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Abstract: With the increase in the world population and economic activity, the production of sewage
sludge has grown, and its management has become an environmental problem. The most traditional
method of managing sewage sludge is to dispose of it in landfills and on farmland. One way to
valorize sewage sludge is to use thermochemical conversion processes to produce added-value
products such as biochar, biofuels, and renewable gases. However, due to the high moisture content,
thermochemical conversion using processes such as pyrolysis and traditional gasification involves
multiple pre-treatment processes such as material drying. Hydrothermal thermochemical processes
usually require high pressures, which pose many challenges to their application on a large scale. In
this work, the advantages and disadvantages of the different existing thermochemical processes for
the recovery of sewage sludge were analyzed, as well as the resulting industrial and environmental
challenges. A SWOT analysis was carried out to assess the different thermochemical processes in
terms of technical feasibility, economic viability, and broader market considerations.
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1. Introduction

Sewage sludge, a nutrient-rich byproduct of wastewater treatment processes, poses
significant challenges for environmental sustainability and resource management. With
the rapid expansion of the global population and economic activities, sewage sludge
production is expected to escalate, intensifying concerns regarding its management and
disposal. In the European Union (EU), more than 2370 thousand tons of sewage sludge
were produced in 2021 from urban wastewater treatment plants (WWTPs). From this total,
10.7% was landfilled and 27.9% was used for agriculture applications [1]. Similarly, in
the United States, 4.75 million dry metric tons of sewage sludge were generated in the
same year, with only 51% utilized for agricultural and non-agricultural purposes, while
the remainder was disposed of through incineration, landfilling, and other management
practices [2].

The escalating production of sewage sludge underscores the urgency of optimizing its
management strategies. Conventional methods such as landfilling and land-farming are
increasingly criticized for their negative environmental impacts and economic inefficiencies.
The disposal of sewage sludge not only poses risks to soil and water quality but also leads
to significant energy consumption and greenhouse gas (GHG) emissions. Approximately
25–40% of operating costs in conventional wastewater treatment plants are attributed to
energy consumption, highlighting the need for sustainable alternatives [3,4]. Fortunately,
sewage sludge represents a valuable resource with untapped potential for energy and
materials recovery. More than 60% of the organic matter in wastewater is concentrated as
sewage sludge, offering significant opportunities for energy production through various
technologies [5].
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Thermochemical conversion processes, such as incineration, pyrolysis, gasification,
and hydrothermal treatment, have emerged as promising approaches for sewage sludge
management due to their ability to recover energy and materials, reduce volume, and
effectively destroy pathogens [6]. These processes involve the decomposition of almost
all organic parts of the sludge by applying controlled heating and/or oxidation. This
allows the conversion of sewage sludge to energy or fuels in short periods of time, which
represents a crucial advantage when compared to biochemical processes like anaerobic
digestion (AD) [7]. Furthermore, these thermochemical processes allow for a multitude
of products: incineration will yield heat and/or electricity; pyrolysis results in bio-oil,
biochar, and gas; gasification results in syngas (with biochar and ash as byproducts); and
hydrothermal processes can yield hydrochar, biocrude, and gas.

However, despite the growing interest in thermochemical valorization, numerous chal-
lenges persist. The physicochemical properties of sewage sludge vary widely, complicating
the development and implementation of thermochemical conversion technologies [8,9].
The physicochemical properties of sewage sludge, including moisture content, organic con-
tent, ash content, elemental composition, heating value, and the presence of contaminants,
exhibit significant variability, thereby complicating the development and implementation of
thermochemical conversion technologies [10,11]. Sewage sludge typically possesses a high
moisture content ranging from around 70% to 90% or higher, needing energy-intensive dry-
ing processes prior to thermochemical conversion [12]. Its organic content varies broadly
depending on the wastewater composition and treatment efficiency, impacting the energy
potential and emission profiles during conversion. Additionally, sewage sludge contains
inorganic materials contributing to its ash content, which varies based on factors such as
industrial discharge presence and treatment effectiveness [13]. Variations in the elemental
composition, including carbon, nitrogen, phosphorus, sulfur, and heavy metals, influence
the kinetics and environmental impacts of thermochemical conversion processes. Further-
more, differences in heating value, influenced by organic content, moisture content, and
elemental composition, affect the energy efficiency and economic viability of conversion
technologies [10]. The presence of contaminants, such as heavy metals, pathogens, pharma-
ceuticals, and organic pollutants, adds complexity to thermochemical conversion, requiring
supplementary treatment or mitigation measures for environmental compliance [10,14].
Additionally, many thermochemical processes, namely hydrothermal processes, are still
in the exploratory stage, with limited scalability for large-scale applications [15]. The
environmental and economic sustainability of these processes must be carefully evaluated
to ensure their viability as long-term solutions.

The aim of this paper is to provide a comprehensive review of the principles, current
challenges, and future strategies for the thermochemical valorization of sewage sludge.
By synthesizing the existing literature and analyzing key research findings, this review
seeks to elucidate the potential of thermochemical conversion processes in addressing the
complex issues surrounding sewage sludge management.

2. Sewage Sludge Composition

Sewage sludge is generated in the wastewater treatment process, including primary
(physical and/or chemical), secondary (biological), and tertiary (which complements
secondary treatment, often involving nutrient removal) treatments (Figure 1).
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In general, dewatered sewage sludge has a high water content, about 70–85%; it is
usually very greasy, making it difficult to handle and transport, and gives off a pungent
odor due to the presence of biologically active substances [7,16,17].

The composition and characteristics of sewage sludge are heterogeneous and depend
on several factors, ranging from the characteristics of the wastewater and the pollutant load
entering the WWTP unit, the treatment method, the processing stage, the duration and
conditions of storage, and the coagulating agents used in the WWTP. Seasonal variations
can also cause variability in sludge properties [7,16,17]. Due to the great heterogeneity of
sewage sludge, it is essential to determine its physical and chemical characteristics to assess
its usefulness in thermochemical processes. Table 1 shows the composition of different
sewage sludge samples according to different authors.

Table 1. Composition of different sewage sludge samples.

Ultimate Analysis (wt.%) Proximate Analysis (wt.%)
ReferencesC H N S O Moisture Ash Volatile

Matter
Fixed

Carbon
HHV

(MJ/kg)

26–69 4–9 2–9 0.2–2 22–56 71–89 11–76 22–82 1–22 11–16 [7,16–19]

Biochemical composition (wt.%)
Protein Lignin Lipid Hemicellulose Cellulose Others

22–42 18 1–14 4 0.3 - [18,20]

Heavy metal composition (ppm)
Zn Ni Cr Cd As Cu Hg Pb

603–744 20–24 42–229 1 5 0–338 3–4 67–80 [18,19]

As previously described and reported in Table 1, sewage sludge has high moisture
content which varies between 71 and 89 wt.%. In most experiments, dried sludges are
normally used as feedstock for thermochemical processes to avoid high energy consump-
tion. The volatile matter has a range of approximately 22–82 wt.% on a dry basis, which
makes it useful for producing bio-oil and gas with a higher energy content. It can also be
observed that the ash content of the samples varies between 11 and 76 wt.%. High ash
content in sewage sludge results in a lower calorific value, which can result in less effective
fuel and can cause agglomeration and corrosion problems in thermal conversion equip-
ment [10]. The samples contain a small fraction of fixed carbon, between 1 and 22 wt.%. on a
dry basis.

