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Municipal sewage sludge (MSS) is the residual material produced as a waste of municipal wastewater purification. It is a

sophisticated multi-component material, hard to handle. For many years, it has been landfilled, incinerated, and widely

used in agriculture practice. When unproperly discharged, it is very polluting and unhealthy. The rapidly increasing global

amount of municipal sewage sludge produced annually depends on urbanization, degree of development, and lifestyle.

Some diffused traditional practices were banned or became economically unfeasible or unacceptable by the communities.

In contrast, it has been established that MSS contains valuable resources, which can be utilized as energy and fertilizer.

Ambitious and costly plans for remediation, the modernization of regulations, collecting and purification systems, and

beneficial waste management using a modern approach. The activated sludge process is the leading technology for

wastewater purification, and anaerobic digestion is the leading technology for downstream waste. However, biological

technologies appear inadequate and hydrothermal carbonization, already applicable at full scale, is the best candidate for

playing a significant role in managing municipal sewage sludge produced by big towns and small villages.
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1. Introduction

Few numbers suffice to quantify the relevance of this topic:

Municipal wastewater (MWW) means the spent water of a community. From the standpoint of source, it may be a

combination of the liquid- and water-carried waste from residences, commercial buildings, industrial plants, and

institutions, together with any groundwater, surface water, and stormwater that may be present ;

Sewage sludge is the residue resulting from the treatment of wastewater released from various sources, including

homes, industries, medical facilities, street runoff, and businesses . Municipal sewage sludge (MSS) is the residual

material produced as a by-product of MWW treatment plants (WWTPs);

Municipal sewer systems refers to all sewer mains within the limits of the public right of way, or easements, including

maintenance holes and appurtenances .

In 2020, the volume of MWW generated annually worldwide was estimated to be 360–380 cubic kilometers, predicting a

24% increase by 2030 and a 51% increase by 2050. A little more than half is treated in about sixty thousand WWTPs

operating worldwide, while the remaining is released directly into the environment .

Five years ago, the annual global MSS production rate was estimated to be 45 million tons as dry solid (DS) . The result

was obtained considering that two billion people were connected to MWW sanitation systems having secondary treatment

facilities and quantifying the amount of sludge produced per capita as 70 g of DS per day. In terms of sludge (i.e., the

wetted organic and inorganic matter resulting from the treatment of MWW), the amount is from 5 to 10 times higher than

in terms of DS .

Presently, the total length of the sewer network across the EU has been estimated at around 3.3 million kilometers ;

thus, its total length worldwide is close to one order of magnitude higher (i.e., almost a thousand times the circumference

of the Earth). It is also worth mentioning that the EU sewer network length has increased by about 10% during the last

four years .

The main reason for such a challenging and relevant situation is urbanization, for which there is currently no universal

definition. The UN reports figures based on nationally defined urban shares.

2. On-Site Treatments

2.1. Stabilization and Thickening

Activated sludge treatments  of municipal sewage followed by thickening and sanitation enable the discharge of more

than 99% purified water. A volume reduction of approximately 30–80% can be reached with RMSS thickening. The most
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commonly used thickening processes include gravity thickening, dissolved air flotation, and rotary drum thickening.

Centrifuge thickening is also becoming more common. The type of thickening selected is usually determined by the size of

WWTP, its physical constraints, and the planned further downstream operations. Thickening commonly produces sludge

solids concentrations in the 3% to 5% range, whereas the point at which sludge begins to have the properties of a solid is

between 15% and 20% solids concentration.

As consequence of the natural fermentation and the presence of pathogenic organisms, RMSS gives rise to offensive

odors and health problems. Stabilization is the on-site downstream process that prevent these problems and is usually

achieved by chemical, biological, and thermochemical treatments.

The typical chemical stabilization is alkaline stabilization, almost always performed by adding lime, or lime and waste solid

materials, to the thickened liquid sludge, to raise the pH to greater than 12 and maintain the resulting materials under

these conditions for several days . The resulting solid and significantly stable product can be easily and safely

transported outside the WWTP for further treatment or final disposal. Recently, ozonation and other advanced oxidation

processes (AOPs), such as Peroxone, have attracted attention for the chemical stabilization and reduction in RMSS and

as a pretreatment prior to the biological stabilization of RMSS .

Biological stabilization employs microorganisms which develop naturally within the sludge under reactor conditions. It can

be conducted under aerobic  or anaerobic  conditions, namely, aerobic

stabilization (AS) or AD. In the last case, when the C/N ratio is too high, nitrogen can be added in an inorganic form

(ammonia) or in an organic form such as livestock manure, urea, or food waste . According to the WEF Manual of

Practice , AD is generally applied for WWTPs, treating wastewater incoming flows greater than about twenty million

liters per day or about 60,000 to 100,000 PE, whereas AS is typically applied in smaller WWTPs. Both AD and AS

significantly reduce the amount of raw activated sludge and produce temporarily stabilized wet solid material. However,

the energy balance of AS and AD is quite different, because the composition of the resulting solid phase and its

dehydration are different. The other relevant difference between AS and AD are investment and management costs, ease

of use, and greenhouse gas emissions. Of note is the energy balance which, unlike in AS, a significant amount of biogas

composed of 45–60% methane is produced in AD. As a result, AD provides a significant part of the energy required by the

wastewater purification process.

Aerobic stabilization resembles the conventional activated sludge process, but excludes wastewater feed and employs

longer solids retention times (SRTs). There is no new supply of organic material from the wastewater; therefore, the

activated sludge biota begins to die and is used as a substrate by saprotrophic bacteria. This stage of the process is

known as endogenous breathing. It has the task of drastically reducing the number of pathogenic organisms and the

concentration of organic solids in the sludge, solidifying and temporarily stabilizing the RMSS, which can easily be

transported safely outside the IDA for final disposal with or without deriving benefits. An interesting variant of AS is the so-

called autothermal aerobic thermophilic aerobic digestion (ATAD) based on the natural phenomenon of the exothermic

oxidation of organic carbon with the addition of forced air or oxygen. If the reactor is well insulated, the heat produced is

not lost, and the temperature rises to 70–75 °C, with some favorable implications . Comparisons between AS and

AD and between AS and lime stabilization have been reported .

2.2. Dewatering

MSS temporarily stabilized aerobically or anaerobically needs further on-site treatment and dehydration to separate the

solid material from an aqueous stream, usually directed to the inlet of the WWTP. The solid resembles a cake, not sliding,

and instead forming lumps that can only be transported by a conveyor belt, mechanical earth-moving equipment, or a

spade. The first difference between thickening and dewatering is that the former removes free water, increasing the DS

content to 4–6%, whereas the latter removes significantly more water content of the sludge to produce a concentrated

sludge product with a concentration of SD, generally between 15% and 25%. The second difference is in the way the

process is carried out. Dehydration can only be achieved by applying significant mechanical force in a filtration or

centrifugation system. Alternatively, the liquid can be allowed to evaporate in ambient conditions (sludge drying lagoons)

or either evaporate or drain by gravity through a porous medium on which the sludge is located (sludge drying bed) 

. Both mechanically dewatered aerobically and anaerobically stabilized MSS contain 75–85% of intracellular, interstitial,

and surface water. However, when the treatment capacity of the WWTP is sufficiently high, the AD section can be

optimized by pre-treating the thickened raw primary and excess activated sludge by thermal hydrolysis (TH), which

obtains better results in terms of biogas production and enhanced dewaterability of the digestate, as discussed by Akajis

et al. , among others. TH disintegrates organics, allowing for more fermentable organic substances and interstitial

water to become free water within the digestate. Typically, the TH reactor operates at 6 bar, 400–440 K, for about half an

hour of retention time, followed by treatment in a flash tank operating at atmospheric pressure. The steam produced when

flashing was returned for heat recovery by direct contact, preheating the feed to the TH reactor.

3. Off-Site Treatments

Stabilized MSS is usually removed from WWTPs for further treatment before beneficial use or for final disposal.

