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Abstract

:

The valorisation of sewage sludge for sustainable agricultural use and biofuel production proposes an effective and beneficial management of sewage sludge in a closed-loop cycle. The management of sewage sludge biowaste is a rising problem due to increasing waste storage expenses. In this sense, the use of circular economy principles in sewage sludge management creates opportunities to develop new technologies for processing. The biorefinery model allows the application of wasteless technologies via sewage sludge valorisation in terms of agricultural use and biofuel production, especially with the hydrothermal carbonisation method. Applying hydrothermal carbonisation in the treatment of biosolid sewage sludge has numerous benefits due to processing highly hydrated organic waste into carbon hydro char, a high-quality solid biofuel. The direct use of sewage sludge in the soil does not allow for full use of its functional properties. However, the hydrothermal carbonisation of sewage sludge results in biocarbon pellets, making it a viable approach. This work also discusses the barriers (legal, chemical, biological, and technical) and possibilities related to sewage sludge biorefining processes.
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1. Introduction


Biosolid sewage sludge (BS) is highly hydrated organic waste obtained in biological wastewater treatment plants (WWTPs). It contains fertiliser ingredients but also microbial and chemical pollutants. The global BS production ranges from 125 to 150 million t/y and is estimated to continuously grow to around 150–200 million t/y by 2025 [1,2,3,4], mainly as a result of the global population increase. The growing amount of municipal and industrial BS is one of the largest ecological issues. The amount of wastewater and its processing methods depend on the degree of national economic development. The processing and landfilling of sewage sludge from WWTPs are crucial issues in wastewater processing and management. Sewage sludge contains various toxic contaminants that threaten human and environmental health, calling for its adequate treatment and use [5,6,7].



In China, the total sewage sludge (80% water content) production was 39.04 million tons in 2019, with the potential to increase by 10% each year [8,9]. The estimated US sewage sludge production was 4.5 million dry metric tons in 2021 in public-owned treatment works (POTWs) [3]. The EU produced 9.0–9.5 million tons of sewage sludge (on a dry basis) in 2017 [8]. According to Eurostat, in 2020, the total amount of sewage sludge dry mass generated and disposed of in Europe was 8.7 million metric tons [10,11,12]. In the EU, the sewage sludge issue is being tackled with general directives and guides as well as state–national law-making prescriptions [13,14,15,16].



Typically, sewage sludge is processed in three main ways: direct use for farmland fertilisation, composting or reclamation of raw materials, and thermal processing [17,18,19]. Sewage sludge disposal for sustainable development (SD) [20,21,22] is a considerable issue because of the higher water content of the sludge (98–99%). Due to of the large volume, high wetness, low dewaterability, odour emissions, and content of pathogens, proper sludge disposal and processing methods are required not only to reduce cost and treatment complications but also to eliminate the risks to environmental and human health [23,24,25].



The main sewage sludge disposal methods are incineration, landfilling, or use for aboveground applications, including structural soil improvement, soil buffering, and soil improvement. Because of its specific characteristics, highlighting its considerable levels of nitrogen, phosphorus, and organic substances, sewage sludge is applied in agriculture to increase soil quality by enhancing the levels of plant-available nutrients. Apart from this, the use of sewage sludge stimulates soil microbial functions, such as respiration or soil enzyme activities, due to the reduction in the levels of organic substances in sewage sludge [26,27,28,29].



In EU countries, the agricultural use of sewage sludge in 2014–2015 amounted to 22.6% (2014) and 22.1% (2015) of the produced sludge and 23.3% (2014) and 23.1% (2015) of the disposed sludge. Among the different EU member states, these values ranged between 0% (Malta, Slovenia, and Slovakia) and 80% (Ireland). In Bulgaria, more than 50% of the sewage sludge was used in agriculture in 2015 [11,25].



On 2 May 2022, the 8th Environment Action Program was launched, which is the EU’s legally established joint program for environmental policy, containing a collection of priority goals for 2030 and the conditions necessary to fulfil them [30]. The action program reiterates the EU’s long-term vision for 2050, based on the European Green Deal. The strategic activities allow the conversion to a circular economy (CE), decreasing the impact on natural resources and recognising that human well-being and prosperity result from good environmental conditions. This is the EU’s base for the fulfilment of the United Nation’s 2030 Agenda and its Sustainable Development Goals [31].



The establishment of biorefineries is a promising solution for combining waste processing with the production of value-added compounds for the implementation of closed-loop production models with practically zero waste production [32,33,34]. Different biorefinery technologies, such as hydrothermal pretreatment (HTP) and anaerobic digestion (AD), allow the efficient processing of biowaste to produce valued products such as fertilisers or biofuels. The implementation of renewable energy production is a crucial activity to reach Sustainable Development Goals as it facilitates the substitution of the contaminating and harmful “grey economy” with an environmentally friendly “green economy” [30,31]. Wastewater Management is one of the most important issues in the conversion towards a CE. A special scope of interest refers to sewage sludge, the byproduct of municipal wastewater processing. The production of biofuels and the recovery and reuse of materials from sewage sludge can be economically and environmentally beneficial as the dry sludge contains 50–70% organic substances [4,35,36,37,38].



The CE is an economic model to improve environmental features, economic growth, and public justice, benefitting the current and following generations [39,40,41]. At the microeconomic level [42], CE implementation results in the improvement of the production models and increased cooperation with other firms in the delivery chain to obtain a more economically effective closed-loop cycle [28]. Based on the CE principles, reuse, treatment, and renovation of products results in a decreased need for resources and energy [40,43]. One of the assumptions of the CE is that combustion for energy recovery is a beneficial option, whereas waste landfilling is the last resort. By that means, the production value chain and life cycle keep the best achievable effectiveness and quality if possible and are as energy effective as possible [20,39,40].



At present, biofuel is a basic renewable energy source. The use of biofuels represents a possibility to decrease greenhouse gas emissions compared to the use of crude oil fuels and the storage of CO2 in the soil. This results from the processes used for the production of biofuels and their byproducts. Keeping soil organic carbon at an initial phase of developing a biofuel decreases climate transition. This should help farmers to manage soil carbon throughout the life cycle of biofuel manufacturing [21,44,45].



Biofuel is necessary for the decarbonised transport sector and the development of low-carbon proposals for present technologies, such as light-duty vehicles for the near future and heavy-duty lorries, ships, and airplanes, with a small number of optional beneficial solutions in the further future. The biofuel demand in 2022 achieved a record of 4300 PJ (170,000 m3), but a considerably higher biofuel production is required to achieve the net zero emission goal (NZE) by 2050. According to proposed NZE scenarios, biofuel manufacturing should obtain over 10,000 PJ by 2030, which requires a yearly average biofuel production increase of approximately 11%. Advanced raw material consumption should also grow; biofuels should be produced from waste and agricultural residues, and nonfood energy harvest must meet >40% of total biofuel demand in 2030, in comparison to 9% in 2021 [6,19,34].



However, biofermentation is the main way to produce drop-in fuel. It is still in the early stage of development and requires more studies and pilot-scope research to work out less expensive and sustainable processes to implement biofermentation technologies into the industry. It is estimated that in the future, ethanol and biodiesel will be fundamental biofuels [6,44]. For the manufacture of second-generation 2G biofuels, crops containing mostly cellulose are used. These 2G biofuels are produced from biomass obtained from fields intended for this purpose and not used as arable lands. Lignocellulosic biomass (LCB) is the most abundant accessible bioresource, with a worldwide yield reaching 1.3 billion t/y. It is one of the most important carbon raw materials to deliver fuels to transportation systems for light- and heavy-duty use. The use of LCB can improve energy safety by decreasing the demand for crude oils, promoting agricultural progression, and reducing greenhouse gas emissions. LCB hydrolysis allows for the release of various reducing sugars, which are effective raw materials in obtaining biofuels such as bioethanol or biogas [29,37,46].



This work presents a review of the current solutions for the processing of sewage sludge into biofuels and/or their use in agriculture, considering the use of diverse technological methods to offer cost-effective and sustainable management of sewage sludge in a closed-loop cycle. This is supplemented by an analysis of the barriers and opportunities of the hydrothermal carbonisation of sewage sludge.



In this paper, characteristics of sludge from municipal wastewater treatment are carried out in Section 2; here, the main features of treatments and their ability to meet the above-mentioned goals are discussed. Sewage sludge applications are then analysed in Section 3. Sewage sludge use in agriculture is discussed in Section 4 and thermal treatment of sewage sludge in Section 5. HTC hydrothermal carbonisation of sewage sludge is analysed in Section 6. An economic evaluation of biocarbon pellet production from sewage sludge is presented in Section 7 and conclusions in Section 8.




