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Abstract


The problem of food being wasted in households has become an essential challenge in recent years. Food waste can be valorized in accordance with the principles of sustainable development, including as a source of energy. This study analyses the potential of anaerobic fermentation, pyrolysis, ethanol fermentation, incineration, and composting to treat food waste, focusing on its energy yield. This research considered two potential scenarios for generating food waste in Poland in both the near term (2030) and the long term (2050). Scenarios were proposed for regions with different levels of urbanization and demographic trends. The criteria for the selection of technologies for the energy-efficient processing of food waste from households in Poland were identified, taking into account the current state of these technologies, their prospective development, demographic changes, the nature of the regions, the trajectory of food waste generation, the spatial food waste generation rate, and the energy potential. Technologies like methane fermentation and thermochemical methods should be developed in densely populated areas with a high spatial food waste generation rate. Among the thermochemical processes, fast pyrolysis will provide the most significant energy benefits, followed by moderate pyrolysis and biocarbonization—at similar levels. Incineration is placed between carbonization and gasification. In less populated areas with lower spatial food waste generation rates, combining substrates with co-processing food waste and green waste should be considered. Biocarbonization systems can be integrated with composting in rural regions.
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1. Introduction


The issue of food waste (FW) represents a significant global challenge, contributing to environmental degradation, the emission of greenhouse gases, and the inefficient use of resources [1]. In recent years, there has been a growing emphasis on effectively managing food waste to minimize its environmental impact and recover valuable resources [2]. In urbanized areas with varying population densities, food waste processing technology selection is largely determined by the specific demographic, logistical, and infrastructural conditions present at the local level [3].



Understanding the specific characteristics of food waste enables the development of targeted strategies that align with the principles of the circular economy, emphasizing waste minimization and the valorization of bio-resources [4]. Garcia-Garcia et al. [5] propose the categorization of food waste based on the degree of processing (unprocessed, processed, and consumer-level), origin (plant, animal, or mixed), and stage of the supply chain (production, processing and manufacturing, distribution and retail, and consumption).



A similar food waste classification approach is proposed in several works [6,7,8]. The post-consumer food waste can be divided into four categories: unprocessed or minimally processed plant-based, processed plant-based, unprocessed or minimally processed animal-based, and processed animal-based. Unprocessed plant-based food waste includes raw fruits and vegetables, suitable for anaerobic digestion or composting, generating biogas and organic fertilizer [9]. Processed plant-based waste, like bread and cereals, is suited for alcoholic fermentation or incineration due to lower moisture and higher starch levels [10]. Unprocessed animal-based waste (meat scraps, bones) is rich in protein and fat, making it ideal for methane fermentation [11]. The last category, cooked and processed animal-based waste, is suited for incineration or anaerobic processes due to its high calorific value [12]. By categorizing food waste based on its processing level and origin, it is possible to apply the most appropriate methods for treatment. This not only improves the efficiency of waste management but also contributes to resource recovery [13]. Due to the method of collecting food waste from households in the municipal bio-waste system, it is usually impossible to separate individual categories of food waste. As a result, the collection system will usually receive waste of plant origin, with various degrees of processing and contaminated with, among others, plastics and paper [14,15].



In the European Union (EU), the quantity of food waste recorded for 2022 reached 59 million Mg, of which 32 million Mg were FW generated by households, representing 54% of the total [16]. According to Eurostat data and analysis by the Environmental Protection Institute, 4.5 million Mg of FW was generated in Poland in 2022, of which the most significant share—55.7%—came from households, accounting for 2.5 million tons [17]. Other sources of food waste include processing and manufacturing (12.2%), primary production (15.9%), retail and distribution (10.4%), and catering services (5.8%). According to Eurostat data, Poland’s food waste generation rate in 2022 was 60 kg Inhabitant (Inh)−1year−1 below the European average of 70 kg Inh−1year−1. The research [18] indicates that an area’s degree of urbanization significantly affects food waste generation. Based on reports from Norway, Canada, and South Africa, the authors indicated that food waste rates are higher in urbanized households than in rural or suburban areas.



The revised Waste Framework Directive (2018) [19] is consistent with the zero-waste concept, emphasizing the prevention, reuse, and recycling of food waste at all stages of the food supply chain [20]. It recognizes the key role of energy recovery in achieving the Sustainable Development Goals. When prevention, reuse, and recycling are no longer viable options, energy recovery becomes a necessary step to extract value from unavoidable food waste by transforming it into electricity, heat, or biofuels [21]. Transforming food waste into energy is recognized as a feasible and sustainable option [22] and can play an important role in sustainable regional development. Biological methods, such as anaerobic digestion (AD), ethanol fermentation, and composting, as well as thermochemical methods and incineration, have been demonstrated to offer diverse pathways for FW treatment [23].



Dry AD is particularly suited for solid substrates with a high dry matter content (15–40%), as it minimizes water usage and maximizes methane production per unit of reactor volume [24]. This process operates as a single-stage process, with hydrolysis, acetogenesis, and methanogenesis occurring simultaneously under mesophilic (37–40 °C) or thermophilic (50–55 °C) conditions [25,26]. Thermophilic conditions are particularly effective for sanitizing food waste [27]. Compared to wet AD, dry AD presents several advantages, including reduced reactor volume, decreased heating and mixing energy consumption, and enhanced feedstock handling flexibility. With dry AD, organic material has fewer problems during pre- and post-processing [28]. Two primary methods are identified within the domain of dry AD: static methods, also called “garage systems,” necessitate a feedstock moisture content of 60–75%, do not entail mechanical mixing, and simple methods of loading and unloading the reactor are used, most often using simple loaders. In this case, the digestate dewatering is usually unnecessary or only to a small extent. Dynamic methods, known as semi-dry systems, operate at a 75–85% moisture content [29,30]. Despite the advantages of dry AD, technical challenges are associated with achieving effective homogenization and mass transfer within the reactor [28]. Wet anaerobic digestion is the optimal process for feedstocks that exhibit a high moisture content (≥85%), including food waste, wastewater sludge, and agricultural residues. The operation of wet AD at mesophilic (35–40 °C) or thermophilic (50–55 °C) conditions facilitates efficient microbial access to substrates, thereby resulting in higher biogas yields per unit of organic material in comparison to dry AD [31]. However, the process requires a considerable input of water, which makes it less suitable for regions with limited water resources. Furthermore, the post-treatment of the liquid digestate is required to separate solids and manage excess liquid [32]. To address variability in food waste composition, pre-treatments such as the separation of impurities that could damage pumps and mixers, mechanical shredding, defibration (using pulpers), or enzymatic hydrolysis are usually employed in the case of AD. These processes enhance substrate accessibility, reduce retention time, and optimize biogas production [27].



Ethanol fermentation is a microbial process by which plant biomass containing sugars (e.g., sugar cane, wheat) or starch (e.g., corn, potatoes) is converted to ethanol and carbon dioxide. It can be effective for bakery waste, fruit pulp, and juice residues [33]. The principal product is bioethanol, a first-generation biofuel [33]. Fermentation efficiency is approximately 90%, based on the amount of fermentable sugars present [34,35]. The pre-treatment of lignocellulosic biomass before alcoholic fermentation is a complex process, necessitating a combination of chemical, physical (e.g., steam explosion), and biological methods [36,37,38]. This technology is particularly suited to food waste with a high sugar and starch content, such as fruit pulp or bakery waste, but requires a stable substrate of appropriate quality [38,39,40].