[13][14][15][16]

[17][18][19][20][21][22][23][24][25]

[26][27][28][29][30][31] [32][33][34][35][36][37][38][39][40][41]

[42]

[43]

[44][45]

[31][46]

[47][48]

[49]

[50]



3.1. Application to Agricultural Land and Reclamation Sites

In 1991, the U.S. EPA introduced the term “biosolids” for stabilized solid material leaving the municipal WWTPs or POTWs

. Australia and New Zealand use the same terminology, which is now familiar and recognizable worldwide. Unlike in the

EU, countries that use the term biosolids in their formal documents do not regard this material as waste, but instead as a

by-product to be eventually post-treated for recycling. Traditionally, semi-solid and solid materials produced by municipal

WWTPs have been widely used around the world as fertilizers and soil improvers, being rich in nutrients, mainly

compounds of phosphorus and nitrogen that are bioavailable for vegetation and crop cultivation and carbon-rich

substances. However, basic biosolids and stabilized and dehydrated MSS contain various micropollutants, regardless of

terminology and regulations. As of 2020, the U.S. EPA  classified sewage sludge (biosolids) into Class A—exceptional

quality (EQ)—or Class B, based on the specific treatment requirements for pollutants and pathogens, as well as

management practices. Minimum requirements for meeting Class A and Class B biosolids are determined by federal

regulation 40 CFR Part 503. A 2019 census of the EPA based on the operating POTWS reported that about 51% of

produced biosolids found beneficial use as applications to agricultural land and reclamation sites. Similar disposal shares

of MSS are maintained worldwide. Despite the increasingly stringent regulations for using biosolids in agriculture and land

applications , a recent report  predicted an increase in this disposal method. However, recent studies 

have stated that the direct use of sewage sludge and compost containing sewage sludge should no longer be considered

a direct source of nutrients and organic matter in agriculture because of their pollutant contents. Agricultural and land

applications of biosolids are controversial. The forecast made by the already mentioned market report is likely correct,

considering the ongoing evolution of technologies for purifying excessive concentrations of heavy metals ,

microplastics, and other phytotoxic substances . The practice of land applications for good-quality biosolids

remains the most economically feasible and environmentally friendly, and is in harmony with the circular economy and the

conservation of non-renewable resources. This practice requires the availability of land not excessively far from the places

of production, and is more practicable in countries with a low population density. Composting raw biosolids is the most

widely applied technology to enhance the quality of dewatered MSS when used as fertilizer and soil, improving fertility. It

is a well-known and globally applied bioprocess allowing the biodegradation of various substrates carried out by a

microbial community composed of various populations in aerobic conditions and in a solid state. The exothermic process

starts with a mesophilic phase (ambient to 40 °C), proceeds with a thermophilic phase up to about 65–70 °C, and ends

with a maturation phase. Completing the first two phases requires about one week, whereas maturation requires up to six

months. The main factors that affect the biology of composting are moisture, temperature, pH, nutrient concentration, and

oxygen supply. The optimum moisture content is 50–60%; less than 40% moisture may limit the decomposition rate,

whereas with an initial mixture higher than 60%, proper structural integrity will not be achieved, and substrates will not

decompose well. Temperature rise is important to destroying pathogens, although most mesophiles are killed when it

exceeds 70 °C. The optimum pH range for the growth of most bacteria is between 6 and 7.5, and between 5.5 and 8 for

fungi. The pH varies throughout the composting steps, and is essentially self-regulating. Carbon and nitrogen are required

as energy sources for the growth of microorganisms. The most desirable carbon-to-nitrogen ratio should be 25–35 in the

composting mixture by weight. Oxygen concentrations in the composting mass should be maintained between 5% and

15% by volume of gas mass, and should be well distributed. Excessive aeration will compromise the required temperature

profile during the process. Composting can be performed in different ways (batch or continuous), using very simple (pile)

or sophisticated and automatically controlled reactors (bio cells), depending on the potentiality of the composting plant .

As mentioned, aerobically and anaerobically stabilized and mechanically dewatered MSS retain interstitial water.

Consequently, the moisture content is higher than that required for composting. For this reason, before composting,

woody material is added as sawdust and wood chips that can be recovered and recycled before the maturation phase. In

this way, the aeration process is also favored as the porosity of the mass increases. As far as nutrients are concerned,

when the C/N ratio is too low, sawdust is added, while the availability of P is always satisfied. The pH value, on the other

hand, is within the optimal range for starting the process and, as already mentioned, tends to self-regulate.

3.2. Thermal Treatments (TT)

There are a variety of off-site thermal treatments of stabilized and dewatered MSS based on well-consolidated and new

technologies which allow for the final disposal with or without beneficial use.

TT1: Drying

Drying is a well-known and widely applied unit operation that removes the mixture from a solid substance. For example, a

wet solid such as wood can be dried by evaporation of the mixture either in a gas stream or without the benefit of gas to

carry away the vapor, although the mechanical removal of such a mixture by expression or centrifugation is not ordinarily

considered drying. Analogously, a solid dissolved into an aqueous solution can be dried by spraying it in fine droplets into

a hot, dry gas, resulting in the liquid’s evaporation. However, evaporation of the solution by boiling it in the absence of gas

to carry away the mixture is not ordinarily considered a drying operation. A relevant example is the production of whey

protein concentrate (WPC) and whey protein isolate (WPI) by spry-drying the retentate of whey ultrafiltration. Drying can

be classified according to the method of operation, i.e., batch or continuous, according to the method of supplying the

heat necessary for evaporation of the mixture, i.e., direct driers when the heat is supplied entirely by contact of the gas
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with the substance, or indirect driers when the gas and the substance are separated by a wall having good conductivity

property; and solar drying, i.e., when the heat is supplied entirely by exposing the substance to solar radiation.

Furthermore, classification can consider the nature of the substance to be dried: rigid solid, flexible material, granular

solids and crystals, thick paste, thin slurry, or a solution. The residual mixture content after drying is typically 8–10% .

The water industry has practiced the drying of stabilized and mechanically dewatered MSS for many years to further

reduce the volume of the product, making its storage, transportation, packaging, and retail easier. Commercial and legal

pressures have also focused on the final product and its use, i.e., for producing EQ biosolids and as a pretreatment for

further intensive thermal process .

TT2: Torrefaction

Torrefaction is a thermochemical process performed at 200–300 °C, at atmospheric pressure, in an inert or low-oxygen-

content flue gas or superheated steam conditions, and at a relatively low residence time. Dry torrefaction transforms

biomass into a superior handling, milling, co-firing, and clean renewable energy into a carbonaceous and hydrophobic

solid . Torrefaction enhances feedstock’s properties in several ways to enable its use as a direct fuel: reduction in

moisture, increase in energy density, reduction in the O/C and H/C ratio, increase in heating value, and improved

ignitability and reactivity of the processed fuel. Historically, development of the torrefaction process only began with coffee

production in the late 19th century, as documented in the first patents by Thiel (1897) and Offrion (1900). Additional

historical information is available in the literature . The most recent efforts and current research and development on

torrefaction are extensive, with more than two thousand papers assessed as part of the research, published in the last ten

years. The main product of the torrefaction process is a coal-like solid, while liquids and gases are produced as by-

products. Torrefied sewage sludge is recognized as a better solid fuel than the dry sewage sludge, and it is also beneficial

for subsequent thermochemical processes and for producing soil improver and adsorbent material .

TT3: Hydrothermal Carbonization and Hydrothermal Liquefaction

Hydrothermal carbonization (HTC) produces carbonaceous material, hydrochar (HC), from very wet biomass, such as AS

and AD sewage sludge. HTC had fallen into relative obscurity after the initial investigations and first description by

Friedrich Bergius in 1913. Since then, research activity was slowly initiated to understand natural coal formations, until

recent studies on HC chemistry and applications in innovative materials and soil quality improvements revived interest .

