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Abstract: As a byproduct of municipal wastewater treatment systems, sewage sludge has traditionally
been treated in low-value applications such as landfilling, posing significant environmental risks
due to its pollutant content. However, there is a growing interest in utilizing the energy potential of
sewage sludge through thermochemical conversion methods. Among these methods, hydrothermal
liquefaction (HTL) has come to the fore as a promising green approach, offering an environmentally
friendly means of extracting bio-oils and biochemicals from sewage sludge. In this study, the HTL
method, regarded as an innovative approach among sewage sludge treatment methods apart from
incineration, pyrolysis, and landfilling, is comparatively investigated in terms of greenhouse gas
(GHG) emissions alongside other methods. In particular, this study analyzes the projected amount
and various characteristics of sewage sludge that could potentially be generated by 2030 for the city
of Adana, which currently produces approximately 185 tons of sewage sludge per day. The findings
indicate that without intervention, sludge production is projected to reach 68,897 tons per year by
2030. Moreover, this research demonstrates that the utilization of HTL for sludge treatment results in
a reduction of emissions by approximately 7-fold compared with incineration of sewage sludge.

Keywords: sewage sludge; hydrothermal liquefaction; pyrolysis; incineration; GHG

1. Introduction

Various classifications of waste have been explored concerning its generation, manage-
ment, and treatment methods. The types of waste examined in depth include urban solid
waste, hazardous waste, sewage sludge, etc. [1]. The continued expansion of urban popu-
lations and industrial sectors, both effectively served by wastewater treatment facilities,
leads to a significant increase in sewage sludge production [2]. Among the array of waste
management strategies, the most favored aligns with the principles of the circular economy,
advocating for sustainable development. The circular economy places significant emphasis
on the higher tiers of the waste hierarchy, particularly prevention, reuse, and recycling.
Recycling methods as alternatives to sending various hazardous wastes (such as sewage
sludge, asbestos, etc.) to landfills are currently under widespread exploration. Such prac-
tices represent significant steps toward embracing the circular economy [3]. These practices
promote cleaner production methods and aim to minimize waste generation, fostering a
more sustainable approach to resource management [4]. Importantly, the global adoption of
a circular economy model addresses concerns related to resource depletion and the adverse
environmental consequences contributing to climate change [5]. In contrast, a circular
economy prioritizes waste reduction and pollution minimization, thereby safeguarding the
environment through a model centered around “resource-product-waste-resource” [6].

Biomass serves as a renewable energy source, readily available in diverse materials,
including agricultural residue, organic waste such as food, and sewage sludge, among
others [7]. Sewage sludge is a consequential byproduct of wastewater treatment plants,
generated in substantial quantities during the treatment process. It emerges as a het-
erogeneous substance resulting from wastewater treatment, characterized by significant

Sustainability 2024, 16, 4174. https://doi.org/10.3390/su16104174 https://www.mdpi.com/journal/sustainability

https://doi.org/10.3390/su16104174
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/sustainability
https://www.mdpi.com
https://orcid.org/0000-0002-7925-5000
https://doi.org/10.3390/su16104174
https://www.mdpi.com/journal/sustainability
https://www.mdpi.com/article/10.3390/su16104174?type=check_update&version=1


Sustainability 2024, 16, 4174 2 of 19

proteins, carbohydrates, water content, lipids, and various toxic and non-toxic inorganic
components [8].

The escalating urbanization and rapid population expansion have intensified the
production of sewage sludge, which is becoming an important concern that hampers urban
progress and contributes to environmental contamination [9]. Recent estimates indicate
that China and Europe produce approximately 20 million metric tons (dry matter) and
10 million metric tons of sewage sludge annually, respectively [10,11]. The projected total
global demand for liquid biofuels is expected to account for approximately 27% of the
total fuel demand by 2050. Similarly, within the European Union (EU), a target share of
around 25% is aimed to be achieved by 2030. Despite the substantial short-term market
demand, progress in the commercialization of advanced liquid biofuels is constrained. One
major obstacle is the high capital and operating costs associated with these technologies,
which require large-scale operations to achieve reasonable production costs [12]. This
growing volume of sewage sludge has exacerbated environmental challenges, including
issues related to waste management and environmental pollution. However, sewage sludge
poses inherent risks to both human health and the environment due to its diverse array of
contaminants, including pathogens, micro-pollutants, heavy metals, and other hazardous
substances [8,13]. The presence of heavy metals in treated sludge is of particular concern
due to their high density and toxicity, even at low concentrations. Therefore, there is
an urgent global imperative to develop sustainable methods for treating sewage sludge.
Additionally, as biodegradable waste materials decompose within landfills, a diverse
mixture of gases, primarily methane and carbon dioxide—both significant contributors to
the greenhouse effect and climate change—is emitted [14].

Over time, sewage sludge treatment has predominantly relied on landfill disposal,
incineration, and agricultural utilization. However, these methods encounter numerous
challenges due to limited land availability and stringent environmental regulations [15].
Anaerobic digestion, aerobic composting, and landfilling were previously prevalent meth-
ods for treating and disposing of sewage sludge. However, these methods fail to entirely
eradicate harmful pollutants like pathogens, heavy metals, and pharmaceuticals present in
sewage sludge, posing risks to both human health and the environment. Even during the
anaerobic digestion process, only 20–30% by weight of the carbon present in sewage sludge
is recycled as CH4 to offset energy consumption. The remaining 70–75% is converted into
CO2 and released into the environment. Moreover, these techniques are time-consuming
and require extensive land space for the decomposition of organic matter within sewage
sludge [16,17]. As a result, there is a pressing need to establish alternative treatment path-
ways that incorporate both recycling and safe disposal practices. Sewage sludge, enriched
with volatiles, is recognized as a valuable bio-resource suitable for producing liquid fuels
and a diverse array of chemicals [18]. Its higher heating value (HHV) typically ranges
between 12 to 20 MJ/kg, aligning it with other energy-rich biomass sources [19].