2. Characteristics of Sludge from Municipal Wastewater Treatment


Table 1 shows the amount of sewage sludge in European countries over the last few years. In 2020, Poland produced and used over 570,000 t (dry matter, DM) of sewage sludge. It is estimated that a maximum of 80% of the municipal wastewater generated in Poland will be processed in the following 10 years. The sewage sludge produced in Poland has characteristics similar to those of the sludge produced throughout the EU. The largest producer of sewage sludge in Europe, Germany, produces and uses approximately 1,800,000 t (dry matter) of sewage sludge per year [11].



Sewage sludge disposal methods vary depending on the country, socio-economic development, and regulatory requirements. Most sewage sludge has rather considerable fertiliser properties regarding its organic substances and macro-elements, but its use in agriculture is strongly inhibited due to its high heavy metal content. The sanitary properties of sewage sludge are not adequate, impeding its use in the environment without specific pretreatment. Due to the global need for adequate sewage sludge disposal, other methods of sludge use are proposed. The three most important sludge applications are agricultural use, area reclamation, and disposal. Sludge processing for reuse has become another possibility and is linked to the recycling or reuse of organic materials [10,22,27]. The disposal processes of sewage sludge are presented in Table 2.



The combustion heat ranges from 16 to 18 MJ/kg. Preliminary raw sludge has a combustion heat of approximately 25.5 MJ/kg, digested sludge has a heat of approximately 11.6 MJ/kg, excess sludge of approximately 20.9 MJ/kg, and sludge from chemical precipitation of approximately 16.3 MJ/kg. Sludge drying reduces the initial sludge weight by 25–30% [47]. The main crystalline phases of the dry sludge are composed of calcium carbonate and silicon oxide; in the ash phase, calcium sulphate, silicon oxide, and iron oxide(III) are common.



Treatment plants generate several waste types (Table 3). Screenings (containing 30–40% dry matter) contain mechanical contaminants of various sizes, depending on the type and density of the grids (typically 3, 6, 10, or 20 mm) used to capture them at the treatment plant; sand from sand traps—the “heavy” fraction of pollutants, which, in addition to sand, includes stones, glass, pieces of metal, and significant amounts of organic compounds (up to 20–30%), making it necessary to wash it to reduce its organic compound content to less than 3%; preliminary sludge, comprising residue after the sedimentation of suspended solids from wastewater in primary settling tanks, containing up to 80% of the amount of organic impurities contained in the treated wastewater; excess sludge formed during biological wastewater treatment, namely activated slurry from biological reactors, excessive in quantity. This sludge represents the largest amount of waste from wastewater treatment. The concentrations of mineral substances in this sludge are low (approximately 30%), and the rest is organic matter [7,20,23,28].




3. Sewage Sludge Applications


The sewage sludge processing methods depend on the sludge characteristics. For example, for sewage sludge neutralisation with lime, dewatering, thickening, desiccation, composting, and biofermentation processes are used. Sludge containing macronutrients could be used for fertilisation, but this requires purification when the sludge is obtained from sewage. The harmful substances resulting from industrial and economic treatment methods impede the use of such sludge in agriculture. However, certain sludge types need to be landfilled or combusted, depending on their characteristics [47,52]. Municipal sewage sludge is important in environmental processes and needs to be pretreated prior to disposal [53,54,55]. Sludge is processed to achieve dewatering (amount decrease), the elimination of organic substances, the killing of microorganisms, and the removal of hazardous substances. The basic technologies considered are dewatering, biofermentation, conditioning, composting, desiccation, and combustion (Figure 1).



The conversion of sewage sludge into biofuels and their use in agriculture via various technical routes are effective and sustainable methods for the management of sewage sludge in a closed-loop cycle (Figure 2). The development of renovative closed-loop cycles, material and economic, and the connection of reuse, renovation, and recycling methods in CEs influences total sustainable development and consumption [56,57]. The CE, as an industrial system [40], shifts towards the exploitation of renewable energy, impairing reuse and allowing the removal of waste as a result of the eco-design of substances, goods, models, and industrial patterns [58,59] (Figure 2).



The EU Directives [13,14,15,16] forbade the landfilling of untreated waste, introducing limitations in this area. Landfilling and water deposition of sewage sludge need to consider the following characteristics [15,16]: total organic carbon > 5.0% DM; loss at combustion > 8.0% DM; and upper calorific value ≤ 6.0 MJ/kg. Most EU countries established more stringent thresholds for heavy metal contents in sewage sludge compared to the sustainable development requirements (Table 4) [60,61,62].



Sewage sludge fertiliser improves the structure of agricultural land for the production of industrial crops. Fertilization with sewage sludge causes an increase in annual growth and in the number of new shoots. It is generally assumed that sewage sludge is safe when it is obtained from treatment plants and has undergone various processes (i.e., biochemical stabilisation, inactivation of pathogenic organisms, thickening, and dewatering) [32,33,51].



The agricultural use of sewage sludge is stipulated in the Sludge Directive, which determines the permissible levels of heavy metals in sewage sludge for land use to prevent contamination of the environment and ensure public health safety [14,60,62]. This regulation also applies to fertilisers derived from organic or secondary raw materials as well as waste products converted into crop nutrients. Stabilised sewage sludge can be used for fertilisation, and the following stabilisation methods are applied: adding lime to achieve a pH of 12 for at least 2 h; storing raw liquid sludge for at least 3 months; stabilising raw sludge using lime or other coagulants; and dewatering and landfilling for at least 3 months [21,24,62].



Typical sewage sludge uses are composting for agricultural use, gasification, pyrolysis, and incineration [63]. The incineration of sewage sludge has several disadvantages, such as the emission of greenhouse gases, dioxins, and furans. In addition, the resulting ash also needs to be disposed of after extra processing. This method requires large amounts of energy and is therefore not commonly used [47,48]. The European Commission’s goal is to diminish such waste by 50% by 2050 [12,30].



Sewage Sludge Management in Poland


The amount of sewage sludge produced in the processing of municipal wastewater in Poland [64,65] is currently increasing due to the increase in the length of sewage networks and the volume of municipal wastewater treated, along with improvements in the efficiency of treatment processes at WWT plants (Table 5). This is the result of some actions connected with the adaptation of sewage sludge management to European Union directives [14,15,16]. In Poland, sewage sludge is obtained in 3276 (data from 2019) municipal sewage treatment plants [64,65]. Most of them (estimated > 80%) are small sewage treatment plants (for 10–30,000 inhabitants), producing up to 2500 t/y of hydrated sludge. They have the greatest problems regarding the disposal of sewage sludge.



Adequately treated sewage sludge, i.e., thickened, stabilised, dewatered, dried, and combusted, can be used in various ways. Table 6 shows how municipal sewage sludge was managed in 2009–2016. During the period under review, a change in trends in sewage sludge processing was noted, mainly resulting from the new Polish legislations in force, based on EU regulations [15,16]. These influenced the organisation of Polish sewage sludge management (Table 6).





4. Sewage Sludge Use in Agriculture


The agricultural use of sewage sludge influences the physicochemical and biological characteristics of soils and replenishes them with basic crop nutrients [14,21,25,66]. However, sewage sludge is a complex biological waste that can contain toxic compounds, potentially resulting in chemical and biological pollution. Plastics and heavy metals are the basic soil impurities and can accumulate and be transported in the environment, adversely affecting the growth of microorganisms and plants. The threat of environmental pollution by fertilising the soil with sewage sludge is due to the contents of heavy metals, pharmaceuticals, and organic substances. Drugs can be released into the environment through several ways, but mainly with sewage entering the sewage treatment plant and, after treatment, sewage sludge. Soil quality and fertility are preserved because of microbial activities, and sewage sludge can enhance these activities due to its high level of organic substances [32,33,34]. The use of sewage sludge with low heavy metal contents in the soil can positively impact organic carbon, microbial action, and biomass. On the other side, if the sewage sludge contains a high quantity of heavy metals, losses in soil carbon contents and microbial activities can be expected.



The content of contaminants in EU organic-mineral fertiliser must not exceed established threshold values [32,33,60]. For example, for cadmium (Cd), this value is 3 mg/kg dry weight, whereas the total P2O5 content is <5% (m/m) in organic-mineral fertiliser. The threshold values for some cumulative micronutrients are as follows (mg/kg): arsenic—1000; cadmium—200; lead—600; and mercury—100.



The use of sludge in agriculture is banned in certain cases, such as on pastures or crops grown for forage, if the pasture is to be used for grazing animals, within 3 weeks before harvest, and for fruit and vegetables during the growth period. However, these prescriptions do not apply to fruit trees and to soils intended for growing fruits and vegetables that have direct contact with the soil and are consumed raw. The ban applies for 10 months preceding the harvest of these plants and during their harvest [32,33].



