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Abstract

Sludge pyrolysis technology, as an effective method for sludge treatment and resource
utilization, has attracted widespread attention in recent years. This technology involves
heating sludge under anaerobic or low-oxygen conditions to convert organic
components into solid (biochar), liquid (bio-oil), and gaseous products. This approach
not only significantly reduces the volume of sludge, achieving sludge reduction and
stabilization, but also recovers energy and valuable chemical substances, offering
significant environmental and economic benefits. The application prospects for sludge
pyrolysis technology are broad. Biochar can be used as a soil conditioner, adsorbent, or
for the preparation of high-value carbon materials; bio-oil, after purification and
upgrading, can serve as fuel or chemical raw materials; gaseous products can be used for
power generation or as chemical raw materials. In addition, sludge pyrolysis technology
helps reduce greenhouse gas emissions, aligning with the requirements of sustainable
development. Currently, research on sludge pyrolysis technology mainly focuses on
improving pyrolysis efficiency, optimizing product distribution, reducing energy
consumption and costs, and the high-value utilization of products. Researchers are
continuously advancing the development of sludge pyrolysis technology by improving
pyrolysis reactor designs, exploring new pyrolysis processes, developing catalysts, and
integrating other technologies.
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1. Introduction

Sludge mainly comes from municipal wastewater treatment plants, industrial wastewater
treatment processes, and agricultural activities. It is a complex mixture, primarily composed of
organic matter (such as cellulose, protein, fat, and grease), inorganic matter (such as silicates,
oxides, and heavy metals), moisture, and microorganisms. The organic matter in sludge usually
comes from the residues of domestic sewage and industrial effluents, while inorganic matter
may come from natural sediments or industrial chemicals.

Traditional sludge treatment methods include landfilling, incineration, composting, and land
application, each with its advantages and disadvantages: Landfilling is simple to operate but
occupies a large amount of land resources and may cause groundwater and soil pollution.
Incineration can significantly reduce the volume of sludge, but it has high construction and
operation costs and may produce harmful gases and ash. Composting can turn sludge into
organic fertilizer, but the treatment cycle is long, and there are restrictions on heavy metal
content. Land application can use the nutrients in sludge to improve soil, but there are risks of
heavy metal accumulation and pathogen transmission. The limitations of these traditional
methods are that they often cannot effectively utilize the resources in sludge and may cause
secondary environmental pollution.

Sludge pyrolysis technology, as an emerging treatment method, has the following advantages:
Reduction: The decomposition of organic matter during the pyrolysis process significantly
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reduces the volume of sludge; Harm minimization: High-temperature pyrolysis can Kkill
pathogens and reduce harmful substances in sludge. Compared to incineration, the pyrolysis
process produces fewer pollutants, having a smaller impact on the environment; Resource
utilization: Pyrolysis products such as bio-oil, biochar, and combustible gases can be recycled
and have energy and chemical value.

Sludge pyrolysis technology provides a more sustainable and environmentally friendly sludge
treatment solution by converting waste into valuable products. With technological
advancements and increased environmental awareness, sludge pyrolysis technology is
expected to be more widely applied in the future.

2. Basic Principles and Influencing Factors of Sludge Pyrolysis

2.1. Basic Principles

Sludge pyrolysis is a thermochemical treatment process. The basic principle is the thermal
decomposition of organic matter in sludge under anaerobic or low-oxygen conditions,
converting it into solid, liquid, and gaseous products (Fig. 1). This process involves complex
chemical reactions, including pyrolysis, dehydrogenation, and polymerization. Pyrolysis is
usually carried out in an anaerobic environment to avoid the oxidation of organic matter,
thereby obtaining more valuable chemical products.
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Fig. 1 Schematic diagram of the principle of sludge pyrolysis

2.2. Influencing Factors
2.2.1. Pyrolysis Temperature

Temperature during the pyrolysis process is a key factor, and different temperature ranges will
affect the type and yield of products. For example, low-temperature pyrolysis (200-500°C) may
produce more liquid oil, while high-temperature pyrolysis (above 600°C) may produce more
gas and solid char. The heating rate also affects the distribution of pyrolysis products. Rapid
heating can reduce the occurrence of side reactions and improve the yield of target products.

