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Abstract Sustainable management of organic solid wastes (OSW) within environ-
mental, economic, and social standards is becoming an increasingly important and
hot topic. This chapter gives a brief introduction to the types, sources and properties
of OSW and then outlines technologies for sustainable recycle or conversion of
OSW into biofuels and chemicals. In this chapter, features of biological, chemical,
thermochemical, and photo-chemical technologies are described. An overview of
databases used in life cycle assessment (LCA) of OSW and related topics are given.
Advantages and scope of each technology are given for converting OSW into
valuable products.
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1.1 Introduction

Since the industrial revolution, world population and economic development have
entered a period of rapid development. By 2030, the world’s population will increase
to 8.6 � 109 people [1] and with the bloom of modern science and technology, large
percentages of society will have migrated from rural areas to urban areas, which now
account for more than 55% of the population (>4 � 109 persons) in 2017 [2]. The
GDP of the world economy has been increasing at an annual rate of about 2% [3]
such that world health and prosperity depend on large amounts of basic materials
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needed for survival, such as food, clean water, air, shelter, clothing, clean cooking
facilities and energy [4]. The World Bank (2020) reported that an average individual
generates nearly 0.74 kg of solid waste per day and that generation of solid waste in
2025 can be expected to increase to 2.2 � 109 tons per year [5]. Hence, appropriate
methods for processing solid waste with the aim of reducing and conserving
resources are requirements for achieving sustainable society.

A considerable part of solid waste contains carbon compounds and is referred to
as organic solid waste (OSW) in this book. According to the source and character-
istics of OSW, it can be divided into municipal solid waste (MSW), organic sludge,
polymer solid waste and agricultural waste [6, 7]. OSW has a complex composition
and creates environmental pollution due to its wide variety, changeable shape, and
properties. However, OSW still has some common characteristics, such as being
mainly composed of elements, C, H, and O and containing highly volatile com-
pounds and having high calorific value [8, 9]. Therefore, OSW cannot simply be
regarded as another type of polluting waste, but rather as an under-utilized resource.
In other words, OSW should be regarded as a new type of renewable resource that
contains large amounts of carbon and hydrogen. OSW has the potential to be used as
a renewable carbon source for producing energy and chemicals provided that
efficient and sustainable methods can be developed for its conversion. The concept
of OSW as a renewable resource for sustainable development should become an
essential element necessary for achieving ecological harmony.

Waste-to-energy and chemicals (WTEC) strategy is an economically viable and
environmentally sustainable proposal for recovering carbon from waste resources
through production of fuel, chemical, heat, and electricity [10, 11]. WTEC strategy
has a vital role for sustainable waste management and mitigation of environmental
issues and can also address global warming and climate change [12]. To date, many
techniques have been proposed and applied for the recovery of OSW. According to
the strategy, processing conditions, technology maturity, product, recycle methods
can be divided into conventional treatment and advanced treatment categories.
Conventional technologies are incineration, gasification, pyrolysis, hydrothermal
treatment [13–16] and bio-chemical methods (e.g., anaerobic fermentation, aerobic
fermentation, and enzymatic hydrolysis) [7, 17, 18]. Advanced technologies include
chemolysis, mechanochemical degradation, photodegradation and microbial fuel
cells [19–22].

This chapter provides a brief introduction to multiple solid wastes (type, sources,
and properties) and introduces conventional and advanced strategies for sustainable
recycle of OSW into biofuels and chemicals.

1.2 Classification, Properties of Organic Solid Waste

The origin and characteristics of OSW can be divided into four categories: (i) MSW,
(ii) organic sludge, (iii) polymer solid waste and (iv) agricultural wastes. OSW has
complex composition, wide variability and consists of an aggregate of many kinds of
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materials that can have very different physical properties which means that much
more attention needs to be given to its source for effective reuse and recycle.
Properties and characteristics of four typical OSW along with their variations
according to source will be introduced in the following sections.

1.2.1 Multiple Solid Wastes (MSW)

MSW refers to the materials that are discarded as a result of urban daily life or
activities, mainly coming from urban households, urban commerce, catering indus-
try, hotel industry, tourism, service industry, municipal sanitation, transportation,
industrial enterprises, water supply and drainage treatment sludge activities [23–
25]. MSW has the characteristics of being huge in quantity, wide in variety, and
complex in composition. Annual MSW generation can be expected to continue to
increase with changing lifestyles and increasing population [5]. As shown in
Fig. 1.1, 2.01 � 109 tons of MSW were generated in 2016, and 2.59 � 109 tons of
global MSW are expected to be generated annually by 2030. Moreover, MSW
generation across the world is expected to reach 3.40 � 109 tons in 2050.

Typical MSW includes organic wastes (kitchen discards, yard, or garden related,
paper, plastic) and inorganic wastes (glass, metal, electronics, construction)
[26, 27]. The composition of MSW not only depends on its region of generation,
but also on socioeconomic status and stage of human development (infancy, ado-
lescence, adulthood). Table 1.1 illustrates the composition of MSW collected from
different regions according to income level. Global food loss and green waste
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Fig. 1.1 Forecast of global MSW generation based on historical trends [5]
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(weeds, leaves, and grass cuttings) account for a large proportion of wastes for
middle- and low-income level households with the percentage of food and green
waste being over 50% [5]. The percentage of OSW in MSW decreases as income
levels increase. Compared with low-income countries, consumption waste, such as
paper and plastic, has higher percentage in MSW collected from high-income level
households. Moreover, the granularity of waste composition, such as detailed rubber
and wood waste, increases as household income levels increase. The percentage of
“Other” in MSW from low-income level households is up to 27%, which is much
higher than high-income level households, and implies that MSW from low-income
level households is less-defined than MSW from higher-income level households.
Nevertheless, MSW has value as a resource and it could be used to produce useful
chemical products within a certain scope, time, and conditions, rather than being
treated as something to be discarded.

