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Abstract

:

A large part of municipal solid waste (MSW) still goes to landfills, representing an environmental concern. A circular economy approach can enable safe management of MSW while mitigating the increasing energy needs when waste is used as a feedstock in energy production processes (waste to energy). Currently, MSW can be converted into refuse-derived fuel (RDF) through mechanical and biological treatment processes. This study analyzes the status of MSW and RDF production, as well as its main destinations in Portugal and Europe. The legislation applied, possible energy-recovery routes, and challenges associated with energy recovery are discussed throughout this paper. This research finds that the production of RDF in Portugal has been neglected, mostly because of RDF composition being quite heterogeneous and its poor fuel properties. Therefore, the need to improve and upgrade the characteristics and properties of RDF for waste-to-energy processes was detected. RDF can be pretreated to be further applied to waste-to-energy and waste-to-gas processes, such as incineration and gasification. The technology readiness level data, costs, and SWOT analysis allowedto assess that although incineration is the most mature and widely used technology, gasification becomes more attractive, having lower costs and gaseous emissions, proving to be more efficient and sustainable for MSW and RDF conversion.
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1. Introduction


With population growth, expanding urban density, economic developments, and rising community living standards, waste is constantly being produced in increasing records of generation and volume. Waste is produced all over the world, and it is an environmental issue whose mismanagement carries adverse socioeconomic, health, and environmental costs [1]. Currently, municipal solid waste (MSW) management is a real problem. These wastes represent approximately between 7–10% of the total waste produced in the European Union (EU) [2]. The challenges posed by MSW management result from its extremely complex and undifferentiated composition, the direct proximity of the waste produced to citizens, the high public visibility of this issue, and its impact on the environment and human health [2]. Even with recent waste-recycling technologies, a considerable part is still disposed in sanitary landfills because of the relatively low cost of this disposal solution (41.3 EUR/t MSW) [3]. Landfills represent a long-term environmental concern because of the potential contamination of soil and water with toxins that are leached out and emissions of greenhouse gases (GHG) such as methane (CH4) and carbon dioxide (CO2). In addition, the use of landfills represents a great loss of material and energy resources, as well as land, with potential for other applications [4,5].



Overall, specific economic and regulatory instruments have been created to promote waste management efficiency and to reduce landfilling and associated environmental impacts. Waste management is one of the key priorities set by the European Commission in the context of the circular economy [6]. Directive 2008/98/EC establishes the waste hierarchy applicable as a general principle of waste prevention and management legislation and policy: prevention, reduction, preparation for reuse, recycling, recovery (material and energy), and disposal. According to this hierarchy, waste is regarded as a resource. The top priority is the prevention of waste generation. When production cannot be minimized, the priority is reuse and, subsequently, recycling and other types of recovery, namely energy recovery. According to Directive 2018/850/EC, which transposes Directive 1999/31/EC, landfilling should be minimized and considered the last option for waste treatment. High landfill taxes and other charges on, for example, the amount of waste produced and not reused (“pay as you throw”) can contribute not only to achieve the targets set by Council Directives 2018/850/EC and 2018/851/EC, but it can also provide an economic opportunity to create value by enabling waste recovery [7]. These two European directives provide important steps toward more sustainable waste management: (a) preparation for reuse and recycling of MSW should increase to a minimum of 60% in 2030 and 65% by weight in 2035 (Directive 2018/851/EC); (b) by 2035, the amount of MSW landfilled must be reduced to 10% or less of the total amount of MSW produced (by weight) (Directive 2018/850/EC); (c) restrictions on landfilling of waste streams that are subject to separate collection (Directive 2018/850/EC); (d) specific criteria for by-products and end-of-waste status should be considered (Directive 2018/851/EC).



MSW has no clear definition. These wastes are broadly classified into organic and inorganic compounds and generally consist of everyday items that are used and disposed of, such as product packaging, food waste, paper, plastics, wood, textiles, metals, and glass [8]. The quantity and composition of MSW reflect on the economic evolution of the population [8,9]. In addition to the economic power of populations, other factors such as geographical location, number of inhabitants, and climate also influence the amount and composition of MSW [10]. Other factors can also modify MSW production and composition. During the COVID-19 pandemic, some cities in China reduced their production by about 30%. On the other hand, the United States showed MSW production 20% above normal [11]. Thus, considering that this work aims to make a comprehensive and realistic approach to the production of MSW and RDF in Portugal, policies, and potential energy routes, only data on the production and composition of MSW until 2020 will be highlighted. Figure 1 demonstrates the physical composition of MSW in mainland Portugal in 2020 [12].



MSW in Portugal’s mainland is mainly composed of biological waste (about 37%) and waste from selective collection (paper/cardboard, plastic, and glass: around 28%). In 2020, 5.014 million tons of MSW were produced in mainland Portugal, corresponding to an annual uptake of 512 kg/inhabitant/year, e.g., a daily production of 1.4 kg per habitant (Table 1). MSW production in Portugal has been increasing when compared to previous years, reaching higher values than the EU average in 2018, 2019, and 2020 [12,13].



Of the total MSW treated in 2020, 37.7% was disposed of in landfills in the EU and 64.2% in Portugal. Table 2 presents the main final destinations of waste in the EU and Portugal [12,14].



In Portugal, waste recovery (including energy, organic, and multi-material recovery) represents about 35.7%, which is a significant percentage but still below the EU average. However, analyzing only the energy and organic recovery, Portugal represents more interesting values than the EU average, which means that it had committed itself to finding more sustainable destinations for MSW in 2020. Regarding landfilling, more than half of MSW produced is directly sent to landfills and the rest comes from the rejects of mechanical–biological treatment (MBT) and mechanical treatment (MT), which means that a significant percentage of the waste and rejects from the treatments cannot be recovered [12].




2. RDF Production in Portugal


Not all waste can be recycled efficiently (e.g., without excessive resource consumption), and only some waste can be recycled multiple times. In fact, recycling is not a process that applies to all waste streams. This means that for waste that cannot be properly recycled, another approach is needed that avoids immediate waste disposal [15]. Waste recovery before disposal, a key concept in the framework of waste management policy in Europe and in Portugal, is one of the approaches for nonrecyclable waste.



RDF is defined as a solid fuel produced by processing nonhazardous mono- or mixed waste streams (such as MSW, construction and demolition waste, or industrial waste) to make them a suitable feedstock for energy recovery, in strict compliance with the legislation [16,17,18].



