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Abstract: Thermochemical techniques have emerged as promising and sustainable approaches for
converting diverse waste materials into valuable products, including chemicals and fuels. This study
critically assesses the strengths and limitations of various thermochemical processes, focusing on their
potential for large-scale implementation and commercial viability. The investigation encompasses
a comprehensive examination of processes such as pyrolysis, gasification, and liquefaction, aiming
to compare them based on crucial parameters including energy efficiency, product yield, product
quality, and environmental impact. Through this comparative analysis, the study aims to identify
the most suitable thermochemical treatment for specific waste materials, thereby facilitating the
development of sustainable and economically feasible waste management strategies. By providing
valuable insights into the selection and optimization of thermochemical processes, this research
contributes to the advancement of waste-to-value technologies and supports the transition towards a
circular economy.

Keywords: biomass; environmental impact; industrial waste; municipal solid waste; plastic waste;
sustainable waste management; thermochemical process

1. Introduction

Thermochemical processes offer innovative and promising approaches for transform-
ing waste into valuable materials and chemicals. These processes utilize high temperatures
and chemical reactions to convert various types of waste into useful products, thereby
reducing waste volumes, mitigating environmental impacts, and promoting resource recov-
ery. Let us explore some of the key thermochemical processes: hydrothermal liquefaction,
hydrothermal carbonization, pyrolysis, and gasification [1,2].

1.1. Hydrothermal Liquefaction: Parameters and Applications

Hydrothermal liquefaction (HTL) is a thermochemical process that converts wet
biomass or organic waste into a liquid bio-oil under high temperature and pressure condi-
tions in the presence of water. It offers a promising pathway for efficiently utilizing wet and
low-value biomass resources, such as algae, sewage sludge, and agricultural residues, by
converting them into a valuable energy-dense product [3]. HTL utilizes high temperature,
high pressure, and water to convert biomass or organic waste feedstock, which usually
contains significant moisture content. The process involves subjecting the feedstock to
temperatures of 250-400 °C (482-752 °F) and pressures of 10-25 megapascals (MPa). Under
these conditions, the complex organic compounds present in the feedstock undergo thermal
decomposition and chemical reactions, resulting in the production of a liquid bio-oil [3].
Figure 1 shows the schematic representation of the HTL process.

Parameters:

The working conditions in HTL are critical for achieving optimal product yields and
qualities. The key parameters include temperature, pressure, reaction time, and feedstock
characteristics. Higher temperatures and longer reaction times typically result in higher
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bio-oil yields. However, the reaction conditions need to be carefully controlled to prevent
excessive degradation and the formation of unwanted byproducts. The presence of water
in the reaction medium is crucial as it acts as a solvent, enhancing the thermal conversion
and promoting the liquefaction process [4].
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Figure 1. Schematic representation of the HTL process.

Purposes of Hydrothermal Liquefaction:

Biofuel Production: One of the primary purposes of HTL is the production of bio-oil,
which serves as a renewable and energy-dense liquid fuel. The produced bio-oil can be
used as a drop-in replacement for fossil fuels in existing combustion systems, such as power
plants, boilers, and engines. It offers the advantage of reducing greenhouse gas emissions
and dependence on finite fossil fuel resources [5].

Chemical Feedstock: HTL can also generate valuable chemical feedstocks from
biomass. The bio-oil obtained from the process contains a range of organic compounds that
can be further refined and upgraded into various chemicals, such as platform chemicals,
solvents, and specialty chemicals. These chemicals have applications in industries such as
plastics, pharmaceuticals, and agriculture [5].

Waste Valorization: HTL process enables the valorization of wet biomass and organic
waste materials that are typically challenging to utilize efficiently. By converting these
waste streams into bio-oil, the process offers an opportunity to reduce waste volumes,
minimize environmental pollution, and create economic value from resources that would
otherwise be discarded or underutilized [5].

Resource Efficiency and Sustainability: HTL contributes to resource efficiency and
sustainability by utilizing biomass resources that do not compete with food production,
such as algae and agricultural residues. It provides an alternative route for biomass utiliza-
tion, complementing other conventional processes like anaerobic digestion and pyrolysis.
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By converting wet biomass into a liquid product, the process also offers advantages in
terms of transport, storage, and handling compared to solid biomass [5,6].

In summary, HTL offers a versatile and promising thermochemical process for con-
verting wet biomass and organic waste into a valuable liquid bio-oil. With its potential
applications in biofuel production, chemical feedstocks, waste valorization, and resource
efficiency, HTL plays a significant role in sustainable waste management and the develop-
ment of a more environmentally friendly and resource-conscious society.

1.2. Hydrothermal Carbonisation: Parameters and Applications

Hydrothermal carbonization (HTC) is an innovative thermochemical process that con-
verts wet biomass or organic waste into hydrochar or biocarbon through high-temperature
and high-pressure reactions in the presence of water. This process mimics the natural
coal formation process, but on a much shorter timescale, typically ranging from a few
minutes to a few hours. HTC offers several advantages, including its ability to handle wet
feedstocks, its versatility in accepting a wide range of biomass and waste materials, and its
production of a carbon-rich solid product with various applications [7]. HTC involves com-
plex interactions among biomass feedstock, water, and heat. The process applies elevated
temperatures (180-250 °C) and pressures (10-25 bar) to the biomass, leading to a series of
chemical reactions such as hydrolysis, dehydration, decarboxylation, and polymerization.
These reactions culminate in the formation of hydrochar, a carbon-rich solid with high fixed
carbon content, enhanced energy density, and improved stability. Water serves as both
a reactant and a solvent, facilitating the reactions, maintaining desired temperature and
pressure conditions, and providing a source of hydrogen. Overall, HTC offers promising
prospects as an alternative to fossil fuels and other carbonaceous materials [7]. Figure 2
shows the schematic representation of the HTC process.
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Figure 2. Schematic representation of the HTC process.

Parameters:

The working conditions in HTC are carefully controlled to ensure efficient carboniza-
tion and product quality. The key parameters include the following;:
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Temperature: The temperature is typically maintained in the range of 180 to 250 °C.
Higher temperatures can lead to increased carbonization rates but may also result in the
formation of undesired byproducts.

Pressure: The pressure is controlled within the range of 10 to 25 bar. Higher pressures
enhance the solubility of organic compounds in water, promoting their reactions and the
formation of hydrochar.

Reaction Time: The duration of the reaction varies depending on the feedstock and
desired hydrochar properties but typically ranges from a few minutes to several hours.

Purposes and Applications:

The hydrochar produced through HTC has various purposes and applications, includ-
ing the following;:

Renewable Energy Source: Hydrochar can be used as a renewable energy source due
to its high carbon content and energy density. It can be combusted to generate heat or used
as a solid fuel in biomass power plants.

Soil Amendment: Hydrochar has beneficial properties as a soil amendment. It can
improve soil structure, water retention, and nutrient holding capacity. It also promotes mi-
crobial activity and carbon sequestration in the soil, contributing to sustainable agriculture
and land management practices.

Carbon Sequestration: Hydrochar has the potential to sequester carbon, contributing
to the reduction in greenhouse gas emissions. When applied to soil, it can serve as a
long-term carbon sink by storing carbon for extended periods.

Chemical Feedstock: Hydrochar can be further processed to extract valuable chemicals
and compounds, such as activated carbon, bio-based polymers, and specialty chemicals.
These compounds have applications in various industries, including water treatment,
energy storage, and manufacturing [8].

In summary, HTC is a thermochemical process that converts wet biomass and or-
ganic waste into hydrochar through high-temperature and high-pressure reactions in the
presence of water. It offers a versatile and environmentally friendly approach to waste
management, providing opportunities for renewable energy production, soil improvement,
carbon sequestration, and the production of value-added chemicals and materials.

1.3. Pyrolysis: Parameters and Applications

Pyrolysis is a thermochemical process that converts organic materials, such as biomass
and waste, into biochar, bio-oil, and syngas in the absence of oxygen. This process is based
on the principle of thermal decomposition, where the organic material is subjected to high
temperatures in a controlled environment, leading to the breakdown of complex organic
compounds into simpler molecules. Let us delve into the detailed information about the
pyrolysis process, including its basic principles, working conditions, and purposes [9].
Pyrolysis comprises three key stages: drying, pyrolysis, and char activation. In the drying
stage, moderate heat is applied to remove moisture from the feedstock. Pyrolysis occurs
at higher temperatures (400-800 °C), causing rapid heating of the organic material in
the absence of oxygen. This thermal degradation breaks down complex compounds into
smaller molecules, resulting in the formation of biochar, bio-o0il, and syngas. The final stage,
char activation, involves enhancing the properties of biochar for specific applications, such
as adsorption or soil amendment [9]. Figure 3 shows the schematic representation of the
pyrolysis process.

Parameters:

Several factors influence the pyrolysis process, including temperature, heating rate,
residence time, and feedstock characteristics. The temperature range in pyrolysis can vary
depending on the desired product composition and process objectives. Slow pyrolysis,
characterized by lower heating rates and longer residence times, typically operates at
temperatures below 500 °C, favoring the production of higher amounts of biochar. Fast
pyrolysis, on the other hand, employs higher heating rates and shorter residence times at
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temperatures ranging from 500 to 800 °C, resulting in a higher yield of bio-oil. The working
conditions of the pyrolysis process are carefully controlled to optimize the production of
desired products. The absence of oxygen during the process prevents complete combus-
tion and ensures the formation of biochar and bio-oil rather than ash or gas combustion
byproducts. The feedstock size and composition also play a crucial role in the efficiency and
product yields of pyrolysis. Factors such as feedstock moisture content, particle size, and
feedstock composition (e.g., lignocellulosic biomass, agricultural waste, or plastic waste)
can significantly impact the process performance [9].

Catalyst

Zeolites

Transition metal catalysts
Supported metal catalysts

Acidic catalysts
Basic catalysts

Figure 3. Schematic representation of the pyrolysis process stages.