The heavy metal concentrations reported in the sewage sludge samples (Zn: 603–744 ppm,
Ni: 20–24 ppm, Cd: 1 ppm, As: 5 ppm, Cu: 0–338 ppm, Pb: 67–80 ppm) highlight potential
environmental and health risks. Considering that the major applications of sewage sludge are
in agriculture, heavy metals are important because of their detrimental effects. Elevated levels
of zinc and copper, essential for plant growth, may disrupt soil microbial communities and
pose toxicity risks to plants. Nickel and cadmium, even at low concentrations, can adversely
impact soil health and crop productivity, while arsenic and lead, known for their carcinogenic
properties, pose severe health risks to humans. Furthermore, the Hazard Quotient (HQ)
of the heavy metals’ values (3–4 ppm) suggest potential adverse health effects, particularly
for vulnerable populations. Proper management of sewage sludge, considering its heavy
metal content, is imperative to mitigate contamination risks and safeguard human health and
ecosystems [21,22].

3. Thermochemical Conversion of Sewage Sludge

In recent years, the thermochemical conversion of sewage sludge, driven by technolo-
gies such as pyrolysis, gasification, and hydrothermal processes, has emerged as a focal
point in research and development efforts aimed at addressing the pressing challenges of
efficient waste management and sustainable energy production [23]. These thermochemical
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processes offer the capability to decompose the complex organic compounds present in
sewage sludge under controlled conditions of temperature and pressure, yielding valuable
energy-rich products such as biochar, syngas, and bio-oil. Through the precise control
of process parameters, including residence time, heating rate, and reactor design, these
technologies enable the transformation of sewage sludge into usable energy forms while
minimizing the environmental impacts associated with conventional disposal methods.
Moreover, the potential for the simultaneous valorization of byproducts and reduction
in GHG emissions further underscores the significance of thermochemical conversion as
a viable pathway towards achieving circular economy objectives within the wastewater
treatment sector.

3.1. Gasification

Gasification is a process that converts sewage sludge under limited O2 concentrations
to avoid the complete combustion of the feedstock and produce combustible gases such
as CO, H2, and methane (CH4) and some oxidation compounds like CO2. This mixture
of gases is called producer gas (after leaving the gasifier) and synthesis gas or syngas
(after gas cleaning). In the gasifier, there are four zones where the processes of drying,
pyrolysis/devolatilization, gasification (oxidation), and combustion (reduction) take place.
The sequence of these zones depends on the flow direction of the solid and gas phases [24].
Different technologies of sewage sludge gasification have been studied, such as the types
of gasification agents (air, steam, oxygen, or their mixtures) to be introduced or the type of
catalysts to be introduced in the beds to improve the quality and quantity of the produced
gas. Table 2 reports a literature survey on sewage sludge gasification.

Table 2. Gasification of sewage sludge with different technologies, types of gasification agents (air,
steam, oxygen, or their mixtures), and catalysts.

Raw
Material

Type of
Reactor Catalyst Temperature

(◦C)
Gasification

Agents
HHV

(MJ/Nm3)
LHV

(MJ/Nm3)
H2/CO
Ratio

H2 Yield
(%) Reference

Sewage
sludge

Updraft fixed
bed

--- 900
Air 12.2 --- 1.4 42.0

[25]
Oxygen 14 --- 1.4 40.0

Downdraft
fixed bed

--- 900
Air 12.8 --- 1.6 46.0

Oxygen 12.7 --- 1.1 45.0

Sewage
sludge

Fluidized
bed

---
800

Steam

--- 9.7 ≈1.2 ≈26.0

[26]Sewage
sludge/pine

sawdust

800 --- 12.4 ≈1.5 ≈37.0

NiO/modified
dolomite

600 --- 12.3 ≈1.4 ≈36.0

700 --- 11.8 ≈1.5 ≈39.0

800 --- 11.3 ≈1.7 ≈46.0

900 --- 10.6 ≈1.7 ≈48.0

Sewage
sludge Fixed bed

---

800 Steam

--- --- ≈2.9 35.3

[27]

Ni/HZSM-5 --- --- ≈3.1 40.9

Ni/Al-
MCM48 --- --- ≈3.2 44.8

Ni–Fe/Al-
MCM48 --- --- ≈3.2 47.9

Ni–Co/Al-
MCM48 --- --- ≈3.1 51.9
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Table 2. Cont.

Raw
Material

Type of
Reactor Catalyst Temperature

(◦C)
Gasification

Agents
HHV

(MJ/Nm3)
LHV

(MJ/Nm3)
H2/CO
Ratio

H2 Yield
(%) Reference

Sewage
sludge

Bubbling
fluidized bed

Olivine 809 Air --- 4.1 1.4 16.8

[28]

Olivine 799 Air --- 4.7 1.6 18.8

Olivine 796 Steam/O2 --- 8.8 2.1 37.7

Dolomite 803 Steam/O2 --- 9.2 1.9 37.9

Limestone 816 Steam/O2 --- 9.3 2.2 38.8

Sewage
sludge (SS) Fixed bed

---

550 Steam

--- --- 4.7 27.0

[29]CaO/SS (1:1) --- --- 1.3 81.6

CaO/SS (1:2) --- --- 2.5 40.0

Sewage
sludge Fixed bed

-

800

Air

--- --- 0.2 4.3

[30]

Activated
Carbon --- --- 1.0 15.1

Biochar --- --- 0.7 11.4

Activated
Carbon Steam/Air

--- --- 0.9 15.1

Biochar --- --- 2.0 22.5

Sewage
Sludge

Bubbling
fluidized bed

---

750

Air

3.0 2.8 1.1 7.6

[31]

800 3.6 3.3 1.3 10.4

850 4.2 3.9 1.2 12.1

750

Steam/Air

3.5 3.2 1.3 10.0

800 3.8 3.5 1.4 12.0

850 4.6 4.2 1.6 16.1

Alumina

750

Air

3.0 2.7 1.1 8.0

800 3.8 3.5 1.4 12.3

850 4.7 4.3 1.2 15.0

800 Steam/Air 4.0 3.7 1.9 15.2

One way to reduce the high moisture content of sewage sludge is to combine it
with biomass with a low moisture content. The co-gasification of wet sewage sludge and
pine sawdust for syngas production was investigated and showed that the addition of
pine sawdust to wet sewage sludge decreased the moisture content and improved the
volatile matter content in the mixtures. Moreover, co-gasification was favorable for syngas
production with an increase in H2 content due to the self-generated steam production from
the wet sewage sludge favoring water–gas reactions [26].

Tezer et al. [25] studied the gasification of sewage sludge in two different types of
fixed-bed gasifiers with different technologies, updraft, and downdraft. It was reported
that the volumetric percentages of H2, CO, and CH4 gases were the highest in the down-
draft gasifier, not varying with the gasifying agent used (air or pure O2), while the higher
heating value (HHV) obtained was between 12.7 and 12.8 MJ/Nm3. This was also re-
ported by Quan et al. [24], who studied the gasification of sewage sludge using downdraft
gasifiers, obtaining a synthesis gas with a moderately high lower heating value (LHV) of
9–11 MJ/Nm3. However, the gasification of sludge with pure O2 leads to an increase in the
calorific value of the syngas obtained in both types of gasifiers [25].

Jeong et al. [28] studied sewage sludge gasification in a bubbling fluidized bed gasifier
with steam/O2 using olivine, dolomite, and limestone as the bed materials. The authors
observed that the use of catalyst and steam/O2 mixtures promoted an increase in the
produced gases, with H2 contents in the range of 38–39 vol.%. Moreover, the use of olivine
as the catalyst significantly reduced the NH3 and tar contents in the gas. Schmid et al. [32]
showed similar results in the gasification of sewage sludge, as the use of CaO as the
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catalyst was effective for tar cracking, and also significantly reduced the tar, H2S, and COS
contents. Reductions in these compounds in the gaseous product is a positive outcome,
as cleaning systems can become less complex and expensive. Moreover, most impurities
can be removed by activated carbon placed after the tar cracking reaction. Since activated
carbon has properties such as a high surface area and is a porous material, it promotes
a high adsorption capacity for the removal of impurities [28]. The activated carbon filter
can also be placed after the gasifier, and in this case, it can adsorb tar molecules, as well
as NH3 and H2S, which are thermally or catalytically decomposed into H2 and N2 and S,
respectively [28].