As described by the researchers in a recently published paper , HTC is performed at 180–250 °C, approximately the

vapor pressure of water under the operating temperature. Typical water-to-biomass ratios range from 5 to 10, and the

residence time ranges from 0.25 to 2 h. It works in batch or continuous mode. In addition to hydrochar, HTC produces a

large volume of process water (PW), plus a small amount of a CO -rich gas phase. Water acts as a solvent and reaction

medium, and the mechanisms mainly involve decarboxylation, dehydration, and polymerization (FZ). During the process,

the ionic product of water increases, whereas the dielectric constant decreases. Consequently, water acts more as a non-

polar solvent . Furthermore, it has been found that, whatever the biomass, the time course of electrical conductivity

follows a unique law, unquestionably corresponding to the evolution of solid-phase carbon content . HTC is still in an

evolutionary phase, even though in European, many pilot plants and some full-size plants have been built and managed,

and a few years ago in China, a full-size plant was built with German technology and is operational for the final disposal of

MSS with the recovery of commercial materials. HTC technology is emerging for MSS management, with several

favorable implications. The primary and excess sludges, well thickened or slightly dehydrated, can be hydrothermally

carbonized directly in situ, i.e., inside the WWTP, due to the favorable ratio between water and organic material. The most

favorable conditions apply to small- to medium-sized WWTPs, where an AD section is economically impractical, if not

difficult to manage. In this case, the integration of WWTP with an HTC section was drastically reduced  the quantity of

sludge, i.e., the mechanically dewatered and aerobically stabilized sludge, and which must be disposed of definitively

outside the WWTP. Without the HTC section, the sludge to be disposed of has a mixture of about 80%. Considering that

the HC yield as DS after the HTC treatment is in the range of 55–65%  and the residual mixture content of the

mechanically dewatered HC is 30–35% , it amounts to 16–20% of the solid waste that a small–medium WWTP must

dispose of paying, an average of EUR 200 per tons. The possibility of obtaining a solid residue with such a low moisture

content depends on the granulometric and hydrophobic characteristics of the HC, which appears as a very hard and finely

divided brown solid. HC is sterilized and free of organic volatiles compounds, its moisture content can be further reduced

by temporary thin-layer exposure to air or by using warm exhaust air, if available, in a free drying unit. To better quantify

the advantages of the direct on-site treatment of RMSS by HTC, researchers took 4000 T/a of AS and mechanically

dewatered MSS produced by the “Ponte Rosarolo” WWTP in L’Aquila, Italy, as a case study . A saving of between 80%

and 84% was obtained, i.e., EUR 640,000–672,000/a, corresponding to about 50% of the overall purification costs of the

WWTP. The press-filtered HC obtained by the HTC of primary and excess sludge produced by the activated sludge

process exhibited significant favorable properties, being biologically stable (sterilized).

Furthermore, HTC degrades microplastics (MPs) , pharmaceutical and personal care products (PPCPs), and other

persistent organic pollutants such as polychlorinated biphenyls (PCBs) and polycyclic aromatic hydrocarbons (PAHs) ,

thus giving a significantly better material in comparison with the digestate.
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The on-site HTC of RMSS results in a very efficient stabilization and sanitation treatment. After dewatering, the cost for

the eventual disposal of the HC with the residual mixture content is much lower than the cost for the disposal of the AS

and mechanically dewatered SS. For the potentiality of the already mentioned WWTP “Ponte Rosarolo”, a reactor of two

cubic meters enabled a residence time of almost two hours, more than required to account for unperfected mixing. In

addition, three pumps, a double heat exchanger, a small boiler for steam production, and piping had to be installed in

place of the aerobic stabilization tank with its ventilation system. An investment of EUR 1.5–2 million has been estimated,

including design, construction supervision, and assembly, corresponding to a pay-back time of about four years. In

contrast, AD is not economically feasible. Researchers did not find any report, paper, or research discussing similar

findings. Small–medium WWTPs are numerous, but their full treatment capacity is significantly smaller than that of

WWTPs serving big cities. Only little information is available on treating AS and mechanically dewatered sewage sludge,

which is usually performed in large-scale facilities for final disposal. However, HTC has been considered to stabilize

further and dewater digested sludge other than facilitating phosphorous recovery and as an on-site pretreatment or post-

treatment of AD to improve the methane potential of the primary and excess sludge . Researchers also

found a laboratory research paper on the direct application of HTC to the natural mixture of human faces and urines .

Hydrothermal carbonization is effective in the disinfection of sewage sludge . Therefore, it attracts attention to the

treatment of any biologically derived MSS before their beneficial use or final disposal in the environment. Many

companies, researchers, stakeholders, and other entities involved in MSS management are considering the design,

development, and construction of high-potentiality plants for the hydrothermal carbonization of AS and AD MSS produced

by all operating WWTPs in a given area, as an alternative to more conventional treatments . In such a circumstance,

the PW cannot be recycled to the inlet of a WWTP and needs to be purified. Economic feasibility is only achievable for

high potentialities. The necessary authorization for the construction and operation of this system is still difficult to obtain,

considering that the regulations in force in the EU and other countries do not yet explicitly include HTC among the

applicable technologies. However, many projects concerning research and technological development for applying HTC to

treat MSS have received significant public funding. When the operating temperature of the hydrothermal treatment is in

the range of 300–360 °C under pressurized water with enough time (0.25–1 h), the treatment is known as hydrothermal

liquefaction (HTL), or direct liquefaction, because it enables the conversion of most of the biomass into a liquid bio-oil by

breaking down the solid biopolymeric structure into a mainly liquid components. When HTL is applied to MSS 

, the yield in bio-oil is 35–50% of the MSS as DS, depending on the severity of the treatment. It is considered a

promising green method for the beneficial conversion of sewage sludge. If the operating temperature is higher than the

critical temperature of the water, i.e., 374.1 °C, and the operating pressure is higher than the critical pressure of water, i.e.,

21.83 MPa, the treatment is usually termed supercritical water gasification (SCWG). It is accepted as a promising

technology for sustainable MSS beneficial disposal  because it eliminates the need for costly water

reduction and drying processes before disposal by conventional methods. Under typical pressure (25–30 MPa) and

temperature (450–550 °C) operating conditions, the decomposition of organic and metallo-organic compounds takes

place in a few minutes, giving rise to a well-mixed gaseous mixture rich in hydrogen and methane. In fact, in such

conditions, water behaves as a completely non-polar solvent, capable of solubilizing organic substances but not inorganic

substances. From this point of view, SSCWG produces a solid residue similar to that produced by combustion, i.e., a very

high phosphorus concentration. Notably, modern activated sludge processes remove 90% of phosphorus in the treated

water by accumulating it in the sludge, and the HTC of AS and AD-stabilized MSS transfers 93–97% of the phosphorus to

HC in the form of organic and inorganic phosphorus (ARB). In these circumstances, the concentration of phosphorus in

the solid inorganic residue produced by the SCWG is comparable with that type of phosphate rock. Consequently, SCWG

coupled with HTC could represent an interesting alternative to incineration when phosphorous recovery must be achieved.

The catalytic gasification of sewage sludge in supercritical water enhanced phosphorous recovery and hydrogen

production . The final and complete destruction of the organic pollutants in the gaseous mixture has also been

considered as an alternative, using supercritical water oxidation (SCWO) technology. Since 2001, several commercial-

scale SCWO plants have been installed to treat MSS with solid-containing rates of 7–8 wt.%. Nevertheless, the three key

problems concerning corrosion, plugging triggered by salt precipitation, and high running cost still exist, even making

some commercial-scale SCWO plants inactive .

TT4: Pyrolysis

The production of charred matter always involves a thermochemical conversion process. The decomposition of organic

material under the influence of heat in a gaseous or liquid environment, without the involvement of further reactants

(oxygen), is called pyrolysis: from the Greek words ‘pyr’, meaning fire, and ‘lysis’, meaning dissolution . Typically, the

pyrolysis or carbonization of woody biomass is carried out at atmospheric pressure by heating the material to 281 °C to

cause the breakdown of heavy organic molecules and trigger a series of exothermic reactions capable of obtaining further

heating of the mass up to 500–600 °C. Under these conditions, the main product is anhydrous carbon with a high energy

density. At the same time, a gas is produced that contains all the water initially present in the feed, the volatile and less

volatile organic substances resulting from the thermal splitting of the larger molecules into coal, and compounds which, at

room temperature, have a bituminous appearance . When the moisture content of the feedstock is not excessively

high, i.e., less than 35%, the combustion of the gaseous phase may be sufficient to support the endothermic phase of the

pyrolysis process. At the same time, it supports the elimination of a gaseous effluent that should otherwise be re-

condensed to avoid atmospheric pollution. A more general and current definition is that pyrolysis refers to the

decomposition of organic matter at elevated temperatures (300–1300 °C) in the absence of oxygen and under
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substantially dry conditions. The operating pressure is usually atmospheric, although vacuum pyrolysis (0.1–0.2 bar) and

pressurized pyrolysis (5–20 MPa) have been studied and reported. In all cases, oxygen-free conditions are maintained

. The pyrolysis of digested and mechanically dewatered MSS has been widely studied and described in the literature

. However, such MSS must be further dehydrated by drying before pyrolysis treatment to avoid

the need for recondensation with the formation of a highly polluting organic bituminous phase, which is very difficult to

handle due to its unfavorable rheological properties. In contrast, pyrolysis can be applied to mechanically dehydrated HCs

because the concentrations of bituminous and other organic compounds in the gaseous phase are about double that of

water; consequently, it can be burned, obtaining a combustion gas that can be used to sustain the endothermic phase of

the process entirely before it discharges safely into the atmosphere . In summary, the on-site HTC of AS and

mechanically dewatered MSS could be followed by the off-site pyrolysis of the HC produced by all the WWTPs of a given

area in order to minimize further the unit amount of the solid by-product, charcoal, which can be further processed, as

discuss in the following sections. It would be interesting to compare the on-site AD of primary sludge and that in excess

with the on-site HTC of the same material followed by off-site pyrolysis in a plant serving WWTPs operating in a specific

area. The quantity of coal is much lower than that of the mechanically dehydrated digestate and the HC with its residual

content of the mixture, although the quality is much higher for the subsequent beneficial waste-to-energy and waste-to-

energy treatments.