Purposes and Applications:

The pyrolysis process serves various purposes and finds applications in several sectors:

Energy Production: Bio-oil and syngas produced during pyrolysis can be used as
renewable energy sources. Bio-oil can be refined and upgraded to produce transportation
fuels, while syngas can be utilized for electricity and heat generation through combustion
or gasification processes.

Waste Management: Pyrolysis offers an effective solution for waste management,
enabling the conversion of organic waste, such as agricultural residues, wood waste, and
municipal solid waste, into valuable products. It helps reduce waste volumes and mitigate
environmental pollution associated with improper disposal.

Carbon Sequestration and Soil Amendment: Biochar produced from pyrolysis has a
high carbon content and can be used as a soil amendment to improve soil fertility, water
retention, and nutrient cycling. Biochar acts as a carbon sink, contributing to carbon
sequestration and mitigating climate change.

Chemical and Material Production: Bio-oil obtained from pyrolysis can serve as a
feedstock for the production of various chemicals, such as platform chemicals, specialty
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chemicals, and bioplastics. The syngas produced can also be further processed into chemi-
cals and fuels through catalytic reactions.
Environmental Remediation: The porous nature of biochar makes it an effective adsorbent.

1.4. Gasification: Parameters and Applications

Gasification is a thermochemical process that converts carbonaceous materials, such as
biomass, coal, or waste, into a synthesis gas (syngas) consisting mainly of hydrogen
(Hy), carbon monoxide (CO), and other trace gases. This process occurs under high
temperatures and in the presence of a controlled amount of oxygen or steam. Gasification is
a versatile and efficient method that offers several advantages over traditional combustion
or incineration processes [10]. Gasification involves four primary chemical reactions:
drying, pyrolysis, combustion, and reduction. These reactions take place in distinct zones
within the gasifier. Drying: In the drying zone, the feedstock is heated to remove moisture,
typically at temperatures of 100-200 °C, preparing it for further decomposition. Pyrolysis:
In the pyrolysis zone, the dried feedstock undergoes thermal decomposition at higher
temperatures (300-800 °C) without oxygen, releasing volatile organic compounds (VOCs)
such as tars, oils, and gases. Combustion: The combustion zone introduces a controlled
amount of oxygen to react with carbonaceous material, partially oxidizing it and generating
the heat required for the gasification process.

Reduction: In the reduction zone, remaining carbonaceous material reacts with steam
or carbon dioxide (CO;) through water—gas shift or carbon—gas shift reactions, respectively.
This yields syngas enriched with hydrogen and carbon monoxide. These reactions collec-
tively enable the conversion of feedstock into syngas during gasification [10]. Figure 4
shows the gasification process stages and the products obtained.
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Figure 4. Schematic representation of the gasification process and products stages.
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Parameters:

Working Conditions: The gasification process operates under specific conditions to
optimize syngas production and control byproducts. The key parameters include tem-
perature, pressure, and residence time. Typically, gasification takes place at temperatures
ranging from 700 to 1300 °C, depending on the feedstock and desired syngas composition.
The pressure within the gasifier can vary, with most systems operating at near atmospheric
pressure or slightly elevated pressures. The residence time, or the duration that the feed-
stock remains within the gasifier, is carefully controlled to ensure efficient conversion and
sufficient reaction time [11].

Purposes and Applications:

Gasification serves several purposes and offers diverse applications:

Syngas Production: The primary purpose of gasification is to generate syngas, a versa-
tile fuel gas mixture. Syngas, consisting of hydrogen and carbon monoxide, can be utilized
in various applications, including power generation, heating, and industrial processes.

Chemicals and Fuels: The syngas produced from gasification can serve as a valu-
able feedstock for the production of chemicals and transportation fuels through further
processing, such as catalytic reactions and synthesis.

Waste Management: Gasification provides an efficient and environmentally friendly
method for waste management. It enables the conversion of various waste materials, such
as municipal solid waste and biomass residues, into syngas, reducing the volume of waste
and minimizing environmental impacts.

Renewable Energy: Gasification contributes to renewable energy production by uti-
lizing biomass or other renewable feedstocks. It offers a pathway for sustainable energy
generation while reducing reliance on fossil fuels.

Carbon Capture and Storage: Gasification can be integrated with carbon capture and
storage (CCS) technologies, enabling the capture and sequestration of carbon dioxide emis-
sions produced during the gasification process. This integration contributes to reducing
greenhouse gas emissions and mitigating climate change.

Chemical Synthesis: Syngas serves as a valuable feedstock for the production of various
chemicals and fuels. Through additional catalytic reactions, syngas can be converted into
methanol, ammonia, synthetic natural gas (SNG), and other hydrocarbon-based products.

Hydrogen Production: Syngas contains a significant amount of hydrogen, which can
be separated and used for hydrogen production, a critical component in various industries,
such as fuel cells and chemical processes [10,11].

Gasification has proven to be a versatile and efficient process with diverse applications
across energy, chemicals, and waste management sectors. With further advancements in
technology and research, gasification holds significant potential in promoting sustainable
development. Gasification is a thermochemical process that converts carbonaceous materi-
als, such as biomass, coal, or waste, into a syngas through a series of controlled reactions.
It operates at high temperatures, typically between 700 and 1200 °C, and in the presence
of a controlled amount of oxygen or steam. The gasification process involves several key
steps, including drying, pyrolysis, combustion, and reduction. Gasification offers several
advantages over traditional combustion processes. It enables the utilization of a wide range
of carbonaceous feedstocks, including biomass, coal, and waste materials, providing an
opportunity to convert these resources into useful energy and chemicals.

The purpose of the study is to critically assess and compare various thermochemical
processes, including HTL, HTC, pyrolysis, and gasification, for the conversion of biomass
and waste materials into valuable products. This study aims to evaluate the strengths and
limitations of these processes, considering parameters such as energy efficiency, product
yield, product quality, and environmental impact. The goal is to identify the most suitable
thermochemical treatment method for specific waste materials, with a focus on large-
scale implementation and commercial viability. By providing valuable insights into the
selection and optimization of thermochemical processes, the study aims to contribute to the
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advancement of waste-to-value technologies and support the transition towards a circular
economy. The overall purpose is to develop sustainable and economically feasible waste
management strategies that maximize resource utilization, minimize environmental impact,
and promote the shift towards renewable energy sources.

This research presents a unique and innovative approach to the field of waste manage-
ment, bringing forth several key innovations that significantly advance the current state of
knowledge in this critical area.

Novelty in Comprehensive Examination: One of the key innovations of this study lies
in its comprehensive examination of various thermochemical techniques, including HTL,
HTC, pyrolysis, and gasification. While previous reviews often focused on specific aspects
or a limited set of processes, this research encompasses all these techniques, providing a
holistic perspective that is unprecedented in the field.

Comprehensive Analysis of Crucial Parameters: In addition to the holistic examination,
this research introduces a comprehensive analysis of crucial parameters, such as energy
efficiency, product yield, product quality, and environmental impact. By evaluating and
comparing these parameters across different thermochemical processes, valuable insights
into their performance and potential are offered, thereby enhancing decision-making and
facilitating the adoption of waste-to-value technologies.

Comparative Assessment for Identifying Strengths and Limitations: This article stands
out by conducting a rigorous comparative assessment among the thermochemical pro-
cesses examined. This innovation allows for the identification of the unique strengths and
limitations of each technique, paving the way for informed decision-making and targeted
improvements. By understanding the distinct advantages and challenges associated with
each process, researchers and practitioners can better tailor their approaches to maximize
efficiency and effectiveness.

Addressing Research Gaps: This study explicitly aims to fill existing research gaps in
the field of waste management. Through detailed analysis and evaluation, areas where
further investigation is needed are uncovered and a foundation for future studies to build
upon is provided. By addressing these research gaps, a more comprehensive understanding
of thermochemical processes is fostered and contributions to the advancement of waste
management technologies are made.

Support for the Transition to a Circular Economy: This research emphasizes the signif-
icance of my work in supporting the transition towards a circular economy. By effectively
transforming waste materials into valuable products, my findings have the potential to
minimize environmental impacts and promote resource efficiency. This innovation aligns
with the global efforts towards sustainable development and offers practical solutions to
address the challenges posed by waste management.

By incorporating these additional details, this article not only presents a unique
and innovative approach to thermochemical processes for waste management but also
showcases the specific innovations that my research has brought and will continue to
contribute to the field. I believe that our work will inspire further advancements and serve
for future research and practical applications in sustainable waste management practices.
It holds significant importance as a valuable resource for future research endeavors and
practical applications in this domain.

