, the Slovak Republic must also focus on the use of existing waste-to-
energy facilities, especially in relation to non-recyclable MW, which is also an example
of PPV. When using the fuel mix in business practice, Agenda 2030 has to be considered.
Specifically, point 7.2: “By 2030, substantially increase the share of renewable energy in the
global energy mix” (SDG 7: Ensure access to affordable, reliable, and sustainable modern
energy sources for all) [75].

As part of solving the problem in this study, three working hypotheses were estab-
lished with the aim to methodically verifying theoretical assumptions by real results in the
energy industry.

Hypothesis H1 was formulated as follows: “There is an assumption that regional
biomass and RDF sources are sufficient to ensure future coal-free operation of PPV.”
The verification of the established working hypothesis is based on our own analyses
and calculations during our study of currently used and potential sources of waste biomass
in PPV. The use of the fuel mix described is closely related to concepts such as CE and
SD. One of the principles of CE is renewability, i.e., if we produce something, we should
consider the materials that are used so that they can be restored or retrieved without the
depletion of fossil fuels [76]. By replacing black coal with the calorific value of 26 GJ /t with
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RDF with the calorific value of 13 GJ/t, a reduction in black coal consumption as well as a
positive impact on Slovakia’s trade balance can be achieved.

Figure 1 shows the real and planned development of the fuel base in PPV, where 100%
of the fuel was black coal in 2008, and from 2009 to 2018, it was a combination of black coal
and biomass. Since 2019, PPV has used a combination of three fuels, including black coal,
biomass, and RDF. In the future, the gradual reduction in black coal and the transition to a
larger share of RDF and waste biomass should be considered.
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Figure 1. Development of fuel sources in PPV and achieved CO; savings (source: own elaboration
based on unpublished data from PPV), note: with the increasing amount of saved CO, the color of
line changes from red (0 to 15%) to orange (15 to 25%), yellow (25 to 50%) and green (more than 50%).

The use of fuel produced from waste for energy production can have a positive impact
on greenhouse gas reduction in the future. In 2018, 50% of the total CO, produced, i.e.,
21.570,6 gigatons, was from energy production [77].

Considering fuel sources, we can state that there is enough waste in Slovakia that can
be used for energy production. Based on the results presented in Table 9, 7.95% of MW
is recovered for energy production in Slovakia, which represented 188,000 tons in 2020.
As the gradual decrease in landfilling to below 10% and the increase in waste and material
recovery of at least 65% of MW are expected by 2035, there is significant potential for the
further production of fuels from waste and its recovery. In this way, we will approach the
EU average in MW utilisation, which was 26.42% in 2020. When reaching a level of 25%
of MW energy recovery, at the current level of waste production and energy recovery of
188,000 tons of MW, another 403,000 tons of waste will still be available. With the planned
annual production of EE for the needs of PPV, 78 kilotons of RDF produced from waste
will be needed, which applies to the planned annual production of EE (58 MW for 6400 h
annually; in the past, 2 x 110 MW for over 8000 h annually). If PPV was to produce as much
EE as it did in 2009 (799 MWh), then, compared to 78 kilotons of RDF planned for 2023, an
additional 392 kilotons will be needed. This value is close to the calculated potential for the
Slovak Republic.

The Slovak Republic does not have sufficient sorting line capacity for the increased
sorting of MW components and the production of SRF and RDF. Production capacities in
Slovakia are at a level of approximately 100 to 120 thousand tons of RDF and SRE. As WMP
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SR foresees the use of this fuel at a level of 200,000 tons by 2025, Slovakia is significantly
behind and only has half of the production capacity to produce the SRF needed [74].
Also, based on the aforementioned facts, PPV ensures RDF supply through imports from
other EU countries.

Regarding the available sources of waste biomass, for the confirmation or rejection of
hypothesis H1, it was necessary to collect facts concerning the current use of waste biomass
resources in PPV for the observed period and to predict future development and capacities.

For the fuel mix consisting of RDF and wood chips, 39 kilotons of wood chips are
needed for the planned production of EE in 2023, which represents 3.1% of the total Slovak
consumption. PPV has secured suppliers based on electronic tenders [78].