Composting is an aerobic process that breaks organic waste into a stable compost. Substrates with a 40–60% moisture content, such as kitchen and green waste, are optimal for composting [41]. However, incorporating structural materials is necessary at higher humidity levels [42,43]. The temperature may reach 70 °C in suitable conditions, facilitating optimal hygiene [44,45]. The advantages of this process include low costs and no need for thermal energy [46,47]. However, research indicates that this option has high energy consumption, contributes to GHG emissions, and does not produce renewable energy [48]. It is an attractive option for small-scale and community-based waste management [49]. However, the disadvantages include odor nuisance and limited efficiency when dealing with waste with a high water content [50]. There may also be problems with the management of the organic fertilizer produced. Composting is particularly useful for stabilizing digestate in methane processes and for bio-waste with a high C/N ratio (20–40) [51,52]. Pyrolysis is a thermochemical process of biomass degradation in the absence of oxygen, allowing biochar, bio-oils, and pyrolysis gas production. Slow pyrolysis produces 35% biochar, 30% liquid, and 35% gas, rendering it an optimal technique for converting lignocellulosic biomass, such as wood or straw. It is most often carried out at a temperature of 400–550 °C [53], sometimes also in the range of 300–950 °C [54]. Flash pyrolysis (up to 1000–1250 °C) generates up to 75% bio-oil, fast pyrolysis (850–1250 °C)—about 50% bio-oil, while moderate pyrolysis (300–450 °C) ensures a balanced share of products [54,55,56]. According to [57], intermediate (moderate) pyrolysis generates 35–50% of bio-oil, 25–40% of biochar, and 20–30% of syngas. This technology necessitates input with less than a 10% moisture content, which requires drying and grinding raw materials to 1–2 mm, thereby increasing pre-treatment costs [53,58]. Flash pyrolysis is a particular variant of fast pyrolysis, which is occasionally categorized as a separate type of pyrolysis process [59]. Fast or flash pyrolysis enhances gas or oil production [53,60]. In the fast pyrolysis process, the yield of liquid bio-oil ranges from 60 to 75% by weight, solid carbon products from 15 to 25%, and gaseous products from 10 to 20%. These figures depend on the type of raw material used [61]. Pyrolysis is employed in processing biomass with a high calorific value; however, its utility for food waste is constrained by the variability of its composition [62].



Incineration is an effective method for disposing of bio-waste with a high calorific value (e.g., dry plant waste), potentially yielding 0.3–0.7 MWh of energy per Mg of bio-waste [63]. Incineration is the most prevalent waste-to-energy method globally, reducing waste volume by 90% [64,65]. However, advanced exhaust gas purification is essential to prevent air pollution requirements [66,67]. Incineration is flexible and can be used for a diverse range of bio-waste, though it is less effective for wet or low-calorific waste [68,69,70]. However, within the circular economy framework, incineration should be regarded as a supplementary approach for managing non-recyclable food waste to enhance resource efficiency and reduce reliance on landfill sites [71,72]. Under typical conditions of the gasification process (temperature about 800 °C, long residence time), 5% of liquid products, 10% of biochar, and 85% of syngas are generated [73]. According to [74], the gas yield (the main product) equals 1.2 m3 kg−1 DM of the feedstock. In this case, the feedstock requirements are lower.



The paper by Economou et al. (2024) [27] identifies methane fermentation and pyrolysis as the most energy-efficient food waste processing methods. In contrast, combustion and ethanol fermentation have moderate efficiency, and composting supports the goals of the circular economy despite the lower energy output.



The problem of food waste from houses has become an important challenge in recent years, especially in adapting technology to suit different regional conditions, such as population density and the possibility of technological implementation. The extant research tends to concentrate on individual technologies, yet frequently lacks the consideration of hybrid or region-specific solutions that consider demographic variations, spatial waste generation rates, and changes in this field, particularly in Poland. This article addresses these gaps by analyzing the technologies for using food waste from an energy perspective, both in the short and long term. The following methods were analyzed in detail: anaerobic fermentation, pyrolysis, composting, ethanol fermentation, and combustion. The study analyzed the potential future food waste generation scenarios (S1 and S2) in the short term (2030) and long term (2050) to propose strategies that are tailored to regions with different levels of urbanization and demographic trends. Identifying energy recovery strategies for food waste that align with urbanization trends and local waste generation patterns is essential to improving resource efficiency, reducing environmental impact, and supporting the well-being of both urban and rural communities.



This research aims to identify the most appropriate technology for energy-efficient FW processing in Polish households. The current state of these technologies and potential future developments will be analyzed to achieve this. In addition, the influence of demographic changes, the characteristics of different regions, and the generation of FW in different spatial contexts will be considered. This research will also assess the energy potential of FW generation.




2. Materials and Methods


2.1. Technology Selection Criteria


A selection of bio-waste processing technologies was identified for assessment in the context of the development of the bio-waste market in Poland. This was based on a review of selected publications, including the following [23,75,76,77,78,79] and previous works of the authors [14,80]. The technologies selected for analysis included those based on biological conversion in both aerobic (composting) and anaerobic conditions (methane and ethanol fermentation), thermochemical conversion (pyrolytic methods), and thermal conversion (incineration). A detailed division of the technologies, marked from T1 to T5, is presented in Figure 1.




2.2. Demographic Analysis and Classification of Areas


The demographic criteria for classifying areas may be based on the size of the population living in each area and on population density [81]. From the perspective of analyzing the needs for processing food waste, both parameters will be significant, influencing the demand for processing capacity and the criterion for selecting technologies (including in the context of their profitability) [82].



The analysis was conducted on a national level for Poland as a whole, as well as on a regional level for the individual voivodeships (Poland is divided into 16 administrative areas—voivodeships—as shown in Figure 2; in other countries, these are like regions, provinces) and for the five largest cities in Poland (Poznań, Warsaw, Łódź, Wrocław, and Kraków) [83]. Demographic trend scenarios were analyzed in the short-term (2030) and the long-term (2050) perspectives.



According to the DEGURBA classification (degree of urbanization), area categories are based on assessing the degree of urbanization of local administrative units (LAU2) and a typology based on a grid with a population density level of 1 km2. The typology divides areas into cities, small towns, suburbs, and rural areas [85]. Cities are defined as densely populated areas comprising local administrative units where at least 50% of the population resides in urban centers and where the minimum population density is 1.500 inhabitants per km2 (CAT 1). Small towns and suburbs are classified as areas with a medium population density, comprising local administrative units where less than 50% of the population lives in urban centers and where the minimum population density is 300 inhabitants per km2 (CAT 2). Rural areas are local administrative units where more than 50% of the population lives in rural areas (CAT 3).



The Central Statistical Office (GUS) data for 2022 indicate that Poland comprises 8.5% urban areas, 15.7% small towns, and 59.5% rural areas, as delineated by the country’s municipal divisions [86]. The work employs short- and long-term demographic forecasts, as provided by the Central Statistical Office [87].




2.3. Scenario Analysis


Food waste generation scenarios were analyzed in the short term (2030) and the long term (2050). The base year was 2023, for which quantitative data were available for analysis [88]. Two scenarios were developed to gain insight into the potential future trajectory of food waste generation in Poland, based on the demographic forecast for Poland (2.3) and assumed trends in waste generation rates (S1 and S2).



In Scenario S1, it is assumed that historical growth trends observed for the years 2018–2023 will be maintained. These trends indicate an annual increase of 1.31% in major cities and 1.93% for Poland and its voivodeships.