Utilizing wastewater sludge for resource recovery presents a promising alternative for
its management in line with the principles of the circular economy. Conventional methods
such as landfilling and composting have been traditionally employed for sewage sludge
treatment. This is due to the rich nitrogen (N), phosphorus (P), and potassium (K) content
in sludge, which offers substantial fertilizer value, while its organic matter serves as a
beneficial organic amendment for remediating contaminated sites [20]. However, when
utilizing compost as fertilizer, there is a risk of pollutants such as microplastics, heavy
metals, and toxic chemicals accumulating in the soil and subsequently entering the food
chain through crop plants. In this regard, innovative studies are being investigated to
recover P as struvite in wastewater treatment plants. With these steps, it will be possible
to recover the useful parts of the wastes [21]. Additionally, the dewatering of sludge is a
crucial factor to consider, as composting typically requires a moisture content of less than
60% (on a wet weight basis) [22].

Extensive findings on the potential utilization of sewage sludge as a source of energy
and carbon will advance the aim of the circular economy. Specifically, insights gained from
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the optimization of HTL processes and the identification of valuable end-products such
as bio-oil and biochar will catalyze its commercialization prospects. Moreover, the envi-
ronmental advantages associated with HTL, in comparison to conventional sewage sludge
disposal methods such as incineration and landfill, could prompt further investigation
into sustainable waste management practices and development of innovative solutions for
resource recovery [23].

1.1. Hydrothermal Liquefaction of Sewage Sludge

HTL, also referred to as direct liquefaction, represents a thermochemical conversion
method utilized for the conversion of biomass into liquid fuels. This process entails
immersing the biomass in hot, pressured water for a sufficient duration to disintegrate the
solid bio-polymeric structures into predominantly liquid constituents [24]. The biocrude oil
derived from HTL demonstrates a heating value comparable to that of petroleum oil and,
akin to bio-oil, it can undergo upgrading processes to be converted into liquid fuel [25,26].

Over the past two decades, the HTL process of sewage sludge has emerged as a promis-
ing feedstock for biocrude production, attributed to its cost-effectiveness and widespread
availability [27,28]. HTL stands out as the preferred technology for sewage sludge due to
its high water content, with the water generated as a byproduct necessitating sustainable
management. This effluent water, often referred to as process water or aqueous phase
containing water-soluble organics, must be handled responsibly. The existing literature
on HTL of sewage sludge predominantly focuses on biocrude production and energy
recovery [29–31].

During the HTL process of sewage sludge, which typically contains an average of 25%
dry matter by weight, it is heated and introduced into the HTL unit. Pre-drying of the
sludge is considered unnecessary prior to the HTL procedure, as the dry matter content
has already been adjusted to this level to align with existing treatment methods [23]. HTL
is a thermochemical procedure capable of transforming moist biomass (5–35% dry solids)
into a biocrude intermediary that can be refined into various liquid fuels. The HTL process
involves treating waste within a high-temperature (520–647 K), pressurized (4–22 MPa)
water environment [24].

The HTL process offers distinct advantages compared to the pyrolysis process. Unlike
pyrolysis, HTL can accommodate wet biomass, resulting in a bio-oil with approximately
double the density of pyrolysis oil. While pyrolysis yields are relatively high, bio-oil from
HTL boasts favorable characteristics in terms of oxygen and water content. This feature
positions HTL as a promising method for converting waste into valuable products, such
as bio-oil. Such characteristics render HTL a favorable method for converting waste into
valuable products, with yields of around 52% [32].

In continuous HTL processes, studies indicate that the process operates within tem-
perature ranges of 300 ◦C to 400 ◦C. The duration of the reaction typically falls between 15
to 60 min, although certain rapid HTL procedures were completed in under 5 min [33,34].
The yield of biocrude oil exhibits variability, spanning from 12.1 to 62.6 wt.% [35]. De-
nitrogenating remains a significant challenge in upgrading HTL biocrude oil derived
from high-protein sewage sludge due to the high nitrogen content, typically ranging
from 3% to 7%. Traditional petroleum-upgrading methods are insufficient in addressing
this issue [36–38]. Various de-nitrogenating approaches, including hydrotreating, crack-
ing, chemical extraction, and supercritical fluid treatment have been explored. However,
conventional catalysts are prone to fouling due to the high basicity induced by nitrogen
heterocyclic compounds.

Blending upgraded HTL biocrude oil as a 5% to 10% drop-in fuel with petroleum fuel
can alleviate nitrogen content concerns. Understanding the impact of different nitrogen-
containing compounds on combustion processes is crucial, necessitating further combustion
tests to assess the effects of these compounds on performance and emissions [35].

The objective of this research is to explore the ecological implications of producing
bio-oil from wastewater sludge utilizing a novel HTL technique, offering a potential
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substitute for traditional treatment approaches. To address this knowledge gap, different
thermochemical conversion methodologies, including HTL, pyrolysis, and incineration,
were assessed alongside the current treatment method of Adana city in terms of their treated
sewage sludge carbon footprints, utilizing environmental data. The findings provide a
systematic groundwork for technology selection and policy formulation regarding sewage
sludge management aimed at mitigating climate change. By converting the carbon in
sewage sludge into valuable products like bio-oil and biochar, significant volume reduction
can be achieved while effectively eliminating pathogens. Additionally, it has the potential
to produce oil, thereby offering an avenue for sustainable energy production. Furthermore,
it helps mitigate unstructured greenhouse gas emissions.

1.2. Adana City: Current Status

In Adana, Turkiye, as in many other countries and cities globally, sewage sludge
production primarily originates from municipal and industrial wastewater treatment plants.
Furthermore, the volume of sewage sludge generated in Adana is steadily increasing each
year. In the context of this study, Seyhan, Yuregir, and Ceyhan wastewater treatment plants
in Adana city were analyzed. The locations of these facilities on the map of Adana are
depicted in Figure 1.
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Previously, wastewater from Seyhan and Yuregir districts in Adana was discharged
into the Seyhan River, and subsequently into the Mediterranean Sea, leading to pollution
of the Mediterranean. Anthropogenic activities, including industrial and recreational en-
deavors, significantly contribute to the amplification of potentially toxic elements (PTEs) in
marine-coastal environments, exacerbating contamination beyond natural thresholds. This
phenomenon is evident in marine sediment specimens obtained from the southern coast
of Sfax, Tunisia, near sites of mixed industrial and domestic wastewater discharge, where
PTE levels markedly exceed natural benchmarks, impacting adjacent shoreline areas [39].
Similarly, investigations similar to those conducted by Severini et al. (2019) underscore the
prevalence of PTEs such as Cd, Cu, Cr, and Pb in suspended materials within sandy beach
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surf zones along the southern coast of Buenos Aires province, Argentina. This presence
poses substantial risks to organisms and marine ecosystems, highlighting the broader
ramifications of coastal contamination [40]. The presence of PTEs in sandy sediments along
shorelines presents a dual hazard of environmental contamination and a risk human health,
particularly characterized by significant anthropogenic and recreational activities. Con-
sequently, mitigating anthropogenic pollution, including toxic metal discharges, assumes
critical importance due to their pronounced toxicity to living organisms [41].