2. Waste Materials and General Classification

Thermochemical conversion is a process that uses heat and chemicals to transform
waste materials into useful products. This technology has become increasingly important
in recent years as the world has become more aware of the need to reduce waste and
create a more sustainable future. There are several waste materials that can be converted
into new products using thermochemical conversion methods [12,13]. In this article, we
will discuss five of the most common waste materials that can be transformed through
thermochemical conversion.
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2.1. Biomass

Biomass refers to any organic matter derived from plants, animals, and microorgan-
isms that can be utilized as a source of renewable energy or various valuable products. It
encompasses a wide range of materials, including dedicated energy crops, agricultural
residues, forestry residues, algae, organic waste, and byproducts from industrial and
municipal activities. The utilization of biomass as an energy resource offers several ad-
vantages, including its renewability, carbon neutrality, and potential to reduce greenhouse
gas emissions compared to fossil fuels [14]. The classification of biomass can be based
on its origin, composition, and purpose of utilization. One commonly used classification
scheme categorizes biomass into three main types: energy crops, agricultural and forestry
residues, and organic waste. Energy crops are specifically cultivated for their high biomass
yield and energy content. These crops include perennial grasses (such as switchgrass
and miscanthus), short-rotation woody crops (such as willow and poplar), and dedicated
energy crops (such as sugarcane and corn). Energy crops provide a sustainable feedstock
for bioenergy production, and their cultivation can contribute to rural development and
land reclamation. Agricultural and forestry residues encompass the organic byproducts
generated from agricultural and forestry activities. Agricultural residues include crop
residues (such as corn stover, wheat straw, and rice husks) and animal manure. Forestry
residues comprise branches, bark, sawdust, and other woody biomass generated during
logging and timber processing. These residues are often abundant and readily available,
making them valuable for bioenergy production, as well as applications in the pulp and
paper industry and the production of bio-based chemicals. Organic waste consists of
various organic materials derived from municipal, industrial, and commercial sources. This
category includes food waste, yard waste, sewage sludge, and other organic byproducts
generated from food processing, agriculture, and wastewater treatment. The effective man-
agement and utilization of organic waste are crucial for waste reduction, resource recovery,
and environmental sustainability [14]. Organic waste can be converted into biogas through
anaerobic digestion, used as a feedstock for composting, or processed through technologies
like HTC to produce bioenergy and value-added products. Another classification approach
involves categorizing biomass based on its composition and characteristics. Biomass can
be classified as lignocellulosic biomass (e.g., woody materials and agricultural residues),
herbaceous biomass (e.g., grasses and energy crops), algal biomass (e.g., microalgae and
macroalgae), and animal biomass (e.g., manure and animal byproducts). Each biomass
type possesses unique characteristics and requires specific conversion technologies and
processes for efficient utilization [14].

Biomass is one of the most common waste materials that can be converted into new
products through thermochemical conversion. Biomass refers to any organic matter that
comes from plants or animals. This includes wood, agricultural waste, and other plant
matter. Thermochemical conversion can transform biomass into biofuels, such as ethanol
and biodiesel, and biochar, which is a form of charcoal that can be used as a soil amend-
ment [15,16].

2.2. Municipal Solid Waste (MSW)

MSW refers to the waste generated by households, commercial establishments, institu-
tions, and other non-industrial sources within a defined municipal area. It encompasses a
wide range of materials, including but not limited to paper, plastics, glass, metals, textiles,
organic waste, and miscellaneous items. MSW is distinct from industrial waste, construc-
tion and demolition debris, and hazardous waste, which are typically managed separately
due to their unique characteristics and disposal requirements. The classification of MSW
plays a crucial role in waste management planning, as it helps in identifying the composi-
tion, characteristics, and potential environmental impacts of the waste stream [17]. MSW
can be classified based on various parameters, including its physical state, source, and
potential for recycling or recovery. One common classification is based on the physical
state of the waste, which distinguishes between solid waste, liquid waste, and gaseous
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waste. Solid waste, the most common form of MSW, includes materials such as household
garbage, packaging waste, and discarded items. Liquid waste refers to waste that is pre-
dominantly in a liquid state, such as wastewater and sewage sludge, while gaseous waste
comprises gases emitted during waste decomposition, such as methane from landfills.
Another classification criterion for MSW is based on its source or origin. This classification
helps in understanding the waste generation patterns and designing appropriate waste
management strategies. Sources of MSW can include residential households, commercial es-
tablishments (e.g., offices, restaurants, and retail stores), institutional facilities (e.g., schools,
hospitals, and government buildings), and public spaces (e.g., parks and streets) [18]. Each
source may have unique waste characteristics and quantities, necessitating tailored ap-
proaches for waste collection, treatment, and disposal. Furthermore, MSW classification
can also consider the potential for recycling and recovery. This classification helps identify
materials that can be diverted from landfill disposal and utilized for resource conservation
and energy recovery. Common categories based on recycling potential include paper and
cardboard, plastics, glass, metals, and organic waste. Recycling and recovery efforts for
these materials can involve processes such as sorting, separation, composting, anaerobic
digestion, and recycling technologies, thereby reducing the environmental burden of waste
disposal and conserving valuable resources [17,18].

MSW is another waste material that can be transformed through thermochemical
conversion. MSW is the waste that is generated by households and businesses, such as
food scraps, paper, and plastic. MSW can be processed through pyrolysis, gasification,
or combustion to produce electricity, heat, and other valuable products like metals and
chemicals [19,20].

2.3. Plastic Waste

Plastic waste refers to any discarded or abandoned plastic material that has reached
the end of its useful life and is no longer required for its original purpose. Plastic waste
has become a significant environmental concern due to its persistence in the environment
and detrimental effects on ecosystems, wildlife, and human health. Understanding the
classification of plastic waste is crucial for effective waste management strategies and the
development of sustainable solutions. Plastic waste can be classified based on various
criteria, including its source, composition, and physical form. Firstly, plastic waste can
originate from different sectors, such as household, commercial, industrial, and medical
sources. Household plastic waste primarily consists of packaging materials, single-use plas-
tics, and consumer goods. Commercial plastic waste includes plastics used in retail, offices,
and hospitality industries. Industrial plastic waste comprises plastics generated during
manufacturing processes, such as packaging, machinery components, and construction
materials. Medical plastic waste encompasses various plastics used in healthcare facilities,
including syringes, medical packaging, and laboratory equipment.

Another classification criterion for plastic waste is based on its composition and
polymer type [21]. Plastics are composed of different polymers, such as polyethylene
(PE), polypropylene (PP), polyvinyl chloride (PVC), polystyrene (PS), and polyethylene
terephthalate (PET), among others [21]. Each polymer type exhibits distinct properties,
recycling capabilities, and environmental impacts. Categorizing plastic waste based on
polymer composition is essential for efficient sorting, recycling, and recovery processes.
Furthermore, plastic waste can be classified according to its physical form or shape. This
includes categories such as packaging waste, film and sheet waste, foam waste, rigid plastic
waste, and microplastics. Packaging waste encompasses various plastic materials used
for product packaging, such as bottles, containers, and wraps. Film and sheet waste refer
to thin plastic materials used in applications like bags, plastic film, and protective covers.
Foam waste includes expanded polystyrene (EPS) foam commonly used for packaging
and insulation. Rigid plastic waste includes larger plastic items like crates, buckets, and
furniture. Lastly, microplastics are tiny plastic particles measuring less than 5 millimeters
in size and can be found in various forms, including microbeads, fragments, and fibers.
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The classification of plastic waste serves as a foundation for effective waste management
strategies. It enables the development of targeted recycling and recovery processes tailored
to different plastic types and forms. Moreover, proper classification facilitates the imple-
mentation of policies and regulations to reduce plastic waste generation, promote recycling
initiatives, and encourage the use of more sustainable alternatives [22].

Plastic waste is a significant environmental problem, but it can be transformed through
thermochemical conversion. Pyrolysis and gasification technologies can convert plastic
waste into fuel, chemicals, and other products. These technologies break down the plastic
into its chemical components, which can then be used to create new products [23,24].

2.4. Industrial Waste

Industrial waste refers to the byproducts generated from industrial processes, man-
ufacturing operations, and commercial activities. It comprises a wide range of materials,
substances, and pollutants that are discarded or discharged during production, construc-
tion, or maintenance activities. These wastes can pose significant environmental and health
risks if not managed and treated properly. Understanding the definition and classification
of industrial waste is essential for developing effective waste management strategies and
ensuring sustainable industrial practices. The definition of industrial waste encompasses
various types of solid, liquid, and gaseous materials generated by industrial activities. Solid
industrial waste includes materials such as scrap metals, packaging materials, construction
debris, and manufacturing residues. Liquid industrial waste refers to wastewater, chemi-
cal solutions, and contaminated liquids produced during industrial processes. Gaseous
industrial waste includes emissions and exhaust gases released from combustion processes,
chemical reactions, and volatile organic compounds (VOCs) generated by industrial op-
erations. The classification of industrial waste is based on its physical state, chemical
composition, and potential environmental impact. One common classification of industrial
waste is based on its hazardousness [25]. Hazardous waste consists of materials that exhibit
characteristics such as toxicity, flammability, corrosiveness, or reactivity. These wastes pose
significant risks to human health and the environment and require special handling, treat-
ment, and disposal methods to prevent contamination and potential harm. Non-hazardous
industrial waste, on the other hand, does not exhibit these hazardous characteristics and
can be managed through conventional waste management practices. Another classifica-
tion criterion for industrial waste is its origin or sector-specific categorization. Industrial
waste can be categorized based on the industry or sector from which it originates, such
as manufacturing, construction, mining, chemical production, or electronic waste. This
classification helps in identifying specific waste streams, understanding the nature of the
waste, and tailoring waste management approaches accordingly. Each industry may gener-
ate unique waste types that require specialized treatment or recycling methods to minimize
environmental impact and resource depletion. Industrial waste can also be classified based
on its recyclability or potential for resource recovery. Some industrial wastes, such as
certain metals, plastics, or organic materials, can be recycled or repurposed to reduce the
demand for virgin resources and minimize waste generation. Other waste streams, such as
certain chemicals or hazardous materials, may require specific treatment technologies for
safe disposal or neutralization to prevent environmental contamination. Thermochemical
conversion can also be used to process industrial waste, such as sludge, waste oils, and
hazardous wastes, turning them into useful products. For example, waste oils can be
converted into biofuels through pyrolysis or gasification, while hazardous waste can be
treated and transformed into non-hazardous products [26-28].

Coal and other Fossil Fuels: While not necessarily a “waste” material, fossil fuels can
be processed through various thermochemical conversion methods to produce electricity
and other products. These methods include combustion, gasification, and liquefaction.
While fossil fuels are not renewable resources, using thermochemical conversion can help
to reduce their environmental impact. In conclusion, thermochemical conversion is a
promising technology that can help to reduce waste and create a more sustainable future.
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By transforming waste materials into new products, we can reduce our reliance on finite
resources and reduce the environmental impact of waste. The waste materials discussed in
this article are just a few examples of the many materials that can be transformed through
thermochemical conversion. As technology advances, it is likely that we will discover new
and innovative ways to use this technology to transform waste into valuable resources.