1.2.2 Organic Sludge

Organic sludge is a solid residue generated from wastewater treatment operations.
Sources of organic sludge can be divided into three major categories: (i) sewage,
(ii) paper, and (iii) dye [28]. Sewage sludge, which is the largest source of solids, is
generated in quantities of more than 1.50 � 108 tons each year [29]. The main
component of sewage sludge is functional microbes and secreted extracellular
polymeric substances (EPS) that are suspended in wastewater [30]. Paper sludge is
derived from wastewater treatment operations in the pulp and paper industry for
which approximately (40–50) kg of paper sludge is generated per 1000 kg paper
produced in typical mills [31]. Paper sludge is rich in cellulose with low lignin
content, which makes it a useful raw material for renewable production of hydrogen,

Table 1.1 Category and composition of MSW (dry basis) according to different levels of house-
hold income levels. Income levels are relative according to country development

Category (%)

Household income level

High Up-middle Lower-middle Low

OSW 78 79 77 69

Food & green 32 54 53 56

Paper & cardboard 25 12 12 7

Plastics 13 11 11 6

Rubber & leather 4 1 1 –

Wood 4 1 1 <1

Inorganic solid waste (ISW) 11 6 5 3

Metal 6 2 2 2

Glass 5 4 3 1

Other 11 15 17 27

Data based on Ref. [5]
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bio-fuels and chemicals. Dye sludge is a waste stream generated by wastewater
treatment plants of the textile industry [32]. Currently, more than 2.1 � 107 tons of
dye sludge are generated each year in China, and its quantity continues to increase
annually [33]. In addition, many toxic components (dyes, pathogens, additives, and
heavy metals) are contained in dye sludge, which makes it a high priority to properly
dispose and treat the waste to prevent serious hazards to the natural environment and
public health [34]. The main characteristics of dye sludge are high water content,
high organic content, and low calorific value. Dye sludge is rich in nitrogen,
phosphorus, and other nutrients, but it can contain heavy metals ions. Table 1.2
shows the proximate analysis of organic sludge derived from three major sources.
Considerable opportunities exist for developing suitable recycle and reuse technol-
ogies for organic sludge.

1.2.3 Polymer Solid Waste

Polymer solid waste is generated from human daily life and industrial production for
which the source materials are mainly derived from petroleum [35, 36]. Polymer
solid waste can be divided into two categories, (i) plastics and (ii) rubber [37] and
they are mainly composed of carbon, hydrogen, oxygen (C, H and O) and some
metals. Polymer solid waste is difficult to degrade by nature according to its design
for durability in the environment, thus it causes environmental pollution, including
ecosystem disturbance and toxic substance release, with common examples being
microplastics and heavy metals [38, 39].

Waste plastic is a general term for plastics that have been used and eventually
eliminated or replaced in civil, industrial, and other applications. Due to their
favorable properties (e.g., lightweight, good processing characteristics, easy appli-
cation, chemical stability), plastics are widely used in consumer products [40–
42]. Plastic products are an indispensable part of daily life and are widely applied
in construction, healthcare, electronic components, agriculture, automotive, and
packaging industries. From 1950 to 2015, it is estimated that over 9 � 109 tons of
virgin plastic have been produced all over the world [43]. In 2018, approximately
3.60 � 108 tons of plastics were produced globally with increasing trends so that
production can be expected to increase to 5 � 108 tons in 2025 at an annual global
production growth rate of 8.4% [44]. Demand for plastics is mainly for polyethylene
(PE), polypropylene (PP), polyvinyl chloride (PVC), polyurethane (PUR), polyeth-
ylene terephthalate (PET), and polystyrene (PS) [43]. Correspondingly, generated

Table 1.2 Proximate analysis (dry basis) of major categories of organic sludge

Category of sludge (%) Moisture Volatile Ash Fixed carbon HHV (MJ/kg) Ref.

Sewage 6.0 64.1 11.2 6.6 7.6 30

Paper 3.6 60.6 32.3 3.4 7.1 31

Dye 6.9 66.9 12.4 13.7 16.8 32
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plastic waste is proportional to the above major plastic products. Waste plastics that
do not easily degrade in nature can persist in the environment for decades or
hundreds of years and can cause problems that affect the ecosystem and living
creatures [45–47].