In Scenario S2, the implementation of activities aimed at reducing food waste and improving consumption patterns is assumed. In this scenario, the increase in waste generation is still positive but occurs at a slower rate than in Scenario S1. In Scenario S2, the annual increase is assumed to be half that observed in historical data (0.70% in major cities and 0.97% for Poland, respectively) for the short term due to implementing FW reduction strategies. Additional FW reduction strategies are introduced for the long term (2050), dropping the annual increase to 0.35% in major cities and 0.48% in Poland. An analysis of the available current and historical data on food waste generation suggests that the objective of a 30% reduction in household food waste by 2030, in accordance with the EU strategy, is unlikely to be achieved in Poland [89]. In this context, it was decided to develop scenarios based on historical data for analysis in this study. It should also be considered that food waste prevention strategies mainly apply to avoidable food waste, which represents 47% of household waste in Poland. This issue has been discussed in more detail in the authors’ previous work [80].




2.4. Energy Potential Analysis


An energy potential analysis was performed, considering the properties of household FW and biological, thermochemical, and thermal conversion products used for energy recovery (in the combustion process), respectively, biogas, ethanol, bio-oil, biochar, and syngas. The parameters (average values) presented in Table 1 were considered.



The biogas yield indicated in Table 1 is based on research conducted in Poland by the authors of this paper [14]. In the case of other regions, the results of the FW biogas yield may differ—the literature review indicates an extensive range of values of this parameter. In [94], the results of the biogas yield from German bio-waste were obtained in the range of 449.6–453.3 L kg−1 VS. According to [95], the methane yield of Malaysian food waste was 0.27–0.642 m3 CH4 kg−1 VS in the case of mono-digestion and up to 0.859 m3 CH4 kg−1 VS for the co-digestion, and 0.396 m3 CH4 kg−1 VS for co-digested Korean FW. For FW produced locally in Oman [96], total gas production was found from 157 mL g−1 VS to 166 mL g−1 VS.



The following energy consumption in the process was assumed: for anaerobic digestion—10% of the energy produced, and for ethanol fermentation—0.6 kWh per gallon of ethanol produced [97]. In the paper by Fambri et al. (2024) [98], the energy consumption in pyrolysis processes was related to the total energy contained in the biomass (relative to the HHV of the feedstock). Based on the estimates in this paper, the energy consumption in slow, moderate, and fast pyrolysis processes and gasification was determined in the range of 25–40% of the feedstock HHV. Also, in the paper of Jerzak et al. (2022), the energy demand based on the relative share of HHV of the feedstock was determined [99]. Here, the shares are given at a lower level because the biomass with higher HHV values was used in the studies.





3. Results


3.1. The Current State of Food Waste Processing Technologies


Based on the literature review (Section 1. Introduction), the current state of investigated FW treatment technologies is summarized and compared in Table 2. The investigation included an analysis of anaerobic (T1, T2) and aerobic (T3) biological conversion, and thermochemical (T4) and thermal (T5) conversion. The analysis was carried out considering the following criteria: the purpose of the application, level of maturity, flexibility of the application, level of cost, optimal range of criteria, and emission level. As demonstrated in Table 2, the values given are illustrative cost ranges, which are subject to significant variation depending on the selected technology and local conditions, including the costs of selective collection. The costs are categorized as follows: investment costs (CAPEX), operating costs (OPEX), or alternatively, the total costs of processing the FW. The criteria were then taken into consideration in the evaluation of technologies for the energy-efficient treatment of FW from households in Poland.




3.2. Demographic Changes in Poland


Changes in demographic trends in Poland are presented in Table 3 (for major cities) and Figure 3 (for voivodeships). In the short term, by 2030, the population of major cities such as Warsaw, Kraków, and Wrocław will increase by 3%, 3%, and 2%, respectively. An increase of 1% can also be observed in the Mazowieckie and Małopolskie voivodships. Regions with a lower population density, such as Warmińsko-Mazurskie and Podlaskie, already show a population decline. In other regions, the country’s population is declining by an average of 2%. The largest demographic decline of 5% by 2030 will be observed in Świętokrzyskie and Łódzkie voivodships.



In the long term, Poland’s population will decline by 12% by 2050. The largest population decreases will occur in the Łódzkie and Świętokrzyskie voivodeships (22% each), and Lubelskie (19%). Warsaw and Kraków’s population will increase slightly in this period—by 4% and 2%, respectively. However, there will be significant decreases in Łódź and Poznań—22% and 16%, respectively.




3.3. Food Waste Generation in Poland


The analysis of historical data for the years 2018–2023 [88] showed that the growth trend of the generation rate increased during this period; for Poland as a whole, it amounted to an average of 1.93% per year, while for major cities, it amounted to 1.37% per year. Among the cities analyzed, the largest increase was observed in Poznań (an average of 5.8% per year), while a downward trend was observed in Wrocław (an average of −1.1% per year). Comparing the values of the generation rate for the years 2018 and 2023 for Poland, a 15% increase in value can be seen (from 325 to 357 kg Inh−1 year−1), while in the major cities, this dynamic is slightly lower—an average increase in value of 11% between the years 2018 and 2023.



The value of the food waste generation rate for 2023 in Poland was 65.4 kg Inh−1 year−1 on average, ranging in individual voivodships from 44.7 kg Inh−1year−1 (Podkarpackie voivodeship) to 76.0 kg Inh−1year−1 (Lower Silesia voivodship)—a difference of 41%. In 2018, this difference was even greater and amounted to 49%, with the highest value in Lower Silesia (72 kg Inh−1year−1) and the lowest in Świętokrzyskie (36.9 kg Inh−1year−1). For the five major cities, the average value of the food waste generation rate in 2023 was 90.7 kg Inh−1year−1, ranging from 80.6 kg Inh−1year−1 (for Łódź) to 104 kg Inh−1year−1 (for Poznań). For 2018–2023, major cities (except Wrocław) show a clear increase in the waste generation rate. The growth dynamics in individual voivodeships are clearly differentiated. Regions with lower rates in 2018 have a greater potential for percentage growth, and significant changes were observed in them, i.e., in the Świętokrzyskie voivodeship, an increase in the waste generation rate from 36.7 to 52.0 kg Inh−1year−1 (by 41%) is observed. Voivodeships with a higher waste generation rate in 2018 (e.g., Pomorskie) show lower growth dynamics—an increase in the Pomorskie voivodeship from 64.8 to 68.1 kg Inh−1year−1 (a difference of 5%). The obtained values of the waste generation rate are lower than in [121]—98.2 kg Inh−1year−1, but similar to the results of the study conducted by Den Boer et al. in Opole, where the value of the FW generation rate in Opole was 61.7 kg Inh−1year−1 [142] and Eurostat value for Poland was 60 kg Inh−1year−1. A literature review for 2010–2020 showed that the average value of the food waste generation rate per capita in highly developed countries was 42.86 kg Inh−1year−1. In Europe, the rate was lowest, averaging 34.45 kg Inh−1year−1, while in the Asia-Pacific region, it reached the highest level, averaging 70.28 kg Inh−1year−1 [143].



Figure 4 compares food waste generation rates in Poland (voivodeships and individual cities) in 2018 and 2023.



The forecast of FW generated in Poland, in individual voivodeships and major cities in 2023, 2030, and 2050 for various scenarios is presented in Figure 5, Figure 6 and Figure 7.



Based on the S1 scenario, the FW generated will reach its highest growth rate in 2050 (an increase of 47.8% compared to 2023). In major cities, the growth rate will average 34% between 2023 and 2050, reaching its peak in 2050.



It should be noted, however, that the demographic trend, and consequently the increase in the food waste stream, is not equally distributed across the regions (Figure 5 and Figure 6).