2.2.2. Residence Time

Residence time is an important parameter in the sludge pyrolysis process, significantly
affecting the yield, characteristics of pyrolysis products, and the enrichment and ecological risk
of heavy metals. Extending the pyrolysis time can lead to a decrease in the yield of sludge char,
an increase in specific surface area, and a significant increase in ash content, while also
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enhancing the degree of aromatization of the sludge char. This indicates that with the increase
of pyrolysis time, the organic matter in sludge is more fully decomposed, forming more porous
structures. Extending the pyrolysis residence time may also cause the pores in the biomass char
to close or collapse, especially at high temperatures, where ash begins to soften and melt,
potentially blocking the formed pores. This affects the pore structure of the biomass char,
thereby affecting its adsorption performance and other application potentials.

In summary, residence time has a significant impact on the sludge pyrolysis process and the
final products. Appropriate pyrolysis time can not only improve the quality of sludge char but
also effectively reduce its ecological risks.

2.2.3. Heating Rate

The heating rate also affects the distribution of pyrolysis products. Rapid heating can reduce
the occurrence of side reactions and improve the yield of target products.

3. Classification of Sludge Pyrolysis Technology

Sludge pyrolysis technology can be classified according to different criteria, and here are some
common classification methods:

3.1. C(lassification by Reaction Conditions

Atmospheric Pressure Pyrolysis: The pyrolysis process is carried out at atmospheric pressure.
Pressured Pyrolysis: The pyrolysis is conducted under conditions of higher than atmospheric
pressure, which helps to improve reaction rates and product distribution [1].

3.2. C(lassification by Reactor Type

Fixed Bed Reactor: Sludge undergoes pyrolysis in a fixed bed. Fluidized Bed Reactor:
Fluidization technology is used to make sludge form a fluid-like state in the reactor, improving
thermal efficiency. Rotating Cone Reactor: A rotating cone body is used to heat sludge and
promote pyrolysis reactions [2].

3.3. (Classification by Temperature Range

Low-Temperature Pyrolysis: Conducted at lower temperature ranges, typically 200-400°C,
which is conducive to the production of liquid oil. Medium-Temperature Pyrolysis: Conducted
at medium temperature ranges, which may produce more gas. High-Temperature Pyrolysis:
Conducted at high temperatures, usually above 600°C, mainly producing gas and solid char [3].

4. Common Types of Sludge Pyrolysis Reactors

There are various types of sludge pyrolysis reactors, and here are some common ones:

4.1. Vertical Multi-Section Furnace

This type of furnace can improve the thermal efficiency of the pyrolysis furnace and, within the
range of controlling secondary pollution substance production, use a higher combustion rate

[4].
4.2. Horizontal Stirring Reactor

A horizontal stirring reactor with a heating jacket is being studied in Western Europe and North
America. This type of reactor helps to improve the uniformity and efficiency of the pyrolysis
process.

4.3. Fluidized Bed Reactor

In a fluidized bed reactor, sludge particles form a fluid-like state under the action of hot gas,
which helps to improve pyrolysis efficiency.
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4.4. Fixed Bed Reactor

In this type of reactor, sludge is placed on a fixed bed layer and pyrolyzed by heating.

Each reactor design has its specific advantages and limitations, suitable for different sludge
characteristics and treatment objectives. Choosing the appropriate pyrolysis reactor requires
considering various factors, including the chemical and physical properties of sludge, the
required pyrolysis temperature, the type and quality of products, and economic and
environmental sustainability [5].