3.2. Pyrolysis

High moisture and metal content are challenges for the pyrolysis process converting
sewage sludge into value-added products. There are several studies on sewage sludge
drying as a pre-treatment for the pyrolysis process. Most of the works described and
referenced pyrolyzed sewage sludge with a maximum moisture content of 10%, using
drying methods from the exposure of the raw material to the outside and the use of dryers
with temperatures between 103 and 120 ◦C [19,30,33,34]. Table 3 presents different works
on sewage sludge pyrolysis and the relevant results.

Table 3. Pyrolysis of different types of sewage sludge under various experimental conditions.

Raw Material Type of
Pyrolysis

Type of
Reactor Catalyst Temperature

(◦C)
Bio-Oil
(wt.%)

Biochar
(wt.%) Gas (wt.%) Ref.

Sewage sludge Fast Fixed-bed
reactor ---

300 33.3–36.3 65.3–68.9 3.9–4.1
[35]

600 14.5–18.2 17.3–19.9 31.5–33.4

Sewage sludge

Fast

Tubular reactor

--- 450 43.1 47.1 9.8

[36]
--- 650 37.5 30.0 32.5

Slow
--- 450 38.2 53.6 14.2

--- 650 32.2 33.2 28.6

Sewage sludge
(SS) and rice

husk (RH)
Fast Tubular/Fixed-

bed reactor

-

650

17.2 53.5 29.3

[37]

Biochar from SS
pyrolysis 11.3 53.4 35.3

Biochar from
co-pyrolysis of

SS and RH
10.7 53.7 35.6

Biochar from RH
pyrolysis 9.5 53.2 37.3

Ash from the RH
pyrolysis biochar 12.0 53.1 34.9

Sewage sludge Slow Tubular reactor
--- 600 33.0 ≈48.0 ≈19.0

[38]
--- 700 26.0 ≈45.0 ≈29.0

Sewage sludge Fast
Conical

spouted-bed
reactor

--- 450 44.8 52.2 3.0

[39]--- 500 48.5 46.3 5.2

--- 600 45.4 43.2 11.4

Sewage sludge Slow
Rotating
cylinder
reactor

--- 500 22.1 61.9 16.0
[33]

--- 600 24.5 54.0 21.5

Sewage sludge Fast Fluidized-bed
reactor

---

450 31.3 51.5 17.2

[40]550 32.3 53.2 14.5

650 25.0 47.2 27.9
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Table 3. Cont.

Raw Material Type of
Pyrolysis

Type of
Reactor Catalyst Temperature

(◦C)
Bio-Oil
(wt.%)

Biochar
(wt.%) Gas (wt.%) Ref.

Sewage sludge
and humic acid

Slow Fixed-bed
reactor

---

700

32.9 ≈45.0 9.8

[34]
Sewage sludge

--- 38.7 ≈43.0 7.7

Kaolin 33.0 50.3 6.7

CaO 26.8 55.3 6.8

Sewage sludge Slow Fixed-bed
reactor

--- 500 47.3 35.1 17.6

[41]Composite
alumina

400 42.5 45.6 11.8

500 48.4 34.3 17.3

600 48.3 27.7 24.0

Sewage sludge Slow Fixed-bed
reactor

---
450 43.1 --- ---

[42]

850 36.6 --- ---

Cao
450 37.1 --- ---

850 35.9 --- ---

KCl
450 29.9 --- ---

850 41.7 --- ---

Na2CO3
450 30.4 --- ---

850 46.5 --- ---

Fe2O3
450 32.5 --- ---

850 37.4 --- ---

Sewage sludge Slow Fixed-bed
reactor

-
500

32.5 58.8 8.7
[43]

Fe2O3 39.1 48.8 12.1

From Table 3, it is possible to observe a common fact in all the tests: the increase in the
gas yield with increasing temperature. This trend may be due to the secondary reactions
of the tar, such as the breaking of organic bonds, which become active at temperatures
above 550 ◦C [36]. The presence of the decarboxylation, decarbonylation, dehydration, and
dehydrogenation reactions of volatiles in the main step of pyrolysis leads to the formation
of the gas phase, which is mostly composed of CO2, CO, CH4, and H2 [34,36].

Feng et al. [35] found that increasing the pyrolysis temperature changes the compo-
sition of the bio-oil formed. The increase in temperature promotes an increase in C and
N contents, from 55.8–57.6 wt.% to 61.4–62.6 wt.% and from 2.9–3.9 wt.% to 7.7–8.2 wt.%,
respectively, while the H contents decreased, from 9.4–9.7 wt.% to 8.2–8.3 wt.%, in the
bio-oil. This increase in C and N contents occurred due to the presence of dehydrogenation
reactions, condensation (aromatization), and secondary cracking reactions during pyrolysis
at high temperatures.

Agar et al. [38] observed that less than half of the original nitrogen and sulfur are
preserved in biochar after pyrolysis, while the remaining nitrogen is mainly lost by the
volatilization of different nitrogen groups such as NH4–N or NO3–N at temperatures below
600 ◦C, and pyridine at temperatures above 600 ◦C. The loss of S is due to volatile organic
compounds containing sulfur, mainly as carbonyl sulfide during pyrolysis [44].

As seen in Table 3, pyrolysis can occur in the absence or presence of a catalyst. The
use of catalysts in pyrolysis, as in upgrading, aims to improve the quality of the bio-oil.
The need to upgrade the bio-oil through the elimination of oxygenated and nitrogenous
compounds by deoxygenation and denitrification is crucial to increase the HHV, the sta-
bility, and therefore the quality of the bio-oil. Some studies of the catalytic post-treatment
of sewage sludge pyrolysis vapors by means of FCC, HZSM5, and γ-Al2O3 have been
reported. This treatment in fixed-bed reactors filled with catalysts improved the characteris-
tics of the treated bio-oil, leading to an increase in HHV. The treated bio-oil showed a higher
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content of aliphatic and aromatic hydrocarbons compared to the bio-oil produced by pyrol-
ysis only. Nitrogenous species were removed in the form of gaseous ammonia and in the
biochar [45–47]. Still from Table 3, a notable range of yield fluctuations in bio-oil, biochar,
and gas outputs is evident, contingent upon the distinctions of pyrolysis conditions, partic-
ularly temperature and reactor design. For example, when sewage sludge undergoes fast
pyrolysis within a fixed-bed reactor at 300 ◦C, a higher proportion of biochar (65.3–68.9%)
is observed compared to bio-oil (33.3–36.3%) and gases (3.9–4.1%). Conversely, under
similar feedstock and pyrolysis conditions in a tubular reactor at 650 ◦C, the biochar yield
markedly decreases, while bio-oil and gas yields increase significantly. The variations ob-
served in Table 3 arise from complex thermal degradation mechanisms within the pyrolysis
process. At lower temperatures, secondary reactions promoting biochar formation are
enhanced, leading to higher biochar yields. On the other hand, at higher temperatures,
thermolysis pathways favoring the production of volatile compounds such as bio-oil and
gases predominate, resulting in reduced biochar yield while increasing those of bio-oil
and gases.

Additionally, the impact of catalyst deployment is evident in pyrolysis products.
For instance, introducing biochar derived from sewage sludge pyrolysis as a catalyst
enhances bio-oil yields relative to pyrolysis without catalysts. Catalysts play a pivotal role
in modulating reaction kinetics and altering reaction pathways.