To address all these environmental problems, the construction of Seyhan and Yure-
gir wastewater treatment plants was undertaken to significantly reduce pollution in the
Mediterranean Sea. (The construction parameters of Seyhan and Yuregir WWTPs are given
in Supplementary Table S1.)

Furthermore, an important environmental initiative was launched with the establish-
ment of a wastewater treatment plant in Ceyhan, also within the jurisdiction of Adana
city. Electricity generation relies on the extraction of biogas through anaerobic digestion at
Seyhan, Yuregir, and Ceyhan facilities. The resultant electricity is then utilized to power
the operational needs of these facilities. Details regarding the quantity of biogas produced,
electricity generated, and their conversion rates can be found in Supplementary Table S2.

Seyhan wastewater treatment plant operates on a full biological treatment basis, with
sludge management being a crucial aspect of its operations. Importantly, the plant utilizes
methane gas, a byproduct of sludge treatment, to generate electrical energy, fulfilling ~70%
of its energy needs consistently throughout the year, including in both summer and winter
seasons. On a daily basis, the plant processes an average of 100 tons of sludge, containing
about 25–30% dry matter. Following treatment, the sludge undergoes dewatering and is
subsequently stored on-site before being transferred to the Sofulu integrated solid waste
facility for regular storage. Similarly, the Yuregir wastewater treatment plant, serving
two districts, employs a sustainable approach to sludge treatment. Methane gas produced
during the treatment process is utilized to generate electrical energy, meeting approximately
60% of the facility’s energy needs year-round. On a daily basis, this plant processes an
average of 50 tons of sludge, with around 25–30% dry matter content. The sludge is
managed through a drying process, where it is spread on designated empty areas within
the facility for drying. Once dried, the sludge is transported and disposed of at the Sofulu
integrated solid waste facility storage area, contributing to efficient waste management
practices. Meanwhile, Ceyhan wastewater treatment plant produces an average of 25 tons
of sludge with around 25–30% dry matter. During the summer months, the stored sewage
sludge reaches a dryness level of up to 90%. A technical scheme of the facilities in Adana
city is illustrated in Figure 2. Anaerobic digestion systems are operational in three of
the facilities.
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Figure 2 depicts an operational diagram of wastewater treatment plants located in
Seyhan, Yuregir, and Ceyhan. This figure shows the following: (1) Influent: This is the
untreated wastewater entering the plant. (2) Screening: Large objects like rags, sticks,
and debris are removed from the wastewater using screens with bars of specific spacing.
(3) Grit and Grease Removal: This stage separates sand, grit, and grease from the wastewa-
ter. Grit and sand settle due to their heavier weight, while grease floats and is skimmed
off. (4) Pre-sedimentation Clarifiers: These large tanks allow heavier suspended solids to
settle out of the wastewater under gravity. The settled solids are called primary sludge.
(5) Secondary Clarifiers: These clarifiers again allow solids (secondary sludge) to settle for
separation from the treated wastewater. (6) Discharge: The part that complies with the
parameters is discharged. (7) Sludge Pre-thickening: The volume of sludge is reduced by
allowing it to thicken under gravity, making it easier to handle in later stages. (8) Anaerobic
Digestion: This step treats sludge using bacteria that thrive in an oxygen-free environment.
(9) Biogas: The process produces biogas, a source of renewable energy. This clean-burning
gas produced during anaerobic digestion can be used to generate electricity or heat the
treatment plant itself. (10) Dewatering: This process removes a significant amount of water
from the sludge, making it more manageable for final disposal. (11) Landfilling: The dewa-
tered sludge is commonly disposed of in landfills. Additionally, Supplementary Figure S2
provides a technical drawing of the current systems. Table 1 presents the characteristics of
sewage sludge generated in the three treatment plants after the dewatering system. Addi-
tionally, it is noted that there is an accumulation of ~800,000 tons of sewage sludge from
previous years, which is currently stored in the open storage area of the Seyhan wastewater
treatment plant. Therefore, the disposal of this significant amount of accumulated and
recurring treatment sludge is a crucial issue.

Table 1. Features of sewage sludge generated in Adana treatment plants.

Year Plant Name Sewage Sludge Amount
after Dewatering (ton/Day)

Dry Solids
%

2021

Seyhan WWTP ~100

Yuregir WWTP ~55
Sludge before thickening
usually contains around

~3% solids by weight
Ceyhan WWTP ~30

This study suggests reassessing the current volume stored in the storage area and
the annual production of treated sludge. When the 2021 population data of Adana
province are analyzed, according to the latest census data, the total population of Adana
is 2,263,373 people. Accordingly, 185,497,216 m3 of wastewater was generated in Adana’s
service area in 2021, comprising 56,512,757 m3 in Seyhan wastewater treatment plant,
25,294,690 m3 in Yuregir wastewater treatment plant, and 11,778,592 m3 in Ceyhan wastew-
ater treatment plant (details of the amount of treated wastewater from the plants in Adana
between 2004 and 2021 are given in Supplementary Table S2).

This study examines both the quantity and quality of sewage sludge discharged from
wastewater treatment plants (WWTPs) in Adana city. Additionally, it investigates potential
methods for recycling sewage sludge from these WWTPs.

The primary aim of this research study is to investigate different sewage sludge
treatment technologies that may pose significant environmental risks. The study aims to
contrast these technologies with various treatment methods to evaluate their effectiveness,
efficiency, and potential environmental impacts. This assessment encompasses a thorough
examination of the treatment options for sewage sludge in Adana province, with the goal
of offering forward-looking insights into mitigating future environmental impacts. The
methodology of this study focuses on transitioning from current disposal practices, that is,
landfilling, to the utilization of HTL to produce valuable products. The specific research
objectives of this study include (a) a detailed analysis of projected sewage sludge quantities



Sustainability 2024, 16, 4174 7 of 19

in Adana city in forthcoming years, (b) an analysis of the sewage sludge content, and (c) an
evaluation of the environmental outputs of the HTL process in comparison to alternative
treatment technologies.