TT5: Gasification

As already mentioned, biomass can be gasified in the absence of oxygen by pyrolysis or in a supercritical water

environment. However, typical gasification is a process that converts carbonaceous organic or fossil-based materials at

high temperatures (>700 °C), without combustion, with a controlled amount of oxygen or vapor, into carbon monoxide,

hydrogen, and carbon dioxide. Carbon monoxide reacts with water to form carbon dioxide and hydrogen via a water–gas

displacement reaction (CO + H O → CO  + H ). Modern membranes can separate hydrogen from carbon dioxide and

small amounts of impurities . In general, biomass does not gasify as rapidly as coal, producing other hydrocarbon

compounds in the gas mixture leaving the gasifier; this is especially true when no oxygen is used. Consequently, a further

step must be taken to reform these hydrocarbons with a catalyst to produce a clean syngas mixture of hydrogen, carbon

monoxide, and carbon dioxide. Thus, just like in the gasification process for hydrogen production, a displacement reaction

step converts carbon monoxide into carbon dioxide. The hydrogen produced is then separated and purified. Gasification is

a well-known technology and has been considered for the beneficial treatment of MSS. The results have been reported

and discussed in detail in several articles . It is worth emphasizing that its economically feasible

applicability is only obtained for high potentiality. Furthermore, some pretreatments, such as drying, torrefaction, pyrolysis,

or hydrothermal treatments of raw material, are usually applied before final gasification.

TT6: Incineration

Incineration is a combustion process aiming to destroy or minimize waste, particularly that produced in urban areas. The

destruction is a consequence of burning the organic fraction of the waste with an oxygen concentration well above the

stoichiometric one to ensure the reaction is complete. It is a typical waste-to-energy (WTE) operation, converting the

waste into ash (primarily inorganic compounds), flue gas to be cleaned before discharging in the atmosphere, and heat,

often used to generate electric power. The first incineration facility for waste disposal was built in the United Kingdom

about 150 years ago . Since then, incinerators have been built and operated in the United States and other developed

and developing countries, mainly for WTE from municipal solid waste (MSW) and for destroying hazardous waste. The

incinerator’s operating temperature must be above 850 °C, and large plants’ treatment capacities can reach about three

thousand tons per day. However, much smaller and mobile incinerators are in operation in some cases. One particular

case of incineration uses a cement kiln where the ash is incorporated into the mass of a Portland cement clinker . The

effect of phosphorus and iron on the composition and property of the product has recently been quantified and discussed

. The application of incineration for the final disposal of MSS has been widely considered worldwide, with the

exclusion of undeveloped countries and some recent adverse opinions . It has been reported that sludge with a

moisture content of no more than 40% can stably burn in a fluidized bed without any auxiliary fuel input . Sewage

sludge incineration coupled with phosphorous recovery is the most preferred MSS treatment in Germany, Japan, and

many other industrialized and wealthy countries lacking phosphorous mineral deposits. A recent report by the German

Environment Agency  accurately analyzed technical, economic, environmental, and health issues related to sewage

sludge disposal. Notably, the report considered the unavoidable problems created by land applications of only biologically

treated sewage sludge containing ingredients of concern such as pharmaceutical residues, hormonally active substances,

nanoscale substances, microplastics, and various pathogens. These substances accumulate in sludge and can only be

destroyed by proper thermal treatments. About ten years earlier, Bauerfeld et al.  stated that with the planned new

restrictions, sewage sludges might not be suitable for agricultural reuse any longer. As a 2020 update, Schnell et al. 

highlighted Germany’s mono-incineration situation, the disadvantages of co-incineration, and possible alternative thermal

technologies. The choices made by Germany on the use of the MSS are only partially applicable to other EU member

states, and are different from those in other countries with a high rate of socio-economic development. In the case of

developing countries, these are not applicable due to a lack of resources and limited technical capacity to manage

complex plants. The fact remains that biological treatments alone and subsequent insertion or spreading in or on the soil

is not sufficient to avoid irreversible environmental damage and severe sanitation problems.
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TT7: Process integration and biorefinery

Process integration which involves the interconnection of two or more unit operations to treat complex raw materials, e.g.,

MWW and related MSS, is an attractive strategy because, theoretically, it could recover energy and separate all the

components. The technologies currently available and those under development  could enable reaching the objective,

but the limit lies in the economic feasibility deriving from the need to recover the necessary investments and bear the

operating costs with the commercial value of the products. A biorefinery implies process integration, but used when the

aim is the recovery of chemicals to be further used as renewable raw materials for synthesizing commercial products.

There are numerous contemporary examples of consolidated on-site process integration and biorefinery activities applied

at full scale within large WWTPs. In addition, numerous laboratory studies and research and development activities at

pilot plants are ongoing worldwide, along with some advanced projects for converting WWTPs into water resource

recovery facilities (WRRFs). The hybrid ASP–AD process with electrical energy and heat production is the most relevant

example of process integration. Nitrogen (N), phosphorus (P), carbon (C), and related compounds are the most

interesting for quantity and usability . The recovery and upgrading of dewatered digestate or AS (biosolids) usable for

agricultural and land application are significant examples of first-generation biorefinery activities. However, this practice is

questionable with the evolution of legislation. Some EU member states have already banned or drastically limited the use

of biosolids for agricultural purposes, and others are expected to follow this route. However, as already mentioned, the EU

is heavily focused on recovering P from MSS because of its uneven distribution across Earth, and its use in various

applications. Notably, P concentrations in MWW range from 5 to 20 mg/L, whereas in purified water, P concentrations

must be much lower, usually less than 1 mg/L. The difference is accumulated almost entirely into the MSS-derived HC or

the digestate. It may be calculated that the present potential for the annual recovery of phosphorous on a global basis

amounts to 5.6 million tons. This annual amount could reasonably rise to more than 9 million tons in thirty years, more

than one-third of the current production from non-renewable mineral reserves. On-site pre- and post-treatment of sludge

produced by ASPs by chemical (ozonization or similar) or thermochemical (thermolysis, torrefaction, pyrolysis, and HTC)

processes for enhancing their methane potential are examples of contemporary full-scale applications of process

integration or biorefinery. The ongoing conversion of Avedøre WWTP to a WRRF by 2025 (a VARGA project in

Copenhagen, Denmark)  is a significant example of the ongoing development of a full-scale biorefinery. The research

and development activities discussed by Dufour et al.  and other researchers  are examples of future

predictable second-generation biorefinery applications.

References

1. Law Insider. Municipal Wastewater Definition. Available online: https://www.lawinsider.com/dictionary/municipal-
wastewater (accessed on 19 May 2022).

2. Environment and Climate Change Canada. Canadian Environmental Sustainability Indicators: Greenhouse Gas
Emissions; Environment and Climate Change Canada: Winnipeg, MB, Canada, 2020.

3. Law Insider. Municipal Sewage Sludge Definition. Available online: https://www.lawinsider.com/dictionary/municipal-
sewage-sludge (accessed on 18 May 2022).

4. Zuloaga, O.; Navarro, P.; Bizkarguenaga, E.; Iparraguirre, A.; Vallejo, A.; Olivares, M.; Prieto, A. Overview of extraction,
clean-up and detection techniques for the determination of organic pollutants in sewage sludge: A review. Anal. Chim.
Acta 2012, 736, 7–29.

5. Law Insider. Municipal Sewer System Definition. Available online: https://www.lawinsider.com/dictionary/municipal-
sewer-system (accessed on 18 May 2022).

6. Van Vuuren, S.J.; Van Dijk, M. Waterborne Sanitation Operation and Maintenance Guide; South African Water
Research Commission: Gauteng, South Africa, 2011.