Rubber is widely used as a raw material for producing many flexible polymeric
products that are widely used in transportation, industrial, agricultural, medical
treatment, and construction [48–50]. Rubber has become the second most used
polymer after plastics. In 2018, global rubber consumption reached 2.94 � 107

tons and has an annual growth rate of 3.4% which means that much waste rubber will
continue to be generated in the future [51]. Rubber differs from polymers in that a
vulcanization step or curing step is needed to make the product useful. Over 60% of
rubber is used as a raw material for producing tires, with more than 2 � 107 tons of
waste tires being generated in 2020, such that rubber has an annual growth rate of 8%
[52, 53]. Waste tires are challenging to recycle because of their complex ingredients
and additives that make them non-biodegradable by design, and furthermore, they
have lead to the phrase, “black pollution” that has become a global scale environ-
mental, public health and safety issue [54]. Waste rubber has high volatile content,
low ash content, high calorific value with a higher heating value (HHV) of (26–36)
MJ/kg that is similar to high rank coals, so that waste rubber can be considered as a
rich source of fuel and chemicals through technologies such as pyrolysis and
combustion [48].

1.2.4 Agricultural and Forestry Solid Waste

Agricultural and forestry solid waste refers to unwanted materials generated in
farming, forest management and animal husbandry that are required to maintain
the life of about 7� 109 people all over the world [55–57]. Agricultural and forestry
solid waste can be divided into two categories: (i) lignocellulosic waste, such as
straw, bagasse, discarded branches and palm kernel shells, and (ii) animal manure
waste, such as that generated from the production of poultry, dairy, or pig farming.
The properties and characteristics of lignocellulosic waste and animal manure waste
will be introduced next.

Lignocellulosic waste refers to biomass-like solid wastes such as rice straw,
wheat straw, bagasse, or wood sawdust some of which are also generated in
agricultural and forestry production processes [58]. Lignocellulosic waste is the
most abundant form of OSW and is composed of carbon, hydrogen, and oxygen,
but it can also include inorganics such as silica, potassium, calcium, sodium,
magnesium, and aluminum oxides [59]. Every year, more than 2 � 109 tons of
lignocellulose solid waste are generated worldwide [60]. Lignocellulosic waste is
composed of cellulose, hemicellulose, and lignin [61]. Cellulose is composed of
D-glucose monomers through the linear polymerization of β(1×4) glycoside bonds
and makes up about 40–80% of the content of lignocellulosic waste [62]. Hemicel-
lulose is composed of sugar monomers (C5 and C6) including glucose, galactose,
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mannose, xylose, arabinose, with xylose (C5) monomers or mannose
(C5) monomers being in larger proportions than C6 monomeric units with the
content of hemicellulose being about 25–35% in lignocellulosic biomass [63]. Lignin
is a complex three-dimensional polymer of propyl-phenol groups bound together by
C-O (β-O-4, α-O-4, 4-O-5 linkage) and C-C (β-5, 5–5, β-1, β–β linkage) bonds with
its content in lignocellulosic biomass being about 10–36% [64]. More than
5 � 107 tons of industrial lignin are generated annually in the paper and pulp
industry [65]. Lignocellulosic waste has the characteristics of being renewable,
having low pollution potential, being widely distributed and being available in
large amounts as a carbon neutral resource. Valorization of lignocellulosic waste
into high value-added, eco-friendly, eco-efficient, and recyclable products (e.g.,
biofuels, biochemical, materials) with sustainable methods is an important goal for
realizing renewable carbon circulation for a zero-waste society [66–68].

Animal manure is a solid waste obtained from livestock farming that has a wide
range of applications [69]. In 2014, the total mass of animal manure waste was
3.9 � 109 tons, and this amount will continue to grow at a rate of about 2% per year
[70]. By 2030, generation of animal manure is expected to reach at least
4.6 � 109 tons. Unlike lignocellulosic wastes, animal manure waste has high
nitrogen content and intrinsic metal content, which makes it highly recyclable as a
source of organic fertilizer or nutrients or as a source of energy and metals [71]. The
carbon/nitrogen (C/N) ratio, which is a key organic fertilizer quality parameter, is
inversely proportional to nitrogen immobilization in soil and favorable for animal
manure waste. The overall C/N ratio in the composting process is in the range of
10–30, but the appropriate C/N ratio for different substrates is different and requires
further research [72]. Apart from its use as an organic fertilizer, animal manure can
be used as an energy resource in the production of biogas. However, there are risks in
animal manure waste processing due to its potential as a biohazard, so that manage-
ment technologies are needed to realize its effective use [73].

1.3 Thermochemical Recycling Technology

Technologies for recovery of OSW are highly dependent on factors related to
technological, social, environmental, and economic impact. Moreover, properties
of OSW, such as type, composition, volume, and energy content, also depend on
region, population, and economy [5]. Thermochemical recycle technology, which
includes incineration, gasification, pyrolysis, and liquefaction, is widely applicable
for converting OSW into valuable products (e.g., biofuels, chemicals, biochar, and
heat) under appropriate conditions [74–76]. Figure 1.2 summarizes selected thermo-
chemical conversion technologies for recycling OSW along with their corresponding
products that will be discussed in detail below.
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1.3.1 Incineration/Combustion

Incineration or combustion is a treatment technology that can convert OSW into heat
and electricity through oxidation in air at short reaction times [77]. Due to the many
advantages of the technology, such as large processing capacity, small space
requirements, low labor requirements, low time consumption and low investment
and operating costs, incineration or combustion is the most common recycling
method for converting waste into energy and preferred in many cases over landfilling
wastes [78, 79]. During incineration, OSW is completely converted into flue gas,
bottom ash, fly ash, and slag that are accompanied with the release of a large amount
of heat at high temperatures that can be further used for generating electrical power.
Two types of incineration systems in general use are: (i) mass incineration and
(ii) modular incineration and they depend on process scale [26]. Mass incineration
systems are the most widely applied thermal treatment, in which unprocessed or
unsorted MSW is burned in large furnaces in the presence of excess air, which is
coupled to a boiler and a generator for producing electricity [80]. Modular inciner-
ation systems are mainly composed of a rotary kiln and fluidized bed, which are an
important supplement to mass incineration [81]. The compact nature of modular
systems makes it easier to transport and act as a mobile solid waste treatment device
than mass incineration systems.