Benefits and Risks of Using Sewage Sludge


Sewage sludge slurry is generated during the biological treatment of municipal wastewater. It is mostly human waste but can also contain industrial wastewater, animal wastewater, and agri-food treated wastewater, in addition to rainwater. Some components of sewage sludge are potential toxic elements (PTEs) that are harmless if they are below established standards [14,49,61,66]. Sewage sludge comprises nitrogen and/or phosphorus, which are required for plant growth. Sludge is a good source of organic substances, improving soil properties. Treated sludge has lower numbers of pathogens and is less susceptible to fermentation. Processing methods can change the available nitrogen in sludge. To obtain benefits from sludge, it has to be used during the growing period and in appropriate amounts. The use of dewatered sludge improves the water-holding capacity and soil characteristics (Table 7 and Table 8). Liquid fermented sludge releases ammonium nitrogen, which has a higher plant availability.



Sludge should be tested at least every 6 months or when the characteristics of the wastewater change in terms of dry and organic substances, pH, total N, ammonium, total P, and potential toxic elements (PTEs) (Table 9) [67].





5. Thermal Treatment of Sewage Sludge


Thermochemical processes allow the use of diverse biomass feedstocks for the production of heat energy and solid, liquid, and gaseous biofuels such as biochar, bio-oil, and biogas. Nevertheless, certain methods cannot be upscaled because of their low energy efficiency, higher costs, and the production of hazardous substances.



Ideally, the conversion technologies for energy efficiency improvement and the production of sustainable energy from sewage sludge should be improved [5,68,69]. Sewage sludge has different physical–chemical characteristics compared to typical solid fuels (biomass or coal), making its treatment more complex [70,71,72]. It generally contains N and P compounds, low-toxic organic substances, hazardous heavy metals (Pb, Ni, Cd, Hg, and As), organic contaminations (dioxins, pesticides, and aromatic hydrocarbons), pathogens, inorganic substances (Si, Ca, and Mg compounds), and a varying concentration of water. To decrease the amount of sludge that needs to be processed or disposed of, it is crucial to remove excess water. Water is generally removed in two phases, namely the dewatering and thickening stages. The water content should be significantly decreased so that the sludge can be used for energy recovery. Sewage sludge can be considered a fuel because of its high heating value (10–14 MJ) and volatile content [5,54,73].



Thermal treatment methods include incineration and coincineration [12,47,48]. The use of incineration for municipal sewage sludge typically requires a drying step. In Poland, 33% of thermally treated sewage sludge is coincinerated in cement plants and 67% is combusted in mono-incineration sewage sludge plants. Currently, the country operates 11 sewage sludge monocombustion installations, incinerating 160,300 t/year of sludge dry matter. The largest incinerators are listed in Table 10. So far, the cocombustion of sewage sludge under domestic conditions is only possible in cement plants because of legal regulations that allow the treatment of sewage sludge as biomass, which facilitates the elimination of additional fees for CO2 emissions.



Due to the high costs of thermal treatment, this method is especially used in large urban zones. The most popular systems for the thermal treatment of sewage sludge are fluidised bed combustion technologies. The sewage sludge has to be dried before combustion, causing additional costs. The ash obtained during incineration is disposed of in regional, secure landfills. The cost of incinerating sewage sludge is significantly higher than that of agricultural use. However, it is largely used for sludge recovery and waste reduction. Japan, for example, developed a sewage sludge energy transformation method for high-scale urban sewage-processing installations [74].



The combustion method is essential in the management of waste such as sewage sludge. The treatment allows for the decomposition of toxic organic materials and a waste reduction of 70–90%. The renewable energy obtained from sewage sludge incineration could be used as electricity or heat. The ash produced after combustion is treated as a hazardous material because of its high heavy metal content and is used, for example, in the production of cement and concrete, as a material for road building, and for glass and ceramics [29,43,47,48].



Thermochemical Treatment of Sewage Sludge for Energy Conversion


Thermochemical technologies [75] include direct incineration, torrefaction, gasification (direct), and pyrolysis, which usually require the preliminary drying of feedstock with high water contents (>20%) and hydrothermal technologies (i.e., liquefaction, gasification, and carbonization) [75,76,77,78,79].



Direct combustion technology is the incineration of sewage sludge to produce heat energy, which can be used, for example, for the production of electricity in steam turbines or connected heat and power (CHP) cogeneration systems [29,47,48,74]. The dried sludge is incinerated in the combustion chamber, where it is converted into inert ash at temperatures above 850 °C. The combustion system includes the following operations: sludge feed, mechanical dewatering, drying, combustion, ash disposal, and air pollution control. Energy recovery through sludge incineration has several technological, environmental, social, and economic benefits.



With the dry torrefaction technology, the biomass is heated in the absence of oxygen at 200–300 °C and converted into a coal-like product [80,81,82,83]. The preliminary heating of sewage sludge allows the removal of unbound water. The torrefied biomass has a lower water content and a higher heating value than the raw biomass and could be used as a substitute for coal. However, the commercial development of torrefaction requires a deeper knowledge of the method, the characteristics of the torrefied substances, and the characteristics of the volatiles. The torrefied biomass contains all ash components of the raw biomass as the corrosive sediments on the boiler tube are not eliminated.



Pyrolysis technology requires temperatures of 300–800 °C or higher under oxygen-free conditions. Initially, pyrolysis produces vapours from the volatile substances of the sludge, the nonvolatile compounds are decomposed, and the inert compounds, tars, and gases are obtained. Pyrolysis results in three different product types: gas, oil, and pyrolysis residues [45,46,50,84] and needs exceptional energy consumption with extremal treatment temperature requirements resulting in the emission of potentially toxic GHG and CO. Therefore, industrial pyrolysis units require a purification system to treat the produced flue gases. Pyrolysis oil is dark brown and can be used instead of fossil fuels after further purification and dewatering. Pyrolysis gases are noncondensable gases obtained from the pyrolysis of sewage sludge, containing hydrogen, carbon monoxide, dioxide, methane, and ethane. These gases can be used in different applications after separation and purification. Pyrolysis is scalable and can be performed in batches, allowing for a 90% reduction in the sewage sludge volume. The low-pressure technology requires minimal preliminary feedstock treatment [84,85,86,87].



There are six types of pyrolysis technologies, depending on the used process parameters, namely vacuum, slow, fast, flash, microwave, and catalytic pyrolysis [84,88,89,90,91]. The differences among slow, fast, and flash pyrolysis are based on the temperature range or heating yield. In vacuum pyrolysis, the biomass is decomposed at temperatures from 350 to 600 °C and pressure in the range of 8–20 kPa [91,92]. Slow pyrolysis allows for the decomposition of biomass at temperatures up to 400–950 °C, with a lower heating rate and a longer reaction period to obtain higher biochar yields as the vapours can react longer to obtain more solids, with low production of bio-oil (tar) and gases [92,93]. In fast pyrolysis, the biomass is heated at a set temperature of 1250 °C, using a short reaction period; higher heating rates result in high yields of bio-oil as the reaction period is too short for the production of solids. The bio-oil obtained via fast pyrolysis has a low pH, making it more corrosive [90].



Some limitations of fast pyrolysis are that it requires raw materials with low water content as well as higher heating rates and temperatures [90,92]. Flash or ultra-fast pyrolysis is a more developed process of fast pyrolysis. The reaction temperature is in the range of 700–1000 °C, sometimes even reaching 1200 °C, with a higher heating rate than that used in fast pyrolysis (>1000 °C/s) and a short reaction period of 0.1–1 s [88,89]. The high heating rate, combined with the high temperature and short reaction period of the vapours, results in bio-oil with a low moisture and char content [88,93]. Microwave-assisted pyrolysis (MAP) requires high heating rates and has transformation yields higher than those of typical pyrolysis; decomposing the biomass at lower temperatures of 100–150 °C [78,93] results in larger amounts of bio-oil [94,95]. The MAP method is divided into three types, moderate, fast, and catalytic fast MAP. Moderate MAP uses microwave heating of the biomass to higher temperatures (300 °C or more). Fast microwave-assisted pyrolysis (FMAP) uses a fixed pyrolysis temperature and allows for a higher bio-oil efficiency than moderate MAP. Catalytic fast microwave-assisted pyrolysis is an improved MAP as it uses catalysts, increasing the heating rates and pyrolysis temperatures and resulting in the microwave absorbance of the reaction catalysts [78,94,95].