In general, MSW can be processed by physical technologies and divided into three main fractions: combustible, incombustible, and moisture, with the combustible fraction corresponding to the RDF. The processing of MSW to produce RDF starts with the separation of waste at the MBT plant [4,5,19,20]. The aim of the MBT plant is separating and stabilizing the quickly biodegradable fraction (including food waste) of the waste, as well as recovering recyclables from mixed-waste streams. This is one of the main technologies used in MSW management and consists of two processes: mechanical–biological pretreatment (MBP) and mechanical–biological stabilization (MBS). In MBP, the organic fraction is separated and biologically stabilized before forwarding to the landfill, and recyclables and RDF are recovered from the residual coarse fraction. In the MBS or bio-drying process, the waste is dried prior to extraction of a larger fraction of RDF. MBP aims to stabilize the organic fraction to minimize landfill gas and leachate emissions, while MBS maximizes the RDF and material recovery [21]. In general, the RDF is produced by applying a combination of processes that may include screening, shredding, sanitizing, drying, and densification [22].



As mentioned, the materials to produce RDF are mainly produced in the process of MBT; however, remaining quantities are produced along the waste-processing line. Table 3 shows the annual evolution of the amounts of material for RDF in sorting units, MT and MBT, declared by the Portuguese Municipal Solid Waste Management Systems (MSWMS) between the years 2015 and 2019 [12]. There are no data after 2019.



It should be noted that not all the material produced is converted into RDF. Table 4 represents the quantities of RDF produced and sent to waste management operators (WMO) between the years 2015 and 2019 in Portugal [23]. In 2020, there was no production in Portugal, so figures are presented up to 2019.



A general analysis shows a decrease in the amount of RDF produced over the years compared to 2015. According to the “Relatório Anual Resíduos Urbanos” of the Portuguese Environment Agency (APA), the low production of RDF can be explained by the unavailability of the WMO for the reception of this material from the MSWMS because of the high moisture content that RDF presents [22]. For this reason, many existing RDF production units did not operate, and those that did not use their full processing capacity.



Currently, there are five RDF production units in Portugal, while there are 34 landfills. These five existing units had not recorded any activity after 2019, as previously mentioned. The last recorded RDF production occurred in 2019, considering that 57.6% of MSW went to landfills in the same year, the produced RDF corresponds to only 0.024% of the material that was unavailable [23]. Despite not taking advantage of all the material available to produce RDF, Portugal is known to import this resource from several EU countries. In 2016 alone, the United Kingdom accounted for about 75% of the RDF imported into Portugal, followed by Italy and the Netherlands. The imported RDF was mainly consumed by the cement industry, about 137,000 t in that same year [16,18]. In Portugal, in addition to the cement industry, other facilities such as the pulp and paper industry and ceramics are the main stakeholders in RDF use [24].




3. RDF Quality Requirements


RDF exhibits high heterogeneity, moisture, ash, and chlorine contents and low friability. This means that energy conversion can be problematic because its properties can lead to harmful emissions (hydrochloric acid and dioxins), slagging, and fouling that cause equipment corrosion, hindering RDF application in waste-to-energy (WtE) and waste-to-gas (WtG) [17] processes.



Current regulations are setting high quality standards for RDF so that it can be readily accepted as a substitute or auxiliary fuel in most thermochemical energy production systems, with small modifications. Therefore, regulations specifying strict quality standards for RDF are being issued in most countries [25]. In Europe, RDF is classified as waste according to the code “19 12 10—Combustible waste (waste-derived fuels)” of the European Waste List (EWL). However, Directive 2018/851/EC, which repeals Directive 2008/98/EC, provides that certain specific wastes may leave the status of waste if they have undergone a recovery operation and meet a set of requirements set out in Article 6 (1) of Directive 2008/98/EC and amended by this directive [2]. RDF is the material that does not comply with the established current standard, EN ISO 21640:2021, and the declaration of conformity [16]. The European Standardization Commission (CEN) established CEN/TC 343 for solid recovered fuels (SRF) that correspond to an RDF alternative with recognized quality to standardize fuels produced from nonhazardous waste at the European level. The CEN focus with this standard is to “provide a common classification and specification system for SRF to enable efficient trade, to promote their safe use in energy conversion activities, and to increase user confidence. The document facilitates a good understanding between seller and buyer, supports purchasing, cross-border movements, use and supervision, and effective communication with equipment manufacturers. It also aims for the classification and specification system to support authorities’ authorization procedures and facilitate reporting on environmental issues” [26].



CEN/TC 343 standards and technical specifications are separated into five different groups (GW 1 to 5), as shown Table 5 [26,27,28]. These standards impose mandatory and optional specifications for SRF. The specifications include class code, origin, particle shape, ash content, moisture content, calorific value, chemical properties, biomass content, physical composition, and fuel preparation, as well as physical properties such as bulk density, volatile content, and chemical properties regarding major and minor elements [26,27,28].



The European standard EN ISO 21640:2021 (CEN/TC 343/WG2) presents the main quality specifications, based on properties such as calorific value, chlorine, and mercury content, with class 1 being the most demanding and highest quality and class 5 the minimum quality required, as can be seen in Table 6 [29,30].



Fuel that does not meet the specifications and classification conditions showed in Table 6 and does not have the declaration of compliance is referred to as RDF. This does not necessarily imply that SRF is always of better quality than RDF, but that quality is known and defined according to standards, while RDF is a broader term not necessarily covered by any standards [16]. The classification system, classes, and specifications that are proposed by CEN/TC 343 should help authorities in licensing, be an aid for the end user to easily understand what must be considered when it comes to SRF and RDF and should increase the public’s positive perception of using these fuels. Figure 2 illustrates a simplified flow chain for SRF, from nonhazardous waste input to SRF end-use [30].



Figure 3 shows a demonstration of what could be considered RDF or SRF [16].



Figure 3 shows that RDF can still become a certified SRF (quality mark) if produced according to a defined quality assurance procedure to meet a market demand (fuel with a well-defined quality). In Portugal, quality assurance with recommended certification is defined by the NP 4486:2008, which transposed the already established European standard CEN/TS 15359:2006, revoked to EN ISO 21640:2021. Producing certified SRF, developed according to the standard users’ specifications and declaration of conformity, is more rigorous and costly than simply producing uncertified secondary fuels. For consumers of secondary fuels (SRF and RDF), the most critical parameters that determine their viability in replacing fossil fuels are calorific value chlorine content (which generally comes from the plastic fraction, responsible for the formation of dioxins associated with corrosion problems), sulfur (responsible for the emission of SOX and associated with corrosion problems), heavy metals (especially mercury), ash, moisture, and biomass contents (that determine the emissions that can be considered null for industries that are within the emissions trading) [31].




4. RDF Pretreatment Technologies


There are basically two pathways for RDF management, which include disposal and energy recovery (Figure 4).



Although RDF is a value-added product when compared to the original waste, it is characterized by high variability in its morphological and quantitative composition. This means that its processing can be problematic, even leading to operational problems (slagging, fouling, and corrosion) or contribute to toxic emissions. RDF mainly consists of carbon derivatives such as organics, plastic, paper, wood, and textiles. Plastic and paper are the main fractions of RDF and consist of about 50–80%, the remaining fractions are mostly organics, wood, and textiles [32]. Typically, RDF has the following proximate composition: moisture content between 4–23 wt.%, volatile matter between 19–81 wt.%, fixed carbon around 4–24 wt.%, and ash content in the range of 5–60 wt.%. As for the ultimate composition, RDF characterization studies have found the following values: carbon (41–58 wt.%), hydrogen (5–10 wt.%), nitrogen (0.8–2.5 wt.%), oxygen (1–50 wt.%), and sulfur (0.1–0.4 wt.%) [20,33,34,35,36,37].