2. Materials and Methods

The methodology employed for this research encompasses the gathering and process-
ing of data from wastewater treatment plants and facilities situated in Adana city. The
moisture amount plays a pivotal role in the operational mechanisms of the technologies
under investigation. Thermochemical conversion technologies can be classified based on
the requirements for feedstock moisture amount. Generally, feedstock with a moisture
content below 10 wt.% is suitable for incineration and pyrolysis processes. However, the
requirement for a pre-drying operation to reduce the moisture amount in wet feedstock
entails a significant amount of energy, thereby substantially impacting GHG emissions
associated with energy consumption. Conversely, HTL can process wet feedstock with-
out the need for energy-intensive drying and produce comparable outputs [42]. In this
study, HTL represents non-pre-drying steps, while incineration and pyrolysis exemplify
pre-drying technologies to varying extents. The moisture contents of the sewage sludge
from the Seyhan, Yuregir, and Ceyhan wastewater treatment plants were analyzed after the
dewatering unit.

2.1. Treatment Technologies

Thermochemical processes are shown as pivotal technologies for managing sewage
sludge. Historically, incineration has stood as the conventional approach for sludge treat-
ment. However, traditional incineration systems often encounter energy deficits due to
the high moisture content in sewage sludge. Alternatively, anaerobic digestion (AD), a
process of oxygen-free microbial fermentation aimed at producing biomethane, offers a
viable solution to the increasing volume of sewage sludge. AD proves to be more efficient
than incineration for energy recovery and is the most prevalent method for sewage sludge
stabilization, resulting in reduced volatile solids. Nevertheless, AD faces challenges such
as low conversion efficiencies (<50%), slow reaction rates spanning several weeks, and
high capital costs. Additionally, AD generates a significant volume (>50%) of wet residual
digestate, also known as wastewater sludge [43].

In this study, the potential of the HTL process was investigated for the more efficient
utilization of wastewater from existing anaerobic digestion systems in wastewater plants
in Adana city. In the field of sewage sludge thermochemical conversion technologies, the
primary contributor to the carbon footprint is indirect emissions associated with energy
consumption. Evaluating the energy consumption ratio (ECR) of HTL, pyrolysis, and
incineration technologies presents a crucial comparative opportunity. With ECR values of
0.34 for HTL, 0.50 for pyrolysis, and 58.65 for incineration, HTL emerges as the most energy-
efficient option. Integrating anaerobic digestion with HTL in wastewater treatment plants
ensures the conversion of the organic matter that remains following anaerobic digestion. In
this scenario, the sludge slurry undergoes HTL at 340 ◦C for 20 min, followed by cooling
the reactor to room temperature, and meticulously separating and measuring the resulting
fuel gas, water, bio-oil, and solid phase [17].

HTL emerges as an innovative technology for converting AD sludge, boasting con-
siderably faster reaction times and high conversion efficiencies (>50%). In this study, the
energy process inputs, outputs, and greenhouse gas emissions of various sewage sludge
treatment methods were estimated. Previous studies suggest that HTL can yield at least
four times the energy input in a laboratory-scale reactor, primarily because it can directly
process wet feedstock without requiring drying. Compared to similar technologies for
sewage sludge management (e.g., landfilling), HTL not only sterilizes the sludge but also
transforms it into valuable end products, resulting in an 11-fold increase in energy recovery
and a reduction in greenhouse gas emissions of up to 85% [44,45]. This highlights the
potential for integrating AD and HTL to enhance sewage sludge conversion. Building upon
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the existing literature, this study evaluated four distinct sewage sludge treatment methods,
taking into account previously researched and recommended process conditions. For HTL
of sludge, the process involved maintaining a temperature of approximately ~350 ◦C for
20 min, resulting in the production of gas, bio-oil, and a solid phase. Gas products were
released untreated, while bio-oil was recovered, and the solid phase was sent to landfill.
Another method examined was pyrolysis, which required pre-drying the sewage sludge to
7% moisture, followed by pyrolysis to yield bio-oil, biochar, and gas for energy substitution.
Incineration, which involved pre-drying the sludge to 10%, was also assessed for energy
substitution. Landfilling, the current sewage sludge treatment method, entails storing
sludge with a moisture content of around 25% in designated areas.

The long-term implications for environmental sustainability and resource management
vary among sludge treatment methods such as incineration, HTL, pyrolysis, and landfilling.
Incineration, while reducing sludge volume and generating energy, relies on fossil fuels,
contributing to greenhouse gas emissions and posing environmental risks. In contrast, HTL
and pyrolysis offer promising benefits by converting sludge into valuable products like bio-
oil and biochar, utilizing renewable energy sources and minimizing emissions. Landfilling,
however, lacks energy recovery and can lead to emissions, groundwater contamination,
and land degradation.

Environmental impact assessments have been conducted to anticipate the release
of gas into the atmosphere, recovery of bio-oil as an alternative energy source, storage
of solid waste, and recycling of the aqueous phase back into the reactor. For pyrolysis,
pre-dried sludge produces syngas, tar, and/or biochar. The pyrolysis process requires
pre-drying of sludge, leading to energy consumption. With an anticipated moisture content
of wastewater treatment sludge at approximately 7% by weight, the proposed approach
involves initial drying followed by pyrolysis in a fluidized bubble bed reactor operating
at around 500 ◦C. Tar and biochar production are also associated with the production of
similar quantities of fossil fuels such as heavy fuel oil and coal.

The syngas produced is utilized to support the pyrolytic process, and any excess can
be used. This method yields bio-oil, biochar, and gas, which can serve as alternative energy
sources. In contrast, for incineration, sewage sludge containing roughly 25% moisture
undergoes partial drying before being incinerated in a circulating fluidized bed incinerator,
primarily for electricity generation. Combustion is facilitated by the introduction of diesel
and coal. Prior to emission, flue gas undergoes filtration, and non-combustible residues
are directed to landfill. However, due to its persistent emissions and the potential risks of
groundwater contamination, landfilling should be minimized in favor of more sustainable
alternatives [46].