The global economy has been experiencing significant growth due to the increasing
demand for energy, chemicals, and commodities [29]. The chemical sector, for instance, has
seen a surge in the consumption of intermediate products, polymer-based materials, and
integrated derivatives. However, this growth has come at a cost, as non-renewable fossil
fuels and their derivatives, which provide nearly 100% of the energy required for the trans-
portation sector and 80-86% of the energy needed for the global economy, are unsustainable
due to their associated environmental degradation, high prices, and pollution [30,31].

The use of fossil fuels, especially in vehicles, has been linked to three primary chal-
lenges, namely environmental destruction, climate change, and health risks arising from
carbon dioxide pollution. In 2018, the United States Environmental Protection Agency
reported that 6677 gigatons of greenhouse gases were released into the environment, with
the transportation sector contributing 28%; electricity production, 27%; industrial activities,
22%; commercial and domestic use, 12%; and agriculture, 10% [29]. Carbon dioxide, the
most dangerous greenhouse gas, is responsible for around 30% of the effects of global
warming [32,33].

Several methods for removing carbon dioxide from the atmosphere exist, and they can
be classified as conventional, negative emission, and radiative forcing geoengineering meth-
ods. Additionally, researchers have developed preoxyfuel and postcombustion systems that
can be used for carbon dioxide capture, representing a significant breakthrough. However,
these technologies are still in the early stages of research and cannot be used commercially
or on a large scale [34,35]. The scientific community is constantly searching for renewable
energy resources in a biological form and possible techniques for converting them into
liquid biofuels with sustainable performance, such as bio-oil, biodiesel, bioethanol, and
biohydrogen. Bio-oil, in particular, has been identified as a viable substitute for liquid fossil
fuels. Nevertheless, further research is necessary to determine the long-term sustainability
and environmental impact of using biofuels as a viable alternative to fossil fuels [36,37].

3. Waste Production Problem and Sustainability

The issue of waste generation has emerged as a critical challenge in today’s society,
necessitating a comprehensive understanding of its magnitude and the urgent need for
sustainable waste management practices. With the increasing population, urbanization,
and industrialization, the volume of waste generated has reached unprecedented levels,
resulting in severe environmental, health, and socioeconomic consequences. This academic
analysis aims to delve into the problem of waste generation and highlight the imperative for
adopting sustainable waste management practices. By exploring the diverse sources and
types of waste, assessing the environmental and social impacts, and emphasizing the im-
portance of sustainable waste management, this article aims to contribute to the discourse
surrounding waste reduction and resource conservation. Waste generation encompasses
a wide range of materials and byproducts produced by households, industries, and com-
mercial activities. MSW, comprising domestic and commercial waste, is a significant
contributor to the overall waste stream. Industrial waste, originating from manufacturing
processes, construction activities, and agricultural practices, adds to the environmental
burden. Additionally, hazardous waste, including toxic chemicals, pharmaceuticals, and
electronic waste (e-waste), poses unique challenges due to its potential for environmen-
tal contamination and health hazards. The environmental impacts of unchecked waste
generation are profound. Improper waste disposal and inadequate waste management
infrastructure lead to the pollution of air, water bodies, and soil. Landfills, commonly used
as waste disposal sites, emit greenhouse gases, contributing to climate change. Moreover,
the leaching of hazardous substances from landfills contaminates groundwater and surface
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water sources, posing risks to ecosystems and human health. The accumulation of plastic
waste in oceans has garnered significant attention due to its detrimental effects on marine
life and ecosystems. The problem of waste generation extends beyond environmental
concerns, impacting society and the economy. Inadequate waste management practices
disproportionately affect marginalized communities, as they often bear the brunt of living
in proximity to landfills and waste disposal sites [38]. The health risks associated with
exposure to pollutants from waste can lead to respiratory problems, infectious diseases,
and other adverse health effects. Furthermore, the economic costs of waste management,
including collection, transportation, and disposal, place a burden on local governments
and taxpayers. To mitigate the challenges posed by waste generation, sustainable waste
management practices are imperative. Such practices encompass a holistic approach that
prioritizes waste reduction, recycling, resource recovery, and the adoption of environ-
mentally sound disposal methods. Waste reduction strategies focus on minimizing waste
generation at the source through public awareness campaigns, product design improve-
ments, and sustainable consumption patterns [38]. Recycling programs enable the recovery
of valuable materials from waste streams, reducing the demand for virgin resources and
minimizing energy consumption. Resource recovery processes, such as composting and
anaerobic digestion, convert organic waste into useful products like fertilizer and biogas.
Additionally, the implementation of advanced waste-to-energy technologies allows for
the generation of renewable energy from waste. The problem of waste generation poses
significant environmental, social, and economic challenges, demanding urgent action to
transition towards sustainable waste management practices. By recognizing the diverse
sources and types of waste, understanding their environmental impacts, and advocating
for waste reduction, recycling, and resource recovery, societies can move towards a more
sustainable and circular waste management paradigm [39]. Embracing sustainable waste
management practices is crucial for safeguarding the environment, protecting human
health, and ensuring the efficient use of resources for future generations.

3.1. Biomass

Woody biomass is currently the most important source of renewable energy in the
world and is a significant contributor to global primary energy consumption. In 2010, the
global use of woody biomass for energy was approximately 3.8 Gm? /year (30 EJ / year), with
1.9 Gm3/ year (16 EJ/year) used for household fuelwood and 1.9 Gm3/ year (14 E] /year)
used for large-scale industrial purposes [40,41]. Despite its widespread use, current con-
sumption of woody biomass is still below the existing resource potential and there is ample
surplus land that could be utilized for energy crop plantations. Estimates of available
woody biomass resources in 2050 range from 100 to 400 EJ/ year, which could cover 10-40%
of the world’s primary energy consumption in 2050 if all these resources were used for
energy production. This highlights the significant potential for woody biomass as a renew-
able energy source and the need for increased investment and research in this area to fully
harness its potential [42—44]. Table 1 shows the studies in which the biomass raw material
was converted by different thermochemical processes.
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Table 1. Investigation of thermochemical conversion methods applied to biomass wastes in terms of raw materials, conversion parameters, and product types.

Conversion Process Feed Stock Reaction Parameters Catalyst HHV Ref.
Ammi visnaga 250-325 °C, 0—45 min Cu, W, Fe metal powders 30.30 MJ /kg [45]
Prosopis farcta 250-350 °C, 0 min H3BOj3, Na;B4O7-10H,O, NaOH  19.75-30.02 MJ /kg [46]
Datura stramonium L. 250-380 °C, 3.91-23.23 Mpa, 15 min Colemanite and borax - [47]
KOH, FeSO4~7HQO, K2C03,
Birchwood sawdust 300 °C, 30 min MgO, synthetic hydrotalcite, 26.0-31.3 MJ /kg [48]
colemanite
Hydrothermal Liquefaction ~ Soybean oil, potato starch, 320 °C, 30 min KH,PO,, K,HPO,, K5PO, 13.40-36 MJ /kg [49]
(HTL) microcrystalline cellulose
Macroalgae (Enteromorpha prolifera) 230-310 °C, 20-100 min Sulfuric acid and acetic acid 24.5-32.00 MJ /kg [50]
Microalgae and cyanobacteria 350 °C, 250 bar Na,CO3 and formic acid 32.3-37.1MJ /kg [51]
Wheat straw 350, 400 °C, 18-35 Mpa, 15 min K,COj3 16.53-35.97 MJ / kg [52]
Beech wood 250-350 °C, 0 min Calcium borate mineral 23.81-27.53 MJ /kg [53]
and colemanite
Lignin 250-310 °C MCM-41, Ni-Al/MCM-41 25.4-36.6 MJ /kg [54]
Coconut fiber and dead 150-375 °C, 30 min - 18.4-30.6 MJ /kg [55]
eucalyptus leaves
Miscanthus 190-260 °C - 18.5-25.9 M] /kg [56]
Cellulose, lignin, D-xylose, wood meal 225-265 °C - 24-30 M] /kg [57]
Corn stalk and Tamarix ramosissima 250 °C, 580 psi, 4 h - 28.4-29.2 M] /kg [58]
Bark mulch and sugar beet pulp 200,250 °C,3-20h - - [59]
Hydrothermal Carbonization
(HTC) Water hyacinth 240 °C, 30 min—24 h - 16.83-20.63 M] /kg [60]
Giant bamboo, coffee wood, eucalyptus, 180-240 °C, 3 h . 24.6-29.2 MJ /kg [61]
and coffee parchment
Pinewood and poplar wood 180-240 °C - [62]
Glucose,.cellulose, chitin, chitosan, 200°C, 6 h _ 13.29-25.45 MJ /kg [63]
wood chips
Sorghum bagasse 250 °C, - 26.4-31.9 MJ /kg [64]
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Table 1. Cont.