Qiu et al. [37] reported that the content of N species in bio-oil obtained by catalytic
co-pyrolysis (biochar as catalyst) of sewage sludge decreases compared to thermal co-
pyrolysis. Additionally, an increase in the HHV of bio-oil from 25.8 to 34.7 MJ/kg was
also observed in catalytic co-pyrolysis, showing an improvement in bio-oil quality. This
means that N species were reduced when biochar-catalyzed pyrolysis occurred (except
for rice husk biochar ash). This demonstrates that using biochar as a catalyst promotes
denitrification reactions decomposing N species into NH3/HCN gases or hydrocarbons.

Meng et al. [48] studied the multiple effects of CaO on the evolution of nitrogen
compounds at different pyrolysis temperatures of sewage sludge. These authors found
that the effect of CaO on the pyrolysis process is different and depends specifically on
the temperature. The presence of CaO can affect only the NH3 component, which is
mainly derived in the initial step of pyrolysis, devolatilization, while HCN is mainly
generated from the secondary reaction of N functionals in biochar and tar. The authors also
reported that at low temperatures (255–350 ◦C), CaO promotes the deamination of acid
amide into NH3 and inhibits the decomposition of N-nitrile in biochar into HCN, while
at higher temperatures (490–750 ◦C), CaO inhibits NH3 production and in turn promotes
the hydrogenation and ring opening of N-heterocyclic in biochar and dehydrogenation of
N-amine in tar, leading to HCN production [48]. Thus, the catalytic pyrolysis of sludge
with CaO as the catalyst promotes the conversion of sludge into hydrogen- and carbon-rich
fuel free of nitrogenous compounds. Udayanga et al. [34] observed the same, where CaO
promoted deoxygenation and ring-opening reactions of the compounds present in bio-oil,
while kaolin did not show any significant impact. The presence of CaO in sludge pyrolysis
led to a decrease in the amount of CO2, reducing the volume of non-condensable gas by
18% compared to that of sludge pyrolysis. CaO had a great influence on CO2 sequestration,
but it also led to an increase in CO formation due to the Boudouard reaction. The presence
of kaolin led to the formation of less CO in the gaseous composition because it promoted
the water–gas shift reaction with the water that developed during its decomposition.

Furthermore, it has been reported that the pyrolysis temperature affects the ultimate
and proximate composition, stability, aromaticity, and polarity of the biochar produced at
different temperatures, as well as the concentration of the originally present metals such as
Ca, Mg, Cu, Zn, Pb, and Cd. Pyrolysis temperature also has an important contribution in
transforming metals from more toxic forms into more stable non-toxic forms. Based on this,
it is necessary to evaluate the ecological risk index of biochar from sewage sludge as an
additive for soil amendment; for example, in [44].
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3.3. Hydrothermal Methods

The utilization of hydrothermal methods in the context of sewage sludge disposal
involves the conversion of wastes into value-added materials within an aqueous envi-
ronment characterized by moderate temperatures and autogenic pressure generated in a
closed system [49]. This system aims to modify the reaction environment by altering the
physical–chemical properties of water in sludge under sub-critical conditions, and its main
products include hydrochars (solid waste), hydrothermal fluid (also known as process
water), a biocrude (similar to pyrolysis bio-oil), and various types of gases [50].

The specific hydrothermal conversion method is classified according to the range of
temperatures and pressures that are applied. As such, hydrothermal processes can be
grouped into hydrothermal carbonization (HTC), hydrothermal liquefaction (HTL), and
hydrothermal gasification (HTG) [17]. The primary distinction among these processes
lies in the composition and quantity of the obtained products. As in dry processes, the
physical–chemical properties of the reaction medium and, consequently, the degree of
degradation of materials immersed in the medium, are strongly influenced by temperature,
residence time, and pressure [50].

3.3.1. Hydrothermal Carbonization

Hydrothermal carbonization (HTC) of sewage sludge commonly takes place in an
aqueous setting with temperatures ranging from 180 to 250 ◦C, accompanied by autogenous
pressure. Under these conditions, the substrate undergoes decarboxylation, dehydration,
and a reduction in hydrogen and oxygen concentrations [51]. Throughout HTC, vari-
ous simultaneous reactions transpire, including hydrolysis, dehydration, decarboxylation,
polymerization, and carbonization, and the resulting hydrochar exhibits a structure akin
to natural lignite, with its calorific value closely linked to its carbon content [52]. Inter-
estingly, diverse feedstock compositions do not induce significant structural changes in
the hydrochar, and morphological similarities have been observed. Nevertheless, the
properties of sewage sludge can impact the yield of hydrochar [52–54]. Table 4 shows an
overview of different works concerning sewage sludge HTC, main operating conditions,
and product yields.

Table 4. HTC of sewage sludge with different operating conditions, presence of catalyst, and product
distribution.

Feedstock
Type of
Reactor

(Volume)
Catalyst Temperature

(◦C)

Moisture
Content/Solid
Content/Solid–
Liquid Ratio

Pressure
(MPa)

Residence
Time
(min)

Production Distribution (wt.%)

Ref.
Hydrochar Biocrude Gas

Sewage sludge Batch
(1000 mL)

Sulfuric
acid
(VI),
30%

200 89.9% (moisture
content) 2.5 120 4.2–6.2 89.3–90.6 4.2–5.7 [55]

Fenton-
oxidized

sewage sludge

Batch
(50 mL) --- 180 1:10

(Solid–Liquid) --- 240 50.7–65.2 --- [56]

Sewage sludge

Batch
(200 mL)

--- 200/210/220

1:0.25, 1:0.5, 1:1,
and 1:3

(Solid–Liquid)

---
300

54.8–74.1
(200 ◦C, varying

L/S);
57.3–98.5

(210 ◦C, varying
L/S); 53.6–62.5

(220 ◦C, varying
L/S)

---

[57]

Sewage sludge
(co-treatment

with spent
coffee grounds
and bagasse)

--- 220

Spent coffee
grounds:
50.1–64.6.
Bagasse:

42.8–49.9.

---
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Table 4. Cont.

Feedstock
Type of
Reactor

(Volume)
Catalyst Temperature

(◦C)

Moisture
Content/Solid
Content/Solid–
Liquid Ratio

Pressure
(MPa)

Residence
Time
(min)

Production Distribution (wt.%)

Ref.
Hydrochar Biocrude Gas

Sewage sludge Batch
(300 mL)

---

200/250

1:6

--- 120/300

73.0 (200 ◦C,
120 min)

61.3 (200 ◦C,
300 min); 63.2

(250 ◦C,
120 min); 57.1

(250 ◦C,
300 min)

--- [54]

Sewage sludge
co-treated with

cheese whey

Batch
(300 mL) 250 300 64.1 (250 ◦C, 300

min)

Sewage sludge Batch
(200 mL)

Acetic
acid
(AA)

(0.4, 0.8,
1.24 M)

220 1:0.025/1:0.5/
1:1/1:3 --- 300

64.0 (1:0.25);
58.2 (1:0.5); 58.3
(1:1); 55.1 (1:3)
77.2 (0.4 AA);
83.6 (0.8 AA);
58.5 (1.2 AA)

--- [58]

Sewage sludge
co-treated with
pine sawdust

Batch
(1000 mL) --- 180–250 1:30–1:10 --- 60–180 54.0–94.2 --- [59]

Digested and
dewatered

sewage sludge
co-treated with

microalgae

Batch
(1000 mL) --- 180/215/250 --- --- 120 42.9–70.4 --- [60]

Primary
sewage sludge

Batch
(250 mL) --- 140/160/

180/200 --- --- 15–240 60.5–81.1 ---

Methane
yields: 44.6%

(140 ◦C);
43.2–46.8%

(160 ◦C),
43.8–45.5%

(180 ◦C), and
43.7–44.6%

(200 ◦C)

[52]

Anaerobic
digestion

effluent from
sewage sludge

Batch
(1000 mL) --- 163/180/

220/260/277 ---
0.83/1.10/
2.24/4.96/

6.07
30–70 62–78 9–27 1–22 [61]

As per Table 4, and considering works being conducted on process optimization
and product distribution, Danso-Boateng et al. [52] investigated the effects of reaction
conditions on the characteristics of products obtained from HTC of primary sewage sludge,
by developing models to tailor reaction conditions for specific end uses, identifying optimal
conditions for hydrochar characteristics, carbon recovery, and methane yields. Their results
suggest that HTC at 180 ◦C for 60 min and 200 ◦C for 30 min resulted in hydrochars with
optimal characteristics, namely carbon content between 37.8–37.9 wt.%, db, HHV between
17.6–18.3 MJ/kg and energy yield between 67.1–76.4%. Huezo et al. [61] explored the
impact of temperature and pH on the yield and properties of hydrochar derived from
anaerobic digestion effluent of sewage sludge. Their study revealed that temperature and
pH significantly influenced hydrochar yield and properties, with higher temperatures
leading to increased carbonization and decreased yields. Despite the hydrochar presenting
low HHV, their high ash content suggested potential applications as a soil amendment.