A typical RDF has around 5 to 20% organics, which contain about 75 wt.% moisture, representing the main source of moisture in RDF. For example, RDF with a higher amount of food waste demands more energy to remove moisture because of its composition. The application of measures such as the selective collection of food waste could improve the process of RDF production in the MBT plant and the quality of the RDF, since it would have a lower presence of food wastes in the composition of the RDF and decrease the fuel’s moisture content [5,38].



In this context, RDF preprocessing and pretreatment can be a suitable solution for most of these problems, making the use of RDF in energy recovery (WtE or WtG) more attractive [33,39].



4.1. Physical, Chemical, and Thermochemical Pretreatment of RDF


4.1.1. Sorting


Sorting is a physical pretreatment and one of the primary steps in the production of RDF. In this step, the RDF is obtained after several MSW processing techniques (drying, mechanical separation, and screening) removing most of the biodegradable fractions, metals, glass, fine articles, those with high concentrations of chlorine, and other inorganic materials, resulting in a mixture of organic materials with small amounts of inorganics [32,38].



The RDF obtained from sorting facilities typically has four main mass fractions of 15–35% plastic, 20–50% paper and cardboard, 2–10% wood, 5–20% organics, and about 5–10% noncombustibles [5]. This first approach to mixed waste results, in extreme cases, in an increase in calorific value from 8.4 (MSW) to 27.0 MJ/kg (RDF) [40].




4.1.2. Particle Size Reduction and Pelletizing


Grinding and particle size distribution are important factors in the valorization of RDF. Due to the high proportion of bulky, elastic, and fibrous materials in the RDF, dedicated crushing devices are required. RDF is also screened to determine the particle size distribution, an important parameter affecting densification and the selection of the energy conversion process. Moisture content is another important parameter in densification, which should vary from 10 to 20 wt.% [41]. According to Rezaei et al. (2020), the 4 mm mill produced RDF with optimal particle size distribution for pelletizing, and the RDF sample with 20% moisture content consumed the lowest pelletizing energy [5].



The morphology of MSW-based RDF is different from biomass, where lignin acts as a natural binder during pelletizing. This does not occur in the pelletization of RDF, so the introduction of artificial binders that do not alter the quality and increase the cost of the fuel should be considered. Temperature also plays a key role in RDF pelletizing, so a special matrix should be used. The temperature condition of 120 °C results in pellets with high durability and apparent density, like biomass pellets. The production of RDF pellets leads to densification, uniformity, and homogenization of the produced fuel quality [41].




4.1.3. Thermochemical Pretreatments


Torrefaction and Pyrolysis


Torrefaction and pyrolysis have been explored as a pretreatments to increase the calorific value, hydrophobicity, and friability of the feedstock [42]. These are eminent thermochemical recycling techniques that convert waste into energy or value-added products such as char, gases, and liquid fuel (pyrolytic oil) [43]. Pyrolysis is the process by which a long-chain polymer is converted into smaller molecules through thermal degradation (300 to 900 °C) under an inert or oxygen-deficient atmosphere, with or without the presence of catalysts [44,45]. When a lower temperature, slower heating rate, and longer reaction time are applied, the process has been called slow pyrolysis or torrefaction, where mostly solid product (char) is obtained [42].



The yields of liquid (pyrolytic oil) or gaseous (fuel gas) products can be increased using fast pyrolysis or flash pyrolysis, which occur at high temperatures (over 900 °C) under very high heating rates and for short residence times. Table 7 highlights the main differences between these three types of pyrolysis [46].



Therefore, parameters such as temperature, heating rate, residence time in the reaction zone, and size of materials affect the torrefaction and pyrolysis of biomass, MSW, and RDF [44]. The effects of these parameters have been studied by several authors. Yuan et al. (2015) investigated the torrefaction of MSW and stated that the pretreatment increased the product’s energy density and calorific value from 23.5 to 31.1 MJ/kg at 400 °C, 30 min. Another observation was of better grinding, lower chlorine content for temperatures below 450 °C, and better overall incineration properties [47]. Białowiec et al. (2017) showed that RDF torrefaction (200–300 °C, for 1 h) allowed a reduction in the moisture content from 22.9 to 1.4% and an increase in the lower heating value (LHV) from 19.6 to 25.3 MJ/kg at 300 °C. However, the increase in torrefaction temperature enabled a slight increase in ash and sulfur contents. These results suggest that torrefaction can increase the attractiveness of RDF as an energy source; however, the methods capable of removing inorganics from the chars of this fuel need to be studied [35]. In another work, Nobre et al. (2019) studied RDF torrefaction in a temperature range of 200–400 °C and residence times of 15 to 60 min. The process allowed the obtaining of char with better fuel characteristics. The higher heating value (HHV) of the RDF chars reached 26.2 MJ/kg. The produced chars presented high ash content, and the leaching with water allowed significant reductions in the inorganic fraction [39]. Chen et al. (2008) investigated the slow pyrolysis of two RDF samples by thermogravimetric analysis and Fourier transform infrared spectrometer and concluded that biomass degradation occurs in the temperature zones of 220–430 °C, the plastic fraction is degraded between 430–520 °C, and at a temperature above 650 °C, the carbonates are degraded [48]. Slow pyrolysis of blends of RDF and high-density polyethylene (HDPE) with biomass was investigated by Chavando et al. (2022), and the authors concluded that the effect of adding RDF and HDPE was an improvement in the LHV of the pyrolysis gas. However, pyrolysis of 100 wt.% of RDF and HDPE produces a heavy molecular tar fraction that condenses and solidifies, causing blockages and operational problems. Blending RDF and HDPE with biomass significantly mitigates this negative impact, so blends of RDF/HDPE with biomass are recommended as a feedstock for pyrolysis [38]. Manyà et al. (2015) investigated the effect of adding 10% RDF to olive pomace during slow pyrolysis (400 and 600 °C, for 30 min) with heating rates of 5 °C/min and 40 °C/min. The results showed that the addition of RDF to olive pomace led to an increase in the specific surface area of the resulting chars, this being more pronounced in pyrolysis at 40 °C/min and 600 °C. The increase in the oxygen reactivity of the chars was particularly high at this condition, as well, because of the catalytic effect of the inorganic components contained in the RDF. In any case, all the chars produced at a peak temperature of 600 °C exhibited low H:C ratios (less than 0.4), so these high-temperature chars would have a high carbon sequestration potential [36].