Compared with landfilling, incineration has several important merits: (i) direct
treatment of virtually any waste without pretreatment, (ii) weight reduction by
80–85%, and (iii) volume reduction by 95–96%, thereby realizing low amounts
and volumes of solid waste while generating energy [82, 83]. Moreover, incineration
reduces maintenance and eliminates biohazards due to rodents, pests, flies, and foul
odors from microbial decomposition, and thereby increasing safety and health for
much of the surroundings. However, incineration also generates fly ash (solid
residue) or potentially releases dioxins (extremely harmful exhaust gases) depending
on the constituents of the substrates which can cause serious health problems to
humans and living creatures [84]. Therefore, the tail gas and tailings generated by
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conversion Pyrolysis Gasification Incineration Hydrothermal 

liquefaction 

Organic Solid Waste 

Bio-char 
 Bio-oil Syngas Heat 

Electricity Bio-oil Products 

Fig. 1.2 Thermochemical technologies for recycling OSW into valuable products
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incineration must be treated with effective techniques to remove solid and gaseous
pollutants. Incineration process generates large amounts of CO2 [85], so that carbon
capture and storage (CCS) or carbon capture and utilization (CCU) strategies must
be implemented.

1.3.2 Pyrolysis

Pyrolysis is a thermochemical transformation technology that depolymerizes OSW
into solid, liquid and gas products in an inert atmosphere [86]. Pyrolysis is one of the
main thermochemical technologies for converting OSW into energy-dense bio-oils
[87]. Transformation of OSW to bio-oils under pyrolysis conditions occurs via free
radical mechanisms, concerted mechanisms, and ionic mechanisms [88]. During the
pyrolysis process, many chemical reactions occur simultaneously, such as decom-
position, dehydration, cracking, isomerization, and hydrothermal reforming
[89]. Although pyrolysis is a complex thermodynamic degradation process and the
detailed pyrolysis product distributions are also complicated, much progress has
been made in elucidating its reaction schemes [90].

The main products produced via pyrolysis processes are bio-oil (liquid product),
bio-char (solid product), and gases [88]. The product distribution is greatly
influenced by catalyst, temperature, heating rate, vapor residence time, inert gas
flow rate, reactor geometry, feedstock type and properties such as moisture, particle
size, and elemental composition [91]. According to the heating rate and vapor
residence time, pyrolysis can be divided into several main types: (i) slow pyrolysis,
(i) fast pyrolysis, (iii) intermediate pyrolysis and (iv) flash pyrolysis [92]. Slow
pyrolysis is distinguished by its moderate temperature, low heating rate and longer
residence time compared with other types of pyrolysis, thus increasing the yield of
bio-char. Fast and flash pyrolysis processes are characterized by high temperatures,
high heating rates, and short residence times, which promote higher yields of bio-oil
than the other pyrolysis types. Pyrolysis can also be applied as a catalytic or non-
catalytic process [93]. Catalysts used in the pyrolysis process can improve bio-oil
quality and reduce costs [94]. Moreover, product distribution of bio-oil can also be
simplified with catalytic pyrolysis processes. Catalytic pyrolysis can be applied as an
in-situ or ex-situ process [95]. When the catalyst is mixed directly with the feedstock
in the pyrolysis reactor, the process is referred to as in-situ catalytic fast pyrolysis
(in-situ CFP), whereas when the catalysts are only contacted with pyrolysis gases,
the process is referred to as ex-situ catalytic fast pyrolysis (ex-situ CFP). Many
reactor types are used in pyrolysis processes, including fixed-bed, rotary kiln,
fluidized-bed, and tubular, which depend on the properties of the raw materials
and target products [96].

Pyrolysis has several advantages and disadvantages in its application
[97, 98]. Pyrolysis processes are applicable to a variety of OSW, such as waste
biomass, waste plastics, waste rubber, or MSW in which different targeted products
(e.g., bio-char, bio-oil and biogas) can be selectively produced by optimizing
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pyrolysis conditions. Pyrolysis processes have low operating cost and high flexibil-
ity making them simple and reliable for large-scale commercial applications. On the
other hand, pyrolysis processes tend to have complicated reactions, especially for the
case of non-catalytic pyrolysis, which results in a complex distribution of liquid
products along with a large amount of coke being formed, such that if catalysts are
used, they are prone to deactivation. Since the price of catalysts used in pyrolysis
processes tend to be relatively expensive, developing stable and inexpensive cata-
lysts are necessary for future development. Furthermore, the obtained bio-char and
pyrolysis gas can contain toxic components, which require further treatment
before use.

1.3.3 Gasification

Gasification technology is a thermal conversion process that can break OSW into
gaseous products such as syngas [99, 100]. Compared with pyrolysis processes, the
products of gasification process are much simpler with the main components being
CO, H2, CH4 and CO2 [101]. Syngas products can be further processed to produce
green diesel, higher alcohols, long-chain hydrocarbons, and gasoline-like products
via Fischer-Tropsch reaction [102].