By 2050, the Mazowieckie and Pomorskie voivodeships will see more than a 10% increase in FW generated compared to the baseline year 2023. The situation will be similar in some cities, particularly Kraków, Wrocław, and Warsaw.



In the case of scenario S2, the year of the largest increase will be 2030, when the activities related to the reduction of food waste will start to show results. In this scenario, a 5% increase in the FW generated is expected for the whole country in 2030, with the highest values for the Pomorskie and Mazowieckie voivodeships, where the increase will reach 8%. In major cities, the average increase until 2030 will be lower (2.7%), with the highest values for Warsaw and Krakow (an increase of 6%).



In the long term, the mass of food waste generated in Poland will decrease by 9%, remaining constant in the Mazowieckie and Pomorskie voivodeships. Regarding the change in the situation in major cities, the mass of food waste generated will decrease on average by 5%. In comparison, the increase in Kraków and Warsaw will be maintained (6% and 5%, respectively).



By 2030, there is little difference in the amount of waste generated in the S1 and S2 scenarios. Accordingly, for the S1 scenario, an average 12.5% increase in FW generated is observed for Poland, and for the S2 scenario, 5.3%. After 2030, the differences in changes in the FW generated by the region become more apparent. The S1 scenario continues to see intensive growth in the FW generated, at an average of 31.3% (difference for 2030–2050). In the S2 scenario, on the other hand, a decreasing trend emerges, with an average value of 13.4%. Changes in the FW generated between 2030 and 2050 by voivodeship and city are shown in Figure 7.




3.4. Spatial FW Generation Rate


The spatial FW generation rate (SFWGR), as the FW generation per 1 km2 (Figure 8), was estimated as an indicative measure for planning the density of food waste management infrastructure and evaluating local waste management system efficiency; a similar measure was used in [144].



The highest SFWGR for the analyzed scenarios was observed in the Śląskie, Małopolskie, Mazowieckie, and Dolnośląskie voivodeships. These regions have a high population density and strong urbanization, with a significant share of CAT 1 and CAT 2 regions. For the scenario with the SFWGR in 2050 (S1), the indicator’s value in these voivodeships reaches 34.79, 22.58, 17.08, and 12.45 Mg km−2, respectively. The lowest values can be observed in the Warmińsko-Mazurskie (4.41 Mg km−2) and Podlaskie (4.31 Mg km−2) voivodeships; these are regions with a low level of urbanization—with a dominant share of CAT3 areas. The difference in distribution of SFWGR in voivodeships and major cities is presented in Figure 9.



The value of the SFWGR in individual voivodships is similar, as indicated by the low median. There are outliers in voivodeships with large urban centers, especially in Śląskie and Małopolskie. In major cities, the SFWGR is more than 25 times higher than the average for voivodeships in each scenario. In the case of scenario S1, there is a significant difference in the value of the indicator for the short and long term. In 2050, the values are 22% higher for cities and 30% higher for voivodeships. In the case of the S2 scenario, the values in 2050 are 14% lower than in 2030 for voivodeships and 8% lower for major cities.




3.5. Energy Potential of FW in Poland


Analyses of the energy potential of FW in Poland were carried out, depending on the processing technology for three voivodeships and five major cities for the short-term perspective (2030) for scenario S1 and long-term perspective (2050) for scenarios S1 and S2. In this case, the short-term scenario S2 was not considered due to the similar results of the amount of FW generated in 2030 in scenarios S1 and S2. The Mazowieckie and Świętokrzyskie voivodeships were selected as the voivodeships with the largest and smallest amount of FW, respectively (Figure 5), and the Śląskie voivodeship was the voivodeship with the highest SFWGR at the level of 27.73–34.79 Mg km−2 in 2030 and 2050 according to S1 and 21.47–25.95 Mg km−2 for 2050 and 2030 according to S2 (Figure 8). At the same time, Mazowieckie is characterized by the highest growth rate of FW generation at 40.1% (according to S1) and the lowest decrease of FW generation at 8% (according to S2). The Świętokrzyskie voivodeship, on the other hand, is characterized by the lowest growth rate of FW generation at the level of 20.5% (according to S1) and the highest decline rate of FW generation at the level of 21% (according to S2). Świetokrzyskie is also one of the four regions with the lowest SFWGR (Figure 8). The energy potential of FW was estimated based on the analysis of products derived from individual processing methods and the amount of gross energy produced. The results are presented in Table 4. The unit yield of products and gross energy were calculated following the methodology presented in Section 2.4. In Section 4.3., the net energy potential is presented and discussed, considering the energy consumption for waste treatment.





4. Discussion


The prediction of energy-efficient technologies for processing FW from households in Poland was based on the current state of these technologies, demographic trends, regional characteristics, FW generation prospects, SFWGR, and FW energy potential.



4.1. Technology Selection Analysis


The nature/character of the regions, especially population density, should significantly impact the choice of FW treatment technologies, especially for biodegradable waste. Highly populated areas (CAT1) require clear and focused technological options. In such areas, anaerobic digestion (T1) can be used. A high population density also enables efficient incineration technology (T5), a mature and flexible process that does not require feedstock pre-treatment [145]. Incineration is possible for waste with suitable combustible properties, including calorific value, expressed by the Lower Heating Value (LHV) exceeding 8–10 MJ kg−1. Nevertheless, despite its effectiveness in reducing waste volume, incineration is a widely discussed practice in the context of the circular economy and the principles of cascading use of biomass, which prioritizes recycling [146,147]. Moreover, the location of incinerators in densely populated urban areas necessitates a detailed consideration of environmental and social factors, given the health risks posed to the local population by pollutants from incinerators, particularly those employing older combustion technologies. Newer technologies are likely to pose a reduced risk, especially if subject to rigorous monitoring [148].



Composting (T3) is intended for areas with a medium population density (CAT2) and typical rural areas (CAT1) [149,150]. The feasibility of the process is determined by minimal requirements for the preparation of the feedstock and the possibility of local use of the compost. If these conditions are met, composting is a good solution for regions with dispersed food waste streams [151]. Among the available technological options, pyrolysis (T4) represents a significant potential for energy production. It is highly effective in the processing of bio-waste with a high lignin content (>10%) and cellulose (>30%) [152]. This technology is justified in areas with a high population density and concentrated waste streams (CAT1). An important aspect of this technology is maintaining stable feedstock parameters, which can be a challenge in the case of household food waste. Otherwise, the efficiency of the mentioned process decreases and translates into profitability [99,153]. In the case of alcoholic fermentation (T2), the raw material must meet certain quality criteria: sugar content exceeding 30% and starch content exceeding 20%. As a result, the technology requires pre-preparation processes for the feedstock. The above conditions make it less competitive than other discussed technologies for using energy from food waste [132].



The analysis presented in [154] indicates that bio-waste management is limited by logistical challenges related to the population density of the area served. In urban areas with a high population density (CAT1), concentrated bio-waste generation allows a smaller radius of the waste stream to the treatment facility, usually not exceeding 15 km. This proximity allows for the efficient collection and transport of organic materials to central facilities [155]. The literature analysis indicates a proportional relationship between the increase in processing capacity of the installation and the consequent decrease in the unit cost of processing FW. In urbanized areas with a higher SFWGR, the implementation of food waste processing plants with higher efficiency is a possibility. This can result in a reduction in the unit costs of FW processing; in the context of AD (CAT1), a fivefold increase in efficiency can result in a 50% reduction in the unit cost of processing food waste [156]. Furthermore, population density is an important factor that can significantly affect the quality of source separation. In areas of high population density, for example, due to the lack of space to store several waste streams in the home and the predominance of multi-family housing, sorting may be ineffective, which results in a lower quantity and purity of the target selective stream and difficulties in its efficient processing. In such conditions, it is advisable to implement technologies that do not demand high standards of input material quality [14,157].