In this research, the carbon footprint denotes the aggregate GHG emissions generated,
encompassing both the direct emissions from the sludge treatment unit and the indirect
emissions stemming from the energy and chemicals utilized within the specified system.
Figure 3 depicts the methodological framework of the investigation, with the objective of
evaluating and contrasting the carbon footprint of four distinct sludge thermochemical
conversion processes while pinpointing the principal origins of GHG emissions.

The analysis encompassed four categories within the system boundary: sludge, var-
ious forms of energy (electricity, coal, and diesel), and chemicals, all serving as inputs.
Conversely, the outputs included energy products (fuel gas, bio-oil, biochar, and electricity),
greenhouse gases, and other pollutants. Both direct GHG emissions from sludge treatment
(such as methane released during HTL) and indirect emissions from producing and trans-
porting chemicals, electricity, and additional fuels used during operations were factored
into the carbon footprint calculation. To facilitate comparison, the energy products were
converted into equivalent amounts of heat or electricity. Finally, solid remains products
from HTL and incineration were disposed of in landfills.
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2.2. Dry Matter and Heat Value

In this study, various environmental samples, including liquid and paste-like slurries,
sludges containing solids, soil samples, and waste materials, were collected from Seyhan,
Yuregir, and Ceyhan WWTPs for analysis after the dewatering unit. Following standard
safety protocols to prevent contamination, the samples were prepared for testing according
to the TS 9546 EN 12880 standard procedure, which focuses on the determination of dry
residue and water content [47]. The TS 9546 EN 12880 method was meticulously followed,
encompassing several essential steps. Initially, sample homogenization was carried out
to ensure uniformity, especially in the case of liquid and paste-like samples. Then, the
exact amounts of samples were measured. After that, these samples were dried in an
oven at pre-determined temperatures until reaching a consistent weight. For calculation of
the dry residue, the dried samples were re-weighed after being allowed to cool to room
temperature in a desiccator.

With the help of pre-determined formulas, the dry residue (%) and moisture content
(%) were calculated. The dry residue (%) was defined as the percentage of the weight
difference between the dried sample and the original sample. The moisture content (%) was
obtained by subtracting the dry residue (%) from a hundred. To confirm this calculation,
quality control measures were used, such as the addition of control samples with known
dry residue and moisture contents. Regular equipment calibration was also used to check
the accuracy and dependability during the testing procedure. A pH meter was used to
measure the pH values.

The TS 9546 EN 12880 standard plays a crucial role in ensuring the precision and
reproducibility of results obtained from the environmental samples analyzed in this study,
especially regarding the determination of dry residue and water content in samples col-
lected from Seyhan, Yuregir, and Ceyhan wastewater treatment plants. By providing a
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standardized procedure for sample preparation and analysis, this standard helps to mini-
mize variability and ensure consistency across different types of samples. The guidelines
outlined in the standard ensure that samples are handled consistently, from homogeniza-
tion to drying, and for calculation of dry residue and moisture contents. Adherence to this
standard enhances the reliability of the results obtained, thereby improving the overall
quality of the study’s findings and facilitating meaningful comparisons between different
samples and treatment plants.

2.3. GHG Calculations

In order to calculate the total GHG emissions from landfilling, incineration, HTL, and
pyrolysis of sewage sludge, the following general equations are provided [48]:

GHGlandfill = T × EFelectricity + ∑mi × EFi +∑Di × EFdi

GHGincineration/HTL/pyrolysis = M × EFGHGi + T × EFelectricity + ∑mi × EFi

where:

• T is the total electricity consumption (kWh/tonne of sludge);
• EFelectricity is the emission factor of GHGs from electricity consumption (kgCO2-eq/kWh);
• mi is the amount of material i consumed at neutralization for per tonne of sludge (kg);
• EFi is the emission factor of GHGs from material i consumption (kgCO2-eq/kg);
• Di is the amount of diesel consumption for transportation (L/per tonne of sludge);
• EFdi is the emission factor of GHGs from diesel consumption (kgCO2-eq/L);
• M is the total amount of sewage sludge incinerated, pyrolyzed, or converted with

HTL (tonne);
• EFGHGi is the emission factor of GHGs (kg CO2-eq/tonne).

The approaches used for the above equations are described in the Supplementary Materials.
The basis for estimating GHG emissions in this study was one metric tonne of sewage

sludge generated in the wastewater treatment plants (WWTPs). The GHG emissions
inventory for these scenarios was developed to encompass emissions from both on-site
sources, such as direct releases of carbon dioxide, methane, and nitrous oxide, as well as off-
site contributors like electricity consumption, fuel usage, and chemical utilization. Biogas
is produced as a result of anaerobic reactions, and this biogas can be utilized in multiple
ways. First, it can be used to generate electric energy through combustion in electric motors.
Additionally, the combustion process also produces waste heat. The generated electrical
energy can be fed into the main network for wider distribution, while the waste heat can
be extracted via a heat exchanger. This waste heat is then passed through the anaerobic
sludge digester tank to maintain the mesophilic environment necessary for the anaerobic
reactions to continue efficiently.

According to Gray [49], microorganisms in wastewater utilize dissolved organic
matter as a food source, resulting in the conversion of some of the carbon and nitrogen
in wastewater into new biomass, while the rest is transformed into CO2 and N2O. These
emissions are considered direct biologically derived greenhouse gas emissions. In this study,
the direct impact was examined of all CO2 and N2O emissions generated by biological
activities, calculated in tons of CO2 equivalent.

During the plant operations, wastewater is transferred between different locations
through transmission systems, and the aeration basin is oxygenated using various mechan-
ical methods. Additionally, mechanical equipment such as decanters, blowers, centrifugal
pumps, mixers, and others are utilized for sludge dewatering, all of which consume elec-
trical energy. Equipment like generators consume fuel oil, while transportation vehicles
for general work use diesel. Chemicals, such as coagulants, are employed to stabilize
sludge flocs in the settling basin and to ensure a high precipitation rate. Moreover, various
chemicals are used in the dewatering process of excess sludge from the anaerobic sludge
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digester. The emissions resulting from the production and use of all these consumables,
chemicals, and fuels are calculated as indirect emissions.

2.4. Future Projections of Sewage Sludge

An essential component of Adana’s environmental planning is estimating the future
amount of sewage sludge that will be produced. Linear regression was chosen as the
statistical method for this purpose due to its effectiveness in simulating the relationship
between the dependent variable (sewage sludge) and the independent variable (population).
Linear regression is particularly useful for analyzing temporal trends, which is crucial in the
context of urban waste management, where population dynamics play a significant role.