Gasification technology involves heating the biomass at 500–1400 °C in a gasifier, using an atmospheric pressure of 33 bar, with the injection of oxygen in the presence of a gasification element and a catalyst, allowing for partial oxidation to obtain synthetic gas. Optionally, the biomass is directed through steam, resulting in high amounts of hydrogen and methane [77,96,97,98,99,100]. Syngas has a low heating value and can be used as biofuel for heating, diesel engines, and electricity production in gaseous turbines. It can also be processed to produce liquid fuels with the Fischer–Tropsch method and can be treated to separate the hydrogen, which is an alternative fuel [98,100].



Four types of gasifiers are typically applied in biomass gasification, i.e., fixed and fluidised bed, entrained flow, and plasma gasifiers [99]. However, gasification causes corrosion, with negative impacts on human and environmental health. Gasification with air results in a mixture of carbon monoxide and dioxide, hydrogen, methane, nitrogen, and tar. This mix is difficult to incinerate, particularly in a turbine, as the heating value of the syngas is 5 MJ/m3. In the gasification process using oxygen, the heating value of the obtained gas is 10–12 MJ/m3, and the gaseous product lacks nitrogen. Using oxygen instead of air is costlier, but the quality of the obtained gas is higher. When steam is applied, the contents of methane and hydrocarbons increase and the resulting gas has a heating value of 15–20 MJ/m3. Direct gasification allows for the maximum conversion of syngas, biochar formation, a higher hydrogen efficiency, decreased emissions, and higher yield. It is elastic in its capacity, comprehensive, and allows the treatment of raw biomass to biofuel gas with higher yields, using biomass with lower water content. Materials such as sewage sludge, emitting sulphur in the form of hydrogen sulphide, require gas purification.



Hydrothermal liquefaction (HTL), also named hydrous pyrolysis, is a thermochemical method using subcritical water (SCW), wherein the biomass is treated at temperatures of 250–400 °C, a pressure of 4–25 MPa [101,102], and with catalysts (usually alkali) for an adequate period to break the biopolymeric structure, producing a liquid fuel named ‘crude’ or bio-oil. To eliminate reactor clogging, a high-pressure pump is needed to pump highly concentrated biomass materials. Higher temperatures and pressures can result in fracture, rupture, or burst if the pipeline or reactor is not properly protected. Hot compressed water can cause electrochemical corrosion due to the influence of alkali salts on reactor walls and pipelines.



Hydrothermal gasification, also called ‘hydrogasification’, is a thermochemical method in which the biomass is heated in water at a supercritical state at 375 °C and a pressure of 22 MPa to produce syngas [103,104,105,106]. In contrast to typical or dry gasification, the specific characteristic of water at a supercritical state results in an exceptionally rapid reaction course without the generation of char and tar, generating gas of high quality [103]. The high solubility of the semifinished products in water under supercritical parameters inhibits tar and coke production; thus, the reactive compounds from the biomass are diluted in water, which results in a reduction in the reaction index of polymerisation to the undesirable product such as tar and coke and allows a higher gas efficiency at lower temperatures [105].



Hydrothermal carbonisation (HTC) is a thermal conversion method for the sustainable development of biocoal production from biomass and waste [107,108,109], requiring heating biomass mixed with water at 160–260 °C at a pressure of 20 bar for a few hours [110,111,112,113]. This process does not result in the emission of hazardous gases, minimising greenhouse gas emissions. The obtained hydrocarbons can be widely used, i.e., as biofuels, catalysts, absorbents, in environmental remediation, and as soil improvers. The HTC technology involves the thermochemical treatment of waste at lower temperatures than pyrolysis or gasification. Hydrothermal carbonisation allows for the management of a wide range of sewage sludge and the yield of value-added products [114,115,116]. The main product is the solid carbonised product biocoal, which has numerous applications and is a substitute for fossil coal. The advantages and disadvantages of thermochemical methods of sewage sludge treatment are summarised in Table 11.





6. HTC Hydrothermal Carbonisation of Sewage Sludge


The hydrothermal carbonisation process was first studied by Bergius in 1913 [117] and imitates the natural creation of carbon from biomass, which takes from 50,000 to 50 million years. The HTC process is an example of industrial ecology [118,119] based on analogies with natural ecological systems that, in nature, operate in appropriate networks of connections, creating interactive systems. The industrial HTC process is the same as that occurring in nature, but the parameters (temperature 180–220 °C and pressure 20–25 bar) are intensified to shorten the reaction time, which can range from one to a few hours, depending on the type of biomass used. It is carried out in a closed reactor at temperatures of 180–280 °C under pressure (2–6 MPa) for 5–240 min (Figure 3). The basic product of HTC is a coal-like material termed hydrocarbon, and the byproduct is an aqueous phase AHL (rich in nutrients) [120,121,122,123,124]. During HTC, the subcritical effects of water change the physical and chemical structure of the raw material mainly through hydrolysis reactions, but aromatisation, dehydration, decarboxylation, and recondensation reactions also occur. Removing the carboxyl and hydroxyl compounds significantly decreases the O/C ratio, and the final product has a higher energy density [121,122,123].



Hot pressured water has some advantages over chemicals as a reaction component as it is environmentally safe, nonexpensive, and readily available. The hydrogen bonds of the water weaken upon pressure, resulting in a change of the dielectric constant, which allows the water to catalyse the reaction, acting as both a base and an acid at temperatures of 200–280 °C, maximising its degree of ionisation. At these temperatures, the dielectric constant of water is diminished, and it therefore reacts as a nonpolar solvent. During HTC, hemicellulose and cellulose are hydrolysed into oligomers and monomers, whereas lignin remains mostly unchanged. Hydrothermal pre-treatment allows for improving enzymatic cellulose saccharification [123,124]. The HTC method does not use an additional catalyst, and the pressure is rather moderate, which keeps the production costs low.



The HTC of biomass is aimed at developing cleaner technologies for hydrated organic waste use. The major value of HTC is that, as the reaction occurs in water, the biomass does not need an initial drying stage, thus reducing energy consumption and process period, facilitating the direct processing of high-moisture waste and sewage sludge [125,126,127]. Lignocellulosic biomass is a raw material in the production of biofuels and biomaterials for the sustainable development of biorefineries to facilitate the generation of highly valuable materials and second-generation biofuels. In high-moisture biomass, at subcritical temperatures and pressures, lignocellulosic feedstock reacts in set types of reactions such as hydrolysis, dehydration, bond breaking, the formation of new links, and condensation. The final products of these processes could be divided into liquid products (or water-soluble components), solid products (first- and second-rate chars and carbon dots), and gases (water vapor, carbon monoxide, dicarbon oxide, and methane). The produced hydrothermal carbon, regardless of the raw material, has a hydrogen content in the range of 4–6%. However, the hydrothermal carbon produced when carbonising food waste has an average hydrogen content of 7.2%. A low content of oxygen observed in the preliminary raw materials is integrated within the hydrothermal carbon following carbonisation, which is advantageous in terms of the different uses of hydrothermal carbon as an energy source sludge [52,128,129,130].



Hydrothermal carbons are applicable and sustainable types of substances for use in energy storage. The product obtained from the carbonisation of biomass determines the bioenergy potential of using hydrothermal carbon as a substitute for natural fuel [42,52,128]. Hydrothermal carbons generated from biomass have high energy densities (up to 35 MJ/kg dry mass) and structures such as coal, allowing for changing and/or supplementing fossil-fuel-derived energy [130,131]. Hydrocarbon obtained using the HTC process differs significantly from biocarbon (obtained via slow dry pyrolysis) and appears superior in several aspects. In addition to its carbon neutrality, it contains slightly less alkali and alkaline earth metals and heavy metals and has a slightly higher calorific value under the same conditions [130,131,132]. The HTC advantage is that without energy-consuming drying, biomass can be converted into carbon-containing solids. The energy density of the hydrocarbon is considerably higher than that of the input material. Harmful organic particles and rested micro-pollutants are also broken down during HTC [132,133].



Although there is no explicit definition in terms of the used temperature, HTC can be divided into two basic types. The high-temperature method operates in a temperature range of 300–800 °C, allowing the synthesis of carbon nanotubes, graphical carbon substances, and activated carbon. Functional carbon-containing substances can be obtained with dehydration and polymerisation reactions in a lower-temperature HTC at 300 °C. The carbon content increases after carbonisation, the oxygen and mineral contents are reduced, and there is negligible gas production. Process temperature, pressure, and time are essential parameters influencing HTC, and the type of biomass used affects HTC products [134,135].