In semi-urban or rural areas (CAT2 and CAT3), where bio-waste generation is more dispersed, the distances of waste to the facility reach about 50–60 km [158,159]. This is due to the need to collect adequate input waste streams for processing and maintain economic viability. The cost of waste collection is closely associated with the geographical distance from the final treatment site [130]. A modest, linear increase in collection costs is observed with increasing distance, with the cost ranging from 26 EUR per Mg−1 for a 15 km distance to 46 EUR per Mg−1 for a 40 km distance. It is also noted that the cost per ton of waste collected is generally higher in rural areas than in urban areas, with a cost difference of up to 40% per Mg. This increases the logistical challenges, including higher transport costs and associated emissions [159,160]. Logistical aspects significantly impact the selection and deployment of biological waste treatment facilities, emphasizing the importance of adapting collection systems to the geographical and demographic characteristics of the area served [161].



Analyzing trends in the change of food waste generation, it is predicted that by 2030, the development of organic waste treatment technologies will focus on integrating new solutions with local collection systems and increasing their overall efficiency [162]. The development of dry dynamic fermentation will contribute to the growing importance of methane fermentation (T1) in various bio-waste streams [24]. A major opportunity is the development of modular installations, which facilitates the implementation of fermentation systems in locations with limited infrastructure, thus supporting the circular economy strategy. At the same time, an interesting variant is pyrolysis (T4), with its high energy potential and possibilities of obtaining valuable products (e.g., bio-oil, biochar), and it is predicted that in the coming years, it will become an increasingly important element of municipal energy recovery systems, especially in connection with power grids.



In the long-term perspective, by 2050, waste treatment technologies, in line with technological trends on the market [163,164,165,166], will evolve towards greater automation and digitalization. Despite its status as a mature technology, composting (T3) will also undergo a transformation driven by technological advances. Composting technology will be directed towards the development of more efficient systems, integrating artificial intelligence, mathematical modelling, and novel reactor designs to optimize process efficiency, reduce greenhouse gas emissions, and increase nutrient recovery. This will continue to make it an attractive technology for FW processing, especially in less urbanized areas [163,167]. Implementing intelligent management systems supported by predictive algorithms and sensors can facilitate the efficiency of selective waste collection [144].



Combining methane fermentation with pyrolysis processes is a future solution in complex waste management systems [168,169]. Implementing system solutions will reduce dependence on large, centralized installations, thus promoting sustainable waste management at the place of their generation [170].




4.2. A Vision for Food Waste Processing Technologies in Poland by 2030 and 2050


Three basic criteria were adopted for selecting energy-efficient FW processing technologies for the country: (1) trend in the amount of FW generation, (2) SFWGR, and (3) energy potential of the technology. The Table 5 summarizes the parameters of the first two criteria for both short-term and long-term scenarios.



4.2.1. Short-Term Perspective


In the S1 scenario, it is assumed that the historical trend of an increasing food waste generation rate will continue, which, together with the demographic trend, will lead to an increase in food waste in all areas. By 2030, cities such as Warsaw, Kraków, and Poznań could see an average increase of 10.2% compared to 2023 and voivodeships could see an average increase of 11.9%. Moreover, in regions with a high population density (CAT1 areas), e.g., Warsaw and Kraków, the estimated mass of FW per 1 km2 can exceed 300 tons per year (in the case of S1 and S2 for 2030 and 2050 for Warsaw and S1 2050 for Kraków), which indicates a high demand on the efficiency of FW collection and processing capacity. All this points to the need to invest in new, highly efficient facilities, especially in regions with forecasted increases in food waste generation rates. Under these conditions, technologies such as methane fermentation (T1) and thermochemical methods (T4) should be developed, which enable the effective treatment of increasing food waste streams in densely populated areas. In the long term, they will replace thermal methods, especially in areas with high waste generation potential, due to the smaller quantity of residues left after the process, thanks to the possibility of more complete waste management by producing both fuels and chemical raw materials. This is consistent with other studies and recommendations for urbanized areas [171,172]. Medium and large-scale pyrolysis plants (T1.1–T1.3) can be in urban areas with a high FW concentration and modern AD methods (rather dry—T1.1 or T1.2). This allows FW mass reduction and the local use of the generated syngas as an energy source. However, there is some risk in investing in centralized, large, and expensive facilities in uncertain food waste generation trends beyond 2030.



In the S2 scenario, the effects of food waste reduction policies will already be visible in 2030. There is still an increase in the mass of food waste generated, but it is much lower than in the S1 scenario and remains at 5% in all regions. In the S2 scenario, technologies like those in scenario S1 will be recommended for urbanized areas. However, the difference will concern their scale, as they should be medium- and small-scale facilities, allowing adaptation to the decreasing FW stream. In this scenario, a decrease in food waste generated will be visible after 2030 in most areas (from CAT1 to CAT3)—the years 2030–2035 will be the peak years. In this context, it is also necessary to consider the strategy of combining substrates, which will allow the co-processing of food waste with green waste (GW) and, in the next phase (with favorable formal and legal conditions), also with other bio-waste, e.g., of agricultural origin or with sewage sludge.



In voivodeships with the domination of rural regions (CAT3 areas), such as Podlaskie or Warmińsko-Mazurskie voivodeships, the increase in food waste generation per 1 km2 will be less dynamic. It will not exceed an average of 5 Mg km−2. This indicates investments in more dispersed FW management systems. In such regions, challenges will occur from population dispersion and logistical difficulties. Decentralized solutions, such as small and medium-scale methane fermentation units (can be wet—T1.3) or composting plants (T2), will be more suitable. Biocarbonization systems (T4.3) can be integrated with composting (T2) in rural regions or replaced with slightly less energy-efficient but technologically simpler incineration (T5).



In areas with a low and medium population density (CAT1 and CAT2) and moderate SFWGR (below 20 Mg km−2), the difference between scenarios S1 and S2 is insignificant. This difference becomes more evident in the 2050 perspective.




4.2.2. Long-Term Perspective


In the S1 scenario, by 2050, the mass of food waste will increase by 47.8% in all of Poland and cities by an average of 34%, which will require the further development of centralized installations in densely populated voivodeships, such as Mazowieckie, Śląskie, and Małopolskie, as well as in the regions of major cities. These increases highlight the need to extend traditional solutions to modular methane digestion (T1) plants and hybrid energy systems such as fermentation and pyrolysis (T4.1). Cities with a SFWGR over 25 times higher than in voivodeships will require more advanced technological solutions.



In the S2 scenario, long-term actions bring a 9% reduction in FW mass by 2050, except for cities such as Kraków and Warsaw, where the mass increase will be 6% and 5%, respectively. This decline allows for a gradual shift from central technologies to decentralized solutions, especially in rural regions. Over the next 25 years, in line with technological trends, significant technological progress will occur in the market, influencing the evolution of traditional FW processing solutions. Highly automated composting systems (T2) supported by predictive algorithms and sensors should be developed in regions with a low population density, such as Warmińsko-Mazurskie and Podlaskie. By 2050, pyrolysis plants (T4.1) may also become more advanced and scalable, allowing them to be adapted to different types of waste generated in the region.