The use of catalysts in the pyrolysis of MSW and RDF has also been studied, aiming to minimize the production of tars and increase the conversion of feedstock into chars or gas. A pyrolysis process of MSW (550 °C, for 30 min), coupled with a thermal or catalytic cracking stage with dolomite (350 °C and 900 °C), was carried out by Veses et al. (2020). The results showed that the noncondensable gas produced consisted of more than 80 vol.% of CO and H2, with a heating value of 16 MJ/Nm3 when the temperature of 900 °C was reached in the catalytic cracking reactor. The gas obtained after the catalytic process can be considered a derived syngas that can be used for energy or chemical production. The obtained char had a heating value of 7.2 MJ/kg and high ash content, so its application as fuel in cement plants may be an interesting option [49]. Whyte et al. (2015) studied catalytic pyrolysis options (500 °C, 10 °C/min, for 30 min) of RDF char using spent and regenerated catalyst. The catalyst had a nominal 400 mol ratio of SiO2/Al2O3 (ZSM-5). They found that the catalysts were effective in reducing tar; however, they did not have much effect on yield and quality of char. The catalytic oil had density, heating value, and viscosity comparable to conventional diesel fuel. The three most significant compounds present in the oil were 2,4-dimethyl-1-heptene, ethylbenzene, and styrene, making the liquid suitable as a source of valuable chemicals. Catalyst use allowed an increase in CO2 production; still, the gases from catalytic pyrolysis had significant heating values ranging from 17.1 to 21.9 MJ/m3 [50]. Gandidi et al. (2018) used MSW composed of 52% plastics to produce bio-crude oil (BCO) under thermal and catalytic pyrolysis using activated natural zeolite as catalyst at 400 °C and reaction time of 60 min. The results showed that catalytic pyrolysis produced 21.4% BCO, while thermal pyrolysis produced 15.2% BCO, thus showing better production performance [51].



In general, the heating value of pyrolysis gas is typically between 5 MJ/m3 and 15 MJ/m3 based on MSW and between 15 MJ/m3 and 30 MJ/m3 based on RDF [52]. The chars produced by torrefaction or pyrolysis of these feedstocks can have heating values of 28–30 MJ/kg [37].



Given the energy content of the products, the large-scale pyrolysis process incorporates the gas into a boiler to generate power, while the liquids produced are processed and upgraded for use as combustible fuel. Torrefied and pyrolytic char can be used as a solid fuel [38].




Hydrothermal Carbonization (HTC)


For feedstocks with high moisture and ash content, hydrothermal carbonization (HTC) emerges as a more suitable thermochemical pretreatment process, allowing the conversion of these feedstocks into high-calorific solid fuel (hydrochar) without resorting to pre-drying. HTC occurs in the presence of water, with temperatures between 180 °C and 350 °C, under high pressure (0.8–4.0 mPa), with residence times from one to several hours (typically up to 72 h), and under an inert atmosphere to avoid excessive oxidative reactions [53]. HTC has hydrochar as its main product, but it also produces gas and an aqueous phase (process water), where polar inorganic and organic products resulting from feedstock decomposition are dissolved. One of the main concerns of the HTC technology is process-water treatment and/or recycling. Recent studies report several potential solutions for this issue using different feedstocks and HTC conditions, namely, process-water recirculation [54], nutrient recovery [55], using HTC process water as liquid fertilizer [56], or process-water treatment using electrochemical oxidation, distillation, or wet oxidation [57,58]. HTC of solid wastes produces hydrochars with higher calorific values from 14 to 20 MJ/kg and low chlorine, sulfur, and nitrogen contents, as well as high carbon concentrations [37].



Some HTC studies have been developed using SRF and RDF as feedstock. For example, Alves et al. (2021) investigated the HTC of pure SRF and SRF mixed with used cooking oil (UCO). The operating conditions were 275 and 300 °C, residence time of 30 min and SRF:water ratios of 1:10, 1:5, and 1:2.5. A significant improvement in the HHV of pure SRF hydrochar was observed compared to the original SRF, increasing by 48% to a final average value of 29.4 MJ/kg (t 300 °C, 30 min, SRF:water ratio 1:2.5). The optimum hydrochar characteristics were obtained at 300 °C, SRF:water ratio of 1:5, and 20 wt.% of UCO. The incorporation of UCO in the SRF samples further increased the heating value of the hydrochars because of the predominance of hydrocarbon chains in these materials. Some of the organic and inorganic compounds migrated to the liquid phase or transformed into other products, decreasing the ash content present in the hydrochar [37]. In addition, Nobre et al. (2021) investigated HTC t of RDF at temperatures between 250 and 300 °C, residence time of 30 min and 120 min, and RDF:water ratios of 1:15 and 1:5. The hydrochar produced at 300 °C for 120 min showed the lowest ash content (3.3%), while the highest HHV was found for the hydrochar obtained at 275 °C for 120 min (28.1 MJ/kg). The authors found that the HTC process was responsible for a significant reduction in chlorine concentration, showing dichlorination efficiencies between 69.2 and 77.9% from the RDF to the produced chars. The process water showed an acidic pH and significant chemical oxygen demand (COD), needing further treatment and valorization to increase the sustainability of the HTC process. The HTC process paired with leaching for inorganic and chlorine removal appears to be an effective RDF pretreatment solution for energy recovery [59].




Leaching for Chlorine Removal


RDF has a high inorganic content (around 14–17 wt.%), which tends to increase with torrefaction or pyrolysis (up to 22–29 wt.%) [33,35], with chlorine being one of the most problematic elements present in the inorganic profile of RDF given its harmful characteristics [33,60]. Water leaching or chemical leaching to remove inorganic compounds such as chlorine is a pretreatment method that has been applied mainly to biomass, waste, and chars. Ash and chlorine removal efficiencies by water leaching of coastal wood-waste samples were investigated by Lee et al. (2021). The treatments achieved 80–90% chlorine removal and 35–80% ash removal from the samples, and the treated waste met the chlorine limit of ISO 17225-2 I3 for wood pellets [61]. A study of the leaching of Cl in coal gangue at different pH values reported that, with increasing acidity of the leaching solution, the reaction rates of most matrix compositions in coal gangue increased, and more Cl was leached in less time. Under the condition of pH 8.1, the rate of Cl leaching was 18.98%; this rate increased to 57.21% (pH of 2.1) with decreasing pH. However, acid leaching results in an aqueous effluent that needs remediation and treatment since it represents a risk to the environment [62]. Nobre et al. (2019) evaluated the Cl removal potential with water at ambient temperature and with water near its boiling point on RDF chars. Both leaching tests caused a reduction in Cl content in the RDF chars, but leaching with water near its boiling point proved to be more effective in removing chlorine (~55–70%), indicating that Cl is present in the RDF chars in the form of water-soluble compounds [33]. These results show the effectiveness of Cl removal by leaching, thus representing a solution to consider in the pretreatment of waste rich in chlorinated species for WtE or WtG applications.