According to the operating conditions, gasification processes can be divided into
two main types: (i) high temperature thermo-gasification and (ii) hydrothermal
gasification [26]. High temperature thermo-gasification involves partial or incom-
plete oxidation in presence of controlled amounts of oxidants (air, oxygen, steam) at
very high temperatures (550 �C–1200 �C) [103]. Hydrothermal gasification involves
cracking reactions under subcritical or supercritical water conditions [104]. For
hydrothermal gasification, water not only serves as reaction medium but also as
reactant. In hydrothermal gasification, water can be in a supercritical thermodynamic
state or a subcritical thermodynamic state [105, 106]. Water in a thermodynamic
state that is higher than its critical temperature (Tc � 374.1 �C) and critical pressure
(Pc � 22.1 MPa) is referred to as supercritical water; water in a thermodynamic
liquid state below its critical temperature (Tc < 374.1 �C) and critical pressure
(Pc < 22.1 MPa) is referred to as subcritical water. Gasification processes can be
catalytic or non-catalytic depending on the product requirements. Catalysts used in
gasification processes are generally nickel-based, because conditions can be mild
and reaction pathways can be regulated to form more H2 and CO than other products
[107]. Gasification processes can be implemented as downdraft or updraft fixed bed,
fluidized bed, entrained flow, or twin bed reactors depending on the product require-
ments [108]. Among the above gasification processes, fluidized bed reactors and
twin bed reactors have great potential for application to form syngas of high-quality
in scale-up.

Gasification processes are applicable to the same types of OSW as those used in
incineration and pyrolysis processes [13, 99, 100, 108], but they are much cleaner
than incineration and moreover, purification steps used for syngas products can be
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designed to eliminate emissions of poisonous gaseous impurities such as dioxins,
allowing gasification processes to be much simpler than those of pyrolysis. Further-
more, in gasification of OSW, there is less liquid and coke produced than either
pyrolysis or incineration, which make the technology easy to scale-up and to operate
on a continuous basis. On the other hand, operating conditions for gasification
processes are more severe regarding high temperatures for thermo-gasification and
high pressures for hydrothermal gasification and some preprocessing steps (shred-
ding, torrefaction, pelletization) are necessary to ensure uniform heat transfer and
product quality. Catalysts, purification steps instruments, and high standard gasifi-
cation reactors make the costs of gasification processes much higher than the other
methods, such that further technology development is still needed.

1.3.4 Liquefaction

Liquefaction is a thermochemical technology for producing high energy-density
liquid bio-oil from OSW by liquid phase decomposition of organic compounds
under high-temperatures and high-pressures [109]. In addition to bio-oil, adhesives
or epoxy resins may also be produced in the liquefaction process. Operating condi-
tions for liquefaction are usually in the range of (200–370) �C and (4–20) MPa,
which are milder than hydrothermal gasification processes [26]. Typical liquid phase
mediums used in liquefaction are water or organic solvents, such as methanol, ether,
butanol, or octanol [110]. Processes that use water as medium are referred to as
hydrothermal liquefaction, while those that use organic solvents as medium are
referred to as solvothermal liquefaction. Decomposition mechanisms in liquefaction
are complicated and involve a series of chemical reactions that may include degra-
dation, hydrolysis, cracking, steam reforming and isomerization [111]. Liquefaction
processes can be operated with or without catalyst depending on the target products.
Introducing catalysts into the liquefaction process can lower reaction temperature,
increase product selectivity, enhance reaction kinetics, reduce reaction time, and
improve bio-oil yields.

Liquefaction processes are suitable to treat high-moisture substrates, such as
algae, sewage sludge, kitchen waste, animal manure, and aquatic biomass when
water medium is used [110, 111]. When using water medium, raw materials do not
need to be dried, which lowers operating cost and saves much energy. Bio-oil yields
obtained from liquefaction processes are higher than those obtained from pyrolysis
processes, and OSW can be transformed into energy at nearly complete conversion.
On the other hand, liquefaction processes require somewhat harsh operating condi-
tions, which means that high standards for liquefaction reactors must be used
resulting in high equipment costs. The harsh conditions of high-pressure liquefaction
make scale-up less certain than other methods and for continuous production, solid
formation may limit OSW throughput.
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1.4 Biochemical Recycling Technology

Biochemical recycling technology is a process that can convert OSW into chemical
products through the presence of microorganisms or active enzymes, including
anaerobic fermentation, aerobic fermentation, and enzymatic hydrolysis [6, 9, 10,
12]. Figure 1.3 summarizes OSW biochemical recycle technologies and their
corresponding products. The processes shown in Fig. 1.3 will be discussed in detail
in the following sections.

1.4.1 Anaerobic Digestion (Biomethanation)

Anaerobic digestion, which is also referred to as biomethanation, is one of the most
important methods for converting OSW into energy [16]. In anaerobic digestion,
microorganisms degrade OSW into dissolved organic matter and produce gaseous
products such as CH4, H2 and CO2 in the absence of free oxygen [17, 26]. MSW,
animal manure, sewage sludge, food processing waste, fats, grease, agricultural crop
residues are among the wide ranges of biodegradable substrates that can be treated
with anaerobic digestion.