The analysis of FW processing technologies for Poland (based on the technological calculations of energy potential) is presented in Table 6.





4.3. Energy Potential


The energy potential of the individual FW treatment technologies was defined as the net energy that can be obtained from FW based on the gross potential energy (Table 2) and energy consumption in the process (according to the methodology presented in Section 2.4). The analysis of the energy potential of the individual FW treatment technologies in Poland shows that, among the AD methods, dry static AD (T1.1) and wet AD (T1.3) offer the highest energy benefits. In the first case, this is associated with more feedstocks being directed to processing (FW co-fermentation with GW as part of the feedstock moisture control). In the second case, it is associated with a higher efficiency of biogas production (effective mixing due to high moisture content), but also with a higher environmental impact due to high water consumption and a large amount of wastewater produced (Table 6). Wet AD (T1.3) is a technology for areas with a lower population density, including rural areas. Among the thermochemical processes, fast pyrolysis (T4.1) will provide the greatest energy benefits, followed by moderate pyrolysis (T4.1) and biocarbonization (T4.2)—at similar levels. Fast pyrolysis is particularly interesting, as liquids can be stored and transported more efficiently and at a lower cost than solid or gaseous biomass. In turn, regarding the use of biochar as a soil amendment, biochar is considered the most stable of the pyrolysis end products. The use of pyrolysis methods also allows for changing the conditions of the process and, thus, the proportions between the products, depending on their demand. Such flexibility in pyrolysis methods is their essential advantage [73]. Traditional thermal conversion (incineration T5) falls between biocarbonization (T4.2) and gasification (T4.3) in terms of net energy potential. Ethanol fermentation (T2) should be used for waste with a higher ethanol yield (especially from fruit and vegetable processing, food, and distillery industries). According to [173], there are still many challenges in this range, and it is crucial to ensure the market maturity of the innovation.



Thermochemical methods (T4) with an energy potential index of 5.9–6.8 kWh kg−1 FW DM are recommended for the voivodeship with the highest SFWGR (Śląskie and Małopolskie) and the largest increase (according to S1) or the smallest decrease (according to S2) in the amount of FW generated (Mazowieckie, Pomorskie and Małopolskie). The clear advantage of these methods, apart from the high energy potential, is the possibility of complete waste management and a low amount of residues, which is particularly important in the case of regions with a high population density, large amounts of waste generated, and a high SFWGR.



On the other hand, for voivodeships with the lowest SFWGR and the lowest increase (according to S1) or the highest decrease (according to S2) in the SFWGR, methods based on biological conversion are recommended (with an energy potential index of 1.7–2.2 kWh kg−1 FW DM), which allow for the generation of energy (in the case of AD) but leave significant amounts of digestate or compost for management, in the case of AD (T1) and composting (T3), respectively. Moreover, composting methods require long processing times, while AD methods (T1) are generally accessible and can be implemented quickly. Incineration (T5) and gasification (T4.2), as technologically more straightforward among energy-efficient methods (with an energy potential index of 3.7–4.8 kWh kg−1 FW DM), can also be considered, but incineration is not feasible for small plants in contrast to gasification, the application of which is indicated for small and medium scales. Moreover, ashes and slags from incineration processes are more challenging to manage than pyrolysis products [68]. Biocarbonization (T4.3) can be regarded in later years—among the thermochemical processes.



Figure 10 presents the energy potential of individual FW processing methods in two scenarios, S1 and S2 (short-term and long-term), for three voivodeships. The selection of provinces was justified in Section 3.3. The energy potential was converted into GWh for comparisons, including analyzing the possibilities of using the obtained energy by households in Poland.



In the Mazowieckie voivodeship, the use of the analyzed processing technologies allows for obtaining net energy in the range from 218 GWh (for biological conversion T1) through 481 GWh (for thermal conversion—T5) to 585–671 GWh (for thermochemical conversion—T4) in 2030, and from 188–305 GWh (for biological conversion—T1), through 416–674 GWh (for thermal conversion—T5), to 506–941 GWh (for thermochemical conversion—T4) in 2050.



In 2050, significant differences will be visible depending on the scenario, making it difficult to plan a FW management strategy. In Warsaw, the energy generated using the above methods would allow for servicing from about 14.6 thousand to 45 thousand households, depending on the scenario.



The FW planned to be produced in the Śląskie voivodeship provides the possibility of obtaining energy at a level from 172 GWh (for biological conversion—T1) through 380 GWh (for thermal conversion—T5) to 462–530 GWh (for thermochemical conversion—T4) in 2030, and from 133–216 GWh (for biological conversion—T1), through 294–477 GWh (for thermal conversion—T5), to 358–665 GWh (for thermochemical conversion—T4) in 2050.



In turn, in the Świętokrzyskie voivodeship, the use of the analyzed conversion technologies provides the possibility of obtaining net energy in the range from 25 GWh (for biological conversion—T1) to 51–85 GWh (for thermochemical conversion—T4) in 2030. In this case, it is also possible to consider incineration (T5) with a net energy potential of 73 GWh. In 2050, net energy from biological methods (T1) is expected to be obtained at 19–31 GWh and from for thermochemical conversion (T4)—to 42–108 GWh.



The high SFWGR corresponds to the high energy production rate from FW per unit area of the voivodeship. This indicator will reach the highest value in the Silesian region, at 10.8–53.9 MWh km−2, depending on the technology and scenario used. In the case of the Świętokrzyskie voivodeship, this indicator will be much lower—at 1.6–10.5 MWh km−2.



Figure 11 illustrates the discrepancy in energy potential between selected cities for the analyzed technologies in scenarios S1 and S2. The fluctuations in energy potential across different scenarios are attributable to the varying local trends in FW generation.



In Kraków, Warsaw, and Wrocław, thermochemical methods (T4) will be recommended due to the significant predicted increase in the amount of FW produced in 2030–2050 according to S1 at the level of 24–32% and a slight decrease at the level of 2–8% according to S2.





5. Conclusions


In accordance with the waste management hierarchy, it is important to recognize the priority of prevention, reuse, and recycling throughout the food supply chain. In this context, the significance of energy recovery as a sustainable solution for extracting value, particularly from unavoidable FW, is critical to consider. Efficient energy recovery strategies for FW can significantly improve the sustainability of urban and rural communities by providing efficient waste management solutions and sustainable energy access.



The selection path for technology for energy-efficient FW processing should be based on the current state of knowledge about technologies, population density, and demographic changes in the region, the nature/character of areas, and the perspective of FW generation with the SFWGR and its energy potential. The most important criteria used for selecting energy-efficient FW processing technologies in the region include (1) a trend in the amount of FW generation, (2) SFWGR, and (3) the energy potential of the technology.



The analysis indicated that population density and SFWGR significantly influence the radius of FW transport. In areas with a high population density (over 1500 Inh km−2) and high SFWGR (>200 Mg km−2), the distance is typically shorter, with distances up to 15 km observed as a consequence of the concentrated FW generation. Lower-density semi-urban and rural areas with a lower value of the SFWGR require a larger transport radius, within the 50–60 km range, due to the influence of dispersed FW generation. In addition, in less populated areas with a lower SFWGR (<20 Mg km−2), the strategy of combining substrates, which will allow for the co-processing of food waste with green waste and, in the next phase (with favorable formal and legal conditions), also with other bio-waste, e.g., of agricultural origin or with sewage sludge, should be considered. Decentralized solutions such as small- and medium-scale methane fermentation units (wet AD) or composting plants will be more suitable. Biocarbonization systems can be integrated with composting in rural regions.