5. Energy Recovery from RDF


Energy recovery from RDF can be grouped into electricity, heat, or combined heat and power (CHP), and fuels’ production. Heat and electricity can be generated from the direct incineration of RDF or from the incineration of syngas obtained from the gasification of RDF. In addition, RDF can be gasified and syngas upgraded and converted into fuels. Thus, performing WtE and WtG through thermal treatment is the most practiced route for RDF valorization. They are considered better options for segregation, separation, and processing of waste materials because of numerous advantages such as a large reduction in waste volume (70–80%), potential as an alternative energy source, ease of landfill rehabilitation, reclamation of valuable land, and reduction in carbon footprints. The main recipients of RDF are cement plants. The use in the cement industry stands out among the potential applications since the main environmental impacts in cement production are associated with high energy demand [24,63]. RDF is typically used as a substitute for coal in the cement industry to reduce 40% of CO2 [32]. In India, it has been suggested to use RDF to fill 5% of the total energy requirements in cement industries that are located within 100 km of the waste-processing facility [64]. The second largest consumers of RDF are coal-fired and electric power plants and other industrial boilers [34].



WtE and WtG technologies can only be implemented if there is a consistent chain of collection, pretreatment, and, finally, energy recovery of the waste. The main challenges of these technologies are related to economics, as well as to their environmental and social aspects. Thus, by-products such as syngas and biochar must have market value to make MSW and RDF handling economically attractive. Technologies such as gasification represent fewer polluting alternatives when compared to incineration, but it has considerable operation and maintenance costs and, in addition, results in unwanted by-products such as unconverted material (solid fraction), tar (liquid fraction), and complex mixtures of hydrochars, which can be minimized or removed by the action of catalysts. The performance of these technologies is very sensitive to the characteristics of the feedstock requiring pretreatment before feeding [65].



5.1. Incineration


Incineration is the simplest and most widely used thermochemical conversion technology. From all the electricity and heat production capacity that has been installed worldwide, more than 90% has been based on incineration [66,67]. Incineration treats about 15–20% of MSW in the Organization for Economic Cooperation and Development (OECD) countries [68]. Waste incineration aims to treat waste to reduce its volume and hazardous characteristics by capturing (and thus concentrating) or destroying potentially harmful substances. Incineration processes can also provide a means to allow recovery of the energy, mineral, and chemical content of waste [69]. Almost 500–600 kWh of electricity can be generated from 1 t of waste per incineration [63].



Incineration is defined as a complete process of waste oxidation in a furnace at high temperatures (above 1000 °C) that produces flow gases (mainly CO2 and H2O, which contain most of the thermal energy) and ash as by-products, resulting in a waste volume reduction of up to 80% [46,63]. In complete incineration, the main constituents of the flue gases are H2O, N2, CO, and O2. Depending on the composition of the combusted material and the operating conditions, smaller amounts of CO2, SOX, NOX, dioxins and furans, and heavy metals are formed [52]. Therefore, greater attention is paid to meeting limits for gaseous emissions and pollution control [46].



Currently, several technical and operational advances in incineration have been achieved, including good incineration efficiency and sophisticated emission control to avoid the emission of hazardous gases. The use of incineration technology is fully established and is commonly used in energy production from waste [70]. Giraud et al. (2021) conducted a study estimating a typical incineration operating condition by characterizing MSW WtE facilities operating in the United States of America (USA). One hundred and eighty-eight boilers were identified in the studied WtE facilities (more than 70). These boilers were stratified into nine categories by incineration technology. The results of the survey show that typical operating conditions for WtE incineration in the US are furnace temperatures above 1160 °C, gas residence time above 2.4 s, outlet gas concentrations of nearly 10%, db for oxygen, and more than 16% for moisture [71].



Dong et al. (2018) indicated that an MSW incineration plant in France, of the mechanical-grate type, could produce 361 kWh/tMSW of electricity, 238 kg of bottom ash, and 34.3 kg of fly ash and air pollution control residues. The same incinerator emitted 927.0 g NOX/tMSW and 51.2 g SO2/tMSW. Bottom ash recycling for metals and materials is highly applicable regarding this incineration process [72].



Brożek et al. (2022) investigated the RDF incineration process and showed that, for each kilogram of RDF, about 3.85 kWh (13,860 kJ) of heat can be obtained. As for emissions, each kilogram of incinerated RDF generated 12.95 mmolNOX/gRDF, 0.0328 mmolSOX/gRDF, and 49.31 mmolCO2/gRDF [73].



A modernized incineration plant located in Milan (Italy), equipped with three mobile incineration grid lines and MSW incineration capacity of 450,000 t/year at a temperature of 850 °C, allows the recovery of 24% of electricity. About 88% of the ash produced in the process is used for road construction [74]. Despite being considered as a proven low-cost but highly reliable technology, incineration has low energy conversion efficiency and high GHG emissions, as mentioned above, such as NOX, SOX, CO2, and particulate matter, as well as ash [75,76]. Although the evolution of modern incineration technology has notably reduced its environmental impacts, it still faces strong opposition from society because of its potential health risks from emissions of pollutants such as dioxins and furans [74].




5.2. Gasification


Gasification is the most promising and efficient technique for converting waste into gas. It provides great flexibility, employing various types of waste, and is used in the production of a variety of products. It is a widely accepted technology that harnesses the energy stored in waste [77,78]. It is a thermochemical conversion process involving various chemical reactions, heat and mass transfers, and pressure dependencies [76]. It occurs by reacting a sub-stoichiometric amount of oxygen (oxygen deficit) with the carbonaceous feedstock at temperatures in the range of 800–1200 °C, producing mostly syngas [79]. It is important that the properties of the feedstock are kept within certain predefined limits. This often requires special pretreatment, especially for MSW and RDF [52]. Selecting a type of gasifier with suitable feedstock characteristics is very important because the gasification performance is different with various feedstock components [80]. Gasification technologies have been described and are available in several research articles [79,81].



Syngas is composed of CO, H2, CH4, and other hydrocarbons, along with a significant amount of inert CO2 gas. If the gasification agent is air and not pure O2, a significant amount of N2 will also be present [76,79]. Syngas from RDF gasification composition is shown Table 8.



Syngas can be employed as a feedstock in the chemical industry or as a fuel to produce heat and electricity [43]. Several papers in the literature report the production of syngas from waste.