5. Analysis of Sludge Pyrolysis Products

Sludge pyrolysis products mainly include three types: solid, liquid, and gas, each with its
specific applications and treatment methods. Here is an analysis of sludge pyrolysis products:

5.1. Solid Products (Biochar)

Biochar is an important solid product in the sludge pyrolysis process, with a high specific
surface area and porosity. It can be used as a soil conditioner to increase the water retention
and aeration of soil, while also fixing heavy metals to reduce their migration in the environment.
Additionally, biochar can be used as an adsorbent to remove pollutants from wastewater and
exhaust gases.

5.2. Liquid Products (Bio-oil)

Bio-oil contains a variety of organic compounds, including hydrocarbons, phenols, esters, etc.,
and is a potential source of energy and chemical raw materials. Depending on the pyrolysis
conditions, the composition and yield of bio-oil will vary and can be further purified and
processed for use as fuel or chemical raw materials [6].

5.3. Gaseous Products

The gases produced during the pyrolysis process mainly include hydrogen, methane, carbon
monoxide, etc., which can be collected for energy recovery. The composition and yield of gas
products are affected by process parameters such as pyrolysis temperature and heating rate
[7].

The resource utilization of sludge pyrolysis products is an important direction for sludge
treatment. For example, biochar can be used as an agricultural soil conditioner or as an
adsorbent material, and bio-oil can be used for energy recovery or further processed into high-
value chemicals. In summary, sludge pyrolysis products have a wide range of application
potential, and through appropriate post-treatment and application, the resource utilization and
harmless treatment of sludge can be realized.

6. Environmental and Economic Benefits

As a method for converting sludge into useful resources, sludge pyrolysis technology has both
environmental and economic benefits.

6.1. Environmental Benefits

Reduction: After pyrolysis treatment, the volume and weight of sludge can be greatly reduced,
achieving sludge reduction. Harm minimization: High-temperature pyrolysis can decompose
organic matter in sludge, kill bacteria and pathogens, and fix harmful substances such as heavy
metals in biochar, reducing their migration and pollution risks in the environment, achieving
harmless treatment of sludge. Resource utilization: The biochar produced by pyrolysis can be
used as a soil conditioner or adsorbent for resource utilization. At the same time, the
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combustible gases produced during pyrolysis can be recycled to reduce dependence on fossil
fuels.

6.2. Economic Benefits

Sludge pyrolysis technology has a huge market capacity, especially against the backdrop that
China's investment in sludge treatment and disposal facilities reached 34.7 billion yuan during
the "Twelfth Five-Year Plan" period. The operating cost of sludge pyrolysis is lower than that of
drying and incineration technology, and it has a good market prospect and policy support. The
combustible gases and waste heat produced during pyrolysis can be used for power generation
or heating, achieving energy recovery [8]. Biochar, as a high-value product, can be sold as a soil
conditioner, adsorbent, or agricultural fertilizer, creating economic benefits [9,10].

7. Challenges and Opportunities

As a method for converting sludge into useful resources, sludge pyrolysis technology shows
great potential in environmental protection and resource recovery, but it also faces some
challenges: Sludge pyrolysis technology is still in the development stage and needs further
research to improve the stability and reliability of the technology. Moreover, the pyrolysis
process requires a lot of energy, especially when pre-drying sludge with high moisture content,
which increases the treatment cost. On the other hand, establishing pyrolysis facilities requires
a high initial investment cost, which may limit the ability of small-scale wastewater treatment
plants to adopt this technology [11].

However, while facing challenges, the development of sludge pyrolysis technology will also
usher in unprecedented opportunities. Pyrolysis technology can convert organic matter in
sludge into energy and chemical substances, achieving resource utilization of waste. Sludge
pyrolysis also helps reduce the volume and weight of sludge, reducing the environmental
impact of landfilling and incineration, while reducing greenhouse gas emissions. These features
will help pyrolysis technology become a new generation of harmless and resourceful sludge
disposal technology, expected to gain a broader market and more policy and financial support.
The future development of sludge pyrolysis technology needs to consider technical, economic,
environmental, and social factors comprehensively, and overcome existing challenges by
continuous technological innovation and optimization to seize development opportunities [12].
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