Anaerobic digestion process is mainly composed of four stages: (i) hydrolysis,
(ii) acidogenesis, (iii) acetogenesis, and (iv) methanogenesis [112]. In the hydrolysis
stage, OSW is hydrolyzed to form simple soluble monomers or oligomers (e.g.,
glucose, amino acids, glycerol, fatty acids) via promotion by a diverse population of
bacteria. In the acidogenesis stage, volatile fatty acids (e.g., acetic acid, propionic
acid, butyric acid, and other minor products) are produced by fermentative bacteria
that promote formation of small water-soluble molecules. In the acetogenesis stage,
volatile fatty acids are transformed into acetate, CO2 and H2 by acetogenic bacteria.
In the methanogenesis stage, acetic acid, H2 and CO2 are converted into CH4 and
CO2 by strictly anaerobic methanogenic bacteria. Biogas yield is highly affected by
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Fig. 1.3 Biochemical recycling technologies for conversion of OSW into value-added products
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factors, such as substrate composition, microbial loading, and operating parameters
(temperature, pH, C/N ratio, water content, oxygen content, nutrition elements).

Anaerobic digestion has many advantages such as being able to: (i) treat many
types of OSW, especially those with high-moisture or high nitrogen content,
(ii) prevent manure and odor missions and (iii) improve air and water quality
[113, 114]. Biogas from anaerobic digestion can be harvested to generate energy
and thus reduce greenhouse-gas emissions, while solid residues can be used as
fertilizer to improve soil nutrient content and to reduce the use of chemical fertilizers.
Anaerobic digestion uses mild conditions and is a very simple process, which allows
the technology to be readily implemented on a large scale with low treatment cost.
However, anaerobic digestion has some weak points as a conversion technology
[115]. In anaerobic digestion, the proliferation of anaerobic microorganisms is slow,
making the entire treatment process require several weeks or even months. In the
anaerobic digestion process, much wastewater is generated, which must be treated
and so this increases the cost. Finally, the content of methane in the gas mixtures
produced by anaerobic digestion is typically below 70%, thus making the methane
gas purity very low. Moreover, because methane is an explosive gas, the reactor
needs to be explosion-proof and to have subsequent gas purification steps [116].

1.4.2 Aerobic Composting

Aerobic composting uses the natural decomposition of organic matter in the pres-
ence of air to form a semi-solid product with the help of living microorganisms,
worms and insects and their derived enzymes [42, 117]. Composting is a traditional,
widely used, cheap and simple technology that can effectively treat and valorize
OSW into useful products. Aerobic composting should be carried out in the presence
of sufficient oxygen, and good ventilation should be maintained [118]. The semi-
solid product formed is a type of organic fertilizer that typically has rich plant-
available nutrients and is widely applicable to agriculture, horticulture, landscape,
and other fields. In aerobic digestion processes, many types of substrates can be used
such as MSW, animal manure, sewage sludge, food processing waste, fats, grease,
and agricultural crop residues, showing that it has many similarities with anaerobic
digestion [119].

Aerobic composting process is regarded as a biological and chemical coupling
process that relies on aerobic bacteria to degrade organic matter [117, 120, 121]. In
the process of aerobic composting, small water-soluble organic molecules penetrate
microorganism cell walls and are absorbed, and then utilized by the microorganisms.
Insoluble macromolecular organic substances become attached to the microorgan-
ism and are decomposed into small water-soluble molecules that further support
microorganism bioactivity through the secretion of extracellular enzymes. Aerobic
composting is affected by many parameters, including organisms, use of cultures,
nutrients (C/N ratio), aeration, addition of sewage, characteristics of sewage sludge

1 Sustainable Technologies for Recycling Organic Solid Wastes 15



and operating parameters, such as temperature, pH, moisture, oxygen content, and
compost (container or pile) flip frequency [122].

Aerobic composting is a mature technology that can reduce the amount of waste
on a large scale, save much space, produce fertilizers, recycle humus and nutrients
into the soil, protect and improve microbiological diversity and generally improve
the quality of cultivated soils [26, 123]. Aerobic composting is an easily used
technology that has minimal equipment requirements and low operating costs,
however it carries the risk of secondary pollution, such as odor and potential
contamination [117]. Moreover, greenhouse gas emissions (CH4, CO2) can be
large for aerobic composting and if the OSW contains heavy metals or antibiotics,
there is risk for soil and groundwater pollution along with the transfer of pathogens
or chemicals into the life cycle [117]. Treatment of waste plastics and rubber is
generally ineffective with aerobic composting.

1.4.3 Enzyme Hydrolysis

Enzymatic hydrolysis breaks down macromolecules into small molecules or mono-
meric compounds via biocatalysts (enzymes) that become active in water
[124, 125]. In enzymatic hydrolysis, enzymes act on specific chemical bonds of
macromolecules [126] to achieve high selectivity at mild operating conditions that
can be under continuous reaction conditions. Enzymatic hydrolysis is widely used to
produce ethanol from lignocellulosic materials, in which lignocellulose undergoes
saccharification to form soluble monosaccharides with the help of cellulases. Enzy-
matic hydrolysis involves the following key steps [127, 128]: (i) enzymes transfer
from aqueous phase to substrate surface; (i) enzymes adsorb onto substrate to form
enzyme-substrate complexes, (iii) substrate undergoes hydrolysis, (iv) hydrolysis
products transfer from substrate surface to aqueous phase. For the case of cellulose,
cellodextrin, and cellobiose are further hydrolyzed into glucose in the aqueous
phase. Enzymatic hydrolysis rates are sensitive to substrate type, substrate chemical
structure, enzyme type, enzyme loading and operating conditions such as pH,
temperature, substrate concentration, product concentration and oxygen
content [128].