Lin et al. (2020) studied the application HTC to MSW prior to gasification. MSW hydrochar was gasified in a downdraft reactor between 600–1000 °C under air, CO/O2, and steam/O2 atmospheres. The results showed that hydrothermal treatment at 220 °C for 30 min can remove 90.5 wt.% of chlorine from MSW. In gasification with air, the best heating value of syngas (8.5 MJ/kg) was achieved at 600 °C and at 900 °C in gasification with CO/O2 (9.6 MJ/kg) and with steam/O2 (16.6 MJ/kg). The quality of the syngas was improved, while the tar yield was generally reduced with reaction temperature, regardless of the atmosphere. Overall, the results indicated that HTC coupled with gasification was an effective approach to produce hydrogen-rich gas from MSW [83]. Gasification using pure O2 as the gasifying agent of waste mixed with plastic and cellulosic materials was carried out by Na et al. (2003), in the temperature range of 1100–1450 °C in a fixed-bed gasifier to investigate the gasification behavior with the operating conditions. The waste mixture was previously pelletized. The results showed the syngas had about 30–40 vol.% H2 and 15–30 vol.% CO, depending on the oxygen/waste ratio. By increasing the bed height, H2 and CO formation was increased, while CO2 formation was decreased by the char–CO2 reaction and cracking of the plastics. The cold gas efficiency was around 61%, and the heating values of the gases were in the range of 2800–3200 kcal/Nm3 [80].



Gasification of RDF at 900 °C yielded 0.67 kg/kg RDF syngas with 20 vol.% H2, 16.5 vol.% CO, 9 vol.% CH4, and 14.5 vol.% CO2 and a relatively high yield of heavy tars and waxes. The tar and wax fraction can amount to up to 10 wt.% of the feed, which can cause fouling in downstream processes. A secondary catalytic stage can significantly reduce the tar content in gas [84].



Pio et al. (2020) investigated the direct co-gasification of RDF with pine biomass in an 80 kWth pilot scale autothermal bubbling fluidized bed reactor using air as the gasifying agent. The operating conditions were as follows: average bed temperature between 785 and 829 °C, equivalence ratio between 0.21 and 0.36, and percentage of RDF incorporation in the feedstock of 0, 10, 20, 50, and 100 wt.%. Increasing the percentage of RDF in the feedstock led to an increase in the concentration of CH4 and C2H4 in the syngas, reaching a percentage of 29.9 vol.% CH4 and 78.2 vol.% C2H4, respectively, and, consequently, to an increase in the LHV of the gas to a maximum value of 6.4 MJ/Nm3 using 100% RDF. The cold gas efficiency was between 32.6 and 53.5% and the carbon conversion efficiency between 56.0 and 84.1%, seeing a slight increase in cold gas efficiency with the increasing weight percentage of RDF in the fuel mixture. The results were justified by the synergistic effect of co-gasification of RDF and pine biomass. The authors concluded that RDF is a promising feedstock for co-gasification with biomass [70]. According to Yang et al. (2021), the co-gasification process is considered more beneficial over the pure RDF gasification process in terms of exploiting the synergistic effects between RDF and biomass, minimal tar formation, improved process efficiency, and reduced pollutant emissions [32].



Among the limitations of MSW and derived-fuels (RDF and SRF) gasification are the difficulty in converting the feedstock that is quite heterogeneous, the difficulty to perform complete gasification of chars (from torrefaction, pyrolysis, or HTC) at low temperature (<700 °C), and the formation of tar, an undesirable by-product that adheres to the surfaces of equipment and pipes and can cause problems in downstream processes [85]. Therefore, studies regarding catalytic gasification of MSW, RDF, and SRF have been conducted to minimize tar formation, reduce activation energy, improve carbon conversion, and maximize the production of a given gas (e.g., H2). Alkali metal and alkaline-earth metal such as, K, Na, Ca, and Mg and transition metal (Fe) compounds are the most widely used catalysts in the gasification process because of their catalytic activity, availability, and low cost [86]. Lazzarotto et al. (2020) performed steam gasification of mixed plastic waste (28.77 wt.% polypropylene, 23.53 wt.% polystyrene, and 16.67 wt.% polyethylene) in a fluidized bed reactor at 800–900 °C in the presence of CaO. The presence of the CaO catalyst increased the dry gas and H2 yields, reaching maximum values of 3.12 Nm3/kgwaste and 104 mol/kgwaste at 900 °C, respectively [87]. The catalytic effect of adding natural minerals (lime, calcined dolomite, and olivine) in SRF gasification was evaluated by Pinto et al. (2014). The best results were obtained in the presence of dolomite, where higher gas yield and H2 and CO content, lower H2S content, and 46% reduction in tar content were obtained. This can be justified by the fact that dolomite generally exhibits a catalytic effect in promoting hydrocarbon destruction by cracking reactions, steam-reforming reactions, and CO2-reforming reactions [88].



The use of waste materials for catalyst development has also been investigated, as it promotes an environment-friendly and sustainable approach toward an economical catalyst development. Irfan et al. (2021) used waste marble powder (WMP) that has high proportion of Ca species to prepare catalysts. Catalysts of WMP, Ni-doped WMP, and Ni-doped WMP promoted by different transition metals (Fe, Cu, Co, and Zn) were developed, and their performances were evaluated for gasification of wet MSW (50 wt.% moisture). The results revealed that the addition of Ni-WMP catalyst greatly enhanced the dry gas yield (0.73 to 1.16 Nm3/kg), H2 concentration (212 to 509 mL/g), and carbon conversion efficiency (61.7% to 76.4%) and reduced the tar content (9.11 to 3.9 wt.%). In contrast to the Ni-WMP catalyst, the transition-metal-promoted catalysts showed higher catalytic activity toward H2 concentration (549–629 mL/g), dry gas yield (1.19–1.30 Nm3/kg), and lower tar content (3.45–2.93 wt%). The results revealed that the Co-promoted bimetallic catalyst performed better than Fe-, Cu-, and Zn-promoted catalysts in MSW gasification [89]. Overall, catalytic gasification of MSW and RDF can potentially become a widely used process on an industrial scale if the selected catalysts are cheap and efficient.




5.3. Waste Incineration vs. Waste Gasification


Albeit incineration being the most mature technology for energy recovery from waste, gasification has been described as the more attractive technology [78]. The potential advantages of gasification over incineration are associated with the production of a clean gas with a significant heating value, the higher electrical conversion efficiencies that can be achieved, and the lower contaminant emissions associated with gaseous emissions and solid wastes allowing compliance with current pollutant-emission standards [90,91]. A comprehensive strengths, weaknesses, opportunities, and threats (SWOT) analysis of waste incineration and waste gasification technologies is presented in Table 9 and Table 10.



Statistical data reported an increasing number of incineration plants. Europe alone had about 499 plants operating in 2019, which were responsible for the thermal treatment of 99,000,000 t of waste [97]. According to the European Technology and Innovation Platform Bioenergy, currently there are about 21 gasification plants in operation worldwide, 6 plants under construction, and 19 plants planned for construction [98]. Table 11 compares some technical aspects of these two thermochemical technologies, such as technology readiness level (TRL), associated costs, emissions, and some operational facilities.