The total annual consumption of solid fuelwood biomass (firewood, wood chips)
reached 1.26 million tons in Slovakia in 2021 [79]. According to the available data, approxi-
mately 48% of the usable potential of fuel wood biomass on forest land was not exploited
in 2021. This is wood unsuitable for mechanical and chemical processing, the occurrence of
which is related to the high extent and frequency of catastrophic situations and subsequent
accidental logging, mainly in coniferous (spruce) stands. This increases the potential of
hardwood (by saving on harvesting) and the assortment structure, which includes higher
proportion of fuel dendromass. This situation is not in accordance with the Integrated
National Energy and Climate Plan for 2021-2030, which set the goal of increasing the share
of renewable energy sources (RES) to 19.2% in 2030 compared to 16.9% in 2019 [51].

Conclusion H1: Based on the available sources and data, the hypothesis can be
confirmed. The coal-free operation of PPV can be ensured partly through the supply of
wood chips and partly through the supply of RDF within Slovakia (and thus the entire
region). Despite the sufficient resources of MW in Slovakia, it is currently necessary to use
RDF supplies from abroad.

Table 8 shows that, within the V4 countries, there is the potential to increase RDF
production compared to the current state by approximately 2 million tons, from which it
is possible to produce approximately 2000 GWh of EE in power plants at the same heat
rate as PPV. In the cases of power plants with a 10-15% lower heat rate compared to PPV,
this can be up to 2400 GWh of EE per year or approximately 300 MW with a working
time of 8000 h. The installed electrical power of typical coal-fired power plants ranges
from several hundred to several thousand MW (e.g., the largest Polish coal-fired power
plant Belchatow has an installed power of over 5000 MW), according to ClientEarth [80].
The share of EE that can be produced from additionally obtainable RDF from the entire V4
region compared to the current state thus represents only a fraction of the output of the
largest coal-fired power plants in the region.

Conclusion H2: Within the achieved results, this hypothesis was confirmed. How-
ever, the risk arising from the volatility of EE prices and the uncertain prices of emission
allowances in the future and the availability of alternative fuels are not considered; this
could result in the process not being economical, and in which case, the hypothesis could
not be confirmed.

Taking into consideration previously published papers, e.g., Nunes et al. [81], the
results and findings presented in this study are not theoretically based but reflect real
power plant (PPV) operations. Therefore, the presented results may be considered of much
more practical value, especially in Slovakia and the V4 countries region.

6. Conclusions

Energy efficiency is a major global issue that plays a fundamental role in achieving
SDG, as defined in Agenda 2030 [75]. Although the use of clean energy is gradually
increasing, about 80% of global energy consumption still comes from fossil fuels (oil and
natural gas), and about 50% of energy production depends on black coal. The present study
analysed the potential role and economic importance of biomass and fuels produced from
waste in the energy mix of PPV in Slovakia, which is part of SE. Based on the Financial
Times evaluation, this company was ranked among Europe’s Climate Leaders in 2021 and
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2022, which also confirms our findings and results. PPV gradually switched from burning
black coal in the production of EE to a combined fuel mix, a combination of black coal and
biomass, between 2009 and 2018.

However, the hypothesis that a potential increase in RDF production in V4 countries
is sufficient to provide fuel for several coal-fired power plants in the region was not
confirmed. The identified potential is sufficient to replace coal with RDF for one medium-
sized power plant unit or for one smaller (300 MW) coal-fired power plant. Moreover,
the co-combustion of RDF will face competitive use in existing and planned projects of
waste-to-energy facilities.

Given its recent operation history and the ongoing search for optimal fuel mix, PPV con-
stitutes a model power plant which was transformed into an environmentally more friendly
power source. As such, it can be an example for multiple other coal power plants in V4 coun-
tries that face the same challenge—to undergo transformation or to be phased out. However,
in the particular case of the Power Plant Vojany, only low-cost solutions are acceptable to
the plant’s management. Obviously, more costly solutions, including carbon capture and
storage (CCS), repowering with advanced combined cycle technologies or fuel cells, or a
significant reconstruction to a supercritical unit might be considered for a coal-fired power
plant in general. However, for a power plant with a modest installed output of hundreds of
MWs, none of these options are both cost-effective and contribute to decarbonization at the
same time, unlike the implementation of biomass and alternative fuel.

Considering SDGs 2030, the future direction of research should be focused on exploring
the possibilities of integrating CE principles for the sustainable production of fuel obtained
from waste (RDF) [82,83]. This may provide insight into the creation of a closed waste recovery
system that is consistent with the goals of sustainability and environmental impact reduction.
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