7. Ehalt MacEdo, H.; Lehner, B.; Nicell, J.; Grill, G.; Li, J.; Limtong, A.; Shakya, R. Distribution and characteristics of
wastewater treatment plants within the global river network. Earth Syst. Sci. Data 2022, 14, 559–577.

8. Qadir, M.; Drechsel, P.; Jiménez Cisneros, B.; Kim, Y.; Pramanik, A.; Mehta, P.; Olaniyan, O. Global and regional
potential of wastewater as a water, nutrient and energy source. Nat. Resour. Forum 2020, 44, 40–51.

9. Zhang, Q.; Hu, J.; Lee, D.J.; Chang, Y.; Lee, Y.J. Sludge treatment: Current research trends. Bioresour. Technol. 2017,
243, 1159–1172.

10. EurEau. Wastewater Treatment—Sludge Management; EurEau: Hong Kong, China, 2021.

11. EurEau. Europe’s Water in Figures—An Overview of the European Drinking Water and Waste Water Sectors; EurEau:
Hong Kong, China, 2017.

12. Jenkins, D.; Wanner, J. (Eds.) Activated Sludge—100 Years and Counting; IWA Publishing: London, UK, 2014; p. 13.

13. Burms, H.; Gremminger, L. Method for Lime Stabilization of Wastewater Treatment Plant Sludges. U.S. Patent
5277826, 11 January 1994.

14. Mackenzie, D. Water and Wastewater Engineering: Design Principles and Practice, Second Edition. J. Franklin Inst.
2020, 284, 1344.

[134]

[10]

[135]

[136] [137][138][139]



15. Papastergiadis, E.; Sklari, S.; Zouboulis, A.; Chasiotis, A.; Samaras, P. The use of steelmaking slag for sewage sludge
stabilization. Desalin. Water Treat. 2015, 55, 1697–1702.

16. Samaras, P.; Papadimitriou, C.A.; Haritou, I.; Zouboulis, A.I. Investigation of sewage sludge stabilization potential by
the addition of fly ash and lime. J. Hazard. Mater. 2008, 154, 1052–1059.

17. Kosowski, P.; Szostek, M.; Pieniazek, R.; Antos, P.; Skrobacz, K.; Piechowiak, T.; Zaczek, A.; Józefczyk, R.;
Balawejder, M. New approach for sewage sludge stabilization with ozone. Sustainability 2020, 12, 886.

18. Ki, Y.P.; Ahn, K.H.; Sung, K.M.; Jong, H.H.; Jae, H.K. Feasibility of sludge ozonation for stabilization and conditioning.
Ozone Sci. Eng. 2003, 25, 73–80.

19. Ki, D.; Kupferer, R.; Torres, C.I. High-rate stabilization of primary sludge in a single-chamber microbial hydrogen
peroxide producing cell. Environ. Sci. Water Res. Technol. 2019, 5, 1124–1131.

20. Semblante, G.U.; Hai, F.I.; Dionysiou, D.D.; Fukushi, K.; Price, W.E.; Nghiem, L.D. Holistic sludge management
through ozonation: A critical review. J. Environ. Manag. 2017, 185, 79–95.

21. Tuncay, S.; Akcakaya, M.; Icgen, B. Ozonation of sewage sludge prior to anaerobic digestion led to Methanosaeta
dominated biomethanation. Fuel 2022, 313, 122690.

22. Badalians Gholikandi, G.; Zakizadeh, N.; Masihi, H. Application of peroxymonosulfate-ozone advanced oxidation
process for simultaneous waste-activated sludge stabilization and dewatering purposes: A comparative study. J.
Environ. Manag. 2018, 206, 523–531.

23. Ge, D.; Wu, W.; Li, G.; Wang, Y.; Li, G.; Dong, Y.; Yuan, H.; Zhu, N. Application of CaO2-enhanced peroxone process to
adjust waste activated sludge characteristics for dewaterability amelioration: Molecular transformation of dissolved
organic matters and realized mechanism of deep-dewatering. Chem. Eng. J. 2022, 437, 135306.

24. Gao, S.; Wang, Y.; Zhang, D.; Fan, X.; Guo, Y.; Li, E.; Zheng, H. Insight to peroxone-Fe(III) joint conditioning-horizontal
electro-dewatering process on water reduction in activated sludge: Performance and mechanisms. J. Hazard. Mater.
2021, 402, 123441.

25. Geng, N.; Wang, Y.; Zhang, D.; Fan, X.; Li, E.; Han, Z.; Zhao, X. An electro-peroxone oxidation-Fe(III) coagulation
sequential conditioning process for the enhanced waste activated sludge dewatering: Bound water release and
organics multivariate change. Sci. Total Environ. 2022, 883, 155272.

26. Wang, L.K.; Wu, Z.; Shammas, N.K. Activated Sludge Processes. In Biological Treatment Processes. Handbook of
Environmental Engineering; Humana Press: Totowa, NJ, USA, 2009; Volume 8, p. 75.

27. Matsch, L.C.; Drnevich, R.F. Autothermal aerobic digestion. J. Water Pollut. Control Fed. 1977, 49, 296–310.

28. Bernard, S.; Gray, N.F. Aerobic digestion of pharmaceutical and domestic wastewater sludges at ambient temperature.
Water Res. 2000, 34, 725–734.

29. Kozak, J.; Wlodarczyk-Makula, M.; Popenda, A. Impact of Aerobic Stabilization of Sewage Sludge on PAHs
Concentration in Reject Waters. J. Ecol. Eng. 2021, 22, 27–35.

30. Stamatelatou, K.; Pakou, C.; Lyberatos, G. Occurrence, toxicity, and biodegradation of selected emerging priority
pollutants in municipal sewage sludge. In Comprehensive Biotechnology; Elsevier Science: Amsterdam, The
Netherlands, 2019.

31. Jamal, A.; Norieh, N.; Farzadkia, M. Comparison of Aerobic and Lime Stabilization Methods for Evaluation of Sewage
Sludge Reuse. J. Environ. Sci. Technol. 2011, 4, 182–190.

32. Achinas, S.; Achinas, V.; Euverink, G.J.W. Microbiology and biochemistry of anaerobic digesters: An overview. In
Bioreactors: Sustainable Design and Industrial Applications in Mitigation of GHG Emissions; Elsevier: Amsterdam, The
Netherlands, 2020.

33. Jenicek, P.; Bartacek, J.; Kutil, J.; Zabranska, J.; Dohanyos, M. Potentials and limits of anaerobic digestion of sewage
sludge: Energy self-sufficient municipal wastewater treatment plant? Water Sci. Technol. 2012, 66, 1277–1281.

34. Steinberg, L.M.; Regan, J.M. Phylogenetic comparison of the methanogenic communities from an acidic, oligotrophic
fen and an anaerobic digester treating municipal wastewater sludge. Appl. Environ. Microbiol. 2008, 74, 6663–6671.

35. Hanum, F.; Yuan, L.C.; Kamahara, H.; Aziz, H.A.; Atsuta, Y.; Yamada, T.; Daimon, H. Treatment of sewage sludge using
anaerobic digestion in Malaysia: Current state and challenges. Front. Energy Res. 2019, 7, 19.

36. Arthurson, V. Proper sanitization of sewage sludge: A critical issue for a sustainable society. Appl. Environ. Microbiol.
2008, 74, 5267–5275.

37. Malmborg, J.; Magnér, J. Pharmaceutical residues in sewage sludge: Effect of sanitization and anaerobic digestion. J.
Environ. Manag. 2015, 153, 1–10.

38. Tyagi, V.K.; Lo, S.L. Energy and Resource Recovery From Sludge: Full-Scale Experiences. In Environmental Materials
and Waste: Resource Recovery and Pollution Prevention; Elsevier Science: Amsterdam, The Netherlands, 2016.

39. Méndez-Contreras, J.M.; Rendón-Sagardi, J.A.; Ruiz-Espinoza, J.E.; Alvarado-Lassman, A.; Martínez-Delgadillo, S.A.
Behavior of the mesophilic and thermophilic anaerobic digestion in the stabilization of municipal wastewater sludge
(part 1). Rev. Mex. Ing. Quim. 2009, 8, 283–290.



40. Parkin, G.F.; Owen, W.F. Fundamentals of Anaerobic Digestion of Wastewater Sludges. J. Environ. Eng. 1986, 112,
867–920.

41. Dilek Erdirencelebi; Cansu Bayhan Feasibility and potential of separate anaerobic digestion of municipal sewage
sludge fractions. Water SA 2020, 46, 123–130.