6. Conclusions


This paper assesses the current MSW generation, as well as the main destinations and the production of RDF focusing on the Portuguese case, and discusses the possible routes and the main challenges for the energetic valorization of RDF. A significant potential to produce RDF in Portugal can be identified in the share of MSW that is sent to landfills (57.6% in 2019 and higher values in the following years). Of the materials available in 2019, only 0.024% was processed into RDF. Among the reasons for the low RDF production, high moisture content that decreases RDF fuel properties is the most evident. The production of RDF contributes to a reduction in waste sent to landfills; as such, there is great potential to optimize environmental performance of waste management, changing the perception of waste from “waste for disposal” to “carrier of resources and energy”. The energy application of RDF is difficult, depending on various factors such as MSW composition, the production and quality of RDF, heating value, conversion technology, and associated gaseous emissions. The composition of RDF is quite heterogeneous, as it contains numerous materials such as plastic, paper/cardboard, wood, rubber, textiles, and some metals and fine contaminating particles that escape the sorting process, making its valorization a very complex process. Therefore, it is necessary to improve the quality of RDF as solid fuel through pretreatments such as sorting, griding, pelletizing, torrefaction, pyrolysis, leaching of inorganic compounds, and hydrothermal carbonization. These pretreatments allow greater RDF homogenization, reduced moisture, increased apparent and energy density, high hydrophobicity and friability, and reduced inorganic and chlorine contents. Of the available energy recovery technologies, incineration is the most mature and widely used; however, its environmental impact is higher when compared to the other technologies such as gasification. The incineration process is available on an industrial scale (TRL 9), while gasification availability is comparatively limited (TRL 6–8). Moreover, gasification of RDF is an expanding field with several research and development issues to be addressed. It is legitimate to prioritize improving the quality of RDF as a solid fuel and developing cheap and efficient catalysts to reduce tar formation, so that it can be fed into available gasifiers or other existing thermochemical energy converters without much modification.
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Figure 1. Physical composition of MSW produced in mainland Portugal in 2020 [12]. 
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Figure 2. SRF schematics from production to delivery point. 
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Figure 3. A schematic approach to distinguish RDF from SRF. 
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Figure 4. RDF energy recovery scheme. 
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Table 1. MSW production in Europe and mainland Portugal between 2016 and 2020.
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Region

	
Unit

	
2016

	
2017

	
2018

	
2019

	
2020






	
EU

	
103 t

	
218,028

	
220,957

	
221,610

	
223,956

	
225,732




	
Portugal

	
4640

	
4745

	
4945

	
5007

	
5014




	
EU

	
kg/hab.day−1

	
1.34

	
1.36

	
1.6

	
1.37

	
1.38




	
Portugal

	
1.29

	
1.33

	
1.38

	
1.40

	
1.40
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Table 2. Destination of MSW in Europe and Portugal in 2020. Source: authors’ calculations using Eurostat data for Europe.
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	Region
	Landfill
	Energy

Recovery
	Organic

Recovery
	Multi-Material Recovery and Other Recoveries





	EU (%)
	37.7
	5.7
	n.m. *
	56.6



	Portugal (%)
	64.2
	17.4
	7.2
	11.1







* n.m.: not mentioned.
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Table 3. Quantity of RDF material produced in Portugal (t).
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	RDF Production Installations
	2015
	2016
	2017
	2018
	2019





	Sorting station
	1308
	n.d. *
	n.d.
	15
	7



	MT
	33,750
	21,042
	n.d.
	n.d.
	n.d.



	MBT
	72,564
	467
	379
	385
	677



	RDF production unit
	6943
	n.d.
	n.d.
	n.d.
	n.d.



	Total
	114,566
	21,509
	379
	400
	683







* n.d.: no data.
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Table 4. Quantities of RDF destined to WMO (t).
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	2015
	2016
	2017
	2018
	2019





	WMO
	28,896
	309
	1449
	622
	706



	Total
	29,476
	749
	1466
	622
	706
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Table 5. CEN/TC 343 standards for SRF.
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	Standard
	Description





	CEN/TC 343/WG1
	Terminology and quality assurance



	EN ISO 21637:2020
	Vocabulary



	CEN/TC 343/WG2
	Specifications and fuel classes



	EN ISO 21640:2021
	Specifications and classes



	CEN/TC 343/WG3
	Sampling, sample reduction, and supplementary testing methods



	EN ISO 15443:2011
	Methods for the preparation of the laboratory sample



	EN ISO 15590:2011
	Determination of the current rate of aerobic microbial activity using the real dynamic respiration index



	CEN/TR 15591:2007
	Determination of the biomass content based on the 14C method



	EN ISO 21644:2021
	Methods for the determination of biomass content



	EN ISO 21645:2021
	Methods for sampling



	CEN/TC 343/WG4
	Physical/mechanical testing



	CEN/TS 15401:2010
	Determination of bulk density



	CEN/TS 15405:2010
	Determination of density of pellets and briquettes



	CEN/TS 15406:2010
	Determination of bridging properties of bulk material



	CEN/TS 15414-1:2010
	Determination of moisture content using the oven dry method—Part 1: determination of total moisture by a reference method



	CEN/TS 15414-2:2010
	Determination of moisture content using the oven dry method—Part 2: determination of total moisture content by a simplified method



	EN ISO 15415-1:2011
	Determination of particle size distribution—Part 1: Screen method for small dimension particles



	EN ISO 15415-2:2012
	Determination of particle size distribution—Part 2: maximum projected length method (manual) for large-dimension particles



	EN ISO 15415-3:2012
	Determination of particle size distribution—Part 3: Method by image analysis for large-dimension particles



	CEN/TS 15639:2010
	Determination of mechanical durability of pellets



	EN ISO 21654:2021
	Determination of calorific value



	EN ISO 21656:2021
	Determination of ash content



	EN ISO 21660-3:2021
	Determination of moisture content using the oven dry method—Part 3: moisture in general analysis sample



	EN ISO 22167:2021
	Determination of content of volatile matter



	CEN/TC 343/WG5
	Chemical testing



	EN ISO 15408:2011
	Methods for the determination of sulfur (S), chlorine (Cl), fluorine (F), and bromine (Br) content



	EN ISO 15410:2011
	Methods for the determination of the content of major elements (Al, Ca, Fe, K, Mg, Na, P, Si, and Ti)



	EN ISO 15411:2011
	Methods for the determination of the content of trace elements (As, Ba, Be, Cd, Co, Cr, Cu, Hg, Mo, Mn, Ni, Pb, Sb, Se, Tl, V, and Zn)



	CEN/TS 15412:2010
	Methods for the determination of metallic aluminum



	EN ISO 15413:2011
	Methods for the preparation of the test sample from the laboratory sample



	EN ISO 21663:2020
	Methods for the determination of carbon (C), hydrogen (H), nitrogen (N), and sulfur (S) by the instrumental method










[image: Table] 





Table 6. SRF classification system according to EN ISO 21640:2021. ar: as received, db: dry basis.
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Classification Properties

	
Statistical Measure

	
Unit

	
Classes




	
1

	
2

	
3

	
4

	
5






	
Net calorific value

	
Average

	
MJ/kg, ar

	
≥25

	
≥20

	
≥15

	
≥10

	
≥3




	
Chlorine (Cl)