Conversion Process Feed Stock Reaction Parameters Catalyst HHV Ref.
Pruning residues 400-600 °C - 23.45-30.53 MJ /kg [65]

Martynia annua L. Seeds 650 °C,3 h - - [66]

Black cumin seed 300-500 °C, Ca(OH),, Al,O3, SnCly-5H,0O 32.44-36.19 M]/kg [67]

Anchusea Azurea 350-550 °C Ca(OH),, NayCO3, ZnCly, ALO;  17.43-24.18 MJ /kg [68]

Pyrolysis Verbascum thapsus L. 400-550 °C AlyO3, ZnO - [69]
Wild mustard (Sinapis arvensis) 350-550 °C H,SO,4, HCI, NaOH, KOH, 12.35-28.06 MJ /kg [70]

Corn leaf waste 300450 °C - 24.4-26.1 MJ /kg [71]

Agricultural residue 400-700 °C - 21.84-26.64 MJ /kg [72]

Wheat straw 340°C,1.6h Ru/C, NiCu/Al,O3 35.1-37.5MJ /kg [73]

Cassava residues 450-500 °C Volcanic rock 18.4-19.8 MJ /kg [74]

Oat straw 300-600 °C - - [75]

Corn straw 500-800 °C - - [76]

Cellulose, hemicellulose (xylan), lignin 500-800 °C Ni/Al,O3 - [77]

Radiata pine 850 °C MgO-Titanomagnetite - [78]

Cellulos.e, hemicellulose, lignin, 1000 °C Dolomite and NayCOs ) [79]

Gasification straw, pine

oo i) i llsof g i - — )

Cellulose, hemicellulose, lignin 500-800 °C Ni-Ca-Al - [81]

Wood chips, wood pellets, grass pellets ~ 650-800 °C - - [82]

Sorghum, cotton gin trash 730-800 °C - - [83]

Sawdust, pelletized sawdust 750 °C - - [84]
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1.  Hydrothermal Liquefaction (HTL): Different feedstocks and reaction parameters
are used for HTL process. The higher heating values (HHVs) vary depending on
different catalysts and reaction conditions used. HTL process enables the production
of hydrocarbons with high HHVs for various feedstocks. Particularly, feedstocks such
as ammi visnaga and birchwood sawdust may be suitable for obtaining high HHVs.
In summary:

e It offers suitable HHVs for various feedstocks;
e  The availability of feedstocks can vary widely;
e  Catalyst costs and process conditions should be economically evaluated.

2. Hydrothermal Carbonization (HTC): The HTC process is used for the carbonization
of various biomasses. HHVs of the hydrocarbon obtained through HTC process
vary for different biomasses. The HTC process provides medium HHVs, especially
for feedstocks like coconut fiber and dead eucalyptus leaves. This method allows
carbonization under low temperature and pressure conditions.

e It provides medium HHVs;
e [t can be suitable for various biomass sources;
e  Energy costs are generally low due to low process temperatures and pressures.

3. Pyrolysis: The pyrolysis process is carried out using different feedstocks and tempera-
ture ranges. The use of different catalysts and reaction conditions affects the HHVs
of pyrolysis products. Pyrolysis enables the production of products with high HHVs
from feedstocks like pruning residues. Pyrolysis, conducted at high temperatures,
results in the thermal decomposition of biomass into gas, liquid, and solid products.

e  Itoffers high HHVs and yields energy-intensive products;

e Biomass sources generally have widespread accessibility;

o  The high temperature requirement of the pyrolysis process can increase en-
ergy costs.

4.  Gasification: The gasification process is performed using various feedstocks and
temperature ranges. The catalysts and gasification conditions used affect the HHVs
of gasification products. Gasification process provides gas production with varying
HHYVs for different feedstocks. Especially, feedstocks like sawdust and pelletized
sawdust can yield high-energy gas through gasification.

e It offers varying HHVs for different gasification sources;
e It has a wide range of biomass sources;
e High temperature and pressure requirements can affect energy costs.

By analyzing the data, we can make some inferences to determine the most suitable
method for biomass conversion, considering economic and availability factors. HHVs
indicate the efficiency of conversion methods in terms of energy content. Higher HHVs
indicate the production of products with higher energy density.

Economic factors:

e  The cost and availability of feedstocks affect the conversion processes;
e  Locally available and low-cost feedstocks may be economically preferred.

Availability factors:

e  The availability of biomass sources can vary regionally and seasonally;
e Available resources in the region where the conversion processes will be used should
be taken into account.

In conclusion, when selecting biomass conversion processes, it is important to consider
both HHVs and the economic and availability factors of the feedstock. The appropriate pro-
cess selection is a significant decision in terms of energy efficiency, economic sustainability,
and utilization of local resources.
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3.2. Municipal Solid Waste (MSW)

Solid waste and wastewater management are critical challenges facing communities
worldwide. According to estimates, the world generates between 1.7-1.9 billion metric tons
of MSW each year, with organic materials, such as paper, plastics, wood, and food waste,
being the largest component [85]. In the United States alone, approximately 254 million
tons of MSW were generated in 2013, with only 34% being recycled [86]. Improper manage-
ment of MSW can lead to the contamination of soil, water, and air, contributing significantly
to greenhouse gas emissions. It can also result in uncaptured potential economic values.
In 2013, 134.3 million tons of MSW went to landfills, and only 32.7 million tons were
combusted for energy recovery. This presents a significant opportunity for the recovery
of energy from MSW [85]. The United States Environmental Protection Agency (EPA)
estimated that in 2008, 74% of the US population was served by about 14,748 centralized
municipal wastewater (MWW) treatment facilities or publicly owned treatment works
(POTWs). Assuming an average daily volume of 300 liters per capita, the annual vol-
ume of US MWW is over 24 trillion liters [87]. The treatment of this wastewater is also
energy-intensive, with a 2013 report by the Electric Power Research Institute, Inc. (EPRI)
estimating that 2% of total US electricity use went towards moving and treating water
and wastewater [88]. Furthermore, treatment of this water in POTWs generates over
8 million tons (dry weight) of sludge or biosolids, which require about one-third of the
total electricity use by a wastewater treatment system. Approximately 55% of the total
biosolids are applied to agricultural land, with the remainder either incinerated / processed
for energy recovery, composted, or landfilled. In 2000, energy-related emissions from
POTW operations resulted in total emissions of 15.5 million tons CO,~ equivalents, an
acidification potential of 145,000 tons SO, ™~ equivalents, and eutrophication potential of
4000 tons PO43~ equivalents [85,88]. The degradation of biosolids also emits large amounts
of CHy and N,O, which contribute to global warming [89]. Given these challenges, ef-
fective solid waste and wastewater management strategies are crucial. The recovery of
energy from MSW and the use of biosolids in agriculture present significant opportunities
for reducing greenhouse gas emissions, capturing economic values, and improving the
overall sustainability of these systems. Further research and development are needed to
optimize these strategies and overcome the challenges facing solid waste and wastewater
management [85]. Table 2 shows the studies in which the MSW were converted by different
thermochemical processes.
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Table 2. Investigation of thermochemical conversion methods applied to municipal solid waste (MSW) in terms of raw materials, conversion parameters, and

product types.
Conversion Process Feed Stock Reaction Parameters Catalyst HHV Ref.
Biopulp 350-400 °C K,CO;3 37.4-40.7 MJ / kg [90]
Biogenic waste 200 °C, 100 bar - - [91]
Food waste 300-350 °C, 0, 30, 60 min KyCOg 25.12MJ/kg [92]
Food waste 280-380 °C, 10-60 min - 32.71MJ /kg [93]
Food waste 300°C,1h Nay;CO3, CeZrOy 24.20-35.60 MJ /kg [94]
Fruit and agricultural wastes 220 °C, - 21.72MJ/kg [95]
Hydrothermal Liquefaction Spirali 1 ; 1 divested
(HTL) pirulina algae, Swine manure, and digeste 300 °C, 10-12 Mpa, 30 min - 32.0-34.7 MJ /kg [96]
anaerobic sludge
Sewage sludge and Chlorella vulgaris 325 °C, 30 min NiMo/ALOs, CoMo/Al,Os, activated 38.19 MJ /kg [97]
carbon felt
Watermelon peel 130 °C, 6 min - 18.86 M] /kg [98]
250-340 °C-18 Mpa, 10, 30,
Garbage 120 min - 36 MJ/kg [99]
Municipal mixed waste 200-220°C,1,4,8h - 13.5-18.5 M] /kg [100]
Mixed municipal solid waste 180-220°C,1,4,8h - 18.46 MJ /kg [101]
Sewage sludge 250 °C, 8-10 Mpa, 15 min - 15.82 M] /kg [102]
Municipal solid waste pulp 200-300 °C, 30-120 min - 15.8-21.0 MJ /kg [103]
Sewage sludge 180-280 °C, 60 min - 10.11-31.50 M] /kg [104]
Hydrothermal Carbonization -
(HTC) Sewage sludge 200-300 °C, 30, 60, 120 min - 18.2-21.5M] /kg [105]
Sewage sludge 140-200 °C, 30-240 min - 16.66-18.65 M] / kg [106]
Sewage sludge 160-240 °C, 60 min - 9.82-11.57 MJ /kg [107]
Chicken manure 180-300 °C, 30-180 min - 15.5 MJ /kg [108]
Anaerobically digested sludge 180-250 °C, 30 min - 16.5-22.4 M] /kg [109]
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Table 2. Cont.

Conversion Process Feed Stock Reaction Parameters Catalyst HHV Ref.
Municipal solid waste 450-550 °C - 20 MJ/Nm3 [110]
Mixture of plastic, paper, textile, and other o Y-zeolite, 3-zeolite, FCC equilibrium,
organic wastes 500-600 °C HZSM-5 18.41-50.69 MJ /kg [111]
Mixture of plastic, paper, textile, and other 500-600 °C Y-zeolite, b-zeolite, equilibrium FCC, [112]
organic wastes MoOj3, Ni-Mo-catalyst, HZSM-5, AI(OH)3
Mixture of biomass, plastic, paper, and o
cardboard 450-550 °C - 27.5-32.1 MJ/kg [113]

Pyrolysis Municipal plastic wastes 450 °C Commercial Y-zeolite and natural zeolite - [114]

Municipal SOhd. waste plastics, biomass, paper, 400 °C, 60 min Natural activated zeolite - [115]
rubber and textile
Corrugated cardboard 350-450 °C - 18-21.7 M] /kg [116]
Organic fraction of municipal solid waste 500-800 °C - 17.77-26.97 M] / kg [117]
Municipal solid waste 500-700 °C - 10.2-27.0 MJ /kg [118]
Rural solid waste and Chlorella vulgaris 500 °C CaO, MgO, HZSM-5 20.13-22.39 M] /kg [119]
Kltchen garpage, paper, cloth and fiber, 500-600 °C ) ) [120]
plastics, residue
Kitchen garbage, te>.<t11e, wood, and plastic, 200-750 °C Zeolite and calcined dolomite - [121]
glass, ferrous materials
Kitchen waste, paper, textile, wood, plastic 750-900 °C Calcined dolomite - [122]
Plastics, paper, other organic wastes (wood, thin
foil, vegetable garbage, etc.), textile/synthetic 500-600 °C - - [111]
fibres, metal

Gasification
Plastics, rubber, wood, cloth 700 °C - - [123]
MSW 750-950 °C Dolomite - [124]
MSW 600-1200 °C - 9.31-15.45 MJ /kg [125]
Sewage sludge (SS) 700-890 °C - - [126]
MSW 800 °C - - [127]
Municipal waste and wood chips 800-1000 °C - 23.93 MJ] kg [128]
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Based on the data provided, we can make the following inferences about the recycling
methods for domestic solid waste:

1.  Hydrothermal Liquefaction (HTL):

e  Feedstocks, such as biopulp, biogenic waste, food waste, fruit and agricultural
wastes, and sewage sludge, can be effectively converted using HTL;

e Catalysts, such as K;COj3, NayCOs3, and CeZrOx, are used in the HTL process;

e  HHVs range from 18.86 M] /kg to 38.19 M] /kg for the mentioned feedstocks.