42. Demirbas, A.; Edris, G.; Alalayah, W.M. Sludge production from municipal wastewater treatment in sewage treatment
plant. Energy Sources Part A Recover. Util. Environ. Eff. 2017, 39, 999–1006.

43. Water Environment Federation. Design of Municipal Wastewater Treatment Plants; Water Environment Federation:
Alexandria, VA, USA, 2009; Volume 30.

44. Tony Pembroke, J.; Ryan, M.P. Autothermal thermophilic aerobic digestion (ATAD) for heat, gas, and production of a
class a biosolids with fertilizer potential. Microorganisms 2019, 7, 215.

45. Bartkowska, I.; Biedka, P.; Tałałaj, I.A. Production of biosolids by autothermal thermophilic aerobic digestion (ATAD)
from a municipal sewage sludge: The polish case study. Energies 2020, 13, 6258.

46. Bolzonella, D.; Innocenti, L.; Cecchi, F. Biological nutrient removal wastewater treatments and sewage sludge
anaerobic mesophilic digestion performances. Water Sci. Technol. 2002, 46, 199–208.

47. Judd, S. Watermaths: Process Fundamentals for the Design and Operation of Water and Wastewater Treatment
Technologies; IWA Publishing: London, UK, 2019.

48. Introduction to Sludge Dewatering—Overview of Sludge Thickening and Dewatering, Sludge Processing. Available
online: https://www.sludgeprocessing.com/sludge-dewatering/introduction-to-sludge-dewatering/ (accessed on 17 June
2022).

49. Andreoli, C.V.; Von Sperling, M.; Fernandes, F. Sludge Treatment and Disposal; Encyclopedia Britannica, Inc.:
Chicago, IL, USA, 1982; Volume 25, ISBN 9781843391661.

50. Zikakis, D.; Chauzy, J.; Droubogianni, I.; Georgakopoulos, A. Thermal hydrolysis of waste activated sludge only at the
psyttalia wwtp in athens: Operation feedbacks. In Proceedings of the 22nd European Biosolids & Organic Resources
Conference, Leeds, UK, 20–21 November 2017.

51. Christodoulou, A.; Stamatelatou, K. Overview of legislation on sewage sludge management in developed countries
worldwide. Water Sci. Technol. 2016, 73, 453–462.

52. EPA Basic Information about Biosolids. Available online: https://www.epa.gov/biosolids/basic-information-about-
biosolids (accessed on 17 June 2022).

53. Collivignarelli, M.C.; Abbà, A.; Frattarola, A.; Miino, M.C.; Padovani, S.; Katsoyiannis, I.; Torretta, V. Legislation for the
reuse of biosolids on agricultural land in Europe: Overview. Sustainability 2019, 11, 6015.

54. Report Market Research Biosolids Market —Biosolids Market Growth to Spur with Rising Application of Biosolids in
Agriculture during 2021–2031. Available online: https://www.factmr.com/report/biosolids-market (accessed on 22 May
2022).

55. Buta, M.; Hubeny, J.; Zieliński, W.; Harnisz, M.; Korzeniewska, E. Sewage sludge in agriculture—The effects of
selected chemical pollutants and emerging genetic resistance determinants on the quality of soil and crops—A review.
Ecotoxicol. Environ. Saf. 2021, 214, 112070.

56. Yu, J.; Adingo, S.; Liu, X.; Li, X.; Sun, J.; Zhang, X. Micro plastics in soil ecosystem—A review of sources, fate, and
ecological impact. Plant Soil Environ. 2022, 68, 1–17.

57. Mohajerani, A.; Karabatak, B. Microplastics and pollutants in biosolids have contaminated agricultural soils: An
analytical study and a proposal to cease the use of biosolids in farmlands and utilise them in sustainable bricks. Waste
Manag. 2020, 107, 252–265.

58. Hušek, M.; Moško, J.; Pohořelý, M. Sewage sludge treatment methods and P-recovery possibilities: Current state-of-
the-art. J. Environ. Manag. 2022, 315, 115090.

59. Li, S.; Li, R.; Tang, Y.; Chen, G. Microwave-induced heavy metal removal from dewatered biosolids for cost-effective
composting. J. Clean. Prod. 2019, 241, 118342.

60. Fu, Q.; Malchi, T.; Carter, L.J.; Li, H.; Gan, J.; Chefetz, B. Pharmaceutical and Personal Care Products: From
Wastewater Treatment into Agro-Food Systems. Env. Sci. Technol. 2019, 53, 14083–14090.

61. Guo, J.J.; Huang, X.P.; Xiang, L.; Wang, Y.Z.; Li, Y.W.; Li, H.; Cai, Q.Y.; Mo, C.H.; Wong, M.H. Source, migration and
toxicology of microplastics in soil. Environ. Int. 2020, 137, 105263.

62. Colón, J.; Alarcón, M.; Healy, M.G.; Namli, A.; Sanin, F.D.; Tayà, C.; Ponsà, S. Producing sludge for agricultural
applications. In Innovative Wastewater Treatment & Resource Recovery Technologies: Impacts on Energy, Economy
and Environment; IWA Publishing: London, UK, 2017.

63. De Bertoldi-Schnappinger, U. Compost Science and Technology; Elsevier: Amsterdam, The Netherlands, 2007; Volume
8.

64. Treybal, R.E. Mass Transfer Operations, 3rd ed.; McGraw-Hill Book Company: New York, NY, USA, 1981; ISBN
0070651760.

65. Lowe, P. Developments in the Thermal Drying of Sewage Sludge. Water Environ. J. 1995, 9, 306–316.



66. Gross, T.S.C. Thermal Drying of Sewage Sludge. Water Environ. J. 1993, 7, 255–261.

67. An-nori, A.; Ezzariai, A.; El Mejahed, K.; El Fels, L.; El Gharous, M.; Hafidi, M. Solar Drying as an Eco-Friendly
Technology for Sewage Sludge Stabilization: Assessment of Micropollutant Behavior. Front. Environ. Sci. 2022.

68. Camelin, E.; Cristina, G.; Simelton, E.; Fino, D.; Tommasi, T. The Bioenergy-Fertilizer Nexus: A Challenge Achievable
from Municipal Wastewater. In Innovations in Land, Water and Energy for Vietnam’s Sustainable Development;
Springer: Cham, Switzerland, 2021; pp. 143–166.

69. Masmoudi, A.; Ben Sik Ali, A.; Dhaouadi, H.; Mhiri, H. Comparison Between Two Solar Drying Techniques of Sewage
Sludge: Draining Solar Drying and Drying Bed. Waste Biomass Valorization 2020, 12, 4089–4102.

70. Acharya, B.; Sule, I.; Dutta, A. A review on advances of torrefaction technologies for biomass processing. Biomass
Convers. Biorefinery 2012, 2, 349–369.

71. Ribeiro Nunes, L.J.; De Oliveira Matias, J.C.; Da Silva Catalao, J.P. Torrefaction of Biomass for Energy Applications:
From Fundamentals to Industrial Scale; Academic Press: Cambridge, MA, USA, 2017; ISBN 978-0-12-809462-4.

72. Nguyen, Q.; Nguyen, D.D.; Vothi, H.; He, C.; Goodarzi, M.; Bach, Q.V. Isothermal torrefaction kinetics for sewage
sludge pretreatment. Fuel 2020, 277, 118103.

73. Li, M.; Wang, H.; Huang, Z.; Yuan, X.; Tan, M.; Jiang, L.; Wu, Z.; Qin, X.; Li, H. Comparison of atmospheric pressure
and gas-pressurized torrefaction of municipal sewage sludge: Properties of solid products. Energy Convers. Manag.
2020, 213, 112793.

74. Pulka, J.; Manczarski, P.; Koziel, J.A.; Białowiec, A. Torrefaction of sewage sludge: Kinetics and fuel properties of
biochars. Energies 2019, 12, 565.

75. Tic, W.J.; Guziałowska-Tic, J.; Pawlak-Kruczek, H.; Wóznikowski, E.; Zadorozny, A.; Niedźwiecki, Ł.; Wnukowski, M.;
Krochmalny, K.; Czerep, M.; Ostrycharczyk, M.; et al. Novel concept of an installation for sustainable thermal utilization
of sewage sludge. Energies 2018, 11, 748.

76. Białowiec, A.; Pulka, J.; Styczyńska, M.; Koziel, J.A.; Kalka, J.; Jureczko, M.; Felis, E.; Manczarski, P. Is biochar from
the torrefaction of sewage sludge hazardous waste? Materials 2020, 13, 3544.