	
Average

	
%, db

	
≤0.2

	
≤0.6

	
≤1.0

	
≤1.5

	
≤3




	
Mercury (Hg)

	
Median

	
mg/MJ, ar

	
≤0.02

	
≤0.03

	
≤0.08

	
≤0.15

	
≤0.5




	
80° percentile

	
≤0.04

	
≤0.06

	
≤0.16

	
≤0.3

	
≤1.0
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Table 7. Operating conditions for slow, fast, and flash pyrolysis of MSW.
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	Parameters
	Slow Pyrolysis
	Fast Pyrolysis
	Flash Pyrolysis





	Operating temperature (°C)
	up to 900
	850–1250
	1050–1300



	Heating rate (°C/s)
	0.1–1
	10–200
	>1000



	Residence time (s)
	300–3600
	0.5–10
	<0.5
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Table 8. Chemical composition of syngas from RDF gasification. Adapted from [82].
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	Air Flow (Nm3/h)
	CO (%)
	CH4 (%)
	CO2 (%)
	H2 (%)
	Heating Value (MJ/Nm3)





	12
	21.61
	1.52
	4.02
	10.19
	4.37



	15
	17.69
	0.97
	4.25
	10.46
	3.71



	18
	19.35
	1.14
	3.09
	9.44
	3.87
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Table 9. SWOT analysis of waste incineration.
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S

	
W

	
O

	
T




	

	
Strengths

	
Weaknesses

	
Opportunities

	
Threats






	
Incineration

	
Ability to deal with a high degree of waste variety, easy setup, and fast treatment [92]

Reduces waste volume by up to 80% [63]

Produces more energy (the energy potential from MSW incineration can be higher) [93]

	
Requires a high production capacity and a waste heating value range of 10 to 12 MJ/kg [65]

Low electricity efficiency up to about 22–25% [74]

Need for flue gas cleaning devices (removal of acid gases, NOX, dioxins, and furans) [72]

Production of large amounts of ash (MSW incineration produces about 25 to 30% bottom ash and 1 to 5% fly ash relative to the input material) [92]

Small incinerators with a design capacity of less than 300 t/d are usually inefficient in terms of economy, technology, and environmental protection [94]

	
Restrictions on waste disposal in landfills [95]

Increase in MSW production [12,13]

The closure of coal-fired power plants opens the door for the use of waste as a raw material in these plants;

Increased electrification energy demand [78]

Technological innovations (e.g., grate furnaces) have eliminated a critical obstacle to the sustainable development of WtE incineration industry [94]

	
Opposition by the public owing to potential health risk, for example, dioxins [74,94]

Legislation, such as Directive 2010/75/EU, Directive (EU) 2015/2193, and Directive 2012/27/EU, that regulates the emission limits with which they must comply and sets energy-efficiency requirements for cogeneration plants;

Policy changes and government decision-making capacity [94]
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Table 10. SWOT analysis of waste gasification.
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S

	
W

	
O

	
T




	

	
Strengths

	
Weaknesses

	
Opportunities

	
Threats






	
Gasification

	
Well-established technology [96]

Operates at lower temperatures [93]

Overall thermal efficiency is more than 75% [92]

Multiple applications of the product gas (directly combusted, electricity generation) [65]

Lower NOX and dioxins and furans because of reducing atmosphere, reduced excess air and much easier emission control [72]

Technology widely accepted by the public [78].

	
Requires stricter feedstock pretreatment, feedstock must be finely granulated [74,92]

The product gas requires improving the quality before it is further used; Tars and char in product gas; Cost and energy intensive [96]

Are still in their infancy regarding commercial implementation as large-scale MSW management solutions [65]

	
Increase in MSW production and the need for more efficient and sustainable management [12,13]

Alternative to mechanical recycling of plastics [96]

Syngas as a feedstock for renewable chemicals and fuels [65]

Possible hydrogen production from steam and hydrothermal gasification [96]

Development of low-cost and efficient catalysts for the removal of tar from gas;

Integration in hybrid technologies (e.g., gasification + fuel cell, anaerobic digestion + gasification) [77]. Public appreciation and approval of this technology can promote its application.

	
High competitiveness of fossil fuels, direct competitors;

Low efficiency of MSW sorting and poor waste segregation impoverish the composition of MSW, SRF, or RDF and limit their use in gasification [4,25]

Detour of waste to landfills or incineration [25]

Technical challenge and high costs of gas cleaning and purification [96]
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Table 11. Technology readiness level, costs, and available installations of gasification and incineration.






Table 11. Technology readiness level, costs, and available installations of gasification and incineration.





	

	
Gasification

	
Incineration/Combustion

	
References






	
TRL

	
6–8 (for advanced gasification technologies

	
9

	
[92,99]




	
Total costs

(t waste/day)

	
USD 86–97

	
USD 115

	
[93]




	
Emissions associated

	
285 kg CO2 eq./t MSW using grate gasifier with steam Rankine cycle

	
331 kg CO2 eq./t MSW using grate combustor with steam Rankine cycle

	
[100]




	
Available facilities

	
Kymijärvi II-Lahti Energia (250 kt SRF/year, produces 50 MWe, 90 MWth, commercial-scale);

	
Silla 2 incineration plant, Milan, Italy (541 kt MSW/year, produces 378 GWhe, 403 GWhth;

	
[12,74,98,99,101,102,103,104]




	
Enerkem Alberta Biofuels LP-Edmonton Waste-to-Biofuels Project, (100 kt MSW/year, produces ethanol (30 kt/year) and methanol, TRL 8)

	
LIPOR, incinerator, Portugal (423 kt MSW/year, produces 199 GWh of energy, 89 kt/year of slag and 14 kt/year of ash);




	
Sierra Energy’s FastOX gasification- Fort Hunter Liggett project (capacity of 10 t MSW, produces electricity and fuels, demonstration plant at commercial scale);

	
VALORSUL incinerator, Portugal (577 kt MSW/year, produces 312 GWh of energy, 13 kt/year of slag, 35 kt/year of ash and 84 kt/year of aggregate);




	
Surrey Municipality-Surrey Biofuel facility (organic residues and waste streams, produces 240 t/year of SNG, TRL 8);

	
Kauno Cogeneration Power Plant, Lithuania (200 kt MSW/year, to produce 170 GWhe and 500 GWhth;




	
ThermoChem Recovery International (TRI)- Fully Integrated BioRefinery (4 t/day of organic residues and waste streams, produces 1 t/year of Fischer-Tropsch liquids, TRL 6–7.

	
Amager Bakke Waste-to-Energy Plant, Copenhagen, Denmark (443 kt MSW and biomass, producing 1259 GWh of total energy in 2018).




	

	
Sogama Waste-to-Energy Plant, Cerceda, Spain 500 kt/year RDF, 49 MWe capacity);
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