HTC is mainly used to manufacture a solid biofuel such as coal, with a higher energy density. It can be burned to obtain energy or used as soil fertiliser (also carbon sequestration). This is one of the most promising waste treatment processes because it can use large amounts of water. The process mainly results in the removal of carboxyl and OH groups and widely reduces the O/C ratio to obtain an energy-dense final product. Solid yields from this reaction are in the range of 35–65% of the preliminary dry raw material, with a high heating value of HHV (13–30 MJ/kg), depending on the basic energy content of the biomass. Since HTC involves an aqueous environment, the water content of lignin has an advantageous effect on the total process. Generally, lignin carbonization takes place in a set of stages, with the first phase being the reaction of water and lignin under increased pressure. In addition to having excellent physicochemical properties conducive to hydrothermal treatment, water produces H+ and OH−, which are catalysts of the process. Finally, several reactions such as hydrolysis, alkylation, condensation, demethoxylation, and bond breaking (particularly C-C and C-O-C) occur, resulting in the formation of valuable carbon products from lignin. Generally, HTC takes place at the temperature range of 553–573 K and a pressure of 20–25 MPa, i.e., under almost supercritical conditions [134].



HTC has some benefits in the transformation of both dry and wet biomass into hydrochar, resulting in a clean solid biofuel. The energy properties of the hydrochar improve as the reaction intensity increases (higher temperature and longer reaction time). There are two methods to decrease the water amount and maximise energy recovery: anaerobic digestion of the liquid byproducts after HTC [135,136] and in-process recycling after hydrothermal liquid AHL [137]. The optimisation of the HTC process parameters is a main goal of AHL in-process recycling HTC, and further studies in this area are needed, particularly testing the effect of process water valorisation.



There are two categories of HTC methods, depending on the process temperature: high temperatures above 400 °C and low temperatures below 250 °C. High-temperature HTC yields a variety of carbon products, namely multiwalled carbon nanotubes, fullerenes, and carbon spheres with various nanotextures [134,138]. Low-temperature HTC has been applied to different sugars, where biocarbon was manufactured as the main product.



HTC proceeds to create opportunities to use raw materials with a high moisture content (>80%), such as sewage sludge, which is a global problem. Compared to the feedstock, the synthetic hydrocarbons contain higher carbon levels. This results from dehydration and decarboxylation reactions, removing hydrogen and oxygen from the raw material in the water and carbon dioxide. Hydrocarbon also has lower nitrogen and sulphur contents in comparison to the feedstock as these are transferred as oxides to the solution during processing. Hydrocarbon has a low ash content (nonburnable substances), similar to that of other coals (including biocarbon), due to the inorganic substances that accumulate after incineration and are extracted into the after-hydrothermal solution during HTC [135,138].



Hydrothermal carbonisation has several advantages as a method of biomass carbonisation. The main advantage of this technology is that it takes place in an aqueous solution, and the water content of the biomass is not a limiting factor. There are no toxic waste products and the excess process water contains soluble components that facilitate plant growth, such as N, K, and Fe. The HTC reaction is exothermic, with a low thermal energy consumption, and there is no need to evaporate moisture from the raw biomass. Hydrocarbon concentrates the majority of the carbon contained in the original biomass. It has a low content of water-soluble chemicals (which are leached with water), such as sulphur, chloride, and potassium. Impurity separation and hydrocarbon upgrading equipment are being installed alongside HTC reactors for a variety of market applications [133,139,140,141].



Hydrothermal Carbonisation of Sewage Sludge According to the Ingelia Technology


Ingelia developed a method of the hydrothermal carbonisation of biomass to recover the carbon comprised in the organic waste, irrespective of humidity and heterogeneity, to produce a solid carbon biofuel (hydrochar). Hydrochar can be a substitute for industrial fossil fuels as biofuel with a higher heating value, low humidity, high yield of incineration, and without CO2 emissions. Ingelia developed and implemented hydrothermal industrial processes (Figure 4) based on studies at the Max Planck Institute [132,142], which started a cooperation with Ingelia before 2007 [133,142,143,144]. The HTC technology has been developed by Ingelia since 2007, and the world’s first industrial HTC plant has been operating since 2010. The HTC method dehydrates the carbohydrate under controlled pressure and temperature and in an acidic medium in a rather short time (4 to 16 h) [135]. The concept of an industrial HTC facility for sewage sludge has been designed, and the economic and technical data have been described [140,143].



The major advantage of HTC is that the reaction takes place in an aqueous medium, and the water content of the biomass does not play a role. The biomass is converted into two products, namely hydrocarbon and nitrogen-laden water. The process is versatile because the chemical reaction occurs with any type of hemicellulose biomass. There are no emissions or toxic waste products, and the excess process water could be used as soluble fertiliser containing nutrients such as N, K, and Fe. The process is highly efficient because the reaction captures most of the carbon in the biomass in hydrocarbons. The exothermic reaction occurring in the process results in a low heat-energy consumption. The process concentrates the energy content from biomass into a solid biofuel and produces liquid byproducts which can be used for fertilisation. The main product of HTC is a solid carbon product (biocarbon) that has a much higher energy recovery value compared to those obtained via other organic waste valorisation techniques, both from an environmental and an economic viewpoint. The byproduct is a concentrated liquid with fertilizing properties. In HTC, the biomass is immersed in water and heated at 180–260 °C in a closed process at a pressure of 20–100 bar, i.e., under subcritical conditions within a few hours. The HTC reaction times indicate that the major reaction takes place in the first 30 min [132,143,144].



Ingelia’s innovation of the HTC process is an example of development based on system innovations introduced with the launch of the first commercial plants (Figure 5). The Ingelia technology is easily scalable, based on a customised pumping system for the wastewater/water mixture, which improves process efficiency. It uses vertical reverse-flow reactors without moving parts or heat exchangers inside. The temperature and pressure control system ensures stable conditions inside the HTC reaction area throughout the retention time. Biochemical extraction avoids the presence of hydrocarbon molecules in the process water. The post-treatment equipment has been developed based on equipment used in the coal industry (coal washing) to separate inert and impurities and reduce the ash content [145,146].



Ingelia’s HTC process is in line with the CE concept of recycling, especially that of the carbon contained in biowaste and sludge in the form of biocarbon, which can be used as a solid fuel, according to PN-EN ISO 17225-8:2023-10 [147] or, in some cases, even as a material (carbon source) for the metallurgical or chemical sector (Table 12). The adaptation of HTC products to specific sectors (such as the steel and the energy sectors) is still being investigated [143,146].



The byproduct, fertiliser solution, is the water obtained from the moisture content of the biomass. It contains soluble elements which act as biofertilisers and reduce the need for chemical fertilisers, thereby protecting groundwater quality. The concentration of nutrients through microfiltration and osmosis allows for NPK recovery. The goal is to use this solution as a commercial biofertiliser and for soil reclamation (organic matter and nutrient content).



The HTC plants using sewage sludge as feedstock should be located next to a wastewater treatment plant with anaerobic digestion to optimise sludge and water logistics and to take advantage of the energy value of the organic matter of the process water in a plant using anaerobic digestion. The modular design of HTC plants enables the decentralised transformation of large and seasonal biomass into high-caloric biocarbon, thereby reducing biomass logistics and road transport. The metallurgical industry is facing the need to switch to greenhouse-gas-free carbon sources. Ingelia has supplied HTC biocarbon to a Swedish research project on the use of biocarbon in a cupola, blast furnace, and electric arc furnace, with promising results [140].





7. Economic Evaluation of Biocarbon Pellet Production from Sewage Sludge


The minimum efficiency of the installation of a system is determined by the capacity of one reactor, which is approximately 700 kg/h (biomass with 50% humidity) or 1.2 t/h (biomass with 80% humidity), i.e., 5600–10,600 t/y (8000 h/r working time).



Poland has the largest number (estimated at >80%) of small wastewater treatment plants (for 10–30,000 residents), producing up to 2500 t/y of hydrated sludge. The country also has huge sludge disposal problems. Below, we present calculations for processing sewage sludge with capacities in the range of 10,000 to 1,000,000 t/y (Table 13).



The prices of hydrated sewage sludge (70% H2O) vary, according to our data from the sewage treatment plant used for this study. The prices of carbon bio pellets were estimated on the basis of data from the Polish market, at a level that can currently be considered below the average prices of bio pellets of various types. The prices of the fertiliser solution were estimated based on the prices of N and K in manufactured fertilisers. Operating costs and revenue at the sludge collection price were estimated using our data. All evaluations should be considered moderately conservative.



A payback period of 1.7 or 2.4 years indicates high profitability of investment (less than 5 years is favourable for this type of investment). With gas prices continuing to rise, the possibility of replacing gas with a low-cost biofuel appears to be profitable. The actual 2023 natural gas price (with a calorific value of 35.14 MJ/m3) is 3.23 [EUR/m3] [148].