77. Pulka, J.; Manczarski, P.; Stepien, P.; Styczyńska, M.; Koziel, J.A.; Białowiec, A. Waste-to-carbon: Is the torrefied
sewage sludge with high ash content a better fuel or fertilizer? Materials 2020, 13, 954.

78. Libra, J.A.; Ro, K.S.; Kammann, C.; Funke, A.; Berge, N.D.; Neubauer, Y.; Titirici, M.M.; Fühner, C.; Bens, O.; Kern, J.;
et al. Hydrothermal carbonization of biomass residuals: A comparative review of the chemistry, processes and
applications of wet and dry pyrolysis. Biofuels 2011, 2, 71–106.

79. Di Giacomo, G.; Romano, P. Evolution of the Olive Oil Industry along the Entire Production Chain and Related Waste
Management. Energies 2022, 15, 465.

80. Hu, B.; Yu, S.H.; Wang, K.; Liu, L.; Xu, X.W. Functional carbonaceous materials from hydrothermal carbonization of
biomass: An effective chemical process. Dalt. Trans. 2008.

81. Gallifuoco, A.; Taglieri, L.; Scimia, F.; Papa, A.A.; Di Giacomo, G. Hydrothermal conversions of waste biomass:
Assessment of kinetic models using liquid-phase electrical conductivity measurements. Waste Manag. 2018, 77, 586–
592.

82. Vallejo, F.; Díaz-Robles, L.; Vega, R.; Cubillos, F.; Espinoza, A.P.; Pinilla, F.; Pino-Cortés, E. An experimental study for
municipal organic waste and sludge treated by hydrothermal carbonization. Chem. Eng. Trans. 2020, 81, 355–360.

83. Danso-Boateng, E.; Holdich, R.G.; Wheatley, A.D.; Martin, S.J.; Shama, G. Hydrothermal carbonization of primary
sewage sludge and synthetic faeces: Effect of reaction temperature and time on filterability. Environ. Prog. Sustain.
Energy 2015, 34, 1279–1290.

84. TerraNova Energy Technology. Available online: https://www.terranova-energy.com/en/technology/ (accessed on 17
June 2022).

85. Data Obtained from Gran Sasso Acqua SpA (GSA) Which Manages the Water Service of L’Aquila (IT) and, in Particular
the WWTP of “Ponte Rosarolo”. Available online: http://www.gransassoacqua.it/ (accessed on 17 June 2022).

86. Xu, Z.; Bai, X. Microplastic Degradation in Sewage Sludge by Hydrothermal Carbonization: Efficiency and
Mechanisms. Chemosphere 2022, 297, 1342203.

87. Alipour, M.; Asadi, H.; Chen, C.; Besalatpour, A.A. Fate of organic pollutants in sewage sludge during thermal
treatments: Elimination of PCBs, PAHs, and PPCPs. Fuel 2022, 319, 123864.

88. Ekanthalu, V.S.; Narra, S.; Ender, T.; Antwi, E.; Nelles, M. Influence of Post-and Pre-Acid Treatment during
Hydrothermal Carbonization of Sewage Sludge on P-Transformation and the Characteristics of Hydrochar. Processes
2022, 10, 151.

89. Knötig, P.; Etzold, H.; Wirth, B. Article model-based evaluation of hydrothermal treatment for the energy efficient
dewatering and drying of sewage sludge. Processes 2021, 9, 1346.

90. Parmar, K.R.; Ross, A.B. Integration of hydrothermal carbonisation with anaerobic digestion; Opportunities for
valorisation of digestate. Energies 2019, 12, 1586.



91. Paneque, M.; Knicker, H.; Kern, J.; De la Rosa, J.M. Hydrothermal carbonization and pyrolysis of sewage sludge:
Effects on Lolium perenne Germination and Growth. Agronomy 2019, 9, 363.

92. Paneque, M.; De la Rosa, J.M.; Kern, J.; Reza, M.T.; Knicker, H. Hydrothermal carbonization and pyrolysis of sewage
sludges: What happen to carbon and nitrogen? J. Anal. Appl. Pyrolysis 2017, 128, 314–323.

93. Gopinath, A.; Divyapriya, G.; Srivastava, V.; Laiju, A.R.; Nidheesh, P.V.; Kumar, M.S. Conversion of sewage sludge into
biochar: A potential resource in water and wastewater treatment. Environ. Res. 2021, 194, 110656.

94. Yahav Spitzer, R.; Mau, V.; Gross, A. Using hydrothermal carbonization for sustainable treatment and reuse of human
excreta. J. Clean. Prod. 2018, 205, 955–963.

95. Czerwińska, K.; Śliz, M.; Wilk, M. Hydrothermal carbonization process: Fundamentals, main parameter characteristics
and possible applications including an effective method of SARS-CoV-2 mitigation in sewage sludge. A review. Renew.
Sustain. Energy Rev. 2022, 154, 111873.

96. SLUDGE 4.0 Economia Circolare per il Trattamento e la Trasformazione dei Fanghi Biologici in Biofertilizzanti—
Consorzio Interuniversitario Nazionale per la Scienza e Tecnologia dei Materiali Progetto Cofinanziato nel Quadro del
POR FESR Toscana 2014–2020. Available online: https://www.instm.it/public/02/05/Sludge.pdf (accessed on 17 June
2022).

97. Salimbeni, A. 6-Organic waste streams upgrading for gasification process optimization. In Substitute Natural Gas from
Waste: Technical Assessment and Industrial Applications of Biochemical and Thermochemical Processes; Materazzi,
M., Foscolo, P.U., Eds.; Academic Press: Cambridge, MA, USA, 2019; pp. 73–103. ISBN 9780128155547.

98. Hu, M.; Ye, Z.; Zhang, H.; Chen, B.; Pan, Z.; Wang, J. Thermochemical conversion of sewage sludge for energy and
resource recovery: Technical challenges and prospects. Environ. Pollut. Bioavailab. 2021, 33, 145–163.

99. Badrolnizam, R.S.; Elham, O.S.J.; Hadzifah, S.N.; Husain, M.H.N.; Hidayu, A.R.; Mohammad, N.F.; Mohamad Daud,
A.R. Sewage sludge conversion via hydrothermal liquefaction (HTL)—A preliminary study. In Proceedings of the
Journal of Physics: Conference Series; IOP Publishing: Bristol, UK, 2019; Volume 1349, pp. 1–8.

100. Kapusta, K. Effect of ultrasound pretreatment of municipal sewage sludge on characteristics of bio-oil from
hydrothermal liquefaction process. Waste Manag. 2018, 78, 183–190.

101. Rahman, T.; Jahromi, H.; Roy, P.; Adhikari, S.; Hassani, E.; Oh, T.S. Hydrothermal liquefaction of municipal sewage
sludge: Effect of red mud catalyst in ethylene and inert ambiences. Energy Convers. Manag. 2021, 245, 114615.

102. Gururani, P.; Bhatnagar, P.; Bisht, B.; Jaiswal, K.K.; Kumar, V.; Kumar, S.; Vlaskin, M.S.; Grigorenko, A.V.; Rindin, K.G.
Recent advances and viability in sustainable thermochemical conversion of sludge to bio-fuel production. Fuel 2022,
316, 123351.

103. Acelas, N.Y.; López, D.P.; Wim Brilman, D.W.F.; Kersten, S.R.A.; Kootstra, A.M.J. Supercritical water gasification of
sewage sludge: Gas production and phosphorus recovery. Bioresour. Technol. 2014, 174, 167–175.

104. Ruya, P.M.; Purwadi, R.; Lim, S.S. Supercritical water gasification of sewage sludge for power generation–
thermodynamic study on auto-thermal operation using Aspen Plus. Energy Convers. Manag. 2020, 206, 112458.

105. Amrullah, A.; Matsumura, Y. Supercritical water gasification of sewage sludge in continuous reactor. Bioresour. Technol.
2018, 249, 276–283.

106. Adar, E.; Ince, M.; Bilgili, M.S. Supercritical water gasification of sewage sludge by continuous flow tubular reactor: A
pilot scale study. Chem. Eng. J. 2020, 391, 123499.

107. Fan, C.; Jin, H. Numerical simulation of gasification of a shrinking char particle in supercritical water. Fuel 2022, 318,
123692.