Enzymatic hydrolysis shows high conversion rates for specific substrates, high
selectivity for product compounds and little undesirable by-product formation, so
that it generates low amounts of aqueous waste [126, 128, 129]. Mild reaction
conditions make enzymatic hydrolysis possible to be performed in commonly
available equipment, thereby reducing equipment costs. However, reaction rates
obtainable with enzymatic hydrolysis are relatively low (hours to days) compared
with synthetic reactions and along with their low catalytic activity, there are few
types hydrolytic enzymes making their cost high and their recycle necessary which is
difficult for general OSW. Presently, enzymatic hydrolysis is limited to specific
feedstocks such as lignocellulosic-based waste or polyesters (e.g., PET, PLA).
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1.5 Advanced Technologies

1.5.1 Chemolysis

Chemolysis, which is also referred to as solvolysis or chemical depolymerization, is
a recovery method following the principles of sustainable development
[130]. Chemolysis is a process in which OSW can be treated to form chemical
compounds or OSW can be depolymerized into monomeric compounds via selective
breakage of C–O and C–N bonds [131]. Chemolysis is presently applicable to
natural polymers (cellulose, chitin), petro-based polyesters, polyamides,
polycarbonates, polylactides, polyethylenes terephthalates, polyurethanes, and
nylons [131, 132]. Chemolysis processes can placed into categories of
(i) hydrolysis, (ii) alcoholysis (e.g., methanolysis, glycolysis) or (iii) aminolysis as
appropriate to the required degradation processes and desired chemical products
[132]. Hydrolysis depolymerizes macromolecules in the aqueous phase using cata-
lysts. Alcoholysis degrades polymers into suitable monomers in alcohol medium
[133]. For example, when methanol is used as solvent, the process is called
methanolysis; when polyols such as ethylene glycol, glycerol are used, the process
is called glycolysis. Aminolysis uses nitrogen-containing solvents (e.g., ammonia,
ammonium formate) to catalyze the depolymerization of polymers to form nitrogen-
containing compounds [134]. Chemolysis is affected by substrate type and substrate
chemical structure, reaction chemistry and reaction conditions [20, 135, 136]. In
chemolysis processes, the type of catalyst is important for achieving desired product
selectivity, for reducing reaction time and reaction temperatures and for improving
reaction efficiency [20, 136]. Comparing with traditional thermochemical recovery
processes, chemolysis has advantages of high selectivity, high product value, and
high recovery rate [132]. Compared with traditional biochemical recovery process,
chemolysis has advantages of high efficiency, high recovery rate and high selectiv-
ity. However, low substrate concentration is necessary to reduce side reactions that
may occur during chemolysis processes, because byproducts complicate product
recovery and solvent recycle. Therefore, classification of OSW prior to application
of chemolysis is required. Development of robust chemolysis processes is required
for future applications to paraffin waxes and thermoplastic polymers.

1.5.2 Mechanochemical Treatment

Mechanochemical treatment is a method that can convert OSW into small molecular
compounds though coupling mechanical (shearing, grinding, compression, impac-
tion) and chemical reactions that can be promoted by homogeneous or heteroge-
neous catalysts [137]. During the mechanochemical treatment process, mechanical
stress changes the substrate physical structure by breaking weak chemical bonds,
lowering crystallinity, and increasing specific surface area while chemical reactions
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occur simultaneously [138]. In addition, oxygen atmospheres can assist mechano-
chemical conversion reactions by promoting the generation of free radicals that
accelerate degradation [139]. Therefore, mechanochemical treatment is applicable
to the degradation of some types of OSW [137]. Mechanochemical treatment does
not necessarily require solvent, which allows reduction of reagents and solvents and
avoids post-processing separation or solvent recycle steps [138]. Compared with
traditional recovery processes, mechanochemical treatment has advantages of simple
processing steps, mild reaction conditions, short processing time and ecological
safety [140]. Mechanochemistry has been regarded by the International Union of
Pure and Applied Chemistry (IUPAC) as one of the ten world-changing technologies
[141]. Although mechanochemistry has high potential for OSW valorization, energy
consumption limits its application for large-scale industrialization. Thus, protocols
that are both energy efficient and selective will be important for future development
of mechanochemical treatment as a recycling technology.

1.5.3 Photodegradation

Photodegradation, which is also referred to as photooxidative degradation, is the
process of decomposing polymers by absorbing energy from light to generate free
radicals in the presence of oxygen [142]. Generally, light sources that promote
photodegradation have near-ultraviolet wavelengths in the range of 290–400 nm
[132, 139]. In photodegradation processes, polymer decomposition reactions include
chain scission, crosslinking and secondary oxidative reactions, which are promoted
via generation and transfer of free radicals [143]. There are two methods for
generating free radicals in photodegradation: (i) irradiation of samples with ultravi-
olet light directly without catalyst and (ii) irradiation of samples with ultraviolet light
with catalyst. Compared with other degradation technologies, photodegradation has
the unique advantage of being spatiotemporally local, so that reactions can be
controlled in a facile, green, and independent way [144]. Photodegradation can
make use of sunlight in nature to degrade plastics for reducing time required for
subsequent biodegradation or to completely degrade plastics [46]. On the other hand,
photodegradation lacks product control and typically has low degradation rates
along with low catalyst stability, making development of effective photodegradation
systems a hot research topic.