8. Conclusions


Biorefinery technologies enable the efficient use of biosolid sewage sludge in agriculture, offering a sustainable solution, using regionally available resources, and promoting food safety and security. This, in turn, prevents the landfilling of sewage sludge and influences nutrient recovery regulations.



Different thermochemical methods, especially HTC, facilitate the efficient processing of sewage sludge to recover valuable materials for the production of bioenergy. In this context, HTC is a superior method to handle sewage sludge as it takes place in a water solution, is universal as the chemical reaction works with any type of hemicelluloses biomass, does not produce any emissions and toxic waste, and results in excess water with high levels of N, K, and Fe used as fertiliser solution.



It is also highly efficient as it captures most of the carbon of the biomass in the hydrochar. The reaction as such is exothermic, with a low thermal energy consumption. However, adequate standardising and marketing approaches are necessary to support the use of such products.



The implementation of innovative biological waste management processes promotes a circular economy. Nevertheless, there are challenges in the commercial use of these methods that require solutions, such as the scaling up of biofuel manufacturing, commercialisation, and the seasonal use of sewage sludge in agriculture.
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Figure 1. Sewage sludge disposal methods (agricultural marked in green and thermochemical in red). 
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Figure 2. Agricultural use and hydrothermal carbonisation of sewage sludge as an example of a CE industrial system. 
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Figure 3. Hydrothermal carbonisation (HTC) process. 
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Figure 4. Flow sheet of hydrothermal carbonisation [37]. 
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Figure 5. Advantages of the Ingelia hydrothermal carbonisation process. 
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Table 1. Sewage sludge production in European countries [1000 t/y DM], 2016–2020 [10,11,12].
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	Country
	2016
	2018
	2020





	Germany
	
	
	1749.86



	Spain
	1174.4
	
	1210.4



	France
	1006.0
	1174.0
	1174.0



	Italy
	1100.25
	1098.08
	



	United Kingdom
	
	
	1136.7



	Poland
	568.33
	583.07
	568.86



	Netherlands
	347.6
	341.03
	353.85



	Turkey
	299.30
	318.50
	314.33



	Romania
	240.41
	247.76
	254.22



	Austria
	
	
	228.01



	Hungary
	215.08
	217.842
	227.89



	Czech Republic
	206.71
	228.22
	219.11



	Sweden
	
	
	211.60



	Switzerland
	
	177.0
	177.0



	Belgium
	
	
	166.0



	Finland
	
	
	160.20



	Norway
	
	14.6
	157.15



	Portugal
	119.17
	
	119.17



	Greece
	119.77
	
	103.28



	Albania
	98.12
	94.5
	97.1



	Ireland
	56.02
	58.77
	58.45



	Slovakia
	53.05
	55.93
	55.52



	Bulgaria
	65.8
	68.6
	44.43



	Lithuania
	44.42
	44.19
	41.05



	Slovenia
	32.8
	38.1
	31.0



	Latvia
	25.92
	24.59
	23.15



	Croatia
	19.72
	19.23
	22.51



	Estonia
	18.34
	
	18.99



	Malta
	10.77
	8.28
	10.36



	Serbia
	11.2
	9.6
	10.0



	Bosnia and Herzegovina
	9.5
	9.5
	9.5



	Luxembourg
	8.92
	8.28
	9.47



	Cyprus
	7.41
	8.41
	8.41










 





Table 2. Production and use routes of sewage sludge in European countries [1000 t/y DM] [10,22,27].
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	Country
	Production
	Landfill
	Agriculture
	Incineration
	Compost and Other

Applications





	Austria *
	263
	21
	44
	115
	83



	Belgium *
	176
	0
	17
	113
	0



	Denmark *
	141
	1
	74
	34
	0



	Finland ***
	149
	4
	8
	0
	133



	France *
	966
	42
	727
	181
	0



	Germany *
	1780
	0
	566
	1004
	317



	Greece **
	147
	80
	6
	36
	0



	Ireland **
	86
	0
	58
	0
	28



	Italy *
	1103
	462
	316
	37
	0



	Luxembourg *
	10
	0
	5
	1
	0



	Netherlands *
	351
	0
	0
	330
	0



	Portugal ***
	344
	22
	226
	0
	0



	Spain *
	1205
	96
	995
	62
	0



	Sweden *
	204
	8
	50
	2
	65



	UK *
	1419
	9
	1118
	260
	0



	Bulgaria **
	52
	28
	18
	0
	1



	Cyprus *
	8
	0
	7
	0
	0



	Czech Republic **
	218
	14
	108
	7
	73



	Estonia **
	18
	2
	1
	0
	15



	Hungary **
	168
	2
	78
	30
	43



	Latvia *
	22
	2
	8
	0
	0



	Lithuania **
	52
	0
	10
	0
	11



	Malta **
	6
	6
	0
	0
	0



	Poland **
	519
	51
	116
	42
	31



	Romania **
	114
	54
	2
	0
	0



	Slovakia **
	59
	8
	0
	0
	38



	Slovenia **
	26
	2
	0
	5
	2







* in 2010; ** in 2011; *** in 2009.













 





Table 3. Properties of sewage sludge (mixed preliminary and excess sludge) [20,23,28,48,49,50,51].
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Parameter

	
Type of Sludge




	
Unit

	
Poorly Fermented

	
Well Fermented

	
Very Well Fermented






	
pH

	
-

	
6.5–7

	
7.2–7.5

	
7.4–7.8




	
Dry matter, DM

	
[%]

	
4–12

	
4–12

	
4–12




	
Loss on ignition

	
[% DM at 550 °C]

	
55–70

	
45–55

	
30–45




	
Calorific value

	
[MJ/kg DM]

	
15–16

	
10.5–15

	
6.3–10.5




	
Alkalinity

	
[mmol/dm3]

	
40–100

	
120–180

	
160–220




	
Volatile acids

	
[mmol CH3/dm3]

	
40–70

	
2–15

	
<2




	
Ntotal

	
[% DM]

	
1.5

	
0.5–3.0

	
0.5–2.5




	
P

	
0.3–0.8

	
0.3–0.8

	
0.3–0.8




	
K

	
0.1–0.3

	
0.1–0.3

	
0.1–0.3




	
Na

	
0.041

	
0.049

	
0.045




	
Mg

	
0.43

	
0.79

	
0.61




	
Al

	

	

	
1.07




	
Si

	

	

	
4.32




	
K

	
0.16

	
0.31

	
0.23




	
Ca

	

	

	
1.64




	
Fe

	
2.22

	
5.43

	
3.83




	
P

	
1.47

	
1.63

	
1.55




	
S

	

	

	
0.68




	
Cl

	

	

	
0.16




	
As

	
[mg/kg DM]

	
12.3

	
6.6

	
21.4




	
Cr

	
110.5

	
51

	
169.9




	
Zn

	
1170

	
1124

	
1216




	
Cd

	
2.9

	
1.8

	
4.02




	
Pb

	
190.5

	
130

	
251




	
Ni

	
43.8

	
42.2

	
45.4




	
Cu

	
112.6

	
94

	
131.2




	
Ag

	
43

	
6.6

	
127




	
Hg

	
2.6

	
2.16

	
3.12











 





Table 4. Maximum permissible heavy metal contents in sewage sludge [60,62].
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Countries

	
Heavy Metal [mg/kg Dry Matter]




	
Cd

	
Cr

	
Cu

	
Hg

	
Ni

	
Pb

	
Zn

	
As

	
Co






	
Upper Austria

	
2

	
50

	
300

	
2

	
25

	
100

	
1500

	
-

	
10




	
Lower Austria

	
10

	
500

	
500

	
10

	
100

	
400

	
2000

	
-

	
-




	
Belgium (Flanders)

	
6

	
250

	
375

	
5

	
100

	
300

	
900

	
150

	
-




	
Belgium (Wallonia)