2. Hydrothermal Carbonization (HTC):

e  Municipal mixed waste, mixed municipal solid waste, sewage sludge, municipal
solid waste pulp, and chicken manure are suitable feedstocks for HTC;

e  HTC is typically conducted at temperatures ranging from 140 °C to 300 °C;

e  The HHVs for the mentioned feedstocks range from 10.11 MJ/kg to 21.5 MJ /kg.

3. Pyrolysis:

e  MSW is a mixture of plastic, paper, textile, and other organic wastes; biomass;
plastic; paper; cardboard; and the organic fraction of MSW that can be converted
through pyrolysis;

e  Pyrolysis temperatures typically range from 350 °C to 600 °C;

e  The HHVs for the mentioned feedstocks range from 17.77 MJ /kg to 50.69 M] /kg.

4.  Gasification:

e  Kitchen garbage, paper, cloth and fiber, plastics, and other organic wastes can be
subjected to gasification;
Gasification temperatures can range from 200 °C to 1200 °C;
The availability and economy of raw materials should be considered when
choosing the appropriate gasification method.

The selection of the recycling method for domestic solid waste depends on various
factors such as the composition of the waste, availability of feedstocks, energy requirements,
and economic considerations. Further evaluation is needed to determine the most suitable
method based on the specific context and objectives of the recycling process.

3.3. Plastic Waste

In recent decades, there has been a significant increase in the demand for plastic, with
production reaching 460 million tons in 2019, which is double the amount produced in 2000.
This is because plastic is versatile, cheap, lightweight, and durable, making it the preferred
material for many products. However, plastics are often designed for endurance rather
than recyclability, which makes it difficult to manage them at the end of their life [21]. As
a result, plastic waste has accumulated in the environment, becoming a global problem.
For example, in the United States, 12.2% of MSW in 2018 was made of plastics, with 75%
of this being sent to landfills. Recycling rates are still relatively low, with only a little over
8% of plastics being recycled. In the European Union, 35% of plastics are collected for
recycling, with most of it being burned for energy recovery, and the rest sent to landfills.
Unfortunately, only a small percentage of this collected plastic is recycled at the highest
level possible, with process losses and downcycling further reducing the actual global
recycling flow [129-131].

This mismanagement of plastic waste is a threat to the environment and human health.
In 2019, an estimated 22 million tons of plastic leaked into the environment, and by 2050,
plastic production and incineration could release 2.8 gigatons of CO, per year [132,133].
Plastic pollution in the ocean is also a significant problem, with over 123 million tons of
plastics leaking into the ocean from 1950 to 2015, leading to the death of 1 million sea
birds and 100,000 sea animals annually. Studies have even found plastic particles in the
fecal samples of people who consume seafood, indicating that plastic pollution is already
affecting human health [134,135].
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One of the causes of these problems is the considerable use of virgin fossil resources in
plastic production, which is accelerating the depletion of petroleum resources. The current
linear flow of the plastics value chain (produce-use—discard) exacerbates these negative
impacts. To address this, the European Commission has introduced a circular economy
action plan to encourage a more sustainable value chain and ensure that postconsumer
waste is kept in the loop for as long as possible [136]. To achieve this goal, new technolog-
ical solutions are needed, such as recycling strategies that improve the techno-economic
feasibility of recycled plastics or lead to improved value/properties of new plastics (defined
as “upcycling”). However, current recycling technology mainly transforms plastic waste
into lower-value products (downcycling) or, at best, into the same level, which limits the
feasibility of these strategies [137]. Table 3 shows the studies in which the plastic waste
material was converted by different thermochemical processes.

Based on the data provided, we can make the following inferences about the recycling
methods for plastic waste:

1.  Hydrothermal Liquefaction (HTL):

e  Various types of plastics, such as PET, PC, polyamide 6 (PA6), polyurethane (PU),
PE, PP, and PS, can be converted using HTL;
Reaction temperatures for HTL range from 100 °C to 450 °C;
Catalysts, such as NaOH, KOH, Na;COj3, and diaminotoluene (TDA), are used
in the HTL process;

e  The HHVs for the mentioned plastics range from 17.43 MJ /kg to 49 MJ /kg.

2. Hydrothermal Carbonization (HTC):

e  Plastic waste, PVC waste, PVC, and various plastic mixtures can be subjected to
HTC;
HTC is typically conducted at temperatures ranging from 180 °C to 300 °C;
The availability and economy of raw materials should be considered when
choosing the appropriate HTC method.

3.  Pyrolysis:

e  Plastic waste, such as HDPE, LDPE, IPP, PS, ABS, PP, and PVC can be effectively
converted through pyrolysis;
Pyrolysis temperatures typically range from 290 °C to 730 °C;
Catalysts used in pyrolysis include HZSM-5, PZSM-5, Ziegler-Natta (Z-N), Ni/h-
ZSM-5, and activated carbon;

e  The HHVs for the mentioned plastics range from 36.3 MJ/kg to 44.2 MJ /kg.

4.  Gasification:

PE, PP, and other plastic mixtures can undergo gasification;
Gasification temperatures can range from 500 °C to 900 °C;
Various catalysts, such as NiO/¥-Al,O3, dolomite, olivine, and Ca(OH); can be
used in the gasification process;

e The availability and economy of raw materials should be considered when
choosing the appropriate gasification method.

The selection of the recycling method for plastic waste depends on the specific type
of plastic, its composition, availability of feedstocks, energy requirements, and economic
considerations. Further evaluation is needed to determine the most suitable method based
on the specific context and objectives of the recycling process.
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Table 3. Investigation of thermochemical conversion methods applied to plastic in terms of raw materials, conversion parameters, and product types.

chloride waste (PVCW)

Conversion Process Feed Stock Reaction Parameters Catalyst HHV Ref.
PET (polyethylene terephthalate) éggjgg :g’ 120-200°C, NaOH and KOH - [138-140]
Polycarbonate (PC) 42138’0430 °C, 130-300°C, Na,CO3 - [141-144]
Polyamide 6 (PA6) 300-400 °C, 35 Mpa - - [145]
) ) Polyurethane (PU) 150-350 °C Diaminotoluene (TDA) - [146]
Hydrothermal Liquefaction
(HTL) Polyethylene (PE) 400-450 °C - - [147]
Polyproplyene 380-500 °C - 48-49 MJ / kg [148]
Polyolefin 450 °C, 45-60 min, 23 Mpa - - [149]
Polyethylene (LDPE, PE) and Polyethylene iggjgg :8 gg:ﬁg Eii Acetic acid - [150,151]
P(?lys’Fyrene 380-420 °C, 0-60 m%n ) } [152,153]
High impact polystyrene (HIPS) 350-550 °C, 5-60 min
Synthetic polymers 350 °C, 20 min KOH - [154]
Marine plastic debris 200-300°C 3 h - - [155]
PVC waste 200-260 °C, 60 min - 17.43-36.87 M] /kg [156]
Poly(vinyl chloride) (PVC) 180-260 °C, 15 h - - [157]
Waste plastic 250-350°C,1h - - [158]
Polyvinyl chloride—corncob 260 °C, 60 min - 17.80-32.83 M] / kg [159]
Hydrothermal Carbonization Polyvinyl chloride (PVC) and
(HTC) pinzwog’ et 280°C,1h - 18.3-30.89 MJ /kg [160]
PVC-containing medical wastes 210 °C, 30 min - 24.18-30.52 M] /kg [161]
Corn stover—polyurethane mixture 200-260 °C, 30 min - 16.8-34.1 M] /kg [162]
Poly(vinyl chloride) (PVC) 180-260 °C - - [157]
Cotton textile waste (CTW) and polyvinyl 240-270°C, 2 h HCl 20.07-30.65 MJ/kg [163]
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Table 3. Cont.