Fast pyrolysis will provide the most significant energy benefits among thermochemical processes, followed by moderate pyrolysis and biocarbonization—at similar levels. Analyses indicate that incineration also enables effective energy recovery from FW, in this respect, placing itself between carbonization and gasification. However, this technology is associated with high emissions and resource wastage. In the long term, it should be replaced by modernized thermochemical methods, which should become increasingly efficient as advanced feedstock pre-treatment methods are developed.



Waste prevention activities will have a key impact on the selection path for energy-efficient food waste management, as evidenced by the significant differences in the amount of waste generated between scenarios S1 and S2 included in the analysis, especially in the long term.



Great hopes are placed on hydrothermal carbonization, a synergistic combination of thermochemical and biological processes, making it possible to process wet biomass without pre-drying. There are many unknowns in the situation for the year 2050, which makes long-term strategic planning difficult today. It is certainly important that future solutions, especially in the field of energy from food waste, are adapted to projected changes in local conditions. A promising direction in this context is the development of hybrid technologies, which allow for the modular development of the processing capacity and implementation of new technologies, increasing the efficiency and flexibility of traditional solutions.
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Figure 1. Technologies selected for the analysis. 
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Figure 2. Administrative division of Poland into 16 voivodeships [84]. 
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Figure 3. Demographic trends in Poland, individual voivodeships in the short term—2030 (a) and long term—2050 (b). Differences in color intensity reflect variations in demographic trends. 
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Figure 4. Comparison of the value of the food waste generation rates in Poland, voivodeships, and individual cities in 2018 and 2023. 






Figure 4. Comparison of the value of the food waste generation rates in Poland, voivodeships, and individual cities in 2018 and 2023.



[image: Energies 18 00385 g004]







[image: Energies 18 00385 g005a][image: Energies 18 00385 g005b] 





Figure 5. FW in thousands of Mg generated in individual voivodeships in the base year 2023 (a), in 2030 for the S1 (b), in 2050 for the S1 (2050) scenario (c), and in 2050 for the S2 scenario (d). Differences in color intensity reflect variations in the FW generation rates. 






Figure 5. FW in thousands of Mg generated in individual voivodeships in the base year 2023 (a), in 2030 for the S1 (b), in 2050 for the S1 (2050) scenario (c), and in 2050 for the S2 scenario (d). Differences in color intensity reflect variations in the FW generation rates.



[image: Energies 18 00385 g005a][image: Energies 18 00385 g005b]







[image: Energies 18 00385 g006] 





Figure 6. FW in thousands of Mg generated in big cities in scenarios S1 (a) and S2 (b). 
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Figure 7. The projected changes in food waste generation between 2030 and 2050 for scenarios S1 and S2 in voivodeships (a) and major cities (b). 
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Figure 8. SFWGR for Poland and voivodships, 2030 and 2050 perspective in S1 and S2 scenarios. 
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Figure 9. Box and whisker chart showing an average distribution of SFWGR for voivodeships (a) and major cities (b) for 2030 and 2050 in scenarios S1 and S2. 
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Figure 10. The energy potential (in GWh) of individual FW processing methods for S1(2050) and S2 (2030 and 2050), for Mazowieckie (a), Śląskie (b), and Świetokrzyskie (c) voivodeships. 
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Figure 11. The energy potential (in GWh) of individual FW processing methods for S1(2050) and S2 (2030 and 2050), for Warsaw (a), Wrocław (b), and Łodź (c). 
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Table 1. Parameters used in technological calculations.
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Parameter

	
Values

	
Units

	
References






	
Food Waste




	
Water content (WC)

	
77

	
%

	
[14]




	
Volatile solids (VS)

	
85.73

	
%




	
Impurities

	
5.85

	
%




	
Biogas yield

	
389

	
m3 Mg−1 VS−1




	
CH4 share

	
57

	
%




	
HHV

	
17.421

	
MJ kg−1 DM

	
[90]




	
Fast pyrolysis products




	
bio-oil

	
60–75

	
%

	
[61]




	
biochar

	
15–25

	
%




	
syngas

	
10–20

	
%




	
Moderate pyrolysis products




	
bio-oil

	
35–50

	
%

	
[57]




	
biochar

	
25–40

	
%




	
syngas

	
20–30

	
%




	
Carbonization products




	
bio-oil

	
30

	
%

	
[54]




	
biochar

	
35

	
%




	
syngas

	
35

	
%




	
Gasification products




	
syngas

	
1.2

	
m3 kg−1 DM

	
[74]




	
Ethanol fermentation




	
ethanol yield

	
107.58

	
g kg−1 DM

	
[91]




	
Heat values




	
biomethane

	
36.0

	
MJ m−3

	
[92]




	
ethanol

	
21.6

	
MJ kg−1

	
[91]




	
bio-oil

	
36.7

	
MJ kg−1

	
[93]




	
biochar

	
23.6

	
MJ kg−1




	
syngas

	
17.0

	
MJ m−3











 





Table 2. General characteristics of selected technologies T1–T5.
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	Criteria
	T1: Anaerobic Digestion
	T2: Ethanol Fermentation
	T3: Composting
	T4: Thermochemical Conversion
	T5: Incineration





	Purpose of application
	Converting bio-waste into biogas and digestate
	Converting bio-waste rich in sugars and starch into bioethanol
	Aerobic stabilization of bio-waste to obtain compost
	Decomposition of bio-waste into biochar, bio-oil, and synthesis gas under anaerobic conditions
	Converting bio-waste into energy by direct combustion in the presence of excess oxygen



	Maturity
	Mature technology, widely used
	New technology with limited commercialization
	Mature technology, widely used
	Developing technology.

High level of innovation with potential for regional and global development
	Mature technology widely used worldwide. innovations focus on emission control and energy efficiency



	Flexibility of application
	High flexibility, lower input requirements for dry AD, higher for wet AD
	Low flexibility, significant feedstock requirements and complex pre-treatment
	High flexibility, minimal pre-treatment requirements
	Medium flexibility, depending on process parameters, special pre-treatment for higher efficiency, but no need to reject plastic ingredients
	High flexibility, no complex pre-treatment required



	Optimal criteria ranges
	Anaerobic process

Moisture:

60–75%—dry static

75–85%—dry dynamic

>85/88%—wet,

Biogas yield >100 m3/Mg,

Methane: >50%

C/N = 10–30
	Sugars: >30%, Starch: >20%
	Oxygen process, from 5% to

15% O2 in the air

Moisture: 40–60%,

Nitrogen: >0.3–1.5%

Organic content: >20–40%

TOC > 10%,

C/N = 25–35
	Cellulose: >30%, Lignin: >10%, Calorific value: >15 MJ kg−1
	calorific value: 8–10 MJ kg−1, Contaminants: <5%

Conditions for autothermal combustion:

moisture content: <50%;

ash content: <60%

combustible mass: >25%



	Sources
	[24,100,101,102,103]
	[10,39,40,104,105]
	[106,107,108,109]
	[110,111,112,113,114]
	[114,115,116,117,118,119,120,121]



	Emission level a
	CH4: 0.950–11.060 kg Mg−1

N2O = 0.013–0.12 kg Mg−1

NH3 = 0.024–0.72 kg Mg−1

CO2e = 76–506 kg Mg−1
	CO2e = 258–403 g L−1
	CH4 = 4.060 kg Mg−1

N2O = 0.055 kg Mg−1

NH3 = 0.157 kg Mg−1

CO2e = 78–118 kg Mg−1
	PM <4.7 mg Nm−3

HCl = 11.6 mg Nm−3

CO = 5.8 mol kg−1

CH4 = 3.2 mol kg−1
	NOx = 1.07–1.8 kg Mg−1

SO2 = 0.096–1.36 kg Mg−1

NMVOC = 0.18–0.891 kg Mg−1

CO2e = 386 kg Mg−1

SO2 = 5.00 kg Mg−1

NMVOC = 0.89 kg Mg−1



	Sources
	[101,122,123]
	[123]
	[101,122,123,124]
	[125,126]
	[127,128]