Other works also focus on the use of catalysts in HTC, or pre-treatments for sewage
sludge prior to HTC, to affect hydrochar properties and characteristics. Wilk et al. [55]
explored the influence of sulfuric acid addition on the properties of hydrochars derived
from sewage sludge. This work indicated that hydrochars showed enhanced carbon
content, higher heating value, and improved combustion characteristics compared to
untreated sewage sludge. Additionally, the addition of the acidic catalyst led to significant
changes in the elemental composition of hydrochars, affecting the migration of heavy
metals and enhancing phosphorus recovery from post-processing water. The authors
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concluded that their results suggest that acid-catalyzed HTC has significant potential for
producing hydrochars with improved properties and environmental benefits. Furthermore,
Wang et al. [56] examined the advantages of combining Fenton oxidation (FO) with HTC
for sewage sludge treatment. They found that FO pre-treatment effectively regulated
hydrochar yield and properties, resulting in hydrochars with improved carbon content,
combustion reactivity, and porosity compared to direct HTC. This study highlighted the
potential of FO-HTC for enhancing hydrochar properties and providing insights into the
underlying mechanisms governing the process.

There is also very important work being conducted regarding the applications and
potential of hydrochar, particularly the application of co-hydrothermal carbonization (co-HTC)
to find synergies of sewage sludge with other less problematic feedstocks. Piboonudomkarn
et al. [57] proposed the co-HTC of sewage sludge with spent coffee grounds or bagasse as
a sustainable method for producing biocoal-like solid fuel. Their study demonstrated that
co-HTC significantly improved the fuel properties of solid products, increasing fixed carbon
content, combustion reactivity, and HHV while reducing ash content, suggesting that co-HTC
sewage sludge with organic residues holds promise for enhancing the value addition of
sewage sludge feedstock. Cavali et al. [59] investigated the co-HTC of pine residual sawdust
and non-dewatered sewage sludge to produce hydrochars without adding extra water. The
author’s findings showed the influence of temperature and reaction time on hydrochar yield
and characteristics, particularly that higher temperatures resulted in an increased degree of
coalification and the improved fuel properties of hydrochars. Benavente et al. [60] explored the
co-HTC of microalgae and sewage sludge and concluded that the addition of sewage sludge
reduced the degradation rate of solid feedstock components and influenced the composition
of hydrochars. Despite limitations such as the presence of heavy metals and potentially toxic
compounds, hydrochars derived from sewage sludge showed promise for environmental
applications, while those from microalgae were more suitable for combustion.

3.3.2. Hydrothermal Liquefaction

The HTL process can also be applied to raw materials with a high moisture content
without the need for additional pre-treatment steps such as drying and is carried out under
sub-critical and supercritical water conditions and at temperatures between 250 ◦C and
370 ◦C [62]. Table 5 presents different works regarding the HTL of sewage sludge, including
the main operating conditions and product yields.

Table 5. HTL of sewage sludge with different operating conditions, presence of catalyst, and product
distribution.

Feedstock Type of
Reactor

Catalyst Temperature
(◦C)

Moisture
Content/Solid
Content/Solid–
Liquid Ratio

Pressure
(MPa)

Residence
Time
(min)

Production Distribution
(wt.%)

Ref.
Hydrochar Liquid Gas

Sewage sludge

Batch
(1000 mL)

Batch
(19 L)

---

350
1:1

(Solid–Liquid) 180 30

43.9 18.9 10.3

[63]

Na2CO3 41.5 17.7 8.7

Li2CO3 41.1 19.8 9.7

K2CO3 41.8 16.8 8.5

Ba(OH)2 46.6 17.2 9.1

Fe2O3 51.7 17.0 9.3

CeO2 47.9 16.2 8.3

NiMo/MoO3 49.5 18.4 9.0

MoS2 50.8 17.3 9.0

Ni/NiO 48.6 19.7 9.4

SnO2 48.8 20.3 9.8

FeS 48.4 15.8 6.6
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Table 5. Cont.

Feedstock Type of
Reactor

Catalyst Temperature
(◦C)

Moisture
Content/Solid
Content/Solid–
Liquid Ratio

Pressure
(MPa)

Residence
Time
(min)

Production Distribution
(wt.%)

Ref.
Hydrochar Liquid Gas

Sewage sludge
*

Batch
(25 mL)

-

350 75 wt.%
(moisture
content)

2.5

30

4 53 7

[64]

KOH 8 47 10

HCOOH 4 38 10

Continuous
(2 kg/h)

-
10

- - -

KOH 38 5 -

HCOOH 40 <1 -

Sewage sludge

Batch
(10 mL
internal
volume)

--- 300 1:10 --- 90

50.7 68.8 23.0

[65]

Sewage
sludge/wheat

straw
35.6 31.9 32.5

Sewage
sludge/

cow manure
42.4 28.2 29.4

Sewage
sludge/chlorella

pyrenoidosa
27.3 39.4 33.3

Sewage sludge Batch
(50 mL)

K2CO3

320 1:6 2.5 15

≈13.0 ≈67.0 ≈20.0

[66]

Al2O3 ≈17.5 ≈70.0 ≈12.5

Co–
Mo/ATP ≈12.0 ≈74 ≈14.0

Co–
Mo/Al2O3

≈18.0 ≈66.0 ≈16.0

Sewage sludge Continuous
(2 kg/h) - 350 10 wt.% (solid

content) 25 8 1.9 80.2 17.9 [67]

* wt% daf basis.