108. Gong, W.; Zhou, Z.; Liu, Y.; Wang, Q.; Guo, L. Catalytic Gasification of Sewage Sludge in Supercritical Water: Influence
of K2CO3 and H2O2 on Hydrogen Production and Phosphorus Yield. ACS Omega 2020, 5, 3389–3396.

109. Wang, C.; Zhu, W.; Chen, C.; Zhang, H.; Lin, N.; Su, Y. Influence of reaction conditions on the catalytic activity of a
nickel during the supercritical water gasification of dewatered sewage sludge. J. Supercrit. Fluids 2018, 140, 356–363.

110. Li, Y.; Wang, S. Supercritical Water Oxidation for Environmentally Friendly Treatment of Organic Wastes. In Advanced
Supercritical Fluids Technologies; Pioro, I., Ed.; Intechopen: London, UK, 2020.

111. Borella, M.; Casazza, A.A.; Garbarino, G.; Riani, P.; Busca, G. A Study of the Pyrolysis Products of Kraft Lignin.
Energies 2022, 15, 991.

112. Ławińska, O.; Korombel, A.; Zajemska, M. Pyrolysis-Based Municipal Solid Waste Management in Poland—SWOT
Analysis. Energies 2022, 15, 510.

113. Zhang, B.; Xiong, S.; Xiao, B.; Yu, D.; Jia, X. Mechanism of wet sewage sludge pyrolysis in a tubular furnace. Int. J.
Hydrogen Energy 2011, 36, 355–363.

114. Folgueras, M.B.; Alonso, M.; Díaz, R.M. Influence of sewage sludge treatment on pyrolysis and combustion of dry
sludge. Energy 2013, 55, 426–435.

115. Xue, X.; Chen, D.; Song, X.; Dai, X. Hydrothermal and Pyrolysis Treatment for Sewage Sludge: Choice from Product
and from Energy Benefit. Energy Procedia 2015, 66, 301–304.



116. Gao, N.; Quan, C.; Liu, B.; Li, Z.; Wu, C.; Li, A. Continuous Pyrolysis of Sewage Sludge in a Screw-Feeding Reactor:
Products Characterization and Ecological Risk Assessment of Heavy Metals. Energy Fuels 2017, 31, 5063–5072.

117. Menéndez, J.A.; Inguanzo, M.; Pis, J.J. Microwave-induced pyrolysis of sewage sludge. Water Res. 2002, 36, 3261–
3264.

118. Januševičius, T.; Mažeikienė, A.; Danila, V.; Paliulis, D. The characteristics of sewage sludge pellet biochar prepared
using two different pyrolysis methods. Biomass Convers. Biorefinery 2022.

119. Hämäläinen, A.; Kokko, M.; Chatterjee, P.; Kinnunen, V.; Rintala, J. The effects of digestate pyrolysis liquid on the
thermophilic anaerobic digestion of sewage sludge—Perspective for a centralized biogas plant using thermal hydrolysis
pretreatment. Waste Manag. 2022, 147, 73–82.

120. Brunetti, N.; Bonfitto, E.; Di Giacomo, G.; Del Re, G.; Iacoboni, S. Pyrolysis of exhausted olive oil husks coupled with a
two-stages thermal decomposition of aqueous olive oil mill effluents. In Proceedings of the International Conference on
Pyrolysis and Gasification, Luxembourg, 23–25 May 1989; pp. 586–590.

121. Parsley, D.; Ciora, R.J.; Flowers, D.L.; Laukaitaus, J.; Chen, A.; Liu, P.K.T.; Yu, J.; Sahimi, M.; Bonsu, A.; Tsotsis, T.T.
Field evaluation of carbon molecular sieve membranes for the separation and purification of hydrogen from coal- and
biomass-derived syngas. J. Memb. Sci. 2014, 450, 81–92.

122. Gai, C.; Chen, M.; Liu, T.; Peng, N.; Liu, Z. Gasification characteristics of hydrochar and pyrochar derived from sewage
sludge. Energy 2016, 113, 957–965.

123. Gai, C.; Guo, Y.; Liu, T.; Peng, N.; Liu, Z. Hydrogen-rich gas production by steam gasification of hydrochar derived from
sewage sludge. Int. J. Hydrogen Energy 2016, 41, 3363–3372.

124. Nipattummakul, N.; Ahmed, I.I.; Kerdsuwan, S.; Gupta, A.K. Hydrogen and syngas production from sewage sludge via
steam gasification. Int. J. Hydrogen Energy 2010, 35, 11738–11745.

125. Chen, Y.; Yi, L.; Li, S.; Yin, J.; Jin, H. Catalytic gasification of sewage sludge in near and supercritical water with
different catalysts. Chem. Eng. J. 2020, 388, 124292.

126. Herbert, L. Centenary History and Waste Managers in London and South East England. Available online:
https://www.ciwm.co.uk/Custom/BSIDocumentSelector/Pages/DocumentViewer.aspx?
id=QoR7FzWBtitMKLGdXnS8mUgJfkM0vi6KMAYwUqgqau3ztZeoed%252bsdmKIqDzPOm8yAXgBZR%252fn1fYhL%252bTNdjUq9g2xwY
(accessed on 21 June 2022).

127. Zhang, L.; Xu, C.C.; Champagne, P.; Mabee, W. Biological and thermo-chemical processes for energy and product
recovery from sludges: A review. Waste Manag. Res. 2014, 32, 586–600.

128. Guo, X.; Yuan, S.; Xu, Y.; Qian, G. Effects of phosphorus and iron on the composition and property of Portland cement
clinker utilized incinerated sewage sludge ash. Constr. Build. Mater. 2022, 341, 127754.

129. Edelstein, K. Incinerators: Dinosaurs in the World of Energy Generation. Available online:
https://www.fractracker.org/2020/10/incinerators-dinosaurs-in-the-world-of-energy-generation/ (accessed on 21 June
2022).

130. Han, X.; Niu, M.; Jiang, X.; Liu, J. Combustion characteristics of sewage sludge in a fluidized bed. Ind. Eng. Chem.
Res. 2012, 51, 10565–10570.

131. Roskosch, A.; Heidecke, P. Sewage Sludge Disposal in the Federal Republic of Germany; German Environment
Agency: Dessau-Roßlau, Germany, 2019.

132. Dichtl, N.; Rogge, S.; Bauerfeld, K. Novel strategies in sewage sludge treatment. Clean Soil Air Water 2007, 35, 473–
479.

133. Schnell, M.; Horst, T.; Quicker, P. Thermal treatment of sewage sludge in Germany: A review. J. Environ. Manag. 2020,
263, 110367.

134. Ghangrekar, M.M.; Nath, D. 11—Microbial electrochemical technologies for wastewater treatment: Insight into theory
and reality. In Clean Energy and Resource Recovery; An, A., Tyagi, V., Kumar, M., Cetecioglu, Z., Eds.; Elsevier:
Amsterdam, The Netherlands, 2022; pp. 179–200. ISBN 9780323901789.

135. Faragò, M.; Damgaard, A.; Madsen, J.A.; Andersen, J.K.; Thornberg, D.; Andersen, M.H.; Rygaard, M. From
wastewater treatment to water resource recovery: Environmental and economic impacts of full-scale implementation.
Water Res. 2021, 204, 117554.

136. Olivares, J.A.; Melero, J.A.; Puyol, D.; Dufour, J. Wastewater Treatment Residues as Resources for Biorefinery
Products and Biofuels; Elsevier: Amsterdam, The Netherlands, 2019.

137. Carvalheira, M.; Marreiros, B.C.; Reis, M.A. Acids (VFAs) and bioplastic (PHA) recovery. In Clean Energy and
Resource Recovery; Elsevier: Amsterdam, The Netherlands, 2022; Volume 2, pp. 245–254.

138. Battista, F.; Frison, N.; Pavan, P.; Cavinato, C.; Gottardo, M.; Fatone, F.; Eusebi, A.L.; Majone, M.; Zeppilli, M.;
Valentino, F.; et al. Food wastes and sewage sludge as feedstock for an urban biorefinery producing biofuels and
added-value bioproducts. J. Chem. Technol. Biotechnol. 2020, 95, 328–338.

139. Goswami, R.; Thakur, R. 26—Valorizing sludge: A biorefinery perspective prospecting for sustainable development. In
Clean Energy and Resource Recovery; An, A., Tyagi, V., Kumar, M., Cetecioglu, Z., Eds.; Elsevier: Amsterdam, The
Netherlands, 2022; ISBN 9780323901789.



Retrieved from https://encyclopedia.pub/entry/history/show/64195