	Cost estimation
	CAPEX:

150–490 EUR Mg−1;

OPEX:

15–50 EUR Mg−1

Total treatment cost: 20–70 EUR Mg−1
	CAPEX:

145–189 EUR MWh−1

OPEX:

212 EUR MWh−1

Bioethanol production cost: 500–700 EUR m−3 bioethanol
	CAPEX:

180–240 EUR Mg−1

OPEX:

16–65 EUR Mg−1;

Total treatment cost: 30–75 EUR Mg−1
	OPEX:

49–936 EUR Mg−1 (gasification)

Bioproducts production cost:

0.45–2.76 EUR/kg/hydrogen (LCC approach); 400 EUR Mg−1 biocoal; 436–863 EUR Mg−1 biochar (conventional pyrolysis); 564- 979 EUR Mg−1 biochar (microwave pyrolysis); 75–300 EUR Mg−1 Oil

83–118 EUR MWh−1 (pyrolysis); 436–860 EUR MWh−1
	CAPEX:

350–760 EUR Mg−1

OPEX:

21–102 EUR Mg−1

Total treatment cost:

80–250 EUR Mg−1



	Sources
	[129,130]
	[131,132]
	[129,130,133]
	[134,135,136,137,138]
	[129,139,140,141]







a emission from the process is taken into account, no net emission balance has been made (e.g., in the case of CO2e emissions).













 





Table 3. Demographic trends for major cities in Poland in the short term—2030 and long term—2050.






Table 3. Demographic trends for major cities in Poland in the short term—2030 and long term—2050.





	City
	2023–2030
	2023–2050





	Kraków
	3%
	4%



	Warsaw
	3%
	2%



	Wrocław
	2%
	−4%



	Poznań
	−2%
	−16%



	Łódź
	−5%
	−22%










 





Table 4. Unit yield of products and gross energy for individual processes per 1 Mg of FW.
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Unit Yield of Products

	
Unit Yield of Gross Energy (GJ Mg−1 FW)






	
Dry static methane fermentation




	
Methane (m3 Mg−1 FW)

	
55.8

	
2.0




	
Dry dynamic methane fermentation




	
Methane (m3 Mg−1 FW)

	
34.1

	
1.2




	
Wet methane fermentation




	
Methane (m3 Mg−1 FW)

	
42.7

	
1.5




	
Alcoholic fermentation




	
Ethanol (kg Mg−1 FW)

	
23.4

	
0.5




	
Fast pyrolysis




	
Bio-oil (kg Mg−1 FW)

	
149.2

	
5.5




	
Biochar (kg Mg−1 FW)

	
45.9

	
1.1




	
Syngas (kg Mg−1 FW)

	
34.4

	
0.6




	
Moderate pyrolysis




	
Bio-oil (kg Mg−1 FW)

	
97.6

	
3.6




	
Biochar (kg Mg−1 FW)

	
74.6

	
1.8




	
Syngas (kg Mg−1 FW)

	
57.4

	
1.0




	
Biocarbonization




	
Bio-oil (kg Mg−1 FW)

	
68.9

	
2.5




	
Biochar (kg Mg−1 FW)

	
80.3

	
1.9




	
Syngas (kg Mg−1 FW)

	
80.3

	
1.4




	
Gasification




	
Syngas (m3 Mg−1 FW)

	
275.5

	
4.7




	
Incineration




	
Energy recovered from flue gases (GJ Mg−1 FW)

	
4.0











 





Table 5. Scenario characteristics—technology selection criteria.
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The Trend in FW Generation




	

	
S1 (2023–2050)

	
S1 (2030–2050)

	
S2 (2023–2050)

	
S2 (2030–2050)




	
country

	
+47.8%

	
+31.3%

	
−8.8%

	
−13.4%




	
voivodeships

	
+44.7%

	
+29.3%

	
−10.7%

	
−14.8%




	
major cities

	
+33.9%

	
+21.2%

	
−4.9%

	
−9.8%




	
SFWGR (Mg km−2)




	

	
S1 (2030)

	
S1 (2050)

	
S2 (2030)

	
S2 (2050)




	
country

	
8.8

	
11.6

	
8.3

	
7.2




	
voivodeships

	
9.2

	
12.0

	
8.6

	
7.4




	
major cities

	
251.1

	
308.3

	
239.6

	
218.8











 





Table 6. Analysis of technologies for FW processing in Poland—based on the technological calculations (for FW characteristics according to Section 2.4).
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Technology

	
Pre-Treatment

	
Post-Treatment

	
Energy Potential Index (Net)

(kWh kg−1 FWDM)

	
Others






	
T1 Anerobic Digestion

T1.1 Dry static

	
Simplified pre-treatment

Sorting out impurities in the amount of approx. 3% of feedstock

Need to correct humidity

	
Oxygen stabilization of digestate

Digestate purification

	
2.2 *

	
Limited amount of wastewater

Possibility of co-fermentation with GW (as part of humidity correction)—in the amount of approx. 20% of FW input

Endothermic process




	
T1 Anerobic Digestion

T1.2 Semi-dry dynamic

	
Simplified pre-treatment

Sorting out impurities in the amount of approx. 3% of the feedstock

No need for humidity correction

	
The need to dewater the digestate

Oxygen stabilization of digestate

Digestate purification

	
1.3

	
Larger amount of wastewater (approx. 45% of the feedstock)

Endothermic process




	
T1 Anerobic Digestion

T1.3 Wet

	
Advanced pre-treatment—grinding, fiberizing, slurring

Sorting out impurities in the amount of approx. 5% of feedstock

Need to increase humidity (water supply in the amount of approx. 90% of the feedstock)

	
1.7

	
A large amount of wastewater produced (approx. 120% of the feedstock)

Endothermic process




	
T2 Ethanol fermentation

	
Advanced, specialized pre-treatment

Sorting out impurities in the amount of approx. 3% of the feedstock

	
-

	
0.4

	
Endothermic process




	
T3 Composting

	
Simplified pre-treatment

The need to correct (to lower) humidity

	
Compost gentrifying

	
No energy recovery

Fertilizing use

	
Possibility of co-composting with GW (as part of humidity correction)—approx. 70% of the input

Exothermic process




	
T4 Thermochemical conversion

T4.1 Pyrolysis

(fast and moderate)

	
No need to sort out impurities

Drying, significant fragmentation required (up to 1–2 mm for flash pyrolysis)

The degree of advancement depends on the type of pyrolysis

	
-

	
6.0—moderate pyrolysis

6.8—fast pyrolysis

	
Endothermic process




	
T4 Thermochemical conversion

T4.2 Biocarbonization (slow pyrolysis)

	
5.9




	
T4 Thermochemical conversion

T4.3 Gasification

	
3.7




	
T5 Thermal conversion

Incineration

	
Simplified pre-treatment

No need to sort out impurities

Drying

	
Ash and slag valorization

Fly ash solidification Flue gas purification

	
4.8

	
Exothermic process

Autothermal combustion is possible after drying








* In co-fermentation with GW (in the amount of 20% FW) for humidity correction
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