By employing linear regression, future sewage sludge volumes can be extrapolated
from historical data and population growth trends, providing valuable insights for Adana’s
sustainable waste management plans. The projection of sewage sludge quantities (de-
pendent variable) is based on a temporal variable representing the years 2007 to 2021,
using population (x) as the independent variable. The linear regression model forecasts the
total amount of wastewater treated (y) based on this relationship. The model equation is
as follows:

• y = mx + b, where:
• m is the slope (coefficient) of the regression line;
• b is the intercept of the regression line.

The values of m and b are determined during the model fitting process.
Following the fitting of the linear regression model, we used the regression line

equation to predict the total wastewater treated (ypredicted for the years 2022 to 2030 based
on the matching population predictions (xfuture):

• ypredicted = mxfuture + b, where:
• ypredicted is the predicted total wastewater treated;
• xfuture is the population projection for the respective year.

The yearly sewage sludge production is estimated by multiplying the daily sewage
sludge production (sludgedaily) by 365.

• Sewage Sludge Production yearly = sludgedaily × 365, where:
• Sewage Sludge Production yearly is the estimated yearly sewage sludge production;
• sludgedaily is the daily sewage sludge production.

The presented equations outline the procedure for constructing a linear regression
model to calculate the annual output of sewage sludge and predict the total amount of
wastewater treated. This involves using daily sludge production data and demographic
projections to anticipate sludge output annually from 2021 to 2030. The approach com-
bines proportionality and linear interpolation methods to generate estimates based on the
available data.

3. Results and Discussions
3.1. Moisture and Dry Matter, Heat Value, and Predicted Amounts

Table 2 shows the characteristics of sewage sludge from Ceyhan, Seyhan, and Yuregir
WWTPs after dewatering. Notably, Ceyhan WWTP’s sewage sludge demonstrates a dry
matter percentage of 70% with 30% moisture content and a corresponding heat value of
2799 cal/g. In contrast, Seyhan WWTP exhibits a notably higher dry matter percentage
of 73.5%, accompanied by a lower moisture content of 26.5% and a higher heat value of
3330 cal/g. Yuregir WWTP’s sludge falls between the two with a dry matter percentage of
69.4%, moisture content of 30.6%, and a heat value of 3169 cal/g. The pH values of all three
WWTPs’ products were found to be ~7.



Sustainability 2024, 16, 4174 12 of 19

Table 2. The moisture, dry matter, and heat value of sewage sludges of Adana city WWTPs
(after dewatering).

% Moisture % Dry Matter Heat Value (cal/g)

Ceyhan WWTP %70 %30 2799
Seyhan WWTP %73.5 %26.5 3330
Yuregir WWTP %69.4 %30.6 3169

For treatment methods such as incineration and pyrolysis, pre-drying is crucial to
enhance combustion efficiency and reduce emissions because of the 25–30% dry matter
content in waste sludge (after dewatering). This pre-drying process reduces moisture
content, facilitating more efficient handling and treatment. However, the HTL method
offers a direct approach, as it can accept wet sludge, such as digestate from anaerobic
digestion, without pre-dewatering. In HTL, the high temperature and pressure conditions
facilitate the conversion of wet sludge into valuable bio-oil and other products, making
it a sustainable and efficient solution for sludge management. The percentages of dry
matter, moisture content, and heat value can significantly influence the effectiveness and
performance of HTL processes. Sewage sludge with a lower moisture content has the
potential to yield more biocrude oil per unit mass during HTL, as reduced water content
can result in higher yields and potentially higher quality biocrude oil. Higher heat values
indicate greater energy potential within the sludge. In the context of HTL, sewage sludge
with higher heat values can generate more biocrude oil per unit mass.

By utilizing linear regression analysis, projections for sewage sludge waste and pop-
ulation in Adana city until 2030 were derived and are presented in Table 3. This table
provides the forecasted amounts for the total volume of wastewater processed (measured
in cubic meters) and yearly sludge generation (in tons) spanning from 2022 to 2030. Both
parameters exhibit a consistent upward trajectory, with calculations derived from provincial
population dynamics and historical records. A potential correlation between the quantity
of wastewater treated and annual sludge production becomes apparent. By 2030, further
analysis could delve into the factors driving the increased demand for wastewater treat-
ment, compare these projections with past trends, and scrutinize the ramifications for
infrastructure and sludge management strategies.

Table 3. Predicted treated wastewater and sewage sludge in Adana treatment plants.

Year Predicted Treated Wastewater
(m3/Year)

Predicted Sewage Sludge
Production (Tones/Year)

2022 104,102.148 67,673
2023 104,429.166 67,826
2024 104,747.035 67,979
2025 105,064.904 68,132
2026 105,382.773 68,285
2027 105,700.642 68,438
2028 106,018.511 68,591
2029 106,336.380 68,744
2030 106,654.249 68,897

3.2. GHG Results of Sewage Sludge Methods

The data presented in Figure 4 illustrate the carbon footprints associated with various
processes for sewage sludge treatment. It was found that HTL, pyrolysis, landfill, and incin-
eration methods exhibit total carbon footprints of 548, 985, 1752, and 3869 kg CO2eq/tonne
sewage sludge, respectively. These values underscore the environmental advantages of
integrating HTL with anaerobic systems compared to standalone landfilling, pyrolysis, and
incineration steps. By leveraging HTL in conjunction with anaerobic digestion, there is a
significant reduction in carbon emissions, highlighting the potential for more sustainable
and environmentally friendly sewage sludge management practices.
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Figure 4. The GHGs of landfilling, pyrolysis, incineration, and HTL.

The HTL process demonstrates significant reductions in greenhouse gas emissions
compared to other sewage sludge treatment methods. Specifically, it reduces GHGs by
~45% compared to pyrolysis, ~65% compared to landfill disposal, and ~80% compared
to incineration. Integrating the HTL process directly from anaerobic digestion enhances
the efficiency and sustainability of sewage sludge practices, further contributing to the
overall reduction in GHG emissions. Figure 5 presents the environmental impact assess-
ment of sewage sludge treatment methods per kilogram (kg), focusing on GHG strategies
leading up to the year 2030. Effective management of sewage sludge is crucial not only
for public health, but also for environmental sustainability. This study illustrates that
the HTL treatment method has a significantly reduced impact on GHG emissions com-
pared to alternative treatment methodologies. In 2022, HTL accounted for approximately
37,085 kgCO2-eq/tonne emissions.
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Figure 5. GHG emission values in Adana until 2030 with different technologies.