In the HTL process, catalysts are sometimes added to increase the biocrude fraction or
even increase the quality of the products themselves. Strugała-Wilczek et al. [63] studied
the effect of the presence and behavior of the metals and metalloids present in sewage
sludge on various products generated during the HTL process. Their study highlighted
the importance of understanding metal migration in HTC byproducts, as it influences
process efficiency and product quality. The results also showed that some metals can
increase the efficiency of the process, acting as catalytic mediators, while other metals were
only considered as contaminants, reducing the efficiency of the process and the quality of
the biocrude produced, underscoring the need for the comprehensive characterization of
HTL products and downstream processing to maximize resource utilization and minimize
environmental impact. Zhu et al. [66] studied the catalytic activity of heterogeneous
catalysts (Co/γ-Al2O3, Co-Mo/γ-Al2O3, Co/ATP, and Co-Mo/ATP) in the HTL of sewage
sludge. The authors reported that the bimetallic catalyst (Co-Mo/Palygorskite (ATP))
was more effective and increased the biocrude production and quality. Also, the authors
observed that all catalysts added to the system promoted the formation of phenols and
hydrocarbons and detected that the presence of Mo in catalysts inhibited the formation of
amide. Still on the topic of using catalysts in HTL, Zhang et al. [65] proposed a catalytic
co-HTL route to enhance high-quality biocrude production from sewage sludge and wheat
straw. This study investigated the synergistic effects between different biowastes and
catalysts, demonstrating the potential of Ni@CSB catalyst in improving biocrude quality.
Also, results indicated increased carbon content and HHV in biocrude, offering a promising
route for valorizing biowastes into high-quality biocrude.
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A very pressing issue related to HTL is the transition from batch to continuous pro-
duction, which is generally more adequate for this technology scale-up. Prestigiacomo
et al. [64] compared the operation of the HTL process in batch and continuous regimes.
The need to reduce the initial concentration of solids in the feed from 10% to 3% to increase
the stability of the feed flow to the continuous reactor was verified. Also, the authors
highlighted issues such as flow rate instability and valve wear hindering system operability.
They conclude that adjustments in feed concentration affect productivity, with basic or
acidic compounds showing promise as additives to maintain stability at higher concen-
trations. Thomsen et al. [68] also reported that during studies of sewage sludge HTL in a
continuous regime, some technical difficulties during the tests meant that the flow rates in
the reactor were not constant. This shows that HTL in continuous operation still suffers
from a lack of information and that it has some technical challenges, as it is difficult to
maintain stable flow rates in the reactors.

Comparing the abovementioned works, it is evident that each study contributes
unique insights into various aspects of HTL, ranging from metal behavior to operational
challenges and catalyst effects. Together, these studies advance the understanding of HTL
and co-HTL processes and offer valuable perspectives for optimizing biocrude production
from sewage sludge and other biomass feedstocks.

3.3.3. Hydrothermal Gasification

In supercritical water gasification, temperature is a crucial factor for the composition
of the producer gas formed. If HTG is carried out at low temperatures (374–550 ◦C), the
production of methane is thermodynamically favorable over the production of a hydrogen-
rich gas. To increase the selectivity of hydrogen over methane, the temperature needs to be
between 550 and 700 ◦C or the catalysts need to be used at low temperatures to enhance
the water–gas shift reaction [69,70]. Some works on the HTG of sewage sludge, and the
main operating conditions and product yields, are shown in Table 6.

Table 6. HTG of sewage sludge with different operating conditions, presence of catalyst, gas LHV,
and methane and hydrogen yields.

Raw
Material

Type of
Reactor Catalyst

Sludge
Concentra-
tion (wt.%)

Temperature
(◦C)

Pressure
(MPa)

Residence
Time
(min)

LHV
(MJ/Nm3)

CH4
Yield (%)

H2 Yield
(%) Ref.

Sewage
sludge Batch

---

8.9

750

22.5–27.5

30
10.3 ≈12.0 ≈52.0

[71]

---

650

≈12.0 ≈19.0 ≈39.0

K2CO3

20

≈11.5 ≈18.0 ≈45.0

RNi-Mo2 ≈10.5 ≈14.0 ≈47.0

K2CO3/
RNi-Mo2 ≈11.0 ≈17.0 ≈43.0

Sewage
sludge

Fluidized
bed

---

2 540 25 --- ---

≈10.5 ≈43.0

[72]

NaOH ≈9.0 ≈50.0

KOH ≈7.0 ≈56.0

K2CO3 ≈7.0 ≈53.0

Na2CO3 ≈6.0 ≈52.0

Sewage
sludge Continuous --- ---

550
25 0.08 ---

≈18.0 38.5
[73]

600 ≈27.0 39.4

Sewage
sludge Batch

-

10 400 30 60 ---

=17.0 =34.0

[70]

Na2CO3 =16.0 =33.0

K2CO3 =14.0 =33.0

KOH =17.0 =37.0

NaOH =18.0 =36.0
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Table 6. Cont.

Raw
Material

Type of
Reactor Catalyst

Sludge
Concentra-
tion (wt.%)

Temperature
(◦C)

Pressure
(MPa)

Residence
Time
(min)

LHV
(MJ/Nm3)

CH4
Yield (%)

H2 Yield
(%) Ref.

Sewage
sludge Batch

-

10 450 25–27 60 ---

18.9 40.9

[74]

NaOH =23 =45.0

KOH =18 =48.0

Ca(OH)2 =17 =47.0

K2CO3 =14 48.7

Na2CO3 =16 =48.0

Sewage
sludge Batch --- 3

380
27 6

--- 16.6 22.6
[75]

460 --- 22.9 55.7

Sewage
sludge Batch

---
10

380 25 --- 8.7 ≈15.0 29.3

[76]460 28 --- 10.5 ≈13.0 50.1

Activated
carbon 400 25 --- --- ≈20.0 38.4

Chen et al. [71] explores sewage sludge gasification in supercritical water using a
high-heating-rate batch reactor. This study investigates the effects of temperature, pressure,
residence time, and catalyst on hydrogen yield, gasification efficiency, carbon gasification
efficiency, and hydrogen yield potential. At 750 ◦C and 30 min, the maximum hydrogen
yield, gasification efficiency, carbon gasification efficiency, and hydrogen yield potential
reached 20.7 mol/kg, 73.5%, 61.2%, and 41.3%, respectively. Steam reforming, water–gas
shift, and pyrolysis were identified as the main pathways for H2 and CO2 formation. The
addition of mixed catalysts enhanced gasification and H2 formation, with the RNi-Mo2
catalyst promoting steam reforming and the alkali catalyst promoting the water–gas shift
reaction. Furthermore, Chen et al. [72] investigated sewage sludge HTG using a fluidized-
bed reactor. This study analyzed the effects of temperature, feedstock concentration, alkali
catalysts, and catalyst loading on gaseous products and carbon distribution. The results
showed that higher temperature and lower feedstock concentration favored gasification
reactions and that the addition of catalyst enhanced H2 formation, with KOH exhibiting the
highest catalytic activity. The K2CO3 catalyst particularly enhanced gasification efficiency,
primarily promoting the water–gas shift reaction. Cui et al. [74] examined the effect of
alkaline additives on syngas yield and phosphorus/nitrogen migration during the HTG of
sewage sludge. The authors highlight the role of alkaline additives in improving syngas
yield by affecting steam reforming, water–gas shift, and methanation reactions. Among
the used additives, K2CO3 exhibited the most significant catalytic effect, enhancing syngas
yield and promoting phosphorus/nitrogen dissolution into the aqueous phase.

Differences between sub- and supercritical sewage sludge HTG in a batch reactor
were studied by Yan et al. [70]. Their work focused on the effects of temperature and
water-soluble additives on the process and resultant product characteristics. Increasing
temperature enhanced H2 yield and gasification efficiency, with KOH demonstrating the
highest catalytic activity. This study also emphasized the conversion and dissolution of
organic matters into syngas, characterized by porous hydrochar and disintegrated surface.

For the dynamics of batch versus continuous HTG, literature contributions are still
scarce. Amrullah et al. [73] investigated the continuous recovery of phosphorus and
gas generation from sewage sludge using supercritical water gasification. This study
examined the behavior of phosphorus, gas composition, and reaction kinetics under varying
temperatures and residence times. The authors observed a rapid conversion of organic
phosphorus to inorganic phosphorus, and that gaseous products were mainly composed of
H2, CO2, and CH4, with the reaction following first-order kinetics. Moreover, the works
from Weijing et al. [75] and Hantoko et al. [76] focused on the batch and continuous HTG
of sewage sludge, respectively, highlighting the effects of temperature, retention time, and



Energies 2024, 17, 2417 15 of 24

catalysts on gas composition, yield, and efficiency. Both studies emphasize the significance
of process parameters and catalyst selection in optimizing gasification performance. The
results underscored the potential of HTG as an efficient and environmentally friendly
approach for sewage sludge treatment and energy recovery.