1.5.4 Other Advanced Technologies

There are several other advanced technologies applicable to conversion of OSW that
should be mentioned: (i) microbial fuel cells, (ii) ozonation, and (iii) Fenton oxida-
tion. Microbial fuel cells are bio-electrochemical processes that can produce elec-
tricity through oxidizing organic compounds into adenosine triphosphate (ATP) in a
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series of continuous biochemical reactions [145, 146]. Ozonation and Fenton oxi-
dation (H2O2 with ferrous iron) generate oxygen species to degrade OSW into
chemical compounds [132, 147–149]. Although the number of research reports is
still relatively few, the unique attributes of these methods are bound to spark the
curiosity of scientists and engineers interested in developing new methods.

1.6 Life Cycle Assessment

To evaluate environmental impact, economic costs, and energy benefits in the scale-
up of recycling technologies, life cycle assessment (LCA) models are used to
analyze incineration, gasification, pyrolysis, anaerobic digestion and composting
with energy recovery. In LCA, all material and energy inputs and outputs (e.g.,
emissions to air, water, land and products like power, heat, chemicals, biofuels, and
fertilizers) are identified and quantified [150]. The quality of the database used in
LCA is important, which can govern the impact and validity of the model’s output,
and can even bias the conclusions [151]. Currently, databases used for LCA include
Ecoinvent, GaBi, Easewaste, Easetech, Triangle Institute (RTI) and GEMIS
[152]. Among them, Ecoinvent database is widely used and contains more than
more than 2500 processes. In addition to databases, software is also essential for
LCA. More than 20 kinds of LCA software have been used to conduct studies,
including SimaPro, GaBi, OpenLCA, and Easewaste. SimaPro is one of the most
popular LCA software platforms, as it has been employed in more than 30% of the
surveyed studies [152]. These LCA software tools allow estimation of mass and
energy flows and contain modules to include different waste treatment processes.
For waste to energy, the inputs and outputs of OSW and energy are used to estimate
the cost of energy and related processes, raw materials, pumps, pipes, transportation,
and construction of the processing plants. Emissions from processes are also
accounted for in the LCA analysis software. Table 1.3 shows some LCA results
on the energy generation potential and greenhouse gas (GHG) emissions due to
scale-up.

Table 1.3 Energy generation and GHG emissions from technologies that treat municipal solid
waste (MSW), organic solid waste (OSW) and food waste (FW) on dry food waste (dfw) basis

Technology Feed
Energy generation
kWh/t of waste

GHG emissions
kg CO2-eq/t of waste Ref.

Anaerobic Digestion OSW 404 370 [153]

Gasification MSW 466 271 [154]

Incineration MSW 400 285 [155]

Pyrolysis MSW 411 – [156]

Composting FW 34 �30 [157]

Ethanol Fermentation FW 6.9 (Ethanol) GJ /t dfw 430 [158]
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1.7 Conclusions and Outlook

Large amounts of organic solid waste (OSW) are generated every year which will
lead to serious environmental and energy consequences if not properly recycled.
Therefore, taking Reduce, Recycle and Reuse (3R’s) as important criteria, conver-
sion of OSW into raw materials for energy and chemicals will not only reduce world
dependence on fossil fuels, but also provide new avenues to eco-friendly restoration
of the Earth. This chapter has provided a brief overview of the types and character-
istics of substrates of OSW and introduced relevant technologies including thermo-
chemical (e.g., incineration, gasification, pyrolysis, and hydrothermal treating),
bio-chemical (e.g., anaerobic fermentation, aerobic fermentation, and enzymatic
hydrolysis) and several advanced methods (e.g., chemolysis, mechanochemical
degradation, photodegradation, microbial fuel cell, and Fenton oxidation) for
processing of OSW.

Recovery of OSW still faces many challenges: types of raw materials, collection
and transportation, land use, environmental and economic impact. In terms of types
of raw materials, the physical properties, chemical composition, and prices vary
greatly according to the source, type, and collection location of the raw materials. It
is difficult to establish a reproducible supply framework that has specific transfor-
mation methods for different types of raw materials for biological control or biofuels
with such a wide variation of material feedstocks. One possible solution is improved
consumer segregation or classification of materials that is being practiced at some
level in virtually every country. In terms of collection and transportation of OSW,
combined recovery technologies that require large amounts of OSW typically need
to be far away from the source in current methodology. The cost for collecting and
transporting large amounts of OSW is still high and challenging, such that local type
of processing systems need to be extensively developed. Furthermore, there are
increasing restrictions on land use: large areas of land would be required to
completely replace chemicals and petroleum-derived fuels with OSW. In terms of
sustainability aspects of each technology, appropriate monitoring and life cycle
assessments must be modeled to investigate detailed social, environmental, and
economic impact of OSW recovery methods. Finally, in developing new methods
and technologies for OSW, it is necessary to assess environment risks to society,
nature and the Earth.
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