In the context of sewage sludge waste treatment, incineration exhibits elevated GHG
emissions relative to alternative methods. Greenhouse gas emissions from sewage sludge
incineration were the highest in this study, reaching 266,562 kgCO2-eq/tonne in 2030.
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It has been stated that sewage sludge incineration has the greatest impact on climate
change, human toxicity, and terrestrial ecotoxicity [50]. It is also estimated that the roughly
800,000 tons of sewage sludge that has been generated and disposed of over the years
to date has the potential to emit ~1.4 million kgCO2-eq/tonne (with the current method,
landfilling). The HTP process will be a crucial step towards eradicating both this potential
and the sewage sludge generated on a regular basis every year. HTL transforms sewage
sludge into a biocrude intermediate, which can then be further processed into various liquid
fuels, thus providing a renewable and economically viable feedstock for transportation
biofuels and enhancing energy recovery at wastewater treatment facilities. While achieving
90% dryness in treatment sludge destined for landfill in Adana province during summer
months makes it suitable for pyrolysis and incineration, the daily disposal of waste from
facilities operating continuously throughout entire year remains crucial. The immediate
implementation of HTL would already offer a ~4-fold advantage compared to landfill for
disposing of ready-mixed slag stockpiles.

The carbon emission values determined within the scope of this study were calculated
based on the overall amount of sewage sludge treated (tonnes). While reducing the carbon
footprint remains a very important aspect, a comprehensive life cycle analysis covering
various environmental aspects to assess the overall sustainability of HTL compared to
conventional methods must be conducted in the future.

Sewage sludge incineration poses significant environmental sustainability challenges
compared to adopting the hydrothermal treatment process (HTP), primarily due to the
considerably higher greenhouse gas emissions associated with incineration. Incineration
releases substantial amounts of greenhouse gases into the atmosphere, contributing to
climate change and exacerbating environmental degradation. Additionally, the incineration
process requires the combustion of fossil fuels, further increasing its carbon footprint
and reliance on non-renewable resources. Numerous factors, including the volume of
wastewater pollution, variances in chemical oxygen demand (COD) and biochemical
oxygen demand (BOD) removal rates, the adoption of renewable energy sources for power
generation, methodologies for CO2 emission calculations, and emission factors, contribute
to variations in GHG outcomes.

In contrast, the HTP process offers a more environmentally sustainable alternative
by utilizing a thermochemical conversion method that generates fewer greenhouse gas
emissions. HTP can effectively convert sewage sludge into valuable products such as
bio-oil and biochar while minimizing the release of harmful pollutants into the atmosphere.
By adopting HTP, the environmental impact of sewage sludge management can be signifi-
cantly reduced, leading to improved air quality and reduced carbon emissions. Utilizing the
capabilities of HTL process streams and incorporating them into alternative applications,
like syngas generation or treating wastewater, can greatly enhance the efficiency and eco-
nomic viability of the overall process. Moving ahead, it can be inferred that investigations
into circular economy principles, thorough evaluations of life cycles, and governmental
backing will be crucial in propelling HTL technology towards widespread commercial
adoption [51].

The findings indicate that HTL represents a viable technology for efficiently treating
sewage sludge while adding value, thereby facilitating the removal of micropollutants [52].

Switching to the HTP process is expected to significantly reduce cumulative green-
house gas emissions, especially when considering the annual production of sewage sludge.
HTP offers the potential to mitigate greenhouse gas emissions by providing a more sus-
tainable and energy-efficient method for managing sewage sludge. By reducing reliance
on incineration and fossil fuels, HTP can help lower overall carbon emissions associated
with sewage sludge treatment. Additionally, the utilization of renewable energy sources in
HTP further contributes to reducing the environmental footprint of sewage sludge manage-
ment practices. Therefore, transitioning to HTP has the potential to significantly decrease
cumulative greenhouse gas emissions over time, leading to a more sustainable approach to
sewage sludge treatment.
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It is crucial to examine the environmental performance of HTL beyond just carbon
emissions. Factors such as water consumption, land use, and toxicity should also be
examined in the future. Reuse of reclaimed water, analysis of the final products and their
inclusion in the circular economy, energy recovery, and steps towards zero waste are also
future study topics.

3.3. Policies in Turkiye for Sewage Sludge

The Turkish government, in line with The Environment Law (Public Law 2872) enacted
on 9 August 1983, established The Solid Waste Pollution Control Regulation on 14 March
1991. This regulation sets standards for the collection, transportation, and final disposal
of solid wastes. It also addresses regulations concerning wastewater treatment sludges.
Regarding the disposal of sludges in municipal landfills, it is mandated that the maximum
water content allowed is 65%. However, landfill staff have the authority to accept treatment
sludge with a water content of up to 75% under certain conditions. They must ensure
that the structural stability of the landfill is not compromised by the higher water content
of the sludge and that it does not generate any odor issues. For sludge originating from
domestic wastewater treatment plants, incineration is permitted if the content of fixed
organic chlorine is below 1% by weight or the content of halogenated organics is below
0.005% by weight. However, if the sludge is intended for agricultural reuse, regular analysis
for heavy metals and nutritious elements is mandatory. This analysis, including elements
such as lead, cadmium, chromium, nitrogen, phosphorus, and others, must be conducted
every 6 months, with the results being submitted to the governor or mayor. Before applying
sludge to agricultural land, the pH value of the soil must be determined, with particular
attention paid to heavy metals. During the land application process, regular heavy metal
analysis must be performed, and the results must be provided to the agricultural landowner.
Raw sludge that poses epidemiological risks cannot be used for agricultural purposes. If
the heavy metal content in the soil exceeds specified standard values, the application of
sludge must be halted immediately to prevent potential environmental contamination [53].