4. SWOT Analysis

The successful implementation of sewage sludge conversion technologies relies not
only on their technical feasibility but also on their economic viability and broader market
considerations. This section presents a brief analysis of the techno-economic aspects associ-
ated with pyrolysis, gasification, HTC, HTL, and HTG, as potential pathways for sewage
sludge valorization. To provide a structured assessment, a SWOT (Strengths, Weaknesses,
Opportunities, Threats) analysis framework was employed, offering a systematic approach
to evaluating the internal and external factors influencing the feasibility and sustainability
of each technology. By examining the strengths, weaknesses, opportunities, and threats as-
sociated with these sewage sludge conversion technologies, this analysis aimed to elucidate
their comparative advantages, potential challenges, and strategic implications for waste
management and resource recovery initiatives. Figure 2 shows this work’s SWOT analysis.
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The SWOT analysis reveals that pyrolysis and gasification demonstrate robust path-
ways for energy recovery, offering high yields of biochar and syngas, albeit with significant
capital and operational costs associated with complex reactor systems and downstream
processing [10,77,78]. Despite these challenges, the potential for energy generation and re-
source recovery presents an attractive long-term investment opportunity, with the prospect
of reducing dependency on fossil fuels and mitigating greenhouse gas emissions. In
contrast, HTL, HTC, and HTG offer alternatives with lower energy requirements and
potentially lower operational costs [50,79,80]. However, these processes face challenges
related to product quality control, catalyst stability, switching from batch to continuous
operation and scaling up, which may affect process efficiency and overall economic vi-
ability. Nevertheless, the growing demand for renewable energy and sustainable waste
management solutions presents lucrative opportunities for technology adoption and com-
mercialization [49]. With supportive policies and incentives aimed at promoting renewable
energy development and mitigating environmental impacts, sewage sludge conversion
technologies have the potential to contribute significantly to the transition towards a more
sustainable and circular economy. By leveraging these opportunities and addressing the
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associated challenges, stakeholders can unlock the full potential of sewage sludge as a
valuable resource for energy production and waste management.

5. Current Challenges and Mitigation Strategies

Besides the results from the SWOT analysis regarding the more techno-economic
aspects of the thermochemical technologies to convert sewage sludge, this feedstock also
entails more technical challenges. Sewage sludge has the disadvantage of having high
contents of moisture, ash, metals, and organic pollutants, requiring proper treatment that
can make it energetically viable.

5.1. Sewage Sludge Drying

The water content of sewage sludge is an important factor to consider when recovering
it through thermochemical processes. Energy costs in sludge drying should be considered,
as they depend on the amount of sludge to be dried and the water content present [81].
In addition to the energy costs associated with sludge drying, the technical problems
that arise during this stage must be considered. During the drying process, structural
changes occur in sewage sludge, making it highly viscous, sticky, and tough. This change in
sludge consistency may lead to technical consequences during drying [82,83]. For example,
Schnell et al. [82] reported that during screw conveyance in sludge drying, the adhesion
of the sludge to the screw itself caused extreme forces on the screw conveyor, damaging
it completely. To avoid this problem, sewage sludge can be pre-mixed with dry material
before drying to avoid this problem of adhesion on the equipment [84], or multi-stage
dryers or remixing systems can be used for sewage sludge drying [85].

5.2. Gasification

The main challenges for the effective use of sewage sludge in gasification are mostly
the feedstock’s high moisture and ash contents and the low quality of the obtained products.
Usually, to process sewage sludge with this technology, the feedstock must be dried between
105 ◦C and 120 ◦C before being gasified [19,30,33,34], which leads to the issues described in
the previous section.

As for ash content, Kang et al. [30] studied the catalytic gasification of dried sewage
sludge and observed a large quantity of solid residues, notably due to the presence of
a large amount of ash (>40 wt.%). This ash concentration can result in agglomeration
and blockage of the reactor, requiring successive extensive cleaning and separation after
each cycle. The authors recommended washing the sewage sludge with distilled water or
acid leaching to reduce the ash content and thus avoid agglomeration and blockage of the
reactor.

The major product in gasification, syngas, usually presents a lower quality than
what is required for further applications due to the physical–chemical characteristics of
sewage sludge. Co-gasification of sewage sludge with coal, woody biomass, straw, forestry
residues, and manure is known to improve the quality of syngas. However, it is necessary
to optimize the operating conditions and the mixing ratios, because although there is an
improvement in the gas produced, the yields of tar in the syngas and the ash content can
increase [10].

As already mentioned throughout this work, the use of catalysts in gasification has
shown good results in reducing impurities (COS, H2S, NH3, and tars) in the syngas. This
result not only decreases costs in producer gas-cleaning systems but also reduces the prob-
lems of tar condensation in the gasification pipelines or valve blocking and downstream
equipment [28,32]. Kang et al. [30] suggested that the mixture of activated carbon and
biochar is a strategic combination since the mixture would allow the adsorption/cracking
of tar and an enhancement of the gasification reactions by increasing H2 production, which
is favored due to the presence of alkaline metal species in the biochar. The authors also state
that the possibility of using sewage sludge biochar obtained from gasification as a catalyst
should be addressed due to the high amounts of heavy metals that can enhance gasification
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reactions, even though the formation of tars and coke can cause the deactivation of the
catalyst [10].

Additionally, the products obtained from gasification have associated toxicities. Con-
taminants present in the gaseous phase (NOx, SOx, HF, HCl, NH3, PAHs, and dioxins) can
lead to an increase in GHG emissions, tars (compounds of N, O, and S), and biochar (heavy
metals), which can increase soil toxicity if used in agricultural and land applications [10].
The proper selection of co-gasification of sewage sludge with other feedstocks and the
use of catalysts to reduce pollutants and tar can be interesting solutions, although they
present challenges due to the high ash, tar, and solid content of sewage sludge, which
affects product quality and causes problems for catalyst regeneration [32].

5.3. Pyrolysis

The pyrolysis of sewage sludge presents two challenges: the high moisture content
and the presence of metals. The high moisture content together with the organic species
present in the sludge decreases the quality of the bio-oil produced (e.g., there is water
mixed with the bio-oil and there are oxygenated and nitrogenous compounds present in
the bio-oil). The presence of these compounds makes it necessary to upgrade the bio-oil
through reactions such as deoxygenation and denitrification to remove oxygenated and
nitrogenous compounds, thus increasing the quality of the bio-oil. These reactions require
the use of suitable catalysts [23,86].

Another way to increase the quality of sewage sludge pyrolysis products would be
to dry the sewage sludge, usually at 120 ◦C (which requires a large amount of energy to
be supplied), or to mix it with a biomass with a lower moisture content and in this way
achieve co-pyrolysis [19]. However, deoxygenation and denitrification are still a challenge.
Nitrogenous compounds present in the gas, and biochar, can cause the emission of toxic
compounds and toxicity in biochar if they are used in land and agricultural applications
(much like the biochar from sewage sludge gasification, even though it is produced at
higher temperatures).

Due to the high ash and metal content of the sewage sludge, the catalysts can become
deactivated due to the formation of coke or other species that can block the pores of the
catalyst [87,88].

The pyrolysis of sewage sludge faces other very pressing challenges, namely scaling
up and energy efficiency. Scaling up sewage sludge pyrolysis to commercial levels demands
innovative equipment design tailored for large-scale operations and eliminations of histori-
cal shortcomings by simplifying the process, coupled with continuous process optimization
to maximize productivity and minimize costs [89]. This needs close collaboration between
researchers, engineers, and industry stakeholders to ensure the development of robust and
cost-effective pyrolysis systems. Conducting comprehensive techno-economic analyses is
also of extreme relevance for assessing the economic viability of commercial-scale pyrolysis
plants and identify strategies for optimizing process economics. On the other hand, enhanc-
ing energy efficiency in sewage sludge pyrolysis involves integrating the process with other
energy-intensive operations, implementing efficient heat recovery systems, and exploring
advanced pyrolysis technologies (e.g., microwave pyrolysis or hydrothermal processes).
By researching these solutions, sewage sludge pyrolysis can overcome the described tech-
nical challenges and advance towards sustainable and energy-efficient waste-to-resource
conversion processes.