	
10

	
500

	
600

	
5

	
100

	
500

	
2000

	
150

	
-




	
Denmark

	
0.8

	
100

	
1000

	
0.8

	
30

	
120

	
4000

	
25

	
-




	
Finland

	
3

	
300

	
600

	
2

	
100

	
150

	
1500

	
-

	
-




	
France

	
20

	
1000

	
1000

	
10

	
200

	
800

	
3000

	
-

	
-




	
Germany

	
10

	
900

	
800

	
8

	
200

	
900

	
2500

	
-

	
-




	
Greece

	
20–40

	
500

	
1000–1750

	
16–25

	
300–400

	
750–1200

	
2500–4000

	
-

	
-




	
Ireland

	
20

	
-

	
1000

	
16

	
300

	
750

	
2500

	
-

	
-




	
Italy

	
20

	
-

	
1000

	
10

	
300

	
750

	
2500

	
-

	
-




	
Luxembourg

	
20–40

	
1000–1750

	
1000–1750

	
16–25

	
300–400

	
750–1200

	
2500–4000

	
-

	
-




	
Netherlands

	
1.25

	
75

	
75

	
0.75

	
30

	
100

	
300

	
-

	
-




	
Portugal

	
20

	
1000

	
1000

	
16

	
300

	
750

	
2500

	
-

	
-




	
Spain

	
20

	
1000

	
1000

	
16

	
300

	
750

	
2500

	
-

	
-




	
Sweden

	
2

	
100

	
600

	
2.5

	
50

	
100

	
800

	
-

	
-




	
Estonia

	
15

	
1200

	
800

	
16

	
400

	
900

	
2900

	
-

	
-




	
Latvia

	
20

	
2000

	
1000

	
16

	
300

	
750

	
2500

	
-

	
-




	
Poland

	
10

	
500

	
800

	
5

	
100

	
500

	
2500

	
-

	
-











 





Table 5. Municipal sewage and municipal sludge in Poland per number of inhabitants.
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	Population
	Municipal Wastewater [m3/r]
	Sewage Sludge (70% H2O) [t/r]
	Sewage Sludge Dry Matter [t/r]





	10,000
	800,000
	803
	242



	30,000
	2,400,000
	2409
	726



	100,000
	8,000,000
	8030
	2419



	1,000,000
	80,000,000
	80,300
	24,190



	5,000,000
	400,000,000
	401,500
	120,950



	10,000,000
	800,000,000
	803,000
	241,900



	30,000,000
	2,400,000,000
	2,409,000
	725,700










 





Table 6. Methods of sewage sludge [t/y of dry mass] disposal in Poland [65].
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Sewage Sludge Used

	
Unit

	
2010

	
2011

	
2012

	
2013

	
2014

	
2015

	
2016






	
In agriculture

	
[t/y]

	
109,325

	
116,241

	
115,024

	
105,448

	
107,222

	
107,536

	
116,028




	
[%]

	
32

	
33

	
32

	
31

	
30

	
31

	
34




	
To improve soils (including in agriculture)

	
[t/y]

	
54,279

	
54,386

	
50,280

	
29,407

	
21,961

	
19,167

	
20,075




	
[%]

	
16

	
16

	
14

	
9

	
6

	
5

	
6




	
To grow crops for compost production

	
[t/y]

	
30,940

	
30,998

	
33,335

	
32,556

	
46,339

	
47,103

	
31,817




	
[%]

	
9

	
9

	
9

	
10

	
13

	
13

	
9




	
Thermally processed

	
[t/y]

	
19,818

	
41,629

	
56,644

	
72,900

	
84,237

	
79,274

	
101,144




	
[%]

	
6

	
12

	
16

	
21

	
24

	
23

	
30




	
Stored

	
[t/y]

	
58,917

	
51,447

	
46,796

	
31,369

	
31,503

	
40,458

	
20,666




	
[%]

	
17

	
15

	
13

	
9

	
9

	
12

	
6




	
Temporary storage

	
[t/y]

	
68,228

	
53,103

	
52,684

	
70,028

	
62,192

	
56,397

	
47,253




	
[%]

	
20

	
15

	
15

	
20

	
18

	
16

	
14











 





Table 7. Examples of sewage sludge treatment [15,62,65,66,67].
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Treatment

	
Method




	
Conventional Methods






	
Pasteurisation

	
Minimum 0.5 h at 70 °C or minimum 4 h at 55 °C (or proper indirect parameters), followed by anaerobic mesophilic fermentation




	
Anaerobic mesophilic fermentation

	
Average retention time minimum of 12 days of initial fermentation at 35 ± 3 °C or at least 20 days at 25 ± 3 °C, followed by an average retention time of a minimum of 14 days




	
Thermophilic anaerobic fermentation

	
Average retention time minimum of 20 days at 55 °C




	
Thermophilic aerobic fermentation

	
Average retention period of at least 7 days during fermentation with at least 55 °C for at least 4 h




	
Thermophilic aerobic stabilisation

	
At >55 °C with an average retention time of 20 days




	
Mesophilic anaerobic digestion

	
Average retention period of 15 days at 35 °C




	
Simultaneous aerobic stabilisation

	
At ambient temperature




	
Intensive aeration

	
At ambient temperature, with no additives or interruptions in the sludge treatment process




	
Composting (in aerated ditches or piles)

	
Compost has to be retained for a minimum of 5 days at 40 °C, including 4 h with at least 55 °C, followed by a certain period required to terminate the composting reactions




	
Stabilisation of liquid sludge with lime

	
Addition of calcium to increase the pH to >12 for a minimum of 2 h




	
Storing

	
Storing of raw liquid sludge for at least 3 months




	
Dewatering and storing

	
Conditioning of raw sludge using lime or another coagulant and dewatering and storing for at least 3 months. If the sludge was processed first with mesophilic anaerobic fermentation, it is stored for at least 14 days




	
Lime stabilisation of liquid sludge

	
Adding lime to increase the pH to >12.0 for a minimum time of 2 h. The sludge can then be used directly




	
Lime conditioning to ensure homogenisation of the lime–sludge mixture

	
Sludge should have a pH > 12 immediately after liming and retain it for at least 24 h




	
Storage of the batch of feedstock in liquid form

	
At ambient temperature, without additives or interruptions during storage. The suspension should obtain a minimum 2 Log10 reduction in Escherichia coli




	
Liquid Storing

	
Storing of raw liquid sludge for the time at least 3 months




	

	
Advanced methods of sludge treatment (sanitation) *




	
Thermal treatment

	
Ensuring that the sludge particles reach a temperature > 800 °C with a reduction in moisture content to <10% while maintaining an active water content of approximately 0.9 during the first hour of processing




	
Aerobic thermophilic stabilisation

	
At a temperature of at least 550 °C for 20 h, without admixtures or interruptions in the process




	
Thermal processing of the liquid suspension

	
For a minimum of 30 min at 70 °C, preceded by mesophilic anaerobic digestion at 35 °C, with an average retention time of 12 days




	
Lime conditioning

	
To achieve and maintain a pH ≥ 12 or higher for 3 months. The method is first evaluated by a 6 Log10 reduction in bacteria such as Salmonella Senftenberg W 775








* The processed sludge should contain no Salmonella spp. in 50 g (wet weight), and the process should ensure a minimum 6 Log10 decrease in Escherichia coli to <500 CFU/g.













 





Table 8. Crops for which processed or unprocessed sewage sludge can be used [14,25].
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Processed Sludge Applied during the Cultivation of Plants






	
Cereals, oilseed rape

	
No limitations




	
Grasses

	
No grazing or mowing within 3 weeks of using sludge




	
Turf

	
At the latest 3 months before harvest




	
Fruity trees

	
At the latest 3 months before harvest




	
Processed Sludge Applied before the Cultivation of Plants




	
Cereal, grass, feeds, sugar beets, rapeseed, and fruity trees

	
No limitations




	
Soft fruits and vegetable

	
In advance 10 months before harvest if the plants are in direct contact with the soil and can be consumed raw




	
Potatoes

	
In advance 10 months before harvest. No sludge is used on soil that is or will be used in a crop rotation that contains essential seed potatoes or seed potatoes for export




	
Unprocessed Sludge Applied To The Soil Along With Plant Crops




	
Grasses

	
No grazing or mowing within 3 weeks




	
Turf

	
In advance 6 months before harvest











 





Table 9. Potential toxic element (PTE) limits for agricultural field soils [49,61,66].
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PTE

	
Maximum Permitted Content of PTE in Soil

[mg/kg Dry Weight]

	
Maximum Permitted Yearly Dose of PTE for 10 Years [kg/ha]






	
pH

	
5–5.5

	
5.5–6.0

	
6.0–7.0

	
>7.0

	




	
Zinc

	
200.0

	
200.0

	
200.0

	
300.0

	
15




	
Copper

	
80.0

	
100.0

	
135.0

	
200.0

	
7.5




	
Nickel

	
50.0

	
60.0

	
75.0

	
110.0

	
3




	
pH ≥ 5.0




	
Cadmium

	
3

	
0.15




	
Lead

	
300

	
15




	
Mercury

	
1

	
0.1




	
Chrome

	
400

	
15




	
Molybdenum

	
4

	
0.2




	
Selenium

	
3

	
0.15




	
Arsenic

	
50

	
0.7




	
Fluorine

	
500

	
20











 





Table 10. Characteristics of sludge monocombustion plants.
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City

	
Type of Combustion

	
Combustion Capacity

[t/y Dry Matter]

	
Ash Production in 2018 [t]






	
Krakow

	
Fluidised bed boiler

	
23,000

	
4885




	
Lodz

	
21,000

	
3824




	
Gdansk

	
14,000

	
3279




	
Gdynia

	
9000

	
1676




	
Szczecin

	
Rotary kiln

	
6000

	
1426




	
Kielce

	
Fluidised bed boiler

	
6200

	
719











 





Table 11. Thermochemical methods of sewage sludge conversion.
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	Treatment
	Results
	Products/Use
	Advantages
	Disadvantages





	Anaerobic digestion
	Limitation of organic substances with biological activity in the sludge.
	Biogas and digestate used in agriculture.
	Recovery of energy from sewage sludge and pathogen reduction.
	High investment and operating costs and limited low-scale applications.