3.4. Economic Aspects of HTL for Sewage Sludge Treatment

Before moving forward with commercial implementation of hydrothermal processing
(HTP), a comprehensive techno-economic analysis and energy assessment of the process
are imperative. Achieving a sewage sludge concentration of approximately 20–25% while
maintaining slurry fluidity is crucial for scaling up to industrial levels. Increasing the solid
content of the sludge (up to a maximum of 35% based on batch-scale studies) typically
improves bio-oil yield and enhances the energy efficiency of continuous HTP systems
by reducing energy loss to water volume. Various pretreatment methods such as acid
hydrolysis, alkali treatment, liquid hot water, ammonia, and steam explosion have been
used to increase sludge concentration and ensure pumpability for continuous HTP systems.
Alkali treatment shows promise in preparing pumpable woody biomass for continuous
HTP reactions. However, it is important to recognize that additional pretreatment may
raise overall process expenses [7,54,55].

The bio-oil market achieved a value of USD 335.2 million in 2021 and is anticipated
to witness a compound annual growth rate (CAGR) of 4.4% from 2022 to 2028. Moreover,
the global endeavor to attain net zero emissions in various countries, alongside increasing
consumer consciousness regarding eco-friendly products, is driving the global expansion
of the bio-oil market.

Leading market players are introducing novel products and technologies to boost bio-
oil yields and produce cleaner oil variants. Several governments have implemented policies
to support the growth of renewable fuels. For instance, the Indian government launched
the “National Biofuels Policy 2018” to encourage biofuel adoption and enhance government
incentives in the biofuels sector. This policy aims to achieve a target of 20% ethanol blending
in gasoline by 2030 through the Ethanol Blended Gasoline Program, despite the current
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ethanol blend being at 10%. The Indian government is actively advocating for biofuels in
the country.

Key industry companies such as Agilyx, Inc. (Tigard, OR, USA), Alterra Energy
(Akron, OH, USA), APChemi Pvt Ltd. (Navi Mumbai, India), Brightmark LLC. (San
Francisco, CA, USA), BTG Biomass Technology Group (Enschede, The Netherlands), Nexus
Circular (Atlanta, GA, USA), Niutech (Jinan, China), Klean Industries Inc. (Vancouver,
BC, Canada), Plastic Advanced Recycling Corporation (Willowbrook, NC, USA) and OMV
Aktiengesellschaft (Vienna, Austria) are actively involved in mergers, acquisitions, and
partnerships. These collaborations aim to deliver advanced and innovative products and
technologies to their clientele, driving progress in the sector. HTL bio-oil obtained from
sewage sludge conversion holds promise as an environmentally friendly vehicle fuel.
Given the substantial stockpile of ~800,000 tons of sewage sludge from previous years in
Adana city, coupled with the increasing annual volume of sewage sludge, it emerges as a
significant raw material for bio-oil production. To fully leverage the advantages of HTL
bio-oil, refining processes are necessary to meet stringent quality standards. This ensures
compatibility with vehicle engines and compliance with emissions regulations [56].

It was noted that the minimum fuel selling price (MFSP) for various types of sludge in
the renewable fuels market ranges from 3.8 to 4.5 US dollars per gasoline gallon equivalent
(GGE) [57]. Lozano et al. (2022) conducted a preliminary techno-economic evaluation for
producing marine fuels from sewage sludge, with a processing capacity of 100 tons per day
(dry basis) and influent capacity at the WWTP ranging from 0.46 to 153 million liters per
day. According to the authors, the minimum selling price of marine fuels ranges from 410
to 1300 euros per ton [58]. In previous research by Alamo et al. (2023), a techno-economic
evaluation was conducted for producing biofuel from sewage sludge by hydrothermal
liquefaction. The projected factory had a maximum capacity of 300 dry tons per day.
Throughout the entire biocrude production and upgrading process, the mass and energy
output varied between 19 and 60%. The MFSP ranged from 2.4 to 0.8 euros per liter, as
reported by the authors. Additionally, it was found that by upgrading HTL biocrude at the
current refinery, the MFSP could potentially be reduced by about 7% [59].

4. Conclusions

As the looming threats of climate change and energy security intensify, environ-
mental well-being and long-term energy solutions are paramount concerns for the years
ahead. Curtailing GHG emissions is crucial to mitigate environmental damage and reverse
ecological deterioration. GHG emissions related to wastewater treatment and circular
environmental sustainability should be considered in managing sewage sludge waste. The
results of this study suggest that HTL, which can convert sewage sludge into valuable prod-
ucts while also reducing environmental hazards, is a potential method for sewage sludge
treatment. According to environmental evaluation, by 2030, GHG emissions from HTL will
be ~7 times lower than those from incineration. In the near future, additional research on
the techno-economic analysis and commercialization possibilities of HTL technology is rec-
ommended. HTL produces important final products such as commercial oils while having
a much smaller GHG impact than conventional techniques like incineration, landfilling,
and pyrolysis. GHG emissions from incineration pose a significant environmental burden,
while methane emissions and groundwater contamination from landfilling present similar
difficulties to be managed.

The environmental impacts and management challenges associated with GHG produc-
tion from incineration plants, groundwater pollution, and methane emissions from landfills
are critical considerations for the adoption of HTL. It presents a more sustainable solution
with significantly lower GHG emissions, thereby minimizing environmental pollution and
reducing dependence on fossil fuels. By converting sewage sludge into valuable resources
such as bio-oil and biochar, HTL technology addresses environmental management chal-
lenges, reduces reliance on landfills, and minimizes methane emissions and groundwater
pollution. Overall, the adoption of HTL technology offers a more environmentally friendly
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approach to sludge management, providing substantial advantages over incineration and
landfilling in terms of GHG emission reduction, pollution prevention, and resource recov-
ery. These results underscore the importance of transitioning to sustainable wastewater
management techniques to lower the carbon footprint associated with sewage sludge treat-
ment. HTL, as a key component of sewage sludge treatment, offers a greener solution. This
study suggests that HTL is an environmentally friendly approach to treating sewage sludge,
contributing to advancements in waste management and renewable energy production.
Ongoing efforts aim to improve conversion efficiency, with the goal of transitioning this
technology from laboratory-scale experimentation to industrial applications.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/su16104174/s1, Figure S1: Various solid forms found in wastewater;
Figure S2: Technical drawing of the current status of Adana’s WWTPs; Table S1: Seyhan and Yuregir
wastewater treatment plants’ main parameters; Table S2: Amount of treated wastewater, produced
biogas, and electric production by year. References [60–65] are cited in Supplementary Materials.
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