5.4. Hydrothermal Methods

Major HTC challenges correspond to its high capital investment, the need to transition
from batch to continuous processes, and process water valorization. As with any hydrother-
mal process, the use of extreme pressure conditions requires a high capital investment. In
addition to the high investment, there is also the challenge of changing the HTC process
from batch to continuous. The development of a hydrothermal carbonization reactor that
can operate in a continuous process for sewage sludge conversion is important for large-
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scale applications [90,91]. HTC process water is composed of phenols, acids, nutrients,
and recalcitrant compounds, offering potential for use in chemical manufacturing. The
recirculation of process water represents a valorization pathway that can reduce the cost
of wastewater treatment and the need for external heat in the process [91,92]. However,
the recovery of these compounds from the aqueous phase to manufacture chemicals can
add unit operations to the whole process, which will represent an increase in costs. Other
solutions to harness this process water are its use in anaerobic digestion to produce methane
and as liquid fertilizer [90]. The lack of development of a kinetic model associated with
the HTC process parameters, the initial composition of the sewage sludge, the catalytic
effects of heavy metals, and the organic acids formed in the process means that it is not
possible, for example, to predict the yields, distributions, and characteristics of the final
product [90]. The lack of a kinetic model also means that it is not possible to properly design
an HTC reactor. As such, for HTC, more research on reactor design, catalysts and their
regeneration, and water reuse are needed to overcome technological gaps and economic
and environmental constraints.

Despite the many promising approaches that have proven the efficiency of HTL in
converting sewage sludge into value-added products, there are some challenges that need
to be solved before its application at the commercial scale. These challenges concern the
quality of the obtained products, as well as procedural problems limiting the application
of this process at larger and continuous scales. Many studies report the low quality and
calorific value of the biocrude, and the lack of management of the aqueous phase and solid
waste produced in the HTL process [62]. High temperatures and pressures in HTL can
lead to water acidity or basicity, imposing the use of stainless steel or nickel-based alloys.
Hastelloy alloys may offer corrosion resistance but pose cost challenges [80]. Pumping and
separation challenges, including solid suspension clogging and phase separation, limit HTL
scalability and continuous operation [62]. In the HTL process, one of the uses is to use the
produced biocrude as a fuel with characteristics equivalent to petroleum fuels. However,
biocrude produced in the HTL process has higher contents of compounds with O, N, and
S atoms than most refinery streams. The excessive amount of oxygenated compounds
in biocrude decreases the calorific value, and increases instability and corrosivity [62].
Nitrogenous compounds in biocrude are also undesirable due to the pollution of the
atmosphere by NOX emissions during combustion. Thus, the produced biocrude must be
subjected to hydrotreatment processes such as hydrodeoxygenation and denitrification
to remove oxygenated and nitrogenous compounds, respectively. This upgrading of the
biocrude will increase its quality and applicability as a fuel. However, the use of catalysts
and the use of high H2 pressures make the process more expensive [62]. Also, heavy metals
(e.g., Cr, Cu, Ni, and Zn) have been reported to be concentrated in the hydrochar produced
via HTL. This high concentration of metals is one of the main challenges of the applicability
of hydrochar to soils, making them inadequate for this application whenever heavy metal
concentration exceeds limits [93]. Still, the HTL of sewage sludge allows the efficient
recovery of phosphorus in the forms of struvite and calcium phosphate and nitrogen in the
form of ammonium sulfate. These compounds can be used as agricultural fertilizers [94].
As for HTL process water, the valorization solutions are the same as for HTC process water,
with the same constraints. Nevertheless, the presence of phenols or the high concentration
of ammonia in this aqueous phase are considered inhibitors of anaerobic digestion. One
solution for this issue would be to first recover these compounds for the manufacturing of
value-added products and only then treat the aqueous phase by anaerobic digestion [95,96].

The HTG of sewage sludge is a promising technology to produce hydrogen-rich
fuel gas. However, there are still technical challenges related to the deactivation of the
catalysts, corrosion, plugging, and, finally, the high operational cost due to extreme tem-
perature/pressure conditions. These challenges could be prevented through appropriate
pre-treatments, chemical conditioning, and the use of catalysts to make the process eco-
nomically viable using milder temperature/pressure conditions. However, the use of
homogeneous catalysts in HTG, such as inorganic alkaline salts, can cause process prob-
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lems such as equipment blockage due to their precipitation and corrosion [80,97,98]. In
addition, high temperatures and pressures can result in sintering of these salts or phase
change of the support materials such as the presence of sulfur and deposition of coke
can deactivate the catalysts [80,98,99]. The corrosion of reactor walls used in HTG due,
for example, to the formation of corrosive acids or the use of K2CO3 as a catalyst, has
been reported in the literature [80,98,100]. One way to reduce corrosion is to dope high-
temperature water with salts (esp. sodium phosphates), though this solution will cause
clogging problems due to salt precipitation [97].

6. Conclusions

An environmentally favorable solution for the end of life of sewage sludge is to
convert it into value-added products (biochar, biofuel, and renewable gases) using ther-
mochemical processes. The brief overview presented in this paper highlights the various
thermochemical conversion technologies for sewage sludge valorization, including pyrol-
ysis, gasification, hydrothermal carbonization (HTC), hydrothermal liquefaction (HTL),
and hydrothermal gasification (HTG). Each technology offers unique strengths and faces
specific challenges that must be addressed for successful implementation at a commercial
scale. Pyrolysis and gasification exhibit robust pathways for energy recovery, albeit with
significant capital and operational costs, while HTC, HTL, and HTG present alternatives
with lower energy requirements but possess challenges related to product quality control
and process optimization. Despite these challenges, the growing demand for renewable
energy and sustainable waste management solutions presents lucrative opportunities for
technology adoption and commercialization.

Sewage sludge thermochemical treatment faces significant technical drawbacks, no-
tably stemming from the feedstock’s high moisture content, ash concentration, metal
presence, and organic pollutant levels. Diverse strategies, including drying, gasification,
pyrolysis, and hydrothermal methods, are used to address these challenges. The utilization
of catalysts, optimization of process parameters, and integration of waste streams for re-
source recovery emerge as pivotal approaches discussed for enhancing the efficiency and
efficacy of sewage sludge conversion processes. And critical factors such as safety concerns,
environmental impacts, and scalability considerations are identified as imperative aspects
requiring careful consideration during technology development and deployment.

Future research on sewage sludge thermochemical conversion should entail a more
detailed exploration of the challenges overviewed in this work; specifically, elucidating the
details of addressing the sewage sludge’s physical–chemical properties, which involves the
development of innovative strategies for efficient moisture removal, ash management, and
overall pollutant removal. Furthermore, the technical difficulties that are unique to each
thermochemical conversion technology highlighted in this work should also be addressed
through process optimization, catalyst development, reactor design, and the integration of
waste streams for resource recovery.

Despite these challenges, sewage sludge conversion technologies offer promising
pathways for technological advancement. Leveraging technological innovations, imple-
menting practices that can support sustainable development, and fostering collaboration
across sectors can establish sewage sludge valorization in compliance with the principles
of circular economy. Sustained focus on continued research, development, and investment
in sewage sludge conversion technologies remains essential for realizing their full potential
and effectively addressing the multifaceted challenges surrounding waste management
and resource recovery in our contemporary society.
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