	Composting (aerated ditches or piles)
	Stabilisation of biodegradable organic matter to destroy pathogenic organisms.
	Used in agriculture for fertilisation.
	Reduction in organic pollutants; high content of organic matter; and reduced waste volume.
	Limited fertilisation effect (low contents of N, P, and K); high operation costs.



	Lime conditioning for the homogenisation of the lime–sludge mixture
	pH > 12 immediately after liming, retained for a minimum of 24 h to destroy pathogenic organisms.
	Direct use in agriculture.
	Reduction in organic pollutants and pathogens.
	Limited fertilisation effect (low contents of N, P, and K); no decrease in sludge amount.



	Storage
	Stabilisation of biodegradable organic matter for a minimum of 3 months.
	Stabilised sludge can be used in agriculture.
	A simple method with low operation costs.
	Decrease in water content.



	Combustion
	Reuse of sludge for energy recovery and reduction in the amount of waste. The process involves a chemical process with oxygen to manufacture light and heat. Combustion takes place only at the ignition temperature.
	The renewable energy obtained from sewage sludge incineration can be used for the production of electricity or heat.
	Simple, available technology, generating heat and electricity; negligible organic pollutants; using existent infrastructure; can be used together with other solid fuel to decrease costs; and saving energy for wastewater-processing units.
	High costs of drying, and higher moisture content, resulting in decreased efficiency, requires feedstock pretreatment. Waste such as soot, dust, ash, NOx, CO, and CO2. Produced flue gas should be cleaned, and efficiency is low at a small scale.



	Torrefaction
	Conversion of sewage sludge biomass to a coal-like product.
	Coal-like products with a low moisture content and high caloric value can be used instead of coal.
	Zero-waste method improving the incineration behaviour of sludge.
	The technology requires dried biomass as the raw materials contain > 20% water.



	Pyrolysis
	Pyrolysis requires heating the biomass at 300–800 °C or higher without oxygen, resulting in the decomposition or carbonisation of the sewage sludge biomass.
	Biofuels such as biochar, bio-oil, and syngas for bioenergy are obtained, eliminating harmful organic substances and pathogens.
	Clean and efficient method with minimal waste generation; production of usable biofuel residues; lower emissions and reduced levels of heavy metals in comparison to other methods; available for large wastewater treatment units; and lower carbon potential of power generation.
	Requires sludge dewatering; complex reactions; early-phase technology; and costly process.



	Gasification
	Manufacturing of syngas. An alternative is passing the biomass through steam, causing a steam-reforming process to manufacture hydrogen and methane at high volumes.
	Gasification results in the production of electricity. The efficiency of energy conversion is 14–30%, but it needs a set of stages to purify the gas.
	Energy-efficient, with liquid fuel potential; low waste amounts; lower emissions; promotes treatment installations from an economic viewpoint; and lower carbon potential for power production.
	Requires sludge dewatering; release of heavy metals and organic pollutants; costly process with high investment and operational costs; and byproducts such as tars, heavy metals, dust, acid gases, and sulphur.



	Hydrothermal liquefaction (HTL)
	Production of liquid bio-oil fuel (crude) from sewage sludge via decomposition and repolymerisation reactions.
	In addition to bio-oil, other products can be obtained, depending on the sludge type.
	Suitable for all biomass types; the wastewater byproduct can be recycled.
	High costs due to high energy demand as well as heat exchanger and reactor costs. Catalyst deactivation decreases product efficiency and quality. Limited high-scale implementation.



	Hydrothermal gasification
	Supercritical water gasification in which the sludge biomass is heated in water at a supercritical state to produce syngas.
	High-quality syngas with high carbon yield as the liquid phase has a low organic carbon content, is free from char and tar at low temperatures.
	Applicable for all sewage sludge also those with high water content.
	Higher costs due to high energy consumption. High temperature, pressure, and chemical compounds could result in reactor corrosion. Coke and tar can be obtained in nongasified parts of the biomass.



	Hydrothermal carbonisation
	Biomass is converted to carbonaceous materials typically named ‘hydrochar’, together with soluble byproducts (~1–5%).
	Solid biocarbon as a high-quality biofuel; the byproduct is a concentrated liquid rich in nutrients with fertilising properties (N, K, and P).
	Much higher energy recovery compared to other used valorisation techniques, either from an environmental or economic viewpoint. It uses simple and easy scalable reactors and has lower energy consumption.
	Post-treatment of the byproducts or wastewater to decrease the ash content in the biocarbon pellets.










 





Table 12. Characteristic of carbon biopellets.
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	Parameters
	Unit
	Value





	Moisture
	[%]
	4–8



	Ash
	[%, DM *]
	5–20



	Ctotal
	[%, DM *]
	58–64



	Ntotal
	[%, DM *]
	1–2



	Csolid
	[% C]
	20–30



	Volatile components
	[% C]
	60–70



	Lower heating value of LHV
	[MJ/kg]
	19–24







* DM—dry mass.













 





Table 13. Economic effects of sewage sludge treatment with the hydrothermal carbonisation method.
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Amount of sewage sludge (30% DM) [t/y]

	
10,000

	
100,000

	
500,000

	
1,000,000




	
Biocarbon pellet production capacity [t/y]

	
2500

	
25,000

	
125,000

	
250,000




	
Heat production capacity [GJ/y]

	
57,500

	
575,000

	
2,875,000

	
5,750,000




	
Biocarbon pellet price [EUR/t]

	

	

	

	




	
Variant I

	
280

	
280

	
280

	
280




	
Variant II

	
448

	
448

	
448

	
448




	
Biocarbon pellet heat price [EUR/GJ] *

	

	

	

	




	
Variant I

	
12.2

	
12.2

	
12.2

	
12.2




	
Variant II

	
19.5

	
19.5

	
19.5

	
19.5




	
Biocarbon pellet production value [EUR/y]

	

	

	

	




	
Variant I

	
700,000

	
7,000,000

	
35,000,000

	
70,000,000




	
Variant II

	
1,120,000

	
11,200,000

	
56,000,000

	
112,000,000




	
Estimated operating costs [EUR/y]

	
307,000

	
3,070,000

	
15,350,000

	
30,700,000




	
Revenue at the sludge collection price (30% DM) of 112 EUR/t [EUR/y]

	

	

	

	




	
Variant I

	
1,120,000

	
11,200,000

	
65,600,000

	
112,000,000




	
Variant II

	
1,120,000

	
11,200,000

	
65,600,000

	
112,000,000




	
Gross profit EB [EUR/y]

	

	

	

	




	
Variant I

	
1,513,000

	
15,130,000

	
32,150,000

	
1,513,000,000




	
Variant II

	
2,133,000

	
21,330,000

	
58,150,000

	
213,300,000




	
Return on investment with gross profit EB [years]

	

	

	

	




	
Variant I

	
2.4

	
2.4

	
2.4

	
2.4




	
Variant II

	
1.7

	
1.7

	
1.7

	
1.7




	
Savings on emission fee amounting to 60 EUR/t CO2 [EUR/y]

	
641,000

	
6,410,000

	
32,050,000

	
64,100,000




	
Fertiliser solution AHL figures




	
Fertiliser solution, after hydrothermal liquid AHL [t/y] including: (N + K) [t/y]

	
3000

10

	
30,000

100

	
150,000

500

	
300,000

1000




	
AHL price [EUR/t] **

	
15

	
15

	
15

	
15




	
AHL production value [EUR/y]

	
45,000

	
450,000

	
2,250,000

	
4,500,000




	
Size of fertilised areas [ha]

	
50

	
106

	
531

	
1062








* Biocarbon pellet heat value 23 GJ/t; ** N and K price 4.5 EUR/kg; content in AHL [%]: N 0.13; K 0.2.
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