Conversion Process Feed Stock Reaction Parameters Catalyst HHV Ref.
HDPE, LDPE, IPP, PS, ABS, PE 420-480 °C HZSM-5 and PZSM-5 - [164]
PP, HDPE, LDPE 500-730 °C Ziegler-Natta (Z-N): TiCly /MgCl, - [165]
LDPE and PP 310-400 °C &{}Z{%&ii{;ﬁi?g]g A-15) - [166]
Polymer wastes (LDPE/HDPE/PP/PS) 290420 °C USY, MOR, ASA, ZSM-5, MCM-41 - [167]
Waste plastics 430-571 °C Activated carbon - [168]
Pyrolysis Mixed plastics and hard-burnt lime 600-700 °C CaO, Ca(OH),, CaCO3 - [169]
Mixed plastics 300-500 °C AL-PILC 36.3-42.9 MJ /kg [170]
Y-Zeolite (YZ), ZSM-5, biochar (BC),
A P v sn-c e s e (1O, i
Fe/BC, Fe/EWC
Waste polyethylene and polypropylene Mixture 288 Zg éil;)/gi” i(i;vMafellld;tiaoﬁr]:_SBA_l5 [172,173]
Mun%cipal plastic waste 700 °C Me/ N1 /ZSM-5 . - [174,175]
Plastics wastes (PS, PE, PP, PET) 450 °C Modified natural zeolite 41.7-442 MJ /kg
l\g\gtste polyethylene (PE) 22829((:),030 }(1? _NlO/ ¥-Al,O3 ) [176,177]
Polyethylene (PE) and polypropylene (PP) 900 °C - - [178]
Mixed plastic wastes (mainly polyolefins) 700 °C,3h Olivine - [179]
Recycled plastic (from packaging) 750°C,2h - 18.40-42.69 M] / kg [180]
Mixture of waste polyolefins 700 °C - - [181]
Gasification Polypropylene waste 750-850 °C Dolomite and olivine - [182]
Waste plastic mixture 800 °C - 13.44 M] /kg [183,184]
Waste polyolefins 750 °C - - [185]
s i -
Virgin PE 350 °C Ca(OH), and Ni(OH) - [188]
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3.4. Industrial Waste

The OSW, or organic solid waste, has a lot of potential as a fuel in the future, and it’s
important to conserve energy by making good use of it. Organic solid waste is the waste that
comes from people’s daily lives and production processes [189]. It's mainly divided into two
types: lignocellulosic waste (like agricultural and yard waste) and nonlignocellulosic waste
(like sludge, manure, and food waste digestate). Food waste digestate is a big source of OSW in
urban areas, and it could be used to create renewable energy. Biomass waste is a great source of
renewable energy that is sustainable and does not pollute the environment [190,191]. There are
many ways to treat OSW, but there are also some problems. Common methods include pyrolysis,
bioconversion, torrefaction, and HIC. OSW is typically low quality and has high moisture
content, so it needs to be dried and treated before being processed [192]. This takes extra energy
and money. Wet biomass is best suited for the HTC process, while other biomass with low
moisture content does not require as much energy. Biotransformation processes (like anaerobic
digestion and fermentation) require less energy but take longer to complete [193]. Food waste
and sewage sludge can be dangerous because they can contain pathogens, heavy metals, and
other harmful substances that can harm the environment and human health. HTC technology is
more economically efficient and uses water in the OSW as a reaction medium, which reduces the
energy needed for drying and pretreatment. OSW can be converted into high-carbon products
through the water-based reaction process and the generation of spontaneous pressure [194].

There are large amounts of biomass available in natural areas and as waste from
human industrial activities. According to the World Bioenergy Association, the total global
biomass resources on land and in water are about 1.8 trillion tons and 4 billion tons,
respectively. This biomass has the potential to produce more than 80 times the world’s
annual energy consumption [195,196]. Table 4 shows the studies in which the industrial
waste was converted by different thermochemical processes.

1.  Hydrothermal Liquefaction (HTL):

e  Various types of domestic solid waste, such as food waste, tobacco-processing
waste, oil palm fruit press fiber, shrimp shells, and olive oil waste, can be con-
verted using HTL;

Reaction temperatures for HTL range from 90 °C to 350 °C;
The availability and economy of raw materials should be considered when
choosing the appropriate HTL method.

2. Hydrothermal Carbonization (HTC):

e  Domestic solid waste, such as food waste, crude oil sludge, oily sludge, olive
mill wastewater, and various agro-industrial wastes, can be subjected to HTC;
HTC is typically conducted at temperatures ranging from 150 °C to 275 °C;
The availability and economy of raw materials should be considered when
choosing the appropriate HTC method.

3. Pyrolysis:

e  Domestic solid waste, such as olive oil industry waste, industrial wastes, tire
industry wastes, and various agricultural and industrial wastes, can be effectively
converted through pyrolysis;

Pyrolysis temperatures typically range from 300 °C to 700 °C;
The availability and economy of raw materials should be considered when
choosing the appropriate pyrolysis method.

4.  Gasification:

e  Domestic solid waste, such as palm kernel shell-oil sludge mixtures, bagasse
residue, olive pomace, oily sludge, waste tires, and various industrial and munic-
ipal sludges, can undergo gasification;

Gasification temperatures can range from 400 °C to 1000 °C;
The availability and economy of raw materials should be considered when
choosing the appropriate gasification method.
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Table 4. Investigation of thermochemical conversion methods applied to industrial waste in terms of raw materials, conversion parameters, and product types.

Conversion Process Feed Stock Reaction Parameters Catalyst HHV Ref.
Lactose, maltose, lysine 250-350 °C, 20 min - - [197]

Montepulciano grape pomace, Cabernet
Sauvignon grape pomace, sugar beet tailings, 330-350 °C - - [198]

extracted grain
Tobacco-processing waste 280-340 °C - 26.1-31.9 MJ /kg [199]
Hydrothermal Liquefaction Food waste 240-295 °C - 40.2MJ/kg [200]
(HTL) Food wastes (meat, chesee, fruit) 300 °C - - [201]
Food wastes 200-600 °C - 35MJ/kg [202]
Olive oil waste and hazel nutshell 180°C,4h - - [203]
Oil palm fruit press fiber 210-337 °C ZnCly, Nap,CO3, NaOH - [204]
Shrimp shells (seafood-processing waste) 90-250 °C, 5-60 min - - [205]
Oil mill wastewater (OMWW) 240-300 °C - 38 MJ/kg [206]
Food waste 225-275°C,24 h - - [207]
Crude oil sludge 150-250 °C - - [208]
Oily sludge 150-250 °C, 0.5-4 h - 18.1-26.7 M] /kg [209]
Olive Mill Wastewater 180-250 °C, 35-55 bar, 2-8 h - - [210]
Agro-industrial waste (Grape marc) 180-250°C, 1,3,8h - 19.8-24.1 MJ /kg [211]
Hydrothermal Carbonization i -industrial waste (olive mill, canned

(HTC) zfglcs}:jferlooﬁnge wastes) ’ 200-250 °C, 2, 4,8-24h - 25.09-33.21 MJ/kg [212]
Apple industry waste 180-230 °C,2-4h - 30 MJ/kg [213]
Pharmaceutical biowastes 240 °C - 24-25M] /kg [214]
Waste textile and waste wood 240 °C, 90 min - 18.04-26.94 M] / kg [215]
Antibiotic mycelial dreg 160-220 °C, 30 min - 16.7-24.4 M] /kg [216]
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Table 4. Cont.

Conversion Process Feed Stock Reaction Parameters Catalyst HHV Ref.
Olive oil industry waste 300-500 °C - 21.01-31.26 MJ /kg [26]
Olive mill 400-600 °C - 25.74-29.78 MJ /kg [217]
Industrial wastes (olive and hazelnut bagasse) 500 °C fii:lisv}?atid alumina and sodium 31.80-35.74 M] /kg [218]
Heavy shale oil-polyethylene waste 450 °C Al-Co-Mo and Akzo Nobel (Mo +5S) - [219]

Pyrolysis Tire industry wastes 300-600 °C - 29.67-37.31 M] /kg [220]
Industrial waste (lignin) 300-700 °C - 29.19-31.62 MJ /kg [221]
Industrial alliaceous plant wastes 350-700 °C - - [222]
Industrial wastes (herb residue) 350-550 °C ZSM-5, Al-SBA-15, alumina 18.66-25.94 M] / kg [223]
Agricultural and industrial wastes 300-700 °C - - [224]
Industrial waste 400-700 °C, 300-700 °C,1-2h - 32-37.91 MJ /kg [225,226]
Palm kernel shell-oil sludge mixture 400-1000 °C - 18.18-42.27 M] /kg [227]
?Ca;g)%a;s ;;srl(::‘i, gigsirajcsjohd wastes, corn stalk 700-900 °C ) ) [228]
Olive pomace 700-900 °C - - [229]
Oily sludge and chicken manure 700-800 °C - - [230]

Gasification Waste tires 1000 °C - - [231]
Waste tyre 850-1000 °C - - [232]
Industrial wastewater sludge 600-800 °C - 4.84-5.11 MJ/Nm?3 [233]
Sewage and textile sludge 850 °C - - [234]
Olive industry wastes 850 °C - 2.83-3.98 M] /kg [235]
Municipal sewage sludge 600-850 °C - 4.8-5.4MJ/kg [236]
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The selection of the recycling method for domestic solid waste depends on the spe-
cific waste composition, availability of feedstocks, energy requirements, and economic
considerations. It is important to assess the characteristics of the waste and the desired
end products to determine the most suitable recycling method. Further evaluation and
analysis are necessary to determine the optimal approach based on the specific context and
objectives of the waste management process.

In evaluating the economic and availability factors for the recycling methods of wastes,
the following considerations can be made:

Economic Factors:

Cost of raw materials: The availability and affordability of the feedstock or waste
material play a significant role in determining the economic viability of the recycling
method. Waste materials that are abundant and readily accessible are generally more
economically favorable.

Energy requirements: The energy inputs required for the recycling process, such as
heating or catalyst activation, can impact the overall cost. Methods that operate at lower
temperatures or utilize energy-efficient processes may be more economically attractive.

Conversion efficiency: The efficiency of the recycling method in converting waste
materials into valuable products is important. Higher conversion efficiencies can lead to
higher yields of usable products, increasing the economic potential of the process.

Market demand: The market demand for the end products obtained from the recycling
process is a crucial factor. If there is a strong demand and market value for the recycled
products, it can enhance the economic feasibility of the recycling method.

Infrastructure and operational costs: The required infrastructure, equipment, and
operational costs associated with the recycling method should be considered. Methods
that can be integrated into existing waste management systems or utilize readily available
equipment may be more cost-effective.

Availability Factors:

Feedstock availability: The abundance and availability of the waste materials or
feedstock in the specific region or locality are important factors. Methods that can utilize
a wide range of waste materials or have access to a consistent supply of feedstock are
advantageous.

Geographic considerations: The geographical location and proximity to waste sources
can impact the availability and logistics of waste collection and transportation. Methods
that can efficiently utilize locally available waste materials may offer logistical advantages.

Regulatory framework: The regulatory environment and waste management policies
in place can influence the availability of waste materials for recycling. Compliance with
regulations and permits may be necessary for certain recycling methods.

Waste management infrastructure: The presence of waste management infrastruc-
ture, such as recycling facilities or waste treatment plants, can affect the availability and
feasibility of specific recycling methods. Access to suitable facilities can streamline the
recycling process.

It is important to assess both economic and availability factors when selecting a
recycling method for domestic solid waste. A comprehensive analysis considering these
factors can help determine the most suitable and sustainable recycling approach that aligns
with the specific goals, resources, and constraints of the given context.

4. General Situation and Forecasts in the World

Fossil fuels, such as coal, oil, and natural gas, still dominate the global energy supply,
accounting for about 81% of the total primary energy supply. Renewable energy technolo-
gies, like solar, wind, water, biomass, and geothermal, make up only 14.1% of the primary
energy supply. In 2019, 56.9 E]J of domestic biomass supply was used, with 85% coming
from solid biomass, like wood pellets and wood chips. Liquid biofuels, municipal and
industrial waste, and biogas made up the rest [196].
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Agriculture is a key area for increasing bioenergy potential in the future. There is
a great opportunity to grow crops that can be used for food and fuel. Energy can also
be produced from municipal and industrial waste. In 2019, 655 TWh of electricity was
produced worldwide from biomass, with solid biomass sources accounting for 68% and
municipal and industrial waste accounting for 17%. Asia produced 39% of bioenergy,
followed by Europe with 35%. In total, power plants produced about 428 TWh of bioenergy,
and 1.17 EJ of heat was produced from biomass [196]. European countries like Poland,
Denmark, and Sweden are leaders in the production of heat from biomass. Poland plans to
have 80% of its total energy come from renewable sources, with 75% of biomass energy
coming from agricultural biomass. Austria, Sweden, and Finland also use a significant
amount of biomass energy [237]. The United States only uses biomass for about 3% of its
total energy demand. Globally, energy production is estimated at around 27,000 TWh/year,
with waste heat recovery estimated at around 300 TWh/year [238].

Global energy consumption decreased by 4% in 2020 due to the COVID-19 pandemic
but has since increased by 5.5% in 2021. Despite this increase in renewable energy con-
sumption, fossil fuels like coal and oil continue to dominate the global energy supply [239].

China is the largest consumer of primary energy in the world, consuming around 158
EJ in 2021. The United States and India follow with around 93 EJ and 34 EJ, respectively.
Renewable energy consumption is projected to increase and could reach around 247 EJ by
2050 [240].

Waste generation is a growing environmental concern that has significant economic
and social impacts globally. The increase in population, urbanization, and industrialization
has led to the generation of huge amounts of waste, posing a threat to the environment and
human health. In addition, the disposal of waste in landfills contributes to the emission of
greenhouse gases, which further exacerbates the problem of climate change. To address
this challenge, sustainable waste management practices have become a critical area of
focus. Sustainable waste management aims to reduce the amount of waste generated,
maximize the reuse and recycling of waste, and minimize the impact of waste on the
environment [241]. Thermochemical processes have emerged as a promising approach
to sustainable waste management, as they can convert waste into valuable materials and
chemicals. Thermochemical processes involve the use of heat to break down waste into
its constituent components. One of the key advantages of thermochemical processes
is that they can reduce the amount of waste sent to landfills, which helps to mitigate
the environmental impacts of waste disposal. In addition, these processes can recover
valuable materials and chemicals from waste, which can be sold or reused. Thermochemical
processes can also reduce the demand for fossil fuels by producing renewable energy from
waste. However, there are also challenges associated with thermochemical processes. One
major challenge is the cost of implementing these processes, as they require significant
investment in infrastructure and equipment. In addition, the efficiency of these processes
can be affected by the type and composition of the waste being processed. Sustainable
waste management practices are essential for mitigating the environmental impact of waste
generation. Thermochemical processes offer a promising approach to transforming waste
into valuable materials and chemicals, and reducing the amount of waste sent to landfills.
While there are challenges associated with implementing these processes, their potential
benefits make them an important area of focus for future research and development.

With similar studies in the literature, promising expectations are formed for sustain-
able waste management in the future. These studies highlight the utilization of renewable
resources and waste materials for various applications, which can contribute to mitigating
environmental challenges and promoting sustainable practices. Some of these studies are re-
lated to the utilization of biorenewable nanocomposites [242], alternative fuel sources from
waste materials [243], and remediation of antibiotics and antibiotic-resistant bacteria [244].

Overall, these studies demonstrate the potential for sustainable waste management in
the future. By harnessing renewable resources, transforming waste materials into valuable
products, and implementing effective remediation methods, we can address environmental
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challenges and promote a more sustainable approach to waste management. However, it
is important to continue research and development in these areas to further optimize and
implement these sustainable practices on a larger scale.

Thermochemical processes, such as HTL, HTC, pyrolysis, and gasification, are com-
monly used for treating biomass, MSW, plastic waste and industrial waste. These processes
aim to convert these feedstocks into liquid, solid, and gaseous products with various
applications. To evaluate and compare these products, it is essential to consider their life
cycle assessment (LCA) characteristics [245].

Life cycle assessment is a comprehensive methodology that analyzes the environ-
mental impacts of a product or process throughout its entire life cycle, from raw material
extraction to end-of-life disposal. It takes into account factors like resource depletion, energy
consumption, greenhouse gas emissions, waste generation, and toxicity [246]. Conducting
an LCA allows for the assessment and comparison of the sustainability and environmental
performance of different products. In the context of HTL, HTC, pyrolysis, and gasification
processes, conducting an LCA analysis provides valuable insights into the environmental
implications of these technologies. LCA helps identify potential environmental hotspots,
evaluate process energy efficiency, and assess overall environmental sustainability of the
products obtained [247].

For example, in the case of HTL, LCA analysis evaluates the environmental impacts
associated with converting biomass, MSW, plastic waste and industrial waste into liquid
fuels. It assesses parameters such as energy consumption, carbon emissions, water usage,
and waste generation throughout the entire life cycle of the process. Comparing the LCA
results of different feedstocks and process configurations enables the identification of the
most environmentally favorable options [248]. Similarly, in the case of HTC, pyrolysis, and
gasification processes, LCA analysis provides insights into the environmental performance
of the solid and gaseous products obtained. It assesses factors like carbon sequestration
potential, greenhouse gas emissions, pollutant emissions, and resource utilization efficiency.
This information guides decision-making processes, facilitating the selection of sustainable
and environmentally friendly options. Considering the LCA characteristics of the products
obtained, it is important to evaluate their potential environmental impacts and compare
them to alternative products or processes. Comprehensive LCA analysis quantifies and un-
derstands the environmental benefits and drawbacks of different thermochemical processes.
This knowledge informs policymakers, researchers, and industry stakeholders, aiding them
in making informed decisions regarding the utilization of biomass, MSW, plastic waste,
and industrial waste for energy production and resource recovery [246,249].

In conclusion, evaluating the environmental performance and sustainability of HTL,
HTC, pyrolysis, and gasification processes through LCA analysis is crucial. Such analyses
provide valuable insights into the environmental impacts and help identify the most
sustainable options for utilizing biomass and various waste materials.

However, in general, thermochemical processes such as HTL, HTC, pyrolysis, and
gasification have the potential to be environmentally friendly and have positive LCA
characteristics compared to traditional waste disposal methods or fossil fuel-based pro-
cesses. These thermochemical processes offer opportunities for resource recovery, energy
production, and waste management.

To determine which method is more environmentally friendly or better in terms of
LCA, a comparative LCA analysis should be conducted for each specific case, considering
the specific feedstock, process conditions, and desired products. This analysis should
assess a range of environmental factors such as energy consumption, carbon emissions,
water usage, waste generation, pollutant emissions, and resource utilization efficiency.
Therefore, it is recommended to conduct a comprehensive and site-specific LCA analysis
for each thermochemical method and the desired products, taking into account the specific
circumstances and environmental priorities. This analysis will provide a robust basis for
evaluating the environmental performance and making informed decisions regarding the
selection of thermochemical methods for biomass and waste treatment.
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5. Conclusions

Thermochemical processes, including HTL, HTC, pyrolysis, and gasification, have
shown potential as sustainable waste management solutions. These processes convert
various feedstocks into valuable products, such as high-energy hydrocarbons and gases.
However, the selection of an appropriate method depends on factors such as waste compo-
sition, feedstock availability, energy requirements, and economic considerations.

Economic factors, including feedstock cost and availability, should be carefully evalu-
ated for each conversion process. Local and low-cost feedstocks are preferable to ensure
feasibility and sustainability. Additionally, regional and seasonal variations in biomass
sources should be considered to ensure a consistent feedstock supply. The HHYV is an
important parameter to assess the energy content and efficiency of conversion methods.
However, HHVs vary based on feedstocks, catalysts, and reaction conditions.

Renewable energy sources, including biomass, have a relatively small share compared
to fossil fuels in global energy consumption. Nevertheless, there is an increasing trend in re-
newable energy consumption, with biomass playing a significant role in power generation
and heat production. The agricultural sector has great potential for bioenergy produc-
tion, and utilizing municipal and industrial waste can contribute to sustainable energy
production. Thermochemical processes offer advantages by converting waste into valu-
able materials while reducing the need for landfill disposal. However, challenges such as
implementation costs and process efficiency need to be addressed for widespread adoption.

By embracing thermochemical processes and integrating them into comprehensive
waste management systems, societies can reduce their environmental impact, conserve
resources, and contribute to a more